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Chapter 1 
Introduction to Bio-Nanotechnology 

Raksha Anand, Kundan Kumar Mishra, and Navneeta Bharadvaja 

Abstract Nanobiotechnology is the application of nanosized materials in various 
operational fields of biotechnology. The study of nanotubes, nanoparticles, 
nanofibers, nanowires, and other such nanometre-ranging structures is called 
nanoscience. This one billionth fine of a unit possesses properties for applica-
tions in various fields like bioremediation, nano-therapy, drug delivery, and so on. 
This book chapter describes the concept, key prospects, and features of bio-nano-
technology; the preparation, analysis, characterization, and application of nanoma-
terials for biological advancements. The major biological fields that benefit from 
nanotechnology have been briefly discussed. 

Keywords Nanoscience · Bionanotechnology · Nanomaterials · Nano-therapy 

1.1 Bionanotechnology 

Nanotechnology and biology can have two approaches in the bigger picture: First, the 
use of nanomaterial tools and inspired processes in and on biological systems, and 
second, to use biological systems for nano-product development templates. Nanoma-
terials offer advantages like high stability, plasticity, and target selectivity overcoming 
the limitations of traditional biotechnological methods. Their wide range of applica-
tions in various majors qualifies nanotechnology to contribute towards a sustainable 
future and global economy (Jafarizadeh-Malmiri et al. 2019). 

As declared in the National Nanotechnology Initiatives in the year 1999, the 
advanced area of Nanotechnology included the fabrication of an extensive range 
of nano-scaled materials, with properties dependent on their size and structure 
(Shahcheraghi et al. 2022). The early 21st century has witnessed the merging of
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the massive advanced operational fields: Bio-technology and Nanotechnology. 
Nanomaterials are supposed to be 1–100 nm at least in one of their dimensions 
(Saleh 2020). Some of the important steps involved in nanotechnology can be 
hierarchically arranged as observing the bulk matter, measuring and manipulating, 
assembling, manufacturing, and controlling of biofunctionalization of nano-scale 
matter (National Nanotechnology Initiative 2023). The general procedure of nano-
material synthesis can be categorised as either the top-down approach, where the 
bulk material is generally broken down to the nanoscale, or the bottom-up approach, 
where a monitored atom-by-atom or molecule-by-molecule addition is done (Abid 
et al. 2022). The dependence on non-renewable sources for persistent supply led 
to the emergence of bio-factories for nanomaterials, leading to the field of green 
nanotechnology (Kumar et al. 2022a; Kumar et al. 2022b). This is the biological 
mode of synthesis, while the other methods involve chemical (including sol–gel, 
vapor synthesis, and thermal decomposition) and mechanical routes (like milling) 
(Chinecherem Nkele and Ezema 2021). 

Since the correlation ofthe structure–function relationship of nanomaterials is 
important for an efficient and successful application, nanomaterials are character-
ized for their functional, elemental, structural, morphological, and stability features. 
Hence relevant techniques are applied for determining the specific properties of 
nanoparticles (Chinecherem Nkele and Ezema 2021). For example, the morphology 
of nanomaterials is determined by scanning and transmission electron microscopy 
(SEM and TEM); optical microscopy finds applications in the determination of trans-
mittance, luminescence, and reflectance features; X-ray diffractometry (XRD) and 
Fourier transform infrared (FTIR) being the most employed method for structural 
and elemental analysis respectively; and zeta potential stating its stability, to list the 
most common methods (Arakha and Jha 2018). 

In order to understand the applications and advancements of nanotechnology 
and the journey of its amalgamation with biological sciences, it becomes impor-
tant to trace the discovery timelines (Bayda et al. 2019). The integration of 
nanotechnology and different biological systems has led to the designing of effi-
cient protocols and biological molecules of specificity and stability, helping in 
solving several critical problems. This chapter provides insight into the interdis-
ciplinary researched applications of nanotechnology in enhancing biotechnological 
and industrial efficiencies. 

1.2 Major Applications of Nanotechnology 
in Biotechnology 

Nanomaterials find applications in diverse fields of medicine and healthcare, such as 
in drug delivery, for therapeutic and diagnostic processes. Some of these advanced 
applications are mentioned below.
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1.2.1 Diagnostic Applications 

Currently, diagnosing patients with most diseases requires the manifestation of 
visible symptoms before medical professionals can determine the patient’s condi-
tion. However, by the time those symptoms are exhibited, treatment may not be as 
effective as it might have been. As a result, the earlier a disease is diagnosed, the 
greater the chance of a cure. In the current generation of medical devices, such as 
nanomaterials-based devices, there is greater sensitivity, as well as greater efficiency 
and economy. Some such applications of nanotechnology in diagnosis applications 
have been briefly mentioned. 

1.2.1.1 Detection 

In conventional clinical tests, specific antibodies bind to the disease-related targets 
in order to identify a molecule or disease-causing organism. In such tests, antibodies 
are usually conjugated with organic or inorganic dyes, and the signals are visualized 
using fluorescence microscopy. However, detection methods are often limited by 
the dyes, which limits their specificity and practicality. Nanomaterials are capable 
of withstanding substantially more cycles of excitations and light emissions than 
typical organic molecules, which decompose more easily. 

1.2.1.2 Target-Specific Probes 

Medical professionals prefer optical and colorimetric detection despite the advan-
tages of magnetic detections. The company Nanosphere Inc (Northbrook, USA) 
developed a technique that allows doctors to visualize biological specimens’ genetic 
makeup. Gold nanoparticles incorporated with DNA segments make the easy-to-read 
test for genetic sequences possible. In multiple nanospheres, sequences of interest 
form dense webs of gold balls when they attach to complementary DNA tentacles. 
The technology was shown to be highly sensitive in detecting anthrax, showing 
promising results when compared to the then-present tests. 

1.2.1.3 Virus Detection 

A multiplex colorimetric paper-based analytical device based on gold nanoparti-
cles (Au-NPs) has recently been developed for the detection of DNA associated 
with viral infections, such as Coronavirus. Different nanomaterials such as AgNPs, 
MoS2 nanosheets, QD-MP NPs, and Zr NPs have been applied in the detection of 
a range of Coronaviruses. To detect Coronaviruses, nanomaterials can be coupled 
with colorimetric sensing, electrochemiluminescence, immunosensing, photolumi-
nescence, and chiro-immunosensing. Electrochemical devices can also be useful in
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the future for detecting new kinds of viruses due to their good ability to couple with 
nanomaterials. Nanomaterials also have applications in rapid RNA extraction from 
viruses like COVID-19 (Kailasa et al. 2021). In this aspect, nanomaterials can reduce 
analysis time and increase sensitivity, which can open the way for new approaches 
and higher performance in the future (Nikaeen et al. 2020). 

1.2.1.4 Cancer Cell Detection 

A cancer cell is both rare and physiologically distinct from its surrounding cells. 
Their significance lies in the detection and diagnosis of genetic defects. However, 
identifying and isolating these cancerous cells is challenging. Advancements in this 
field can be facilitated by nanomaterials. It has been demonstrated that ‘nanosys-
tems’ can be used to sort cancerous cells from tissues in a highly efficient manner. 
Technology that employs cancer cells’ unique characteristics, including differences 
in deformation, surface charge, receptor affinity, and ligand affinity, is used to treat 
cancer. Nano-based optical and electrochemical detection techniques can be useful 
in the development of point-of-care diagnostics for cancer cell detection. However, 
the nanoparticle-based sensor is regarded as an innovative research breakthrough for 
the early detection of cancer cells. 

The extension of diagnosis application of nanomaterials has been applied in the 
fabrication of advanced forms of biosensors categorised as ‘nano-biosensors’ with 
diverse application fields (Sadana et al. 2018). 

1.2.2 Therapeutic Applications of Nanomaterials and Drug 
Delivery 

The use of nanoparticles as a therapeutic allows them to be delivered to targeted sites 
that are often difficult to reach by standard drugs. In this case, radio or magnetic 
signals can guide the therapeutic cargo to the site of the disease or infection if it is 
chemically attached to a nanoparticle. Additionally, nanodrugs can be programmed 
to release only when specific molecules are present or when external triggers are 
applied. Moreover, effective dosages can be reduced to avoid harmful side effects 
from potent medications. It is now possible to control drug release much more 
precisely than ever before by encapsulating drugs in nanomaterials and to the target 
site. The design of drugs enables them to carry therapeutic payloads (radiation, 
chemotherapy, or gene therapy) as well as imaging capabilities. Nanotechnology will 
improve the bioavailability of several agents that cannot be administered orally due 
to their poor bioavailability. In addition to protecting agents susceptible to degrada-
tion in extreme pH environments, nano-formulations can also extend the half-life of 
drugs by increasing their retention in the body through bio-adhesion. The delivery of
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antigens for vaccination is another broad application of nanotechnology. Nanotech-
nology can also contribute in the development of modern classes of vaccines. A 
recent study has demonstrated that microparticles and nanoparticles can enhance 
the immune response when encapsulated and developed into suitable animal models 
(Biju 2014). 

1.2.3 Nanomaterials in Bioreactors and Energy Storage 

Nanostructured materials are advantageous in offering huge surface-to-volume ratios, 
favorable transport properties, altered physical properties, and confinement effects 
resulting from the nanoscale dimensions. They have been extensively studied for 
energy-related applications such as solar cells, catalysts, thermoelectrics, lithium-ion 
batteries, supercapacitors, and hydrogen storage systems (Wang et al. 2020). 

1.2.3.1 Energy Storage 

Energy storage devices made from renewable sources are one of the best ways to 
address global environmental concerns and the current energy crisis. To construct 
highly efficient, stable, low cost and environment-friendly energy storage devices, 
suitable active materials must be explored. A large specific surface area nanomate-
rial was proposed as a guide to closing the gap between the achieved and theoretical 
capacitance without limiting the mass of the load. Batteries and supercapacitors 
are essential for storing the energy produced by renewable yet intermittent energy 
sources, such as solar and wind. Supercapacitors, which do not suffer from diffu-
sion processes, store charge only at the surfaces, allowing them to achieve high 
power levels. Furthermore, supercapacitors are much more reversible and have a 
longer cycle life since they do not undergo a bulk phase change when charged and 
discharged. The bulk phase of electrode materials in batteries stores charge through 
redox reactions, which provides higher energy density but lower power perfor-
mance than supercapacitors. Over the past few years, high-performance recharge-
able batteries have become so ubiquitous and tangible that they have almost become 
common knowledge. Nanomaterials have contributed to improved performances of 
such cells (Savla et al. 2020). 

1.2.3.2 Supercapacitors 

A supercapacitor offers high energy density, fast charge–discharge rates, and a long 
lifespan, making it a great alternative to traditional capacitors and secondary batteries. 
Energy is stored in supercapacitors either through ion adsorption or redox reactions,
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where most of the charge is transferred near the electrode surface. Nanotechnology 
plays a role here. A supercapacitor is ideal for applications requiring a high-power 
density greater than lithium-ion batteries, requiring at least 10 kWkg−1. Due  to  
CDs’ large specific surface area, hybridizing carbon dots (CDs) with symmetrical 
supercapacitors can significantly improve their electrochemical performance (Pang 
et al. 2020). 

1.2.3.3 Batteries 

Energy storage is a crucial function of batteries, which convert electrical energy into 
chemical energy via electrochemical reactions and release this energy through reverse 
reactions. The battery industry has enjoyed remarkable success in both research and 
commercialization over the past few decades. Battery demand is increasing in today’s 
society as a result of common problems and societal advancement. In order to improve 
the performance of advanced batteries, they must have a high energy density, a high-
power density, a long cycle life, and good safety characteristics. Battery development 
is also focusing on convenience and comfort, which require flexible, lightweight, 
and wearable batteries. A battery consists of three key components: electrodes, elec-
trolyte, and separator. In order to create batteries that operate efficiently, electrode 
materials need to be electrochemically reactive, reversible, chemically stable, and 
non-toxic. The additional functionality of the battery is achieved using materials 
with special features. For example, flexible batteries require electrodes that are flex-
ible enough to maintain high performance even under severe bending. Solid-state 
batteries require an electrolyte material with high ionic conductivity to ensure the 
ion transport rate inside the batteries, which cannot be achieved with general solid 
materials. In various energy applications, thermoelectric, piezoelectric, triboelectric, 
photovoltaic, and catalytic materials have played an important role at the nanoscale. 
Multifunctional inorganic nanomaterials play a crucial role in the development of 
advanced energy applications with enhanced performance due to their unique prop-
erties, such as excellent electrical and thermal conductivity, large surface areas, and 
chemical stability. 

1.2.4 Nanomaterials for Environmental Remediation 

Industrialization and its by-products have resulted in hazardous wastes, poisonous 
gasses, and smoke, which have contaminated the environment. Conventional tech-
niques have been used to treat all types of organic and toxic waste by adsorption, 
biological oxidation, chemical oxidation, and incineration. In recent years, nano-
materials have gained much attention due to their ability to destroy demilitariza-
tion munitions wastes and complex industrial chemical wastes. Nanomaterials have 
attracted a great deal of interest in the environmental application. In the treatment 
of pollution in water and air, nanomaterials play a critical role in environmental
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remediation. Their unique properties (such as excellent adsorbents, catalysts, large 
specific surface areas, and high reactivities) can be used to degrade and scavenge 
pollutants in the air and water (Kumar and Bharadvaja 2022). The species adsorbed 
on nanomaterials can be removed by using a mild gravitational or magnetic force. 
Various nanomaterials play a significant role in influencing water and air quality in 
the natural environment based on their shapes. The magnetic properties of nano-
adsorbents make them particularly attractive for water treatment as well as for water 
retention. Nanomaterials are also helpful in the detection as well as catalytic degra-
dation of dyes, pesticides, and heavy metals (e.g., cadmium, copper, lead, mercury, 
arsenic, etc.) (Khin et al. 2012; Kumar et al. 2021). 

1.2.5 Nanomaterials in Industries—Food, Oil, Cosmetics, 
Packaging 

1.2.5.1 Nanomaterials in Food and Food Packaging 

A nanomaterial can be used as an additive for polymers to enhance their performance 
due to its unique physical and chemical properties. A variety of applications can be 
achieved by using improved nanofillers like silicate and clay nanoplatelets, graphene, 
carbon nanotubes, and silica nanoparticles that keep their color, flavor, and texture, 
maintaining their stability during storage, and decreasing spoilage. The antimicrobial 
properties of nanomaterials have led to their application in food packaging. Among 
them, the control of the synthesis of metal nanomaterials, such as nano-Ag, is crucial 
to their antimicrobial applications. Nano-emulsions maintain the creamy texture of 
food alternately reducing the fat content of the food (Aswathanarayan and Vittal 
2019). A number of studies have shown that nanoparticles can effectively inacti-
vate microorganisms by disrupting their cell walls, interacting with thiol groups in 
DNA, phosphorus and sulfur, proteins, and enzymes, and through cell respiration. 
The generation of ROS caused by nanoparticles disrupts cell membranes, damages 
DNA and mitochondria, and disrupts electron transport across the cell membrane. 
Packaging materials can be made of a single polymer layer that prevents O2 and H2O 
from entering, or they can be reinforced by a nanocomposite layer to enhance barrier 
performance (Emamhadi et al. 2020). 

1.2.5.2 Nanomaterials in Cosmetics 

Nanomaterial-based cosmetics have some unique advantages over micro-scale 
cosmetics. Cosmetic manufacturers use nanomaterials to boost long-term results 
and stability. Because nanomaterials have a high surface area, the ingredients can be 
transported more efficiently through the skin. A key advantage of using nanomaterials 
in cosmetics is that they penetrate efficiently into the skin, facilitating the delivery of
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the product’s ingredients, introducing new color elements (such as lipsticks and nail 
polishes), improving transparency (such as sunscreens), and extending the lasting 
effects of makeup. It is the ultimate goal of cosmetic manufacturers to deliver the 
right amount of ingredients to the desired areas of the body using nanomaterials and 
to achieve long-term stability with nanomaterials. Most commonly, nanomaterials 
are used in cosmetics as UV filters in skin care products (Fytianos et al. 2020). 

1.2.6 Nanozymes, Nanomaterials as Nano-Bio-Catalysts/ 
Enzymes and Additives 

Nanomaterials having inherent enzymatic properties or regular enzymes incorporated 
with nanomaterials are classified as Nanozymes (Xiong et al. 2021). 

In recent years, nanomaterials (like Graphene, and graphene oxide (GO)) are 
increasingly used as immobilization matrices for enzymes in bio-catalytic applica-
tions. A variety of functional groups (such as hydroxyl, carboxyl, epoxy, carbonyl, 
phenol, lactone, and quinone) that can be manipulated on graphene surfaces, coupled 
with its unique electrochemical and mechanical properties, make graphene materials 
ideal for the attachment of enzymes. The technique of enzyme immobilization makes 
it possible to separate enzymes, modify their catalytic properties, and reuse them. 
However, GO-based carbon nanomaterials offer good immobilization options for 
enzymes because of their layered structure, large surface area, high functionaliza-
tion potential, fascinating electronic properties, and excellent thermal and mechanical 
stability. In addition, these unique properties of GO have made it an effective candi-
date in a number of biotechnological, bioelectronic, bio-imaging, tissue engineering, 
and biosensing applications (Adeel et al. 2018). 

1.2.7 Highly Advantageous Metal–Organic Frameworks 
(MOFs) 

Nanomaterials can be used to exploit the metal-organic frameworks (MOF) of 
nanozymes. This not only adds to the porosity of the structure to allow an eased 
entry of molecules and exclusivity but also makes an overall improvement in the 
catalytic feature of the enzyme by adding to available active sites. These find appli-
cations in designing efficient biocatalysts, and novel biosensors as well as upgrading 
biomedical imaging systems (Cai et al. 2022).
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1.2.8 Nanomaterials in Agriculture Industry 

In the 21st century, nanomaterials have been applied to agriculture for the purpose 
of increasing the productivity of lands and crops, especially under suboptimal condi-
tions. The application of nanotechnology to agricultural science remains relatively 
under-explored. It has been discovered that there are a number of nanomaterials 
with the potential to revolutionize agriculture, with both advantages and disadvan-
tages. In addition to improving food quality, crop growth, and monitoring environ-
mental conditions, they often solve many agricultural problems (e.g., problems in 
soil structure, detection of pollutants, plant disease, pests, and pathogens, delivery of 
pesticides, fertilizers, and nutrients, and genetic materials). The agricultural industry 
utilizes a wide range of nanomaterials, including single-walled carbon nanotubes 
(SWCNT), multi-walled carbon nanotubes (MWCNTs), or those from graphene 
oxide (GO), silver (Ag), iron (Fe), silicon (Si), zinc (Zn) and zinc oxide (ZnO). The 
promising aspects of this methodology include facilitating the delivery of numerous 
essential compounds, protecting against pathogens and diseases, improving nutrient 
absorption, and increasing pesticide and fungicide efficiency, thereby enhancing 
plant growth and ensuring that fertilizers are released in a site-specific and controlled 
manner. Due to the fact that nanomaterials can be applied to almost every part of agri-
culture, such as production, processing, storage, and transportation, they drastically 
improve efficiency, productivity, and agricultural protection (Khot et al. 2012). 

1.3 Challenges and Way Forward 

The risk of nanomaterials and their application in biological systems has not yet been 
adequately analysed. This demands a standardised method for the measurement of 
toxicity or hazardous effects on humans and the environment to be identified. Some 
of the key challenges that nanobiotechnology might face include public acceptance, 
safety aspects, risk assessment, and regulation. It is extremely important to draw 
the structure–function relationship of nanomaterials to attain a successful applica-
tion. Along with the identification of the perfect nanomaterial for a particular func-
tion, sustainable, scalable, and economic production of such nanomaterials will be 
a challenge (Zhang 2017). 

There are scopes for introducing biodegradable nanoparticles to deliver water-
soluble or insoluble therapeutics with improved biocompatibility and retention time. 
The industrial sector can expand the horizons for nanobiotechnology in the produc-
tion of ingredients like nano-additives and nanozymes. Medical devices and tech-
nology can advance their design to provide a molecular or sub-cellular interaction 
having high specificity (Fakruddin et al. 2012).
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Chapter 2 
Biogenic Nanomaterials: Synthesis, 
Characterization, and Applications 

Salem S. Salem and Alsayed E. Mekky 

Abstract From the healthcare to the energy sectors, nanotechnology plays a signif-
icant part in our modern lives. Nanomaterials (NMs) can be synthesized using a 
variety of physical, chemical, and biological processes for a variety of purposes. The 
employment of microorganisms in the biological manufacturing of NMs has substan-
tial benefits over other methods and is rapidly being investigated. The production 
of NMs by microbes such as bacteria, fungus, and algae, as well as their uses, are 
discussed in this chapter. Microorganisms create a diverse environment in which 
NMs can be synthesized. The issues that must be addressed include optimum produc-
tion and shortest time to get the appropriate size and shape, enhancing nanoparticle 
stability, and optimizing certain microorganisms for specific applications. There have 
been several discussions on the use of bio-nanoparticles in medicine, the environment, 
drug delivery, agriculture, and biochemical sensors. 

Keywords Green synthesis · Nanomaterials · Characterization · Application 

2.1 Introduction 

Nanoscience is the study of the unique properties of materials between 1 and 100 nm, 
and nanotechnology is the application of such research to create or modify novel 
objects. The ability to manipulate structures at the atomic scale allows for the creation 
of nanomaterials (Salem et al. 2023). Nanomaterials have unique optical, electrical 
and/or magnetic properties at the nanoscale, and these can be used in the fields of 
electronics and medicine, amongst other scenarios (Soliman et al. 2023; Abdelghany 
et al. 2023; Shehabeldine et al. 2023, 2022; Hashem et al. 2022a). Nanomaterials are
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unique as they provide a large surface area to volume ratio. Unlike other large-scaled 
engineered objects and systems, nanomaterials are governed by the laws of quantum 
mechanics instead of the classical laws of physics and chemistry. In short, nanotech-
nology is the engineering of useful objects and functional systems at the molecular or 
atomic scale (Ariga and Yamauchi 2020). Nanotechnologies have had a significant 
impact in almost all industries and areas of society as it offers (i) better built, (ii) safer 
and cleaner, (iii) longer-lasting and (iv) smarter products for medicine, communica-
tions, everyday life, agriculture and other industries (Doghish et al. 2022; Elakraa 
et al. 2022; Abdelaziz et al. 2022; Salem and Husen 2022). The use of nanomaterials 
in everyday products can be generally divided into two types. First, nanomaterials 
can be merged or added to a pre-existing product and improve the composite objects’ 
overall performance by lending some of its unique properties (Elfadel et al. 2023). 
Otherwise, nanomaterials such as nanocrystals and nanoparticles can be used directly 
to create advanced and powerful devices attributed to their distinctive properties 
(Hammad et al. 2022a; Al-Zahrani et al. 2022a). The benefits of nanomaterials could 
potentially affect the future of nearly all industrial sectors (Salem 2022a; Saied et al. 
2022). The beneficial use of nanomaterials can be found in sunscreens, cosmetics, 
sporting goods, electronics and several other everyday items (Salem et al. 2020, 
2022a; Sharaf et al. 2022; Hashem et al. 2022b; Asmatulu et al. 2012). 

2.2 Types of Nanoparticles 

To date, several nanoparticles and nanomaterials have been investigated and approved 
for clinical use. Some common types of nanoparticles are discussed below. 

2.2.1 Metallic Nanoparticles 

The specific properties of metallic nanoparticles are it exhibits prospective opto-
electronic and dimensional characteristics superior to their bulk metals (Srinoi et al. 
2018). These particular traits render an increase in the surface to volume ratio, reac-
tivity, efficiency, and functional modifications that can tap their potential in diverse 
applications as multifunctional technical tools (Seetharaman et al. 2018). Metallic 
nanoparticles include zinc, silver, copper, magnesium, selenium, titanium, iron, and 
gold nanoparticles (Mohamed et al. 2021; Saied et al. 2021; Abdelmoneim et al. 2022; 
Salem 2022b; Al-Zahrani et al. 2022b; Soliman et al. 2022). Iron oxide nanoparticles 
consist of a magnetic core (4–5 nm) and hydrophilic polymers, such as dextran or 
PEG (Shi Kam et al. 2004). Conversely, gold nanoparticles are composed of a gold 
atom core surrounded by negative reactive groups on the surface that can be func-
tionalized by adding a monolayer of surface moieties as ligands for active targeting 
(Shi Kam et al. 2004). Metallic nanoparticles have been used as imaging contrast
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agents (Acharya and Sahoo 2011), in laser-based treatment, as optical biosensors, 
and drug delivery vehicles (Han et al. 2022; Chandrakala et al. 2022). 

2.2.2 Liposomes 

Liposomes are spherical vesicles with particle sizes ranging from 30 nm to several 
microns that consist of lipid bilayers (Kraft et al. 2014). Liposomes can be used to 
incorporate hydrophilic therapeutic agents inside the aqueous phase and hydrophobic 
agents in the liposomal membrane layer. Liposomes are versatile; their surface 
characteristics can be modified with polymers, antibodies and/or proteins, enabling 
macromolecular drugs, including nucleic acids and crystalline metals, to be inte-
grated into liposomes (Lombardo et al. 2019; Katsuki et al. 2017). Poly(ethylene 
glycol) (PEG)ylated liposomal doxorubicin (Doxil®) is the first FDA-approved 
nanomedicine, which has been used for treatment of breast cancer, and it enhances 
the effective drug concentration in malignant effusions without the need to increase 
the overall dose (Lombardo et al. 2019; Katsuki et al. 2017). 

2.2.3 Micelles 

Micelles are amphiphilic surfactant molecules that consist of lipids and amphiphilic 
molecules (Letchford and Burt 2007). Micelles spontaneously aggregate and self-
assemble into spherical vesicles under aqueous conditions with a hydrophilic outer 
monolayer and a hydrophobic core, and thus can be used to incorporate hydrophobic 
therapeutic agents. The unique properties of micelles allow for the enhancement 
of the solubility of hydrophobic drugs, thus improving bioavailability (Imran and 
Shah 2018). The diameter of micelles ranges from 10 to 100 nm. Micelles have 
various applications, such as drug delivery agents, imaging agents, contrast agents 
and therapeutic agents (Katsuki et al. 2017). 

2.2.4 Carbon Nanotubes 

Carbon nanotubes are cylindrical molecules that consist of rolled-up sheets of a 
single-layer of carbon atoms (graphene). They can be single-walled or multi-walled, 
or composed of several concentrically interlinked nanotubes (Zihan et al. 2022). 
Due to their high external surface area, carbon nanotubes can achieve considerably 
high loading capacities as drug carriers (Guo et al. 2017). Additionally, their unique 
optical, mechanical and electronic properties have made carbon tubes appealing as 
imaging contrast agents and biological sensors (Kurbanoglu and Ozkan 2018; Kaur 
et al. 2019).
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2.2.5 Dendrimers 

Dendrimers are macromolecules with branched repeating units expanding from a 
central core and consists of exterior functional groups (Singh et al. 2016). These 
functional groups can be anionic, neutral or cationic terminals, and they can be used to 
modify the entire structure, and/or the chemical and physical properties. Therapeutic 
agents can be encapsulated within the interior space of dendrimers, or attached to the 
surface groups, making dendrimers highly bioavailable and biodegradable (Sherje 
et al. 2018). Conjugates of dendrimers with saccharides or peptides have been shown 
to exhibit enhanced antimicrobial, antiprion and antiviral properties with improved 
solubility and stability upon absorption of therapeutic drugs (Ortega et al. 2020; 
Sorokina and Shifrina 2022). Polyamidoamine dendrimer-DNA complexes (called 
dendriplexes) have been investigated as gene delivery vectors and hold promise in 
facilitating successive gene expression, targeted drug delivery and improve drug 
efficacy (Palmerston Mendes et al. 2017). Dendrimers are promising particulate 
systems for biomedical applications, such as in imaging and drug delivery, due to 
their transformable properties (Kesharwani et al. 2018; Kokaz et al. 2022). 

2.2.6 Quantum Dots 

Quantum dots (QDs) are fluorescent semiconductor nanocrystals (1–100 nm) and 
have shown potential use for several biomedical applications, such as drug delivery 
and cellular imaging (Díaz-González et al. 2020; Liu et al. 2019). Quantum dots 
possess a shell-core structure, in which the core structure is typically composed of II-
VI or III-V group elements of the periodic table. Due to their distinctive optical prop-
erties and size, with high brightness and stability, quantum dots have been employed 
in the field of medical imaging (Singh et al. 2022; Wan et al. 2021; Zhou et al. 2016). 

2.2.7 Green Nanotechnology 

Green nanotechnology is the application of green chemistry ideas to nanotechnology 
for the manufacture and processing of nanomaterials that is sustainable, safe, cost-
effective, and environmentally friendly (Salem 2023; Said et al. 2023). The produc-
tion of chemically based materials by biological materials (biomass, phytochemicals, 
microbial) and uses clean energy storage materials (energy efficient fuel/solar cells, 
green catalysis, etc.). The utmost goal of green nanotechnology is to decrease the 
hazardous effects of nanomaterials (Dutta and Das 2021). Green chemistry in nano-
material manufacturing has a variety of health consequences, beginning with solvent 
selection, which involves choosing a renewable, biocompatible, and environmen-
tally friendly solvent in the nanofabrication process. This new approach facilitates
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the development of safer, alternative materials for the synthesis of non-hazardous, 
commercial grade nanomaterials (Fouda et al. 2020). A nanomaterial is defined as a 
substance with external dimensions in the nanoscale. A nanoparticle is defined as a 
particle with at least one external dimension in the nanoscale. Nanoscale is defined 
as size range from about 1 nm to 100 nm. Therefore, we propose nanoscale to be 
defined as: a size ranges from about 1 nm to 100–1000 nm (Trotta and Mele 2019). 

2.2.8 Green Nanomaterial Preparation 

Nanomaterial preparations occurs through two different approaches bottom-up 
or top-down. The bottom-up approach involves preparing material from smaller 
building blocks. Top-down microfabrication methods are used to create nanoma-
terials by milling or grinding a bulk material into the appropriate form and structure. 
The popular green approaches used for synthesis of nanomaterials are explained as 
follows: 1. Using green solvents, such as ionic liquids, to replace toxic solvents. 
2. Greener approaches such as sonochemical synthesis, microwave synthesis, 
hydrothermal synthesis, solvothermal synthesis, electrochemical synthesis, and 
biosynthesis are being used to replace traditional chemical synthesis processes 
(Arora 2020). Biosynthesis, a sophisticated multistep synthesis strategy regulated 
by catalytic enzymes, is one of the finest ways of green nanomaterial synthesis, in 
which natural ingredients are employed to create a desired material. Green biosyn-
thesis creates nanomaterials using a number of processes, including bacteria, fungus, 
actinomycetes, algae, and plants. Bacteria are well recognized for their capacity to 
synthesis inorganic compounds both intracellularly and extracellularly; they have 
also exhibited this ability. Biosynthesis is used to make metal nanoparticles (Kapoor 
et al. 2021). Bacillus sp., have been found to be effective in the production of Pd 
and Au nanoparticles, respectively (Zhang and Hu 2018). A fungal-mediated green 
method employing Aspergillus flavus and Fusarium oxysporum was also reported for 
the biological production of silver and gold nanoparticles (Balakumaran et al. 2016). 
Actinomycetes are biogenic microorganisms that merge prokaryotic bacteria and 
fungal features. Similarly, algae-based nanomaterial biosynthesis has been accom-
plished with success (Khanna et al. 2019). There are three different methods for the 
synthesis of nanomaterials: physical, chemical, and biological. 

2.2.9 Synthesis of Nanoparticles Using Fungi 

Fungi are the largest group among microbes, where are used in multiple applications 
in different sciences as bioremediation, enzyme production, nanotechnology, etc. 
(Salem et al. 2019, 2021; Selim et al. 2021; Fouda et al. 2018). Fungi have sparked a 
lot of interest in manufacturing metallic nanoparticles since they have several benefits 
over bacteria when it comes to nanoparticle synthesis. The simplicity of scaling up
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and downstream processing, as well as the economic feasibility and the existence of 
mycelia, which provides a larger surface area, are all significant benefit. A biominer-
alization mechanism is used in fungal-based NP production, which involves internal 
and extracellular enzymes and biomolecules reducing various metal ions. Silver has 
been the metal of choice for the manufacture and research of NPs. In addition, 
Au, Ti, Se, Cu and Zn have been identified as the next most important metal ions 
employed by fungus in the production of NPs (Mohamed et al. 2019; Hashem et al. 
2021; Mohmed et al. 2017; Hammad et al. 2022b; Abu-Elghait et al. 2021). More 
research on NP biosynthesis has been done on Fusarium, Aspergillus, Trichoderma, 
Verticillium, Rhizopus, and Penicillium species (Salem and Fouda 2021; Shaheen 
et al. 2021a). Fungi-produced nanoparticles have been employed in a variety of 
applications, including anticancer drugs, medicine, antimicrobials, antivirals, diag-
nostics, antibiotics, antifungals, agriculture, bio-imaging, and industry. Agricultural 
and medicinal applications have been identified as the most common uses of NPs. 
When compared to bacteria cells, fungi cells produce a huge number of NPs. Fungi 
secrete more proteins, resulting in increased NPs output (Shaheen et al. 2021b). 

2.2.9.1 Synthesis of Nanoparticles Using Yeast 

The extracellular synthesis of nanoparticles in huge quantities, with straightforward 
downstream processing. Different processes used by yeast strains of different genera 
for nanoparticle formation result in significant differences in size, mono dispersity, 
particle position, and characteristics (Salem 2022a, b). These molecules determine 
the mechanism for the formation of nanoparticles and stabilize the complexes in 
the majority of the yeast species studied (Abdelfattah et al. 2023; El-Khawaga et al. 
2023). Resistance is defined as the ability of a yeast cell to convert absorbed metal ions 
into complex polymer compounds that are not toxic to the cell. In the mass production 
of metal nanoparticles, yeast production is easy to manage in laboratory settings, 
and the rapid growth of yeast strains and the use of basic nutrients have various 
advantages. Candida glabrata and Saccharomyces pombe yeast strains have been 
described for the production of intracellular synthetized silver, titanium, cadmium 
sulphide, selenium, and gold nanoparticles for this purpose (Boroumand Moghaddam 
et al. 2015). 

2.2.9.2 Synthesis of Nanoparticles Using Bacteria 

Research has concentrated primarily on prokaryotes as a technique of synthesizing 
metallic nanoparticles (Salem et al. 2022b; Alsharif et al. 2020). Due to their ubiquity 
in the environment and their capacity to adapt to harsh situations, bacteria are a suit-
able candidate for study. They are also quick growing, affordable to cultivate and easy 
to manage. Growth parameters such as temperature, oxygenation and incubation time 
can be easily regulated. Bacteria are known to synthesis inorganic materials either 
intra or extra. Pseudomonas stutzeri was used to produce Ag-NPs outside the cells.
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In addition, several bacterial strains (Gram negative as well as Gram positive) namely 
A. calcoaceticus, B. amyloliquefaciens, B. flexus, B. megaterium and S. aureus have 
been used for both extra and intracellular biosynthesis of Ag-NPs. These Ag-NPs 
are spherical, disk, cuboidal, hexagonal and triangular in shape. They have been 
fabricated using culture supernatant, aqueous cell-free extract or cells. Rhodopseu-
domonas capsulata was shown to be capable of producing Au-NPs of various sizes, 
with the form of the Au-NPs being regulated by pH. Bacteria are thought to be a 
possible biofactory for the production of NPs such as silver, gold, palladium, plat-
inum, magnetite, titanium, titanium dioxide, cadmium sulphide, selenium, and other 
metal NPs (Salem and Fouda 2021). 

2.2.9.3 Synthesis of Nanoparticles Using Actinomycetes 

These actinomycetes have a good ability to make antibiotics as secondary metabo-
lites. Actinomycetes have been found to have a significant role in the creation of 
metal nanoparticles. Actinomycetes are one of the less well-known microorganisms 
employed in the production of metal nanoparticles (Eid et al. 2020; Hassan et al. 
2019). Actinomycetes produce nanoparticles with good poly-dispersity and stability, 
as well as high biocidal activity against a variety of diseases. Thermoactinomycete 
sp., Rhodococcus sp., Streptomyces viridogens, Nocardia farcinica, Streptomyces 
hygroscopicus, and Thermomonospora sp. have all effectively manufactured Au-
NPs. Streptomyces spp., on the other hand, were used to successfully produce Cu, 
Ag, and Zn-NPs (Salem and Fouda 2021; Manimaran and Kannabiran 2017). 

2.2.9.4 Synthesis of Nanoparticles Using Plant 

Plant parts such as leaves, stems, roots, shoots, flowers, barks, seeds, and their 
metabolites have all been used to successfully synthesize nanoparticles (Al-Rajhi 
et al. 2022; Hashem and Salem 2022; Salem et al. 2022c). Plants with minimal costs 
and a high level of eco-friendliness are extremely sophisticated and advantageous 
to human uses. Using plant extracts such as Cinnamom zeylanicum, Pinus resinosa, 
Ocimun sanctum, Curcuma longa, Anogeissus latifolia, Glycine max, Musa para-
disica, Pulicaria glutinosa, Cinnamomum camphora, Doipyros kaki, and Gardenia 
jasminoides, green production of NPs has been described (Salem and Fouda 2021; 
Aref and Salem 2020).
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2.3 Application of Nanomaterials 

2.3.1 Diseases Diagnosis and Imaging 

Diagnosis of a disease is one of the most crucial steps in the healthcare process (Kute 
et al. 2022). All diagnoses are desired to be quick, accurate and specific to prevent 
‘false negative’ cases. In vivo imaging is a non-invasive technique that identifies 
signs or symptoms within a patient’s live tissues, without the need to undergo surgery 
(Medina et al. 2007). A previous improvement in diagnostic imaging techniques is 
the use of biological markers that can detect changes in the tissues at the cellular 
level. The aim of using a biological marker is to detect illnesses or symptoms, thereby 
serving as an early detection tool (Frank and Hargreaves 2003). Notably, some of 
these high precision molecular imaging agents have been developed through the use 
of nanotechnologies. In addition to diagnosis, imaging is also vital for detecting 
potential toxic reactions, in controlled drug release research, evaluating drug distri-
bution within the body and closely monitoring the progress of a therapy. Potential 
drug toxicity can be reduced with the possibility of monitoring the distribution of 
drugs around the body and by releasing the drug as required (Sakiyama-Elbert and 
Hubbell 2001). 

Imaging techniques such as X-ray, ultrasound, computed tomography, nuclear 
medicine and magnetic resonance imaging are well established, and are widely used 
in biochemical and medical research (Østergaard et al. 2008). However, these tech-
niques can only examine changes on the tissue surface relatively late in disease 
progression, although they can be improved through the use of contrast and targeting 
agents based on nanotechnologies, to improve resolution and specificity, by indi-
cating the diseased site at the tissue level (Mousa and Bharali 2011). Currently 
used medical imaging contrast agents are primarily small molecules that exhibit 
fast metabolism and a non-specific distribution, and can thus potentially result in 
undesirable toxic side effects (Lombardo et al. 2019). This particular area is where 
nanotechnologies make their most significant contribution in the field of medicine, 
by developing more powerful contrast agents for almost all imaging techniques, 
as nanomaterials exhibit lower toxicity, and enhanced permeability and retention 
effects in tissues. The size of the nanoparticles significantly influences its biodistri-
bution, blood circulation half-life, cellular uptake, tissue penetration and targeting 
(Wang and Zhang 2022). The use of nanoparticles in X-rays has some limitations. 
In order to enhance the contrast, a number of heavy atoms must be delivered into the 
target site without causing any toxic reactions. This can be achieved using stable and 
inert surface atoms, such as gold (Bonačić-Koutecký and Guével n.d.). Hence, gold 
nanoshells have garnered significant attention, due to its low toxicity, gold nanoshells 
are heavy metal nanoparticles (dielectric core) encapsulated in gold shells and have 
been proposed to be one of the most promising materials in optical imaging of cancers 
(Pal et al. 2022). Gold nanoshells are cost-effective, safe due to its non-invasive prop-
erty and may provide high resolution imaging. Gold nanoshells have similar physical 
characteristics to gold colloids, as they both possess a unified electronic response of
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the metal to light resulting in active optical absorption (Abbasi et al. 2017). Gold 
nanoshells are widely employed by researchers as contrast agents in the Optical 
Coherence Tomography of cancer cells, as the optical resonance of gold nanoshells 
can be adjusted accurately over a wide range, including near-infrared, where tissue 
transmissivity is higher (Abbasi et al. 2017; Hu et al.  2018; Kavalaraki et al. 2023). 

2.3.2 Drug Delivery 

Therapy typically involves delivering drugs to a specific target site. If an internal route 
for drug delivery is not available, external therapeutic methods, such as radiotherapy 
and surgical procedures are employed. These methods are often used interchangeably 
or in combination to combat diseases. The goal of therapy is to always selectively 
remove the tumours or the source of illness in a long-lasting manner (Liang et al. 
2021). Nanotechnologies are making a compelling contribution in this area through 
the development of novel modes for drug delivery, and some of these methods have 
proven effective in a clinical setting and are clinically used (Saeedi et al. 2019). For 
example, doxorubicin a drug which exhibits high toxicity, can be delivered directly 
to tumour cells using liposomes (Doxil®) without affecting the heart or kidneys. 
Additionally, paclitaxel incorporated with polymeric mPEG-PLA micelles (Genexol-
PM®) are used in chemotherapeutic treatment of metastatic breast cancers (Lombardo 
et al. 2019). The success of nanotechnologies in drug delivery can be attributed to 
the improved in vivo distribution, evasion of the reticuloendothelial system and the 
favorable pharmacokinetics (Ferreira et al. 2021). 

A perfect drug delivery system encompasses two elements: Control over drug 
release and the targeting ability. Side effects can be reduced significantly, and drug 
efficiency can be ensured by specifically targeting and killing harmful or cancerous 
cells. Additionally, controlled drug release can also reduce the side effects of drugs 
(Singh et al. 2019). Benefits of nanoparticle drug delivery systems include minimized 
irritant reactions and improved penetration within the body due to their small size, 
allowing for intravenous and other delivery routes. The specificity of nanoparticle 
drug delivery systems is made possible by attaching nano-scaled radioactive anti-
bodies that are complementary to antigens on the cancer cells with drugs, and these 
approaches have produced desirable results (Suri et al. 2007), exhibiting improved 
(i) drug bioavailability, (ii) delivery of drugs specifically to the target site, and (iii) 
uptake of low solubility drugs (Mazayen et al. 2022). 

2.3.3 Cancer Treatment 

Staggering numbers of individuals suffer from cancer worldwide, highlighting the 
need for an accurate detection method and novel drug delivery system that is more 
specific, efficient and exhibits minimal side effects (Ferlay et al. 2021). Anticancer
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treatments are often regarded as superior if the therapeutic agent can reach the specific 
target site without resulting in any side effects. Chemical modifications of the surface 
of nanoparticle carriers may improve this required targeted delivery. One of the best 
examples of modifications at the surface of nanoparticles is the incorporation of 
PEG or polyethylene oxide (Dezfuli et al. 2023). These modifications enhance not 
only the specificity of drug uptake, but also the tumor-targeting ability. Incorporating 
PEG avoids the detection of nanoparticles as foreign objects by the body’s immune 
system, thus allowing them to circulate in the bloodstream until they reach the tumor. 
Additionally, the application of hydrogel in breast cancer is a prime example of this 
innovative technology. Herceptin is a type of monoclonal antibody used in breast 
cancer treatment by targeting human epidermal growth factor receptor 2 (HER2) 
on cancer cells. A vitamin E-based hydrogel has thus been developed that can 
deliver Herceptin to the target site for several weeks with just a single dose. Due 
to the improved retention of Herceptin within the tumor, the hydrogel-based drug 
delivery is more efficient than conventional subcutaneous and intravenous delivery 
modes, thus making it a better anti-tumor agent (Vlerken et al. 2007; Biswas et al. 
2014). Nanoparticles can be modified in several ways to prolong circulation, enhance 
drug localisation, increase drug efficacy and potentially decrease the development 
of multidrug resistance through the use of nanotechnologies (Majidinia et al. 2020). 

There are several studies using FDA-approved nano drugs, such as Abraxane®, 
Doxil® or Genexol-PM® as adjuvants in combinatory cancer treatment. Abraxane®, 
a paclitaxel albumin-stabilised nanoparticle formulation (nab-paclitaxel) has been 
approved for the treatment of metastatic breast cancer (Montero et al. 2011). There 
are >900 ongoing clinical trials involving nab-paclitaxel as an anticancer agent, 
based on Clinicaltrials.gov as of August 2020. Moreover, nab-paclitaxel, in combi-
nation with 5-chloro-2.4-dihydrooxypyridine, tegafur and oteracil potassium exhib-
ited promising results when used for the treatment of HER2-negative breast cancer 
patients (Tsurutani et al. 2015). Doxorubicin, daunorubicin, paclitaxel and vincristine 
are among the most extensively investigated anticancer agents in liposome-based 
drug formulations (Lombardo et al. 2019). 

2.3.4 Cardiovascular Diseases Treatment 

Cardiovascular diseases are another field where the properties of nanoparticles may 
be leveraged (Park et al. 2020). Cardiovascular diseases are the leading cause of 
death globally, and the rates are increasing alarmingly, due to an increase in sedentary 
lifestyles. Common examples of cardiovascular diseases that affect several individ-
uals includes stroke, hypertension and restriction or blockage of blood circulation in 
a specific area. These diseases are the most common causes of prolonged disability 
and death (McGill et al. 2008). Nanotechnologies offer novel avenues for thera-
peutic and diagnostic strategies for management of cardiovascular diseases. Most 
cardiovascular risk factors (for example, for hypertension, smoking, hypercholes-
terolemia, homocystinuria and diabetes mellitus) are associated with impaired nitric
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oxide (NO) endothelial production. Impaired endothelial function is established to be 
the first step in atherosclerosis. Gold and silica nanoparticles have been developed 
to improve NO supply for possible application in cardiovascular diseases, where 
low NO bioavailability occurs (Das et al. 2010). Systemic administration of the 
17-βE loaded CREKA-peptide-modified-nanoemulsion system has been shown to 
reduce the levels of pathological contributors to early atherosclerosis by reducing 
lesion size, lowering the levels of circulating plasma lipids and decreasing the gene 
expression of inflammatory markers associated with the disease (Deshpande et al. 
2016). Moreover, novel formulations of block copolymer micelles constructed using 
PEG and poly(propylene sulphide) have been demonstrated to suppress the levels 
of pro-inflammatory cytokines, and exhibited excellent potential for management of 
atherosclerosis (Wu et al. 2018). 

Drug delivery via liposomes has been proven to be effective for prevention of 
platelet aggregation, atherosclerosis and thrombosis. Prostaglandin E-1 (PGE-1) 
exhibits a wide range of pharmacological properties, including vasodilation, inhi-
bition of platelet aggregation, leukocyte adhesion, as well as exhibiting an anti-
inflammatory effect. Liposomal drug delivery of PGE-1 (Liprostin™), is currently 
undergoing phase III clinical trials for the treatment of various cardiovascular 
diseases, such as restenosis following angioplasty (Bulbake et al. 2017). Addition-
ally, the use of liposomes carrying the thrombolytic drug urokinase has also been 
assessed; cyclic arginyl-glycyl-aspartic acid (cRGD) peptide liposomes encapsulated 
with urokinase can selectively bind to the GPIIb/IIIa receptors, and this improves 
the thrombolytic efficacy of urokinase by almost 4-fold over free urokinase (Bulbake 
et al. 2017). 

Efficacy and effectiveness of the conventional thrombolytic drugs can also be 
advanced via novel nano-therapeutic approaches. Drugs can be selectively targeted 
to vascular blockage sites through mechanical activation within blood vessels based 
on the high-fluid shear strains present within them. In vivo and in vitro studies have 
been encouraging, thus validating this approach for use in lysis of blood clots, using 
a significantly lower amount of thrombolytic drug (Katsuki et al. 2017; Zhang et al. 
2018). One example of this technology is the use of dendrimers. Dendrimers have 
been used in several diseases as a means of delivering therapeutic agents. Plas-
minogen activator (rtPA) has been successfully attached to dendrimers producing 
an alternative drug delivery system, allowing for refinement of the rtPA-dendrimer 
complex concentration throughout the duration of treatment using different dilution 
proportions of each part of the complex (Najlah et al. 2007). Another potential role of 
nanoparticles is to decrease haemorrhaging, which is a severe side effect of throm-
bolytic agents. Targeted thrombolysis via rtPA bound to polyacrylic acid coated 
nanoparticles minimises the intracerebral haemorrhage, and enhances retention at 
the target site (Katsuki et al. 2017).
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2.3.5 Nanotechnology and Agricultural 

Nanotechnology has emerged as one of the most imperative tools in the recent agri-
culture sector (Acharya and Pal 2020). In this modern era of science and technology, 
there are no such fields left untouched by nanotechnology. Agriculture is no excep-
tion. This technology has broad applications in the agriculture and food sectors, 
telecommunication, the food industry, cosmetics, etc. Through nano biotechnology, 
we can understand the biology of different crops, which will eventually help enhance 
the yield and nutritional value of those crops through breeding (Elemike et al. 2019). 
The need for nanotechnology in the agriculture sector is felt to improve crops, diag-
nose plant diseases, and monitor plant health and soil quality (Salem and Husen 
2023). These will ultimately contribute to enhanced plant performance, which is the 
main focus of every breeding program (Lowry et al. 2019). 

2.3.6 Nano Fertilizers 

One of the significant commitments of nanotechnology in agribusiness is the detailing 
of nano-based composts, i.e., nano fertilizers (Chhipa 2019). Nutrients can either be 
encased within nanomaterials like nanotubes or nonporous materials laminated with 
thin protective polymer film or rendered as particles or emulsions of nanoscale dimen-
sion (Yata et al. 2018). Nano fertilizers have interesting attributes like super high 
assimilation, an enormous surface region, pore-volume, and exceptionally requested 
pores. These properties enable slow delivery and advanced, proficient supplement 
take-up by harvests, making them more powerful than the majority of the most recent 
polymeric-sorted ordinary composts that have essentially been performed over the 
previous decades (Elemike et al. 2019; Kumar et al. 2019; Cheng et al. 2016). The 
primary delegates are nitrogen composts, potash manures, nanoporous zeolite, zinc 
nano fertilizers, zeolites, and nano clays that discharge supplements gradually for 
the duration of the existing pattern of the crops, there by lessening the dangers of 
filtering, adsorption, surface spillover, and deterioration (Cheng et al. 2016; Liu et al. 
2021). Unlike traditional fertilizers, nano fertilizers can be made to release nutrients 
in a controlled way in a gradual manner into the soil, which may help prevent purifi-
cation and contamination of bodies and the environment. Similarly, foliar application 
of Nano fertilizer has been reported to increase crop yields significantly (Chand Mali 
et al. 2020). 

2.3.7 Seed Science 

To improve the germination of the rain fed crop, researchers are working on metal 
oxide nanoparticles and carbon nanotubes. It is also found that carbo nano tubes can
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enhance the germination of tomato seeds through the better conveyance of moisture. 
The data shows that carbon nanotubes (CNTs) act as anew pore and facilitate the 
passage of water by penetrating the seed coat and acting as a way to channelize the 
water from the substrate into the seeds. Hence, it can enhance germination in the rain 
fed agricultural system (Salem and Husen 2022). It was found that TiNPs at 20 g/ 
L concentration significantly increased the ear mass, seed number, biomass, stem 
elongation, flowering, yield, starch, and gluten content in wheat. Similarly, carbon 
nanotubes (CNTs) were reported to enhance the germination percentage of tomato 
seeds by penetrating their hard outer coat. Moreover, the germination percentage 
of other crops, like soybean, barley, corn, etc., was also increased when sprayed 
or encapsulated with multiwall carbon nanotubes (MWCNTs) (Acharya and Pal 
2020). The use of nanoparticles (manganese, molybdenum) and multi walled carbon 
nanotubes (MWCNTs) has increased the germination percentage of Brassica juncea, 
Phaseolus mungo, etc. Silver nanoparticles are also used for seed dressing and surface 
sterilization of seed crops (Chhipa 2019). Germination rate, bud length, diameter, 
fresh bud weight, etc. were found to be higher in the seeds of cowpea, cabbage, and 
cucumber treated for 2 h, 4 h, and 12 h respectively withnano-863 than soaked in pure 
water. When soaked innano-863 treated water, garlic produced about 5 cm longer 
heights of bolts after about 20 days of treatment than the ones in the control group 
(Faridvand et al. 2021). 

2.3.8 Seed Storage 

Stored seeds emit several volatile aldehydes, which decide the degree of aging. These 
emitted gases affect other seeds too. So, to detect these volatile aldehydes and seeds 
showing signs of degradation, biosensors can be used, and they can be separated from 
the healthy ones before they come into use (Huang et al. 2015). In a like manner, 
the nano sensors can be used to identify the presence of insects or fungus precisely 
inside the stored grains in storage houses (Shukla et al. 2019). 

2.3.9 Genetic Manipulation and Crop Improvement 

Nanotechnology can be used to reform the genetic constituents of plants and can act 
as a defensive shield for pathogens, therefore helping in crop improvement (Badawy 
et al. 2021). With this technology, breeders can develop potentially enhanced plants 
that improve resistance to various environmental stresses such as drought, cold, 
disease, salinity, etc. For example, zinc nanoparticles are widely used to enhance the 
productivity of Pennisetum americium. The use of TiO2 NMs increases the produc-
tivity of mung beans (Pramanik et al. 2020) he advancement in nanotechnology 
empowered by gene sequencing is used to effectively identify and utilize plant genetic 
resources (Iavicoli et al. 2017). The application of nano-genomics based technology
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in plant breeding can be used to deploy nanomaterials as transporters of DNA or 
RNA in plant cells that divert the genes to the target location at a cellular level 
for gene expression (Sangeetha et al. 2017; Shandilya and Tarwadi 2021). The use 
of nano fertilizers improves crop yield and quality with higher nutrient efficiency 
while simultaneously reducing spillage in the environment and the cost of produc-
tion, thus contributing to sustainable agriculture. For example, the application of 
phosphatic nano fertilizers has been found to increase the growth rate by (32%) and 
seed yield by (20%) of soybean (Glycine max) as compared to those treated with 
conventional fertilizers. Also, carbon nanoparticle nanotubes of Au, SiO2, ZnO, and 
TiO2 ameliorate the development of plants by enhancing elemental uptake and use of 
nutrients (Wani and Kothari 2018). A recent study on different crops has also shown 
increased germination, seedling growth, physiological activity like photosynthetic 
activity and nitrogen metabolism, m-RNA expression, and some positive changes 
in gene expression, fostering their potential use in crop improvement (Salem and 
Husen 2022; Cheng et al. 2016). Nutrient deficiency in crops can be managed by 
the use of Nano carriers that help in fulfilling the nutrient requirements of plants. 
Nanotechnology can also be used to recognize superior genes to improve crops for 
disease resistance or higher productivity (Fraceto et al. 2016). Just as genetically 
modified agriculture has given rise to a new level along the food chain, likewise, 
nanotechnology deployed from seeds to stomach, genome to gluten, will strengthen 
the grasp of agribusiness over global food farming at every stage (Kerry et al. 2017). 

2.3.9.1 Resistance Against Abiotic Stress 

Nano-barcode particles are usually manufactured through semi-automatic lamina-
tion of inactive metals such as Au, Ag, or Pt. Those nano barcodes are applied in the 
analysis of gene expression to develop resistance against ecological stresses and to 
induce resistance against corrosiveness and ultraviolet rays’ effects on the chloro-
plast (Bhau et al. 2016). The use of various nanoparticles, GPS (Global Positioning 
System), and remote sensing technologies by farm managers helps widely detect 
multiple crop pests or evidence of different environmental stresses such as drought, 
pollution, nutrient deficiency, etc. to make a plan and protect our crops accordingly 
(Ndlovu et al. 2020). 

2.3.9.2 Smart Delivery of Agrochemicals 

The Nano biosensors that use carbon nanotubes or nano cantilevers are very small 
enough to trap and deliver even the smallest molecules and other individual proteins 
(Joshi et al. 2019). Smart sensors and smart delivery systems assist the horticultural 
business with combatting infections and other harvest microbes. The nano-based 
impetuses improve the effectiveness of pesticides and herbicides, permitting lower 
portions to be utilized (Abd-Elrahman and Mostafa 2015). For example, nano encap-
sulated pesticides increase the solubility of poorly soluble active ingredients and
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release them slowly. This activity of nano encapsulated agrochemicals allows for 
slow and effective release to a specific host, reducing toxicity to non-targeted organ-
isms. Such controlled nano particulate delivery systems will require a designated 
conveyance approach centered on utilizing the information on the life-cycle and the 
conduct of the microbe or irritation (Rai and Ingle 2012). As per the research carried 
out by various workers, it has been found that nanoparticles of different metals are 
also cost-effective and the most reliable alternative for controlling insects, and pests. 
In this way, this technology has helped in the smart delivery of agrochemicals and is 
thus gaining popularity these days (Jatav and Nirmal 2013). 

2.3.9.3 Hormonal Effects in Plants 

Numerous plant regulators are being manufactured and utilized throughout the world 
to amplify the hormonal effects, including nano-5 and nano gro. A leading agricul-
tural company, i.e., Syngenta has been fabricating Primo MAXX, a plant growth 
regulator, for the past couple of years (Bhau et al. 2016). 

2.3.9.4 Disease and Pest Control 

In 2011, a statement was fortified by Pimentel and Burgess that almost 545 million 
kg of pesticides is utilized on plants in the United States each year, but <0.15% of 
this reaches the preferred target and eliminates the pests (Kumar 2020). This state-
ment reflects the overuse and uncontrolled application of pesticides and unsuccessful 
measures of pest control. Generally, plant diseases are generated by pathogenic 
microorganisms such as bacteria, fungi, nematodes, and viruses, which promptly 
reduce the crop quality and yield. Many practices are carried out to control diseases 
and pests, including cultural, physical, chemical, legislative, genetics, breeding, and 
integrated disease and pest management approaches. However, they can’t control 
those (Kumar et al. 2019). The issue might lie in recognizing economic threshold 
levels outside of which they can’t be controlled (Fraceto et al. 2016). Nano-based 
diagnostics can identify diseases and agrochemical residues by measuring differen-
tial protein in diseased and healthy crops, which leads to the identification of specific 
microorganism species and the stage of therapeutic drug application to prevent and 
stop disease (Vega-Vásquez et al. 2020). Moreover, nanotech applies to nanoparticle-
mediated gene transfer in crops to create efficacious pest resistant and tolerant lines 
(Vega-Vásquez et al. 2020). The utilization of biomarkers unequivocally indicates 
disease stage (Chung et al. 2017), and nano silica-silver composite Silicon (Si) is 
known to be absorbed into plants to expand disease obstruction and stress resistance. 
Nanostructured frame-works have a broad scope of use in determining and treating 
diseases in plants, giving better management of insects and diseases. Allowing their 
lower portions to be used, which will also ensure environmental protection (Dhewa 
2015). Utilizing nano sensors and carbon nano tubes further develops monitoring and
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protection of plants from plant diseases through prompting plant infection obstruction 
(Arora 2018). 

2.3.9.5 Monitoring of Plant Growth Stages 

Nano-sensors are immobilized bio-receptor probes that are designed for earlier 
response to alteration in the environment. Ultimately, it can be linked with GIS, 
and monitoring is possible to vast crop cultivation areas. With the help of Nano 
sensors, all possible growth stages of the plant, including the sensitive stages such 
as photosynthesis and seed germination, can be precisely monitored for obtaining 
higher and maximal yields (Alghuthaymi et al. 2021). 

2.3.9.6 Secondary Metabolites Exploitation 

Secondary metabolites (alkaloids, phenolics, and terpenoids) emitted by the plant 
as self-safe guarding tools of nature provide protective and defensive capacity 
against insects (Ghasemnezhad et al. 2019). The nanostructures can be used to 
discover precious metabolites; for instance, nano-convectors can detect terpenoids, 
anthocyanins, and other beneficial secondary metabolites in therapeutic herbs and 
shrubs. Furthermore, the nano-polymers can augment plant cell catalytic activity, thus 
producing more protein (Alghuthaymi et al. 2021). Mycotoxins are harmful auxiliary 
metabolites produced by fungi that are fat alto living beings. So, the pores of nanos-
tructured polymer layers could be utilized as receptors to acknowledge comparable 
poisonous metabolites (Faridvand et al. 2021). 

2.3.9.7 Opportunities 

The utilization of nanotechnology and other fundamental science disciplines can 
produce optimized beneficiaries that can rectify the various challenges of agriculture, 
industry, health, communication, energy, and the environment (Cicek and Nadaroglu 
2015). The world has now realized that nanoscale science and nanotechnologies 
can revolutionize the agriculture and food system and have given birth to ‘agro-
nanotechnology’. Although the first green revolution promised food to everyone, 
agriculture production is now facing a plateau, compelling the second green revo-
lution, and this nanotechnology can grab this opportunity. Considering the current 
scenario, the most incredible opportunity of nanotechnology is ‘crop improvement’. 
This technology helps develop resistant and improved plant genotypes through 
plant breeding or genetic engineering (Wieliczko and Floriańczyk 2022). Nanotech-
derived devices (nano-sensors, nanoparticles) are widely used in plant breeding and 
genetic transformation to develop improved crops (Jatav and Nirmal 2013). Nano-
biosensors possess unique physio-chemical properties such as being independent of 
pH, temperature, stirring, stability under normal storage conditions, etc. In addition to
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this, they are very tiny, cheap, portable, non-toxic, and non-antigenic, and hence can 
be operated easily. There is a vast opportunity in tissue culture, molecular breeding, 
genetic engineering, transgenic approach, and so on, through various approaches that 
include the following principles: using nanomaterial coated ‘smart seeds’, targeted 
delivery of agrochemicals and drugs, monitoring soil and plant health using bio-
sensors, and decreasing losses through appropriate disease management practices. 
Besides all these opportunities, nanomaterials also have a chance to functionalize 
membranes and eliminate and or recover nutrients from a source of contaminated 
water and a waste stream (Lowry et al. 2019). It opens a broad range of oppor-
tunities in technical and mechanical fields, and its application in those fields can 
indeed bring prodigious positive changes in the coming decades (Jatav and Nirmal 
2013). Due to the uncontrolled and unmanaged administration of chemicals on crops, 
adverse effects are visible in the ecosystem. These resistant and tardily degrading 
compounds like pesticides, insecticides, weedicides, and rodenticides enter the food 
chain of organisms and show detrimental effects. Thus, nanoparticles can play a 
nurturing role in the bioremediation of those contaminants by assisting microbial 
action and degrading them into innocuous. Furthermore, the powerful nanoparticles 
can be combined with botanical sides that are harmless to plants and the environment 
(Alghuthaymi et al. 2021). As well, nanotechnology can be permitted in agricultural 
research and applied zones for its advancement. Through nanotech, plant diseases 
can be prevented, early stresses can be detected and minimized, and diversified lines 
can be produced that are uninfluenced by harsh environmental fluctuations. Addi-
tionally, the amplification of nanotech in plant breeding can lead us to make our 
agricultural systems futuristic and quick-witted. Various advancing engineered tools 
can be accoutered with Nano devices that have the potential to supplant many cellular 
levels of machinery (Chhipa 2019). 

2.3.9.8 Potential 

Nanotechnology has come forward as a futuristic weapon to mitigate those chal-
lenges (Elsharkawy et al. 2022). The entrance of nanotechnology into plant breeding 
can bring colossal and drastic changes that will directly enhance the world economy. 
This technology shows great potential in embracing today’s technologies despite 
competing with them. The versatile capacity of this tech will seize and up lift the 
growth of several fields, including agriculture, that will help to achieve the UN millen-
nium goal by influencing food security and food safety in up-coming years (Kumar 
et al. 2019; Alghuthaymi et al. 2021). The applications of nano-fertilizers and nano-
pesticides enhance agricultural productivity with low cost and energy input with-out 
deteriorating functional bodies like soil, water, turf, and other vegetation (Tiwari et al. 
2022; Nair  2021). Nanotechnology can further participate in the monitoring of water 
quality, crop disease incidences, growth rates, nutrient use efficiency, and pesticides 
through nano networks and wireless nano sensors for their efficient usage in field 
conditions to attain high-tech agriculture farming and sustainable development in



30 S. S. Salem and A. E. Mekky

agriculture (Nair 2021). In the last two decades, along with technological advance-
ment, nanotechnology has emerged as a crucial and promising tool to revolutionize 
the agriculture and food system. The unique physicochemical property of this tech-
nology has huge potential in almost every sector, including agriculture, particularly 
in the crop improvement system (Jakhar et al. 2022). Nanotechnology has substantial 
potential in the agricultural sector. However, a few issues are still to be addressed, like 
risk assessment issues, sufficient study on nano toxicity, increasing the production 
scale, and lowering the cost (Jatav and Nirmal 2013). Another essential potential of 
nanotechnology is the development of an insect, pest, and disease resistant varieties 
through appropriate breeding programs that encompass nano-based materials. This 
can be achieved by incorporating nanoparticle-mediated genes or DNA of our interest 
into a targeted plant. Another essential potential of nanotechnology is the develop-
ment of genetically modified (GM) crops with improved performance and increased 
yield, which is the most urgent need to meet the increasing demand for produce. 
And this can be achieved through various principles of nanobiotechnology, such as 
transgenic breeding, induced or natural mutation, etc. (Ahmar et al. 2021). Current 
agriculture is facing a broad spectrum of local as well as global challenges, which 
has led to various problems, including decreased production, environmental issues, 
etc. So, now is the time to integrate this beautiful and yet powerful technology into 
agriculture as it has the potential to transform agriculture (Acharya and Pal 2020). 
Nanotechnology has the phenomenal potential to facilitate and frame the next stage 
of the precision farming technique. Nevertheless, the primary focus of nanotech-
nology has always been placed on crop genomes to develop potentially enhanced 
plant varieties that are more tolerant to various biotic and abiotic stresses. Therefore, 
the latest and most revolutionary technology is nanotech, under nanoparticles, which 
acquire pioneering and unique properties that can revive and aggravate the world’s 
agricultural and plant breeding sectors, among many more (Carmona et al. 2022). 

2.3.9.9 Challenges 

Despite these potential advantages, the agricultural sector is still comparably 
marginal and has not yet been able to make progress in the market to any greater 
extent relative to other fields of nanotech application (Jatav and Nirmal 2013). 
Nanotechnology has successfully been implemented in the sectors of genetics and 
plant breeding. However, nanotechnology remains insignificant and has not yet taken 
the market because of its poor cargo loading capacity (Kumar 2020). Despite those 
aforesaid opportunities and potentials of nanotechnology, some studies indicate the 
negative effects of nanoparticles on the human body, which might be trapped by the 
imputation of nanotechnology in the agricultural field. The inhalation of even low 
concentrations of nanosized titanium dioxide in rats induces microvascular dysfunc-
tion. Nanoparticles smaller than 1 m have the ability to pierce the healthy human 
skin and may affect the vascularized organs, including the brain and blood vessels.
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Different governmental and non-governmental organizations and scientific authori-
ties, as well as environmental, health, and safety councils, are giving their sugges-
tions, opinions, and guidance for minimizing the risk of nanotechnology to human 
health, the environment, animals, and plants (Faridvand et al. 2021). The major chal-
lenge in adopting this technology on a large scales overcoming the risk issue. And as 
we know that technologies but safety-must’, before the adoption of this technology, it 
is very important to assess the possible risks and consequences of using nanoparticles 
(Acharya and Pal 2020). 

2.3.9.10 Positive Aspects 

Nanotechnology intends to be an innovative technology that is implanted in plant 
breeding to develop precision and meet the intense demand for food in the world 
through its criterion (Elemike et al. 2019). The miniature materials manufactured 
through the utilization of nanotech, i.e., nanomaterials, ameliorate the efficacy of 
microorganisms to degenerate noxious and unwanted materials. The breakdown of 
those harmful substances in agricultural factors, including soil water and soil, subse-
quently induces safety by potentially suppressing toxic residue deposition (Fincheira 
et al. 2021). Furthermore, green nanomaterials, based on environmentally friendly 
concepts, are employed in the present agricultural system to enhance yield, input 
use efficiency, and reduce fertilization costs. These convenient materials play an 
outstanding role in repressing greenhouse gas emissions. In particular, the agricul-
tural field minimizes the production of significant amounts of nitrous oxide, methane, 
and carbon dioxide (Iavicoli et al. 2017). Furthermore, the use of nanotechnology in 
plant breeding reduces chemical hazards, nutrient losses, pest outbreaks, and crop 
yields, while also helping to stabilize changing climatic conditions and levels of 
food security (Elemike et al. 2019). Nanotechnology helps in minimizing crop loss 
to a greater extent. Typically, the remediation process for stress caused by biotic 
and abiotic factors, disease, and insect-pest infestation starts only after the develop-
ment of symptoms. Since this technology operates at the same nano scale s that of 
viruses or diseases, it potentially helps in their early detection and eradication (Shang 
et al. 2019). This technology will provide plants with augmented functions, helping 
them endure various biotic and abiotic stresses in a rapidly changing climate. Also, 
treating plants with low doses of antimicrobial micronutrients coated with nanopar-
ticles increases the plant’s ability to manage biotic stress from fungal root infection 
(Lowry et al. 2019). According to Hashem et al. 2022c nanomaterials synthesized 
from biopolymers (cellulose and starch) are safe for humans and have gained popu-
larity around the world because they are non-toxic to humans and are generally 
regarded as safe.



32 S. S. Salem and A. E. Mekky

2.3.9.11 Negative Aspects 

Besides these ample benefits, nanotechnology also comes up with several negative 
impacts. Similar to that of all chemical processes, it may also have an unwanted and 
undesirable effect on non-targeted plants and plant-associated organisms. Therefore, 
for the large-scale adoption of this technology, there must be a clear understanding of 
its agro-ecological ramifications, potential, and nano toxicity (Baranwal et al. 2022). 
As a thumb rule, anything that has some benefits may also have some limitations, 
and so is the case with nanotechnology. The accumulation of nanomaterials in food 
products may give rise to various human health concerns and environmental issues 
(Mitra et al. 2023). In recent days, the use of nanotechnology in plant breeding and 
other prospective agricultural fields has prompted concerned authorities, including 
breeders, agriculturists, environmentalists, researchers, and even the general public, 
to express concerns about the initial and long-term safety of beings, the environ-
ment, and environmental parameters (Gupta 2021). Many studies have also reported 
the negative impact of using metal oxide nanoparticles on plant growth and seed 
germination, hence causing phyto toxicity, cytotoxicity, and genotoxicity (Agrawal 
et al. 2022; Bhattacharjee et al. 2022; Plaksenkova et al. 2020). Improper use of 
this technology can pose a greater threat to living organisms. The negative impact 
of nanomaterials on plants and soil microbes has been broadly identified. From the 
current studies, it is clear that engineered nanoparticles can be a prohibitive risk 
for humans, animals, and the ecosystem (Youssef and Elamawi 2020). To a certain 
extent, nanotechnologies have been found to impact the growth, enzyme activity, 
chlorophyll, and protein content of algae, though the effect is more dependent on 
the type of algae and the character of nanomaterials (Ritu et al. 2023). The use of 
nanotechnology has been banned in “organic food production in Canada”, where 
an amendment was added to its national organic rules banning nanotechnology as a 
‘Prohibited Substance or Method’ (Yin et al. 2020). An International Federation of 
Organic Agriculture Movements Position Paper on the Use of Nanotechnologies and 
Nanomaterials in Organic Agriculture rejected the use of nanotechnology in organic 
agriculture, indicating that nanoparticles behave in an unpredictable manner, which 
may be harmful to life (Rajput et al. 2021). A major concern while using nanomate-
rials is that they may be taken up by cells and cell nuclei of individuals where they may 
cause cell death or DNA mutation (Yin et al. 2020). Though carbon nanotubes facil-
itated better root elongation in onions and cucumbers, it was found that they signif-
icantly decreased the root length in tomatoes (Pramanik and Pramanik 2016). An 
international policy debate has now emerged in the last 5 years concerning an appro-
priate mechanism for the regulation and governance of nanotechnology (Baranwal 
et al. 2022). The nanoparticles incorporated into plants as nano pesticides, nano-
herbicides, or nano fertilizers may block the vascular bundle in plants and prevent 
the transference of nutrients, minerals, water, and products of photosynthesis. They 
may also reduce pollination by creating physical obstruction between pollen and 
stigma (Ashraf et al. 2022).
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Chapter 3 
Synthesis of Biogenic Nanomaterials, 
Their Characterization, and Applications 

Simran Kaur, Gunjit Setia, Mudra Sikenis, and Saroj Kumar 

Abstract Nanotechnology has advanced over the last ten years, which has sparked 
new biotechnological, imaging, and diagnostic device developments. Nanomate-
rials offer several scientific benefits and have exciting industrial potential. One such 
category of nanomaterials receiving attention is biogenic nanomaterials. Biogenic 
nanomaterials are characterized as materials that are derived from biological organ-
isms. The production of nanomaterials using biosynthetic pathways may replace 
current chemical processes, opening a wide range of potential to develop more envi-
ronmentally friendly products that can be applied to industrial operations. Due to 
its uses, researchers have directed their focus to nanomaterials, resulting in the 
development of more comprehensive platforms in fields including biomedicine 
and nanobiotechnology. Synthesizing biogenic nanomaterials is a critical step in 
research that can provide significant benefits in the future as we attempt to meet 
the growing demand for nanomaterials for biological needs. This chapter provides 
various methods of biogenic synthesis along with physical and chemical attributes. 
Further, this chapter expands into the various techniques employed for the char-
acterization of nanoparticles along with the applications of synthetic biological 
nanomaterials in the environmental, healthcare, and industrial world. 
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3.1 Introduction 

Nanotechnology is the technology that provides the most effective methods used 
to fabricate nanomaterials (NMs) within the most extensive areas of NM research 
(Kumar et al. 2020). The main characteristic of NMs is that their dimensions are less 
than 100 nm, which helps them to bond between bulk material and molecular structure 
materials and makes them suitable for various applications (immune modulator for 
tumor treatment, antibacterial, antifungal agents, drug delivery, etc.). Nanobiotech-
nology is a developing area of nanotechnology and biotechnology that integrates 
research from many other disciplines, including chemistry, biology, medicine, and 
material science, to build the necessary therapeutic agents. Among the various 
nanomaterials, metal and metal oxide nanoparticles are most effective due to their 
significant biomedical applications and increased area-to-volume ratio. Furthermore, 
synthesis of nanomaterial from plant species and herbal extracts has shown reducing 
and capping properties in the novel field of nanoscience. Initially, the natural plant 
extract of the pure compound was utilized in the green synthesis of nanomaterials. 
Furthermore, isolated plant-based products such as cellulose, glucose, starch, or 
extracts have been used in the synthesis of nanomaterials (Alle et al. 2020). 

The approaches adapted for nanoparticle synthesis are the top-down and the 
bottom-up approaches. The top-down approach involves cutting and breaking bulk 
material into finite particles at the nanoscale. The bottom-up method involves joining 
atom by atom, protein cluster by cluster, or molecule by molecule to create or 
build up the nanoscale material (Fig. 3.1). Various methods have been developed for 
synthesizing nanomaterials, including chemical reduction methods, electrochemical 
reduction, and different other routes. Generally, nanomaterials are synthesized chem-
ically, including toxic chemicals, and releasing these chemicals into the environment 
may be a significant concern (Villaseñor-Basulto et al. 2019). Due to environmental 
concerns, chemical synthesis is not preferred. Biogenic synthetic protocols are being 
used to produce nanomaterials due to their non-toxic, eco-friendly nature, which 
provides a way to replace toxic chemicals with natural products. Biogenic synthesis 
utilizes the products such as vitamins, amino acids, and carbohydrates from plants, 
bacteria, algae, or fungi. Biogenic synthesis follows bottom-up approaches, which 
help produce medium to tiny nanomaterials. Various biogenic sources have been 
used to synthesize nanomaterials, showing advantages such as higher production 
rate, cost-effectiveness, and low energy requirements (Sawalha et al. 2021).

Metal nanoparticles consist of metallic cores like gold, platinum, or their 
compounds. These nanoparticles have become the main focus of interest due to their 
characteristic properties compared to their natural bulk material (Elizabeth et al. 
2019; Khan 2020). Several methods like microemulsion, sputtering and mechan-
ical milling are used to prepare these nanoparticles. Recent advancements in the 
nanobiotechnology field have found that the use of biodegradable food waste is a 
significant and feasible source for extraction of metallic nanoparticles as they contain 
different organic compounds like polyphenols, flavonoids, carotenoids, and vitamins, 
which as a templating agent (Sharma et al. 2019). Metal oxide nanoparticles are the
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Fig. 3.1 Represents the precise elucidation of the top-down and bottom-up approaches

most commonly used nanoparticles as they show optical properties like UV absorp-
tion and color absorption within the visible region (Denizli et al. 2021). Wide varieties 
of nanoparticles have been synthesized under this class using metal as targets like 
aluminum, titanium, nickel, and many more. These nanoparticles have several key 
advantages, including structural modifications that can change cell parameters and 
lattice symmetry, changes in electrochemical properties brought on by the quantum 
confinement effect, and modifications to surface properties that result in a sharp 
increase in the band gap, which can affect conductivity (Baig et al. 2021). These 
various properties of metal oxide nanoparticles have unearthed potential which is 
yet there to discover. 

This chapter covers the synthesis and characterization of biogenic nanomaterials. 
The biogenic mechanism of nanomaterials is represented in three aspects: physical, 
chemical, and biological (green nanomaterials). This chapter also describes the appli-
cations of biogenic nanomaterials in biotechnology, biomedical and pharmaceutical 
domains using bacteria, fungi, and plant extracts.
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3.2 Methods for Nanoparticle Synthesis 

3.2.1 Physical Methods 

Various methods are employed for the generation of nanoparticles, such as laser abla-
tion, high-energy ball milling (HEBM), metal sputtering, atomization, and annealing. 
In addition, many nanoparticles, such as silver, gold, lead sulfide, and fullerene, 
have also been successfully synthesized using evaporation–condensation methods 
(Fig. 3.2). 

3.2.1.1 Sputtering 

Sputter deposition is a thin film deposition process that is frequently employed, 
particularly to produce stoichiometric thin films from target materials without altering 
the composition of the source material. The targeted material could be an alloy, 
ceramic, or compound. Sputtering works well to produce non-porous compact films. 
Depositing multilayer films for mirrors or magnetic films for spintronics applications 
is a very effective process. 

Some inert gas ions, such as ArC, are incident on a target at high energy during 
sputter deposition. The ion-target interaction can be a complicated process depending 
on the energy of the ions and the mass ratio of the ions to the target atoms. The 
incident ions become neutral at the surface, but due to their energy, incident ions 
may penetrate, bounce back, displace some of the target atoms, produce photons 
while losing energy to the target atoms, or even sputter out some targeted atoms/ 
molecules, clusters known as metal nanoparticles. Direct current (DC) sputtering, 
radio frequency (RF) sputtering, and magnetron sputtering are three methods that can 
be used for sputter deposition. Low base pressure ensures that the required purity is

Fig. 3.2 Represents the various methods that are employed for the synthesis of nanoparticles 
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obtained even when the system is operating at high gas pressure during the deposition 
process (Rane et al. 2018). 

3.2.1.2 Laser Vapourization (Ablation) 

With this technique, high-power laser pulses are used, which results in the vapor-
ization of the material. The setup of laser ablation consists of an ultra-high vacuum 
(UHV) or high vacuum system with a laser beam, solid target, cooled substrate, and a 
facility for introducing inert or reactive gases. Any material that can be formed into a 
solid object may be synthesized into clusters. Because some metal surfaces frequently 
reflect other wavelengths, such as IR or visible light, it is typically necessary to 
employ a laser operating in the UV range, such as an excimer (excited monomers) 
laser. Atoms from a solid source are vaporized by a strong laser beam, and as they 
hit with atoms of inert gas (or reactive gas) and cool on them, they form clusters. 
On the cooled substrate, they condense. In determining particle size and dispersion, 
gas pressure is a key factor. Alloys or compounds are created by the simultaneous 
evaporation of one substance, and the mixing of the two evaporated materials in an 
inert atmosphere (Bensebaa 2013). 

3.2.1.3 Ball Milling 

It is one of the simplest methods for producing powdered nanoparticles of several 
metals and alloys. Usually, a large amount of small particles are synthesized in a 
single period of time in large quantities. Balls of hardened steel or alloy and powder 
or flakes of interesting substance are placed in the container depending on the amount 
to be prepared. Any size and form can be used as an initial material. Generally, a 
ball-to-material mass ratio is 2:1. The impact energy is increased when heavy milling 
balls collide with each other, resulting in a reduction in grain size with continuous 
movement of the larger particle. Gas used to fill the container with balls is simple air 
or inert gas, but it is considered an extra source. During the collision, the temperature 
may rise from 100 to 1000 °C, so cryo-cooling may be used to dissipate the heat 
produced in the container. 

Along with gases, liquids can also be employed in the milling process. The 
containers are rotated around their own axes at high speed (a few hundred revo-
lutions per minute). They may also rotate around a central axis called “planetary ball 
mills” (Petridis et al. 2019). 

3.2.2 Chemical Methods 

The most commonly used chemical methods include the sol–gel method, the 
microemulsion technique, hydrothermal synthesis, polyols synthesis, and chemical
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vapor synthesis. Generally, these reactions are completed in solution, and the product 
has colloidal qualities. Consequently, the normal term utilized for the phenomenon 
is coprecipitation, which involves the concurrence of various phenomena: reduction, 
nucleation, growth, coarsening, or agglomeration. 

3.2.2.1 Sol–gel Method 

Sol–gel is a wet-compound cycle that includes the development of an inorganic 
colloidal suspension (sol) and gelation of the sol in a constant fluid state (gel) to 
shape a three-layered network structure. This process is known as a sol–gel method 
because the liquid precursor is changed into a sol during the production of the metal-
oxide nanoparticles, and the sol is then further transformed into a network structure 
known as a gel (Danks et al. 2016). Metal alkoxides are the traditional precursors used 
in the sol–gel process for creating nanomaterials. Sol–gel synthesis of nanoparticles 
can be accomplished in several steps. Steps include the metal oxide being hydrolyzed 
in water or with the aid of alcohol to create a sol. The solvent viscosity increases 
due to condensation in the following stages, creating porous structures that are then 
allowed to oxidize. Metal-hydroxo- or metal-oxo-polymers are formed in the solu-
tion due to the creation of hydroxo- (M-OH-M) or oxo- (M–O-M) bridges during the 
condensation or polycondensation processes. Also, the material’s structure, charac-
teristics, and porosity change during the polycondensation process. Aging results in 
a reduction in porosity and an increase in the spacing between colloidal particles. 
After the aging process, the gel is dried, removing water and organic solvents. At 
last, calcination is done to produce nanoparticles (Parashar et al. 2020). The type of 
precursor, rate of hydrolysis, aging period, pH, and molar ratio of the precursor to 
water all directly impact the end product made using the sol–gel process (De Coelho 
Escobar and Dos Santos 2014). 

3.2.2.2 Chemical Vapor Deposition 

Chemical vapor deposition is a strong innovation for producing high-quality solid 
thin films and coatings. Although widely used in modern industries, it is continuously 
being developed as it is adapted to new materials (Sun et al. 2021). 

Chemical vapor deposition plays a significant role in the production of nanoma-
terials based on carbon. In the vapor phase, thin solid films are deposited from the 
chemical precursors. Precursors are the thin coating on the substrate surface and 
are considered necessary for CVD as they exhibit sufficient volatility, high chem-
ical purity, high evaporation stability, low cost, a non-hazardous nature, and long 
shelf life. Additionally, its decomposition shouldn’t leave behind any contaminants. 
For instance, during the CVD process, a substrate is heated to high temperatures to 
produce carbon nanotubes, and precursor gas containing carbon (such as hydrocar-
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bons) is introduced to the system, leading to the release of carbon atoms which are 
then cooled and joined again to create carbon nanotubes on the substrate (Shah and 
Tali 2016). 

3.2.3 Biological Methods 

The biological methods incorporate the synthesis of nanoparticles using bacteria, 
fungi, or plants. 

Green nanoparticle synthesis involves using plant or plant parts to bio-reduct 
metal ions into their elemental form in size range from 1 to 100 nm. The course of 
green synthesis is more proficient, less difficult, and conservative and can effectively 
be increased to perform bigger tasks. For example, silver, gold, palladium, iron, and 
zinc oxide nanoparticles have handily been orchestrated through green synthesis. 
The bio-reduction of metallic particles is carried out by the phytocompounds present 
in the plant extracts, such as polyphenols, terpenoids, and polyols. The nanoparticles 
so created have noteworthy antimicrobial, cell reinforcement, and synergist proper-
ties derived from the phytocompounds that decrease them into nanoparticles. These 
properties have brought about a wide scope of nanoparticle applications, such as 
drug conveyance, the chemical industry, beauty care products, food, and drugs. In 
addition, other possible parts of nanoparticles are at present being investigated by 
the local research area across the globe (Pal et al. 2019). 

3.3 Conventional and Biogenic Nanomaterials 

Conventional synthesis includes the usage of chemicals, which, when released into 
the environment, cause major concern and have resulted in adverse effects on plants, 
soil, and agricultural products. Biogenic synthesis includes a large surface/volume 
ratio, and the use of biological components is identified to be ecologically beneficial. 
When released into the environment, they are known to cause minimal environmental 
pollution and, therefore, are considered non-toxic (Table 3.1) (Bandala et al. 2020).

3.4 Biosynthesis of Nanoparticles 

The biological synthesis of nanomaterial is determined on the basis of types of bioma-
terial and biosystems. Figure 3.3 shows the synthesis mechanism of Au–Ag alloy 
nanoparticles from Trichoderma harzianum, fungal biomass which acts as a reducing 
and capping agent. The salts of the targeted alloy were separated into specific ions in 
the solution. However, the lower metal ion concentration is harmful to the biological 
system. Here, the fungal biomass releases NADH-dependent enzyme, which oxidizes
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Table 3.1 Major advantages and drawbacks recognized for conventional and biogenic nanomate-
rials 

Material Advantages Drawbacks 

Conventional nanomaterials –Smaller and chemically simple 
NMs 
–Reliable shape, size, and 
characteristics 
–Standardized synthetic 
procedure 
–Full-scale application feasible 

–Unknown toxicity when 
released into the environment 
–Highly reactive or may be 
unstable 
–Unknown effects on human 
health 
–Lifecycle of the product is 
known 

Biogenic nanomaterials –Eco-friendly synthesis process 
–Avoid the use of toxic/organic 
solvents 
–Unstable but stabilized by 
capping agents 
–Recyclable biogenic sources 

–Larger and chemically more 
complex due to plant-based 
–Unknown feasibility for 
full-scale applications 
–High variability of sizes, 
shapes, and surface 
characteristics 
–Life cycle unknown

into NAD+ and neutralizes the ions by reduction. These neutralized ions go through 
a nucleation reaction that leads to the synthesis of Au–Ag alloy nanoparticles. After 
the nucleation, fungal biomass release sulfur-containing proteins, which encapsulate 
the nanoparticle and thus provide stability. The analysis confirmation is done using 
Fourier Transform (Tripathi et al. 2015).

3.5 Biogenic Synthesis of Nanoparticles 

Biogenic nanomaterials have various applications in different areas of the world. 
Similarly, there are various synthetic approaches used to produce such products, but 
the use of biological organisms as a resource for bio-nano factories is a new proce-
dure for the synthesis of different nano-sized particles. Biological organism includes 
bacteria, plants, and fungi (Table 3.2). There are numerous biosynthetic processes 
involved in synthesizing nanoparticles in the research. Depending on whether these 
nanostructures are formed inside or outside of the microbial cells, these biosynthetic 
processes can be classified as intracellular or extracellular.

3.5.1 Extracellular Synthesis of Biogenic Nanoparticles 

Extracellular synthesis is one of the most popular methods for synthesizing nanopar-
ticles due to its potential in a variety of sectors, including biosensors, medicine, etc. 
It involves the reduction of metal ions for NPs synthesis by the use of microbial
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Fig. 3.3 Overview of biogenic synthesis of Au–Ag alloy nanoparticles using fungal biomass

enzymes and proteins or other organic molecules. Silver nanomaterial synthesis is 
the widely used method with huge applications among the metallic nanomaterials. 
For example, the bacteria Pseudomonas stutzeri produced silver nanoparticles with 
sizes ranging from 16 to 40 nm and a diameter of 27 nm, magnetite (Fe3O4) or greigite 
(Fe3S4) nanocrystals by magneto bacteria, and the production of siliceous material in 
diatoms (Khan and Jamil Khan 2017; Klaus et al. 1999). Various strains of Fusarium 
oxysporum were used in the extracellular synthesis of nanoparticles with the help 
of the hydrogenase enzyme present in the fungus broth. This extracellular enzyme 
exhibits evident characteristics and functions as an electron transporter in the biore-
duction process, which makes it capable of converting metal ions to nanoparticles 
(Durán et al. 2005). These microorganisms releases hydroquinone, those function as 
a reducing agent or electron transporter by reducing metal ions to the appropriate 
nanoparticles. 

3.5.2 Intracellular Synthesis of Biogenic Nanoparticles 

Intracellular synthesis is another method used for the synthesis of nanomaterial. It 
involves the electrostatic attraction of metal ions by carboxyl groups present in the 
cell walls of microorganisms which allows the metal ions to pass through them and
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Table 3.2 Various biological organisms and their synthesized nanoparticles 

Biological 
organism 

Name Synthesized 
nanoparticle 

References 

Bacteria Pseudomonas stutzeri, 
Magneto bacteria 
(extracellular) 

Silver 
nanoparticles 

Paulkumar et al., (2013), 
(Prabhu and Poulose (2012), 
Khan and Jamil Khan (2017), 
Chen and Schluesener (2008) 

Fungi Fusarium sp., 
Colletotrichum sp., 
Phanerochaete 
chrysosporium 

Metallic 
nanoparticle 

AbdelRahim et al. (2017) 

Shankar et al. (2003) 

Singh et al. (2018) 

Fusarium oxysporum Drake and Hazelwood (2005) 

Actinomycetes Streptomyces sp. Silver 
nanoparticles 

Bentley et al. (2002), Alani 
et al. (2011) 

Thermoactinomyces sp. Silver 
nanoparticles 

Abd-Elnaby et al. (2016) 

Thermomonospora sp. 
(intracellular) 

Gold 
nanoparticles 

Anshup et al. (2005) 

Rhodococcus sp. Gold and silver 
nanoparticles 

Al-Dhabi et al. (2018) 

Yeast Candida glabrata, and 
Schizosaccharomyces 
pombe 

CdS nanocrystals Castillo-Henríquez et al. (2020) 

Torulopsis sp. PBS 
nanocrystallites 

Kowshik et al. (2002) 

Algae Bacillus subtilis and 
Staphylococcus aureus 

Gold 
nanoparticles 

Uma Suganya et al. (2015), 
Singaravelu et al. (2007) 

Sargassum wightii 

Diatoms (extracellular) Siliceous material Khan and Jamil Khan (2017) 

Plant P. foetida Silver 
nanoparticles 

Lade and Shanware (2020) 

Azadirachta indica 
(neem) (intracellular) 

Gold and silver 
nanoparticles 

Shankar et al. (2004)

reduction in the ion concentration results in the synthesis of the metallic nanoparticle. 
For example, the bioreduction of ferric to ferrous is preceded by the precipitation of 
amorphous oxide, which leads to a sequence of changes that result in the formation 
of magnetite nanoparticles. Also, some microorganisms such as bacteria and fungi 
undergo intracellular synthesis in which the cell wall is used to transport metal 
ions, wherein the interaction between positive and negative ions takes place, and 
consequently, enzyme present in the cell of bacteria or fungi reduce these ions to 
metal ions. For example, silver and gold nanocrystals are synthesized by the fungi 
Aspergillus fumigatus and Colletotrichum sp. (Bhainsa and D’Souza 2006).
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3.5.3 Synthesis of Bacteria-Mediated Nanoparticles 

Bacteria are potential biofactories that synthesis metallic nanoparticles like silver and 
gold, as they are known to produce inorganic materials either internally or externally. 
However, some bacteria are resistant to silver and can accumulate as much as 25% 
of total dry-weight biomass on their cell wall (Paulkumar et al. 2013). 

The first evidence of bacteria synthesizing silver nanoparticles was recorded using 
the Pseudomonas stutzeri AG259 strain isolated from a silver mine (Prabhu and 
Poulose 2012). 

The most widely acknowledged component in the silver biosynthesis is the use 
of nitrate reductase enzyme, which is responsible for converting nitrate to nitrite. 
Alpha-nicotinamide adenine dinucleotide phosphate reduced form (NADPH) depen-
dent nitrate reductase is present in this in vitro production of silver by bacteria, elimi-
nating the down-streaming process step that is typically necessary for other situations 
(Chen and Schluesener 2008). 

Evidence supports intracellular Escherichia coli DH5α mediated synthesis of gold 
nanoparticles from chloroauric acid with mostly spherical morphology and some 
triangular and quasihexagonal morphology deposited on the cell surface. 

3.5.4 Synthesis of Fungi-Mediated Nanoparticles 

Fungi are utilized to synthesize metallic nanoparticles because of their tolerance and 
ability for metal bioaccumulation with high binding capacity and intracellular intake, 
similar to bacteria (AbdelRahim et al. 2017). Many fungies such as Fusarium sp. 
(Drake and Hazelwood 2005) Colletotrichum sp. (Shankar et al. 2003), and Phane-
rochaete chrysosporium (Singh et al. 2018) has been used for nanoparticle genera-
tion. This generation is more advanced in fungi than other microorganisms because 
fungi grow more quickly and are simpler to fabricate and handle in a laboratory 
environment than bacteria. 

The nanoparticle synthesis mechanism in fungi is different as fungus creates 
a large amount of enzyme used to reduce silver ions that induce the formation 
of the metallic nanoparticle. The extracellular enzyme like naphthoquinones and 
anthraquinones facilitate the reduction process. In the case of F. oxysporum, it is  
believed that NADPH-dependent nitrate reductase and shuttle quinine extracellular 
process are responsible for nanoparticle formation (Drake and Hazelwood 2005). 

3.5.5 Synthesis of Actinomycetes-Mediated Nanoparticles 

Actinomycetes are members of the phylum anti-bacteria and share similar charac-
teristics to fungi. Due to their properties, they are responsible for two-thirds of the
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total antimicrobial compounds currently used (Bentley et al. 2002). Due to the lack 
of research, very little evidence of nanoparticle generation from actinomycetes is 
available, since its utilization is limited. However, scientists have reported that the 
formation of a monodisperse gold particle with an average size of 8 nm by using a 
new extremophilic actinomycete is possible in certain conditions. 

The proteins responsible for nanoparticle stabilization are present on nanoparticle 
surfaces using FTIR analysis (AbdelRahim et al. 2017). Intracellular accumulation 
of gold nanoparticles is observed in a halotolerant actinomycete, i.e., Rhodococcus 
sp., and particles are found to be accumulated on the cell wall and cell membranes as 
AG0 (AbdelRahim et al. 2017). Similarly, silver nanoparticles are observed to have 
been synthesized by many actinomycetes such as Streptomyces sp. (Alani et al. 2011), 
Thermoactinomyces sp. (Abd-Elnaby et al. 2016) and Rhodococcus sp. (Al-Dhabi 
et al. 2018). The nanoparticle synthesis is applied to many biomedical applications 
and has been successfully tested for its antimicrobial properties against pathogens 
(Castillo-Henríquez et al. 2020). 

3.5.6 Synthesis of Yeast-Mediated Nanoparticles 

Yeast, a unicellular eukaryotic organism that has been the most used, microbe synthe-
sized nanoparticles to create semiconductors of various types. Some Monodispersed, 
spherical, peptide-bound CdS quantum crystallites 20 Å in size were synthesized 
using yeast Candida glabrata, and Schizosaccharomyces pombe produced wurtzite 
hexagonal CdS crystals in mid-log phase 1–1.5 nm in size. Similarly, PBS nanocrys-
tallites with a size of 2–5 nm were successfully created intracellularly in the vacuoles 
of Torulopsis sp., and the resulting nanoparticles were employed to create an ideal 
diode (Kowshik et al. 2002). The extracellular production of silver nanoparticles has 
been carried out using the yeast strain MKY3, which is silver-tolerant. In its log 
phase, the strain synthesized silver nanoparticles 2–5 nm in size when challenged 
with one mM soluble silver. The particles were separated based on the differen-
tial thawing of the sample. The formation of silver nanoparticles was confirmed by 
optical absorption, x-ray diffraction, transmission electron microscopy and x-ray 
photoelectron spectroscopy (Singaravelu et al. 2007; Uma Suganya et al. 2015). 

3.5.7 Synthesis of Algae-Mediated Nanoparticles 

Algae have been used in numerous experiments to create nanoparticles. According to 
reports, Spirulina platensis, a Bluegreen alga, was employed in the protein-mediated 
production of uniform-sized gold nanoparticles with an average size of about 5 nm. 
These were used for antibacterial assays against Bacillus subtilis and Staphylo-
coccus aureus (Uma Suganya et al. 2015). Sargassum wightii, a brown seaweed, has 
been reported to synthesize stable, well-dispersed gold nanoparticles of 8–12 nm, as



3 Synthesis of Biogenic Nanomaterials, Their Characterization … 57

confirmed by UV–visible spectrum, transmission electron spectroscopy, and x-ray 
diffraction analysis (Singaravelu et al. 2007). Similarly, silver nanoparticles were 
synthesized using S. wightii and tested for their antibacterial potential (Govindaraju 
et al. 2009). In addition, gold nanoparticles, EPS-gold, and silica-gold bio nanocom-
posites have been synthesized with diatoms such as Navicula atomus and Diadesmis 
gallica (Schröfel et al. 2011). 

3.5.8 Synthesis of Plant-Mediated Nanoparticles 

The biological method is one of the methods for the production of nanomaterial using 
plant extract. The production of plant-mediated nanoparticles has the upper hand 
compared to the other class as the plants are cost-effective and can accumulate and 
detoxify heavy metals, thereby harboring the environment from harmful pollutants 
(Shahid et al. 2017). Many investigations have exhibited nano-formulation using 
plant parts, including callus, seeds, fruit, stem, and flower, and the formation of 
byproducts after the nanoparticle synthesis is identified to be both eco-friendly and 
biodegradable. 

The nanoparticle synthesis using plant extract is initiated by weighing the specific 
amount of plant sample in grams and then washing and boiling the selected plant part 
with distilled water. The extract is then squeezed and filtered with a muslin cloth or 
syringe filter tube. The type of nanoparticle to be synthesized decides the salt solu-
tion be added after the filtration process. The solution displays the change in color, 
indicating the formation of nanoparticles which can later be separated (Fig. 3.4). 
This noticeable color change is the primary indicator for the synthesis of nanopar-
ticles (Fig. 3.5). Sometimes the mixture does not change color, and it could be due 
to the high acidity of the medium. To overcome this obstacle, a solution of NaOH 
can be used to produce an alkaline solution. It is essential to apply salt extract grad-
ually through a syringe at a moderate volume to properly synthesize nanoparticles. 
The produced nanoparticles may be in colloidal form. Nanoparticle production is 
confirmed by a peak at 420–460 nm or 350–525 nm with a reduction in the intensity 
of the plasmon absorbance. Therefore, nanoparticles, such as silver, gold, copper, 
titanium, etc., are synthesized using plant extract.

For instance, using plants to produce silver nanoparticles has drawn attention in 
recent years because its rapid, eco-friendly, non-pathogenic, and economical protocol 
provides a single-step technique for the biosynthetic process. The simplest and least 
expensive method to make silver nanoparticles is to reduce and stabilize silver ions 
using a mixture of biomolecules already present in plant extracts, such as proteins, 
amino acids, polysaccharides, terpenes, alkaloids, phenolics, saponins, and vitamins 
(Roy and Das 2015). The main benefits of employing plant extracts for the synthesis 
of silver nanoparticles include their accessibility, safety, and general lack of toxicity. 
They also have a wide range of metabolites that can help reduce silver ions and 
can be produced more quickly than bacteria. Because of photo chemicals, plant-
assisted reduction is the primary mechanism considered for this process. In addition,
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Fig. 3.4 Representation of the synthesis of nanoparticles from plant sample 

Fig. 3.5 Nanoparticles are readily synthesized by combining the correct concentration of both 
solutions plant extract and specific salt solution for synthesized nanomaterial. Synthesis of the 
nanoparticle is confirmed by a change in color of the solution from light green to dark brown, 
detected by the naked eye

the relatively high levels of steroids, saponins, carbohydrates, and flavonoids act as 
reducing agents and phytoconstituents as the capping agents, which provide stability 
to the silver nanoparticles.
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3.6 Challenges Associated with the Biogenic Synthesis 
of Nanomaterials 

Important functional properties like size and shape, mono-dispersity, surface charge, 
plasmonic response, medical diagnostics response, and bio-functional or catalytic 
activity are key factors in the potential application, fate, and behavior of nanoparticles 
in the environment and towards living systems. One of the most difficult and frequent 
problems to be resolved for developing and implementing novel green synthesis 
protocols is the controlled synthesis of the designed greener products using safer 
techniques while retaining nanoparticle function and efficiency (Korbekandi et al. 
2009). The application of green, sustainable synthesis routes for the production of 
metal nanoparticles still needs extensive research and innovative solutions to estab-
lish a promising and sustainable trend because the organisms used in nanoparticle 
synthesis can range from simple prokaryotic bacterial cells to complex eukaryotes. 

It is possible to generate NPs with a specific structure, size, and distribution by 
changing the synthesis methods, reducing agents, and stabilizers (Iravani 2011). 
Various plant extracts are used with specific synthesis methods to obtain the correct 
size, shape, and surface molecules. Similar variations in character were seen in NPs 
synthesized from the same plant material due to different synthesis techniques. The 
researchers use varied methods to prepare extracts and keep them in proper precursor 
concentration, temperature, and pH. These technologies produce NPs with a variety 
of size and shape characteristics. The leaves of plants are among the materials that 
can be used widely for large-scale synthesis. The leaves are the only plant material 
that can be effectively used due to their production on a large scale and without harm 
to the environment. Furthermore, Consuming leaves will not impact plants, but using 
other resources such as flowers, fruit, seed, root, or latex may affect agricultural yield. 
Notably, plant-based nanoparticles are reusable, stable, and safe for the environment. 

Another crucial factor that needs to be considered is the synthesis parameters’ 
optimization. The yield and the production rate are critical factors in the decision 
to use microbes or plants for the industrial-scale synthesis of metal nanoparticles. 
Therefore, it is essential to correctly manage and optimize the concentrations and 
ratios of the extract and salt, the experimental circumstances such as synthesis time, 
pH, and temperature, the buffer to be utilized, and the stirring velocity throughout 
production. By maximizing the concentration of the green extract, the size, shape, 
and concentration of the nanoparticles may all be controlled (Yang and Li 2013). 

3.6.1 Effect of pH 

The synthesis of nanoparticles is mainly affected by pH as it disrupts their shape 
and size. It has been shown that the product’s shape was less consistent and likely 
to cluster when it was prepared at a lower pH. The appropriate size and shape of
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the particles can be evenly created while synthesizing NPs under various pH condi-
tions. The pH affects the surrounding surface of nanoparticles by protonating and 
deprotonating molecular atoms during the nucleation and development stages of NPs 
(Barisik et al. 2014). The pH change from normal to alkaline results in the develop-
ment of colloidal form nanoparticles thereby avoiding aggregation of nanoparticles 
(Patil and Chandrasekaran 2020). At acidic pH, the nanoparticles exhibit tetrahe-
dral, decahedral, hexagonal, icosahedron, irregular, and rod shapes, indicating the 
importance of pH in synthesizing gold nanoparticles (Armendariz et al. 2004). 

3.6.2 Effect of Precursor and Reducing Agents 
Concentration 

It is seen that the concentration of reactants like precursors and reducing agents 
show an effect on the size of NPs being formed. This occurrence might be caused by 
the interaction between various reducing agents and the surface of prepared nuclei, 
which in turn enhances the secondary reduction of silver ions on the surface of the 
nuclei. This results in the elevated growth rate of the NPs, thereby positively affecting 
the size of the NPs. On the other hand, using an excessive amount of reducing 
agents may increase the bridging effect between the NPs that are generated, leading 
to the aggregation of NPs. The aggregation may occur because the surface of the 
prepared nuclei took up too many metal ions. The uptake of metal ions results in the 
occurrence secondary reduction process on the surface, thereby leading to the effect 
in the formation of large-size NPs (Ghosh 2017; Shankar et al. 2005). 

3.6.3 Effect of Temperature 

Temperature is classified as another important factor affecting the synthesis of 
nanoparticles. The nucleation and development of more significant nanoparticles are 
typically favorably influenced by temperature (Kaviya et al. 2011). Low temperatures 
are favorable for growth, yet it has been found that when the reactive temperature 
rises, the rate of all reactions also rises. Due to its noticeably varied influence on the 
nucleation kinetics constant k1 and growth kinetics constant k2, temperature affects 
the size of NPs under sufficient and insufficient quantities of the precursors (Shaba 
et al. 2021). Since most metal ions are consumed in creating nuclei as the reaction 
temperature rises, the secondary reduction process on the surface of the formed nuclei 
is prevented. As a result, small, highly scattered NPs are produced at a higher yield 
(Liu et al. 2020). The reaction medium’s incubation time significantly impacts the 
properties of NPs made utilizing biological techniques. The aggregation or shrinkage 
of particles may cause differences in character throughout protracted incubation, and 
the self-life of particles may influence the potential particles (Patra and Baek 2015).
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3.6.4 Effect of Capping Agents 

Capping agents are the ligands that bind and form a bond with the nanoparticles, 
thereby altering their properties (Javed et al. 2020). These agents are recognized for 
playing a vital role in the synthesis of nanoparticles. The properties of nanoparti-
cles are influenced by the addition of capping agents, as they can modify the parti-
cles’ morphology, size, and surface. Although the use of chemical capping agents 
has improved the morphology of the developed nanoparticles, studies indicate the 
difficulty associated with their degradation, thereby affecting the environment (Liu 
et al. 2005). Due to the dire need, the researchers are now focusing on developing 
environmentally friendly nanoparticles that are recognized as green capping agents. 
Biomolecules and polysaccharides fall under the category of green capping agents 
and are designed in laboratories and at the industrial levels. Biomolecules are suit-
able candidates as they are not toxic and are reducing in nature. They act as capping 
agents and provide a unique configuration to the subjected nanoparticle. Polysaccha-
rides are an ideal candidate for capping agents because they are cheap, non-toxic, 
biodegradable, and safe to use. These green capping agents have proven to be a boon 
for nanoparticle synthesis as they have worked as an alternative to the toxic chemical, 
thereby functioning as an environment-friendly agent. 

3.7 Characterization of Biogenic Nanoparticles 

Biogenic nanoparticles possess significant advantages in various domains, including 
healthcare and industry. Since each nanoparticle has unique characteristics, it is 
crucial to characterize them to get the most out of them. Characterization is 
essential because it allows for a more thorough evaluation of the particle and a 
better understanding of its nature. Dynamic light scattering (DLS), atomic force 
microscopy (AFM), Raman spectroscopy (RS), and scanning and transmission 
electron microscopy (SEM/TEM) are just a few of the methods used to charac-
terize nanoparticles. These methods shed light on the nanoparticle’s many features, 
including its size, shape, geometry, surface properties, and interactions with its 
environment (Fig. 3.6).

3.7.1 Topography or Surface Morphology of Nanoparticles 

Topography is the understanding of the surface features of the nanoparticles. Particle 
size and distribution are other essential characteristics of the nanoparticle. The size 
can significantly affect the properties of the NPs, especially in the medical domain. 
Therefore, it is crucial to analyze the particle size and morphology, as the aggregation 
of the nanoparticles can affect their stability and functioning. Therefore, electron
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Fig. 3.6 Characterization of biogenic nanoparticles

microscopy is used to analyze the particle size of the NPs to designate them to their 
respective application. The techniques employed for the topography characterization 
are AFM, SEM, and TEM. In SEM for analysis, knocked-off electrons are used, 
whereas, in TEM, transmitted electrons are used for analysis. SEM can detect the 
aggregation and morphology of the nanoparticle and provides an image of higher 
resolution than TEM (Mughal et al. 2021). AFM is another technique for extracting 
information such as topography, size, and distribution of nanoparticles (Lin et al. 
2014). 

3.7.1.1 Transmission Electron Microscopy 

Transmission Electron Microscopy or TEM is the technique widely employed for 
understanding the shape and size of the NPs as it gives a direct image along with 
the atomic composition of the NP (KRUMEICH 2022; Montes et al. 2011). It works 
by analyzing the interaction between the projection electron beam and the subjected 
sample, provided the sample should be ultra-thin for the electrons to pass. The elec-
tron beam strikes the sample, and during this time, some electrons are transmitted 
through the sample while others are scattered (Borchert et al. 2005). The transmitted 
electrons are analyzed as the interaction between the transmitted electrons, and the 
sample gives us information on the nanoparticle’s topography, morphology, shape, 
and size (Vilela et al. 2012). TEM also provides information on the aggregation of 
the NPs, thereby holding applications in the medical domain, such as sensing and 
diagnostics (Saupe et al. 2006). 

3.7.1.2 Scanning Electron Microscopy 

SEM, or scanning electron microscopy, is used to obtain the high-resolution images 
necessary to characterize the NPs. It also works on the same principle as TEM, 
provided TEM analyzes the transmitted electrons, whereas SEM analyzes the
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knocked-off electrons. In the case of SEM, the nanoparticle solution is converted 
into dry powder and is coated with the conductive metal (Zur Mühlen et al. 1996). 
After coating, the electron beam is projected, and the electrons being knocked off 
from the sample surface are obtained and analyzed. SEM provides information about 
the morphology and sample size but fails to deliver exact information about the 
nanoparticle size distribution. 

3.7.1.3 Atomic Force Microscopy 

The method utilized to obtain a high-resolution three-dimensional image of the 
nanoparticle is called atomic force microscopy, or AFM (Vilela et al. 2012). AFM 
offers topographical information about the sample. It functions by measuring the 
forces that are either attracted to or repellent from the sample and the probe (Zur 
Mühlen et al. 1996). The probe has a pointed tip that is attached to a cantilever. 
Upon interaction with the sample surface, forces cause the cantilever to deviate. The 
deviation is quantified and examined by the laser beam that reflects at the back of the 
cantilever. The advantage of AFM is that no specific surface modification is needed, 
making it appropriate for even non-conducting samples. 

3.7.2 Geometry of Nanoparticles 

Each nanoparticle has a specific shape and size, and these characteristics are respon-
sible for imparting unique properties to nanoparticles, which are exploited for the 
particular application. It is well known that the methods used to characterize the 
geometry of nanoparticles have exceptional magnification and resolution, making it 
possible to detect the size and shape. Field-emission scanning electron microscopy 
(FeSEM) and high-resolution transmission electron microscopy (HRTEM) and are 
the principal techniques employed (Singh et al. 2016). They are renowned for iden-
tifying the atomic composition and providing details on the aggregation’s state, 
structure, and morphology. 

3.7.2.1 High-Resolution Transmission Electron Microscopy 

High-resolution transmission electron microscopy, or HRTEM, is a technique 
employed to analyze the geometry of nanoparticles. It is an imaging mode of TEM 
that utilizes phase-contrast imaging to deliver results. In phase-contrast imaging, scat-
tered as well as transmitted electrons are used to produce the final image (Williams 
and Carter 2009). In the case of HRTEM, a larger objective aperture is required so 
as to collect scattered electrons. The high resolution of HRTEM helps in the identifi-
cation of arrays of atoms aligned in the crystalline structure, along with the analysis 
of the internal structure of nanoparticles.
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3.7.2.2 Field-Emission Scanning Electron Microscopy 

Field-emission scanning electron microscopy, or FeSEM, is a technique used to 
obtain a high-resolution image to understand the morphology and structure of 
nanoparticles. In FeSEM, the sample is subjected to a high-energy beam of elec-
trons. In order to produce a high-energy beam, the electron transmitters require 
high vacuum conditions. Upon striking the beam, the electrons that are knocked 
off are detected by the detectors and are analyzed so as to produce the final image, 
which helps to analyze the structure, aggregation, and morphology of the subjected 
nanoparticles. 

3.7.3 Surface Charge and Hydrophobicity of Nanoparticles 

Surface charge and hydrophobicity are the characteristics of nanoparticles that deter-
mine the interaction of nanoparticles to the hydrophobic and hydrophilic environ-
ment. It is essential to analyze the intensity of the surface charge as it would evaluate 
the interaction between the NPs and the biological environment. The surface charge 
of NPs is determined indirectly through the zeta potential. Zeta potential provides 
information about the stability of the nanoparticle, which in turn is influenced by 
the surface charge. The X-ray photon spectroscopy technique, which identifies the 
chemical group on the surface of NPs, is one of many methods used for surface 
analysis. 

3.7.3.1 X-ray Photon Spectroscopy 

XRPS or X-ray photon spectroscopy is a quantitative technique widely employed for 
the surface characterization of nanoparticles. It works on the principle of the photo-
electric effect, i.e., the sample is subjected to a monochromatic X-Ray (Lu 2011). 
The electrons of the sample absorb the photons, attain higher energy levels, and get 
ejected from the sample. The energy associated with the ejected electrons is analyzed 
to obtain the final spectra. The spectra obtained contain the plot of electrons ejected 
versus binding energy. The spectra help to analyze the structure, ligand exchange, 
composition, and functional groups associated with the nanoparticles. 

3.7.4 Other Techniques Used for Characterization 

Various other techniques are also employed for the characterization of nanoparticles. 
Some of the commonly used techniques are as follows.
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3.7.4.1 Dynamic Light Scattering 

Dynamic Light Scattering, or DLS, is widely utilized to identify the Brownian 
nanoparticles’ particle size in the colloidal solution. The nanoparticles in the colloidal 
solution are in Brownian motion and are struck by monochromatic light. The Doppler 
shift that occurs when the incident light strikes the NPs causes a change in wave-
length. Therefore, analysis of the wavelength shift provides data on the nanoparticle 
size. In DLS, a reduced concentration of NP is required to avoid multiple scattering, 
which might provide deviated results (Fultz and Howe 2013). 

3.7.4.2 X-ray Diffraction 

XRD or X-Ray Diffraction is an imaging technique that is employed to deduce the 
morphology of the nanoparticles. It helps researchers to understand the nature of 
phase, crystalline structure, and the various lattice parameters of the nanoparticles. 
It works on the principle of scattering of X-Rays. The x-ray is projected on the 
nanoparticles, and its interaction with the revolving electrons results in the scattering 
of X-rays which are then analyzed for the characterization of the nanoparticles (Mour-
dikoudis et al. 2018). XRD proves to have the upper hand when analyzing the sample 
in powder form; it provides statistically representative, volume-averaged values. The 
obtained results help to understand the composition of the subjected nanoparticles 
by comparing the intensity and the position of the obtained peaks with the reference 
peak patterns. The reference patterns can be obtained from the International Centre 
for Diffraction Data database (Abbas 2019). The XRD peaks are broad for particles 
below 3 nm, thereby not being a suitable technique for amorphous materials. 

3.7.4.3 UV–Vis Spectroscopy 

UV–Vis spectroscopy is another powerful and cost-effective technique that is used 
for the characterization of nanoparticles. It works by analyzing the intensity of light 
reflected by the nanoparticle upon passing and is compared with the reference mate-
rial. The analysis of the optical properties helps researchers analyze the nanopar-
ticles’ morphological features, refractive index, and agglomeration. The LSPR of 
the nanoparticles influences the absorbance as it permits only the highly sensitive 
photons for absorption. The results are analyzed on the basis of the LSPR, as any 
change in LSPR would, in turn, affect the absorbance of light. 

3.7.4.4 Fourier Transform Infrared Spectroscopy 

There are also several other techniques that help in the determination of the structure, 
composition, size, and other basic features of the NPs. Fourier transform infrared 
spectroscopy (FTIR) is a technique based on the measurement of the absorption of
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electromagnetic radiation with wavelengths within the mid-infrared region (4000– 
400 cm−1) (Abbas 2019). If a molecule absorbs IR radiation, the dipole moment is 
somehow modified, and the molecule becomes IR active. A recorded spectrum gives 
the position of bands related to the strength and nature of bonds and specific functional 
groups, thus providing information concerning molecular structures and interactions 
(Dankovich and Smith 2014). FTIR spectroscopy analysis is a method based on the 
principle of infrared spectroscopy, and it has extended its area of application to the 
study of nano-scaled objects during the last decade. 

3.8 Applications of Biogenic Nanoparticles 

The characteristics of biogenic nanoparticles differ from those of the bulk substance; 
thus, the characteristics of both may not apply to each other. Nevertheless, researchers 
use these unique characteristics of nanoparticles because they may tailor their smaller 
size and geometry to meet various industries’ expanding needs and demands. Due 
to its applicability, researchers have shifted their focus to nanomaterials, opening 
up greater platforms in industries like biomedicine, textiles, food production, and 
pharmaceuticals. 

3.8.1 Nanoparticle and Drug Delivery 

The use of nanoparticles for the delivery of the drug is garnering attention in the 
healthcare domain as the nanoparticles prove to be beneficial compared to the conven-
tional drug delivery techniques due to their specific targeting, biocompatibility, and 
reduced toxicity. Nanoparticles ranging from 10 to 100 nm are an ideal candidate 
for targeted delivery due to their small size, thereby improving the existing drug 
delivery system. The features of nanoparticles are the reason which makes them 
an ideal candidate for emerging drug delivery systems. Surface to mass ratio of the 
nanoparticles is much more as compared to the other compounds. Its large functional 
surface has the upper hand as it helps carry compounds like drugs and proteins. 

The use of nanoparticles enables the delivery of drugs at hard-to-reach sites 
and also reduces the chances of toxicity without affecting the therapeutic effects 
(Groneberg et al. 2006). The drugs are entrapped in the nanoparticle, which is then 
targeted to the site of action (Fig. 3.7). In order to utilize nanoparticles for therapeutic 
intervention, the drug to be transported is either attached to the particle’s surface or 
integrated into the particle’s matrix. The small size of the nanoparticles allows the 
penetration of the cell membranes, which results in the targeted delivery, thereby 
elevating the therapeutic index. In order to develop effective delivery strategies, it is 
important to have a thorough understanding of the interactions between the nanopar-
ticles and the various components, such as the biological environment, cell surface
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Fig. 3.7 Overview of nanoparticle-based drug delivery 

receptors, and the targeted cell. It is also important to analyze the molecular mech-
anisms involved, the progression of disease in the body, and the factors involved 
with the drug, such as its retention in the body, its site of action, and involvement of 
multiple drug administration (Williams and Carter 2009). 

For instance, the researchers, in vivo, were able to overcome drug resistance in 
the case of human colorectal cancer. The anticancer drug paclitaxel was entrapped in 
emulsifying wax nanoparticles and was administered to a tumor that was resistant to 
the drug. The results demonstrated that drug resistance prevailed in the human colon 
adenocarcinoma cell line (HCT-15), indicating the endless possibilities of the use of 
nanoparticles as effective drug carriers (Williams and Carter 2009). 

3.8.2 Nanoparticle and Environment 

The advancements and developments in new technology have profoundly impacted 
the environment. But nanotechnology development has assured us that we can retain 
the once-damaged environment through proper utilization. Nanoparticles can be used 
to fulfill the complaints of having clean, accessible water by providing quick and 
fundable assessment and management to remove impurities from water. For example, 
the filter paper made from Cu NPs during water purification helped reduce the bacteria 
E. coli and resulted in a low level of copper in drinking water (Rodd et al. 2014). 
Nanoparticles have also proved to be beneficial in cleaning up oil spills. With the help 
of engineered surface chemistry, the carbon particles were able to give stabilized oil 
in water emulsions (Fu et al. 2014). In addition, the carbon black [CB] NPs could
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absorb benzene and presented non-toxic effects in brine shrimp. Nanoparticles such 
as carbon nanotubes, nano zeolites, and metal oxides were effective in removing 
heavy metals such as mercury, lead, thallium, etc., as they cause severe damage 
to the environment and living beings. The most useful medium is the nanoscale 
zero-valent iron as its non-toxic, easily accessible, and low-cost (Galib et al. 2011). 
Other alternatives may include the usage of bimetallic nanoparticles, which comprise 
elemental iron or any other metal with catalysts such as silver, gold, nickel, etc., to 
enhance the rate of reduction. 

3.8.3 Nanoparticle and Antimicrobial Activity 

The rapid increase of resistance opposing antibiotics is a threat to the science 
world. Therefore, the need to make a quite promising material that weakens against 
antimicrobial-resistant strains is required. Back in the days’ metals like copper, silver, 
iron, gold, etc., were used to make traditional medicines (Eltarahony et al. 2018). 
Using this past knowledge, the researchers decided to make nano-based metallic 
oxide NPs as they in-heretically possess antimicrobial activity. 

The plant-derived metallic NPs displayed various biocidal activities opposing 
Gram-positive and Gram-negative bacteria and eukaryotes (Baptista et al. 2018). It 
also showed that metallic NPs gave effective inhibition against resistant restraints 
such as ampicillin-resistant E. coli, methicillin-resistant S. aureus [MSRA], etc. 
(Slavin et al. 2017). Presently the antimicrobial activity of metallic NPs is incor-
porated from plants against bacterium and fungi. Furthermore, it is assumed that 
NPs have a higher surface-to-volume ratio than their bulk counterparts, which easily 
enhances their interaction with the cell membrane (Xia et al. 2008). 

Fungi cell structure is composed of the cell membrane and cell wall. The cell 
membrane consists of phospholipids, and the cell wall comprises mannoproteins, 
β-1,3-D-glucan and β-1,6-D-glucan proteins, chitin, proteins, lipids, and polysac-
charides [chitin, glucan, and mannan or galactomannan]. The metallic NPs work 
by interacting with the cell membrane and cell wall. The diffusion is followed by 
inhibiting a vital cell wall component, i.e., β-glucan synthase (Arciniegas-Grijalba 
et al. 2017). ROS is followed by oxidative stress that interacts will macromolecules 
and cause cell lysis (Zeng and Dong 2021). 

3.8.4 Nanoparticle and Anticancer Property 

Cancer is a leading cause of death due to its high mortality rate. The existing 
chemotherapeutics become inefficient, i.e., after some cycles, the patient becomes 
resistant to the administered drugs. Metallic nanoparticles are emerging as a ray of 
hope for cancer treatment due to their small size, larger surface area, tumor speci-
ficity, and apoptotic activity, i.e., they can induce cell death and possess cytotoxic



3 Synthesis of Biogenic Nanomaterials, Their Characterization … 69

properties. There are different mechanisms adopted by NPs for anticancer activity, 
the first one being apoptosis, wherein the elevated levels of ROS result in oxidative 
stress leading to DNA fragmentation and cell lysis (Lim et al. 2011). Another one 
is the interaction of NPs with cell membranes and the induction of changes in cell 
permeability (Castro-Aceituno et al. 2016). Panax ginseng fresh leaves were used to 
synthesize the silver NPs (PgAgNPs). These nanoparticles demonstrated cytotoxic 
effects, which in turn cause oxidative stress in A549, MCF7, and HepG2 cancer cell 
lines (Nethi et al. 2019). It inhibited the EGF, and an increase in phosphorylation 
of EGF receptors was found in A549 cells. In addition, PgAgNPs interfered with 
the cell morphology and elevated the apoptosis process. This interlinkage might be 
the mechanism followed by PgAgNPs for their anticancer activity. The utilization 
of NPs for cancer treatment is an emerging domain, and in-depth in vivo studies are 
required to understand better the mechanisms followed by NPs. 

3.8.5 Nanoparticle and Wound Healing 

A wound is an injury to the skin tissue in response to stimuli or trauma. Various 
treatment therapies are adopted, such as chemotherapeutics, plant-based therapy, 
dressing, and vascular surgery, but every technique has its side effects. Nanoparticles 
are emerging as an approach to wound healing. It includes two groups, one of which 
acts as a drug and promotes wound healing, and the other acts as a delivery agent 
for repair (Hamdan et al. 2017a). For instance, Garg et al. (2014) demonstrated the 
antibacterial and healing activity of silver NPs in excision wounds in albino Wistar 
male rats (Naraginti et al. 2016). The root extract of Arnebia nobilis was used to 
synthesize the silver NPs. It was formulated with hydrogel and was applied to rats. 
NPs showed no toxic signs on the rats, and cells were re-epithelialized. The use of 
NPs for wound healing is in the budding stage. It requires more extensive research 
for a better understanding of the molecular mechanism and the response of the body 
to the NPs so as use them to their full therapeutic potential. 

3.9 Conclusion and Future Perspective 

The green or biogenic synthesis of the nanoparticles has opened doors to the eco-
friendly way as compared to the existing conventional methods. Green synthesis 
has the upper hand in terms of negligible toxicity and reduced expense. Apart from 
the benefits, some challenges are also encountered while dealing with the biogenic 
nanoparticles, such as uniformity and homogeneity of nanomaterials and the risk of 
infection with the biogenic nanomaterials. 

The growing surge of nanomaterials and their applications in various domains 
indicate the research interest of the researchers in the biogenic synthesis of NPs. The 
use of biosynthesis pathways to produce nanomaterials could replace the existing
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chemical methods, leading to a wide array of opportunities to produce more envi-
ronmentally friendly products that can be used in industrial work. Nanomaterials 
present a wide range of applications in various domains, but it’s still in their early 
stages. 

The biogenic synthesis of Nanomaterials is an emerging and promising domain, 
but there is much to explore as we are yet at the initial pages. Nevertheless, better 
technologies and extensive research on nanomaterials would yield quality results that 
would help uplift and improve the environmental, healthcare, and industrial world. 
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Chapter 4 
Biogenic Synthesis of Nanomaterials 
Using Diverse Microbial Nano-Factories 
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Khadija Turabi , Renitta Jobby , and Mustansir Bhori 

Abstract In recent years, nanotechnology has made integral contributions to the 
field of biomedicine, agriculture and environmental sciences. Innumerable multi-
functional nanomaterials have been developed using physical and chemical tech-
niques. However, there has emerged a need for the development of sustainable and 
eco-friendly synthesis processes to improve their biological applications. “Green 
synthesis” or biogenic synthesis is a bottom-up approach where biogenic nanoma-
terials are synthesized by utilizing matter of biological origin. One such approach 
employs the use of microbial organisms which encompass a broad range of living 
organisms including a variety of bacteria, algae, yeast, fungi, as well as virus which 
can be utilized to fabricate highly biocompatible, dynamic and well-defined nanos-
tructures with multifaceted applications. This chapter discusses the mechanisms 
which enable microorganisms to behave like nano-factories and explores the role 
of various classes of microbes in the production of nano-materials with emphasis 
on recent investigations and advancements. It also aims to provide a comprehen-
sive insight into the developmental challenges and future prospects presented by this 
novel approach. 
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4.1 Introduction 

Nanotechnology is an exceptionally dynamic field of research involved in developing 
nanomaterials of varying dimensions, having applicability in a multitude of fields 
including agriculture, energy, environmental sciences and biomedicine. For years, 
nanomaterials have been synthesized via the “bottom-up” or “top-down” approaches, 
often employing chemical or physical means of material synthesis (Abid et al. 2021). 
Chemical-based methodologies often necessitate the use of substances that hinder 
their biocompatibility and can potentially be hazardous to the environment. Further-
more, physical methods provide lower yield while demanding a high consumption of 
energy and pressure thus becoming an accessory in the ever-increasing energy crisis 
(Rahimi and Doostmohammadi 2019). Therefore, there is an exigency for the devel-
opment of reliable, sustainable and non-toxic methods of nanomaterial synthesis 
which could potentially ameliorate their biomedical applications as well. 

Lately, researchers have refocused their attention to strategies that utilize mate-
rials of biological origin like plant extracts and microorganisms which can subjugate 
the issues associated with chemical and physical approaches (Shah et al. 2015; Ijaz  
et al. 2020). Production methods employing microscopic organisms are especially 
superior since they encompass a plethora of living entities including bacteria, algae, 
yeast, fungi as well as viruses which through biogenic enzymatic processes can facil-
itate the fabrication of diverse “biogenic” nanostructures with defined sizes, shapes, 
mono-dispersity and properties in a relatively brief timeframe (Zhang et al. 2011). 
This is further corroborated by the fact that microbes can be grown rapidly in diverse 
environmental conditions with varying pH, temperature and pressure and can be
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easily maintained. Furthermore, this “Green synthesis” route avoids the involvement 
of toxic chemicals or intensive energy consumption making the process entirely 
sustainable and improving its applications in fields like food industry, pharmaceuti-
cals, medicine and wastewater treatment where the biocompatibility of nanomaterials 
is pivotal (Li et al. 2017; Ranjha et al. 2022). 

The purpose of this chapter is to briefly discuss the mechanisms which enable 
microorganisms to behave like functional nano-factories and explore the role of 
various types of microbial organisms in the production of nano-materials with an 
emphasis on recent investigations and advancements in the fabrication of metallic, 
metal oxide, non-metallic nanomaterials. It also provides a comprehensive insight 
within the developmental challenges and future prospects presented by this novel 
approach. 

4.2 Mechanism 

Biogenic synthesis of nanomaterials can be achieved using unicellular to multicel-
lular microbes including diverse bacteria, fungi, actinomycetes, algae and viruses. 
Their ability to fabricate nanomaterials can be attributed to the cellular detoxifica-
tion mechanism which allows them to capture and reduce metallic and non-metallic 
ions into nanomaterials by enzymatic reduction (Li et al. 2011). Biomolecules 
such as amino acids or proteins, lipids, exopolysaccharides, etc. secreted by the 
microbes and their constituents can constitute “natural” stabilizing and capping 
agents thus preventing agglomeration without the incorporation of other stabilizing 
agents (Chugh et al. 2021). These microbial components also form biocompatible 
coatings on the final nanomaterials which enables them to efficiently interact with 
other biological systems due to the presence of certain functional groups. This feature 
of biogenic synthesis is particularly important since capping agents have a consider-
able impact on the nanomaterial size, shape, stability, surface energy, agglomeration, 
dispersion, and electrostatic and steric hindrance (Sidhu et al. 2022). 

Furthermore, the process of biogenic nanomaterial production may be distin-
guished into extracellular and intracellular processes based on the location and envi-
ronment in which the nanomaterials are generated. Bacteria and fungi are two main 
classes of microbes who biosynthesize using this dualistic approach. 

4.2.1 Extracellular Biosynthesis of Nanomaterials 

The extracellular pathway entails capturing and accumulating ions on the surface 
of microbial cells, as well as reducing ions in the presence of produced enzymes. 
In such processes, the surface proteins and enzymes are involved as well (Mughal 
et al. 2021). For instance, extracellular enzymes like nitrate reductase and NADH-
dependent oxidoreductases have been demonstrated to aid electron transfer from
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donor groups to metal ions to form silver and gold nanoparticles (Lahiri et al. 2021a, 
b). Koul et al. and colleagues reported another method of extracellular synthesis 
which involved the centrifugation of microbial cells containing broth where the super-
natant consisting of reductase enzymes would be collected and separately allowed to 
react with metal ions leading to nanoparticle production (Koul et al. 2021). A similar 
method is often employed in fungi-mediated synthesis methods where addition of 
metal precursors to an aqueous filtrate containing fungal biomolecules can lead to 
the formation of nanomaterials in the dispersion. The dispersions are then purified 
using filtration, centrifugation and dialysis techniques to collect the nanomaterials. 
These methods are widely used due to their simplicity and reproducibility since they 
do not require the cells to release nanomaterials formed within their external surfaces 
(Guilger-Casagrande and Lima 2019; Singh et al. 2018). Furthermore, the remaining 
biomass pellet can be used for intracellular synthesis as well, making the process 
highly sustainable (Das et al. 2014). Finally, certain metal-reducing bacterial strains 
like those belonging to Geobactor and Shewanella species possess a unique extra-
cellular electron transfer (EET) process which enables them to exchange electrons 
with the external environment and mediate extracellular reduction reactions leading 
to controllable nanomaterial fabrication. Though these methods focus mainly on 
metallic nanostructures, non-metallic nanoparticles such as copper and chalcogen 
nanoparticles have been produced using the EET pathway (Zou et al. 2021). 

4.2.2 Intracellular Biosynthesis of Nanomaterials 

Several theories have been put forth to determine the intricacies behind the intra-
cellular synthesis of nanomaterials though the exact mode of action employed by 
several microorganisms is still unclear. But the most well accepted theory is the 
cellular uptake of ions propelled by the electrostatic interactions between the nega-
tively charged cell membranes or cell walls and the positively charged metal ions. 
These cationic ions diffuse across the outer microbial membranes and travel through 
the cytoplasmic membrane through a variety of ion channels and transport proteins 
where they are reduced by cellular enzymes into nanomaterials (Pandit et al. 2022). 
Metal and non-metal ions are primarily reduced to provide intracellular inorganic 
NMs through the action of enzymes like NADPH-dependent or NADH-dependent 
reductase, nitrite and nitrate reductases, as well as non-enzyme proteins and peptides 
like phytochelatin (PC) and metallothionein (MT). For example, NADPH-dependent 
nitrate reductases produced by Penicillium fellutanum were able to reduce ions 
into nanoparticles in a short proportion of time (Kathiresan et al. 2009). Moreover, 
microorganisms like Bacillus licheniformis, Fusarium oxysporum and Rhodobacter 
sphaeroides have biosynthesized nanostructures via the intracellular NAD(P)H-
dependent oxidoreductases, sulfate and sulfite reductases produced by the microbial 
cells (Choi and Lee 2020). Furthermore, intracellular enzymes such as cytochrome 
oxidases have also been discovered to aid in the reduction of metal ions to NPs by
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electron transfer between cytoplasm components such as vitamins, and organic acids 
(Lahiri et al. 2021a, b). 

4.3 Strategies for Nanomaterial Synthesis Using 
Microorganisms 

In contrast to physically and chemically derived approaches, utilizing various 
microorganisms as a suitable means for synthesizing nanomaterials has expanded 
quickly and is considered as a greener nanomaterial synthesis approach. Among 
multiple microorganisms, fungi and bacteria are some of the prominent biogenic 
sources as they can produce a higher concentration of the reducing enzyme needed 
to produce nanomaterials (Lahiri et al. 2021a, b). Further they are also preferred due 
to their ease of cultivation, and the morphological characteristics of the synthesized 
nanomaterials can be controlled; this can significantly lower the expenses of large 
scale implementation (Lahiri et al. 2021a, b). 

This section highlights the various microorganism-based biogenic sources for 
efficiently synthesizing nanomaterials. 

4.3.1 Bacteria-Mediated Synthesis of Nanomaterials-
with Cyanobacteria 

Bacterial synthesis of nanomaterials has become a prominent global strategy in green 
nanotechnology. Various bacterial species have been implemented fro synthesisng 
numerous nanomaterials as a means to replace the common chemical and physical 
production strategies. Recent research has focused on developing a regulated and 
scalable procedure for producing mono-dispersed, relatively stable nanomaterials 
(Iravani 2014). Therefore, bacterial biomass and cellular extracts have been employed 
in nanoparticle synthesis as a greener alternative strategy. 

4.3.1.1 Metallic Nanomaterials 

Bacterial species have proven to be a promising agent for manufacturing nanomate-
rials due to their efficient heavy metal reducing capabilities (Iravani 2014). Due to 
their capacity to accumulate and attach to metallic ions as well as convert metals 
hazardous to them to nontoxic nanomaterials, they provide a novel strategy for 
nanomaterial production (Tsekhmistrenko et al. 2020). 

Bacteria produce metallic nanomaterials both intracellularly and extracellularly. 
However, the extracellular production and extraction of the nanomaterials are more 
effective and simpler in comparison. Further, research has also indicated that dead
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bacteria can also be employed along with viable bacterial cells for synthesizing 
nanomaterials (Tsekhmistrenko et al. 2020; Salunke et al. 2015). 

Nitrate reductase is a frequently employed bacterial enzyme for synthesizing 
nanomaterials, including for Ag and Au nanoparticles (Tsekhmistrenko et al. 2020). 
The bacterial species, Bacillus clausii was utilized to synthesise silver nanoparti-
cles intracellularly (Mukherjee et al. 2018). The study found the synthesis due to 
two bacterial intracellular reductase enzymes, nitrate reductase and sulphite reduc-
tase (Mukherjee et al. 2018). Similarly, multiple researches conducted explored the 
biosynthesis of silver nanomaterials using the bacterial species E. coli (Iravani 2014). 
A common factor among all these studies was the use of bacterial supernatant for 
the synthesis. The supernatant enzymes aided the reduction of silver cations to silver 
particles, which accumulate and form silver nanoparticles. Further, many other bacte-
rial species have been utilized to synthesize silver nanomaterials. B. subtilis was 
employed by Saifuddin et al. to synthesize spherical and triangular silver nano-
structures extracellularly (Saifuddin et al. 2009) by utilizing supernatant culture and 
microwave irradiation in water. 

E. coli is also commonly used for manufacturing gold nanomaterials. In E. coli, 
gold nanomaterials were synthesized with varying morphology, including spher-
ical, triangular, and rod shaped (Deplanche and Macaskie 2008). Varying the pH 
lead to the production of Ag nanoparticles heterogeneous in morphology and size 
(Deplanche and Macaskie 2008). Crystalline gold nanoclusters were observed when 
synthesized in strains of Lactobacillus, which were also capable of forming Au 
and Ag-Au alloy nanocrystals (Nair and Pradeep 2002). Additionally, Rhodopseu-
domonas capsulata was found to extracellularly synthesize stable gold nanomaterials 
of varying morphology, based on the pH of the precursor ion solution utilized (Iravani 
2014). The gold ions underwent reduction in the presence of R. capsulata. Upon pH 
reduction of the mixture, gold nanoplates were produced along with nanoparticles, 
and when it was increased, nanowire production was seen (Iravani 2014). 

Shewanella oneidensis is a bacterial species capable of metal ion reduction both 
aerobically and anaerobically. S. oneidensis has the ability to synthesise multiple 
metal nanomaterials, including palladium nanoparticles, and tellurium nano rods, by 
reducing hazardous soluble tellurite and silver nanoparticles exhibiting antibacterial 
activity (Iravani 2014). Another Shewanella species was found to reduce hexachlo-
rideplatinate (IV) ions resulting in the formation of platinum nanomaterials (Iravani 
2014). 

Cyanobacteria have been frequently employed for manufacturing metallic nano-
materials as they can absorb various heavy metallic ions; further, they are the chief 
atmospheric nitrogen fixing bacteria (Pathak et al. 2019). The nitrogenase enzyme in 
cyanobacteria catalyses the conversion of molecular dinitrogen gas to ammonia, 
which aids the reduction of metallic salts and regulates nanoparticle formation 
(Pathak et al. 2019). The utilization of cyanobacteria for the biogenesis of nanopar-
ticles has proven to be an efficient strategy due to their rapid production rate and 
high biomass efficiency. They produce nanomaterials through intracellula as well as 
extracellular mechanisms.
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The production of Cadmium Sulphide (CdS) nanomaterials is significantly 
aided by the photosynthetic pigment, phycobilin, found in cyanobacteria such as 
Phormidium tenue and Nostoc carneum (Hamida et al. 2020). Another cyanobacte-
rial pigment, C-phycocyanin, found in Spirulina and Limnothrix species and Nostoc 
linckia, was found to play a role in producing silver nanoparticles with varying 
morphological characteristics (Hamida et al. 2020). Further, cyanobacterial proteins 
present in Spirulina plantensis were used to extracellularly produce gold, silver, and 
bimetallic gold-silver core–shell nanomaterials. These proteins aid the stability of 
produced nanomaterials. Additionally, cyanobacterial nitrogenase catalysed metallic 
ion reduction lead to Palladium, Platinum, Gold, as well as Silver nanoparticles 
formation from the strains C. pulvinate, A. flos-aquae, and L. foveolarum (Hamida 
et al. 2020). Extracellular polysaccharides from Nostoc commune can also produce 
silver nanoparticles (Hamida et al. 2020). 

4.3.1.2 Metal Oxide Nanomaterials 

Metallic oxide-based nanomaterials can adopt a wide range of configurations that 
exhibit metallic, semiconductor, or insulator features and have distinctive physico-
chemical properties. The physicochemical characteristics of metallic oxide nanoma-
terials are distinct from those of heavier metal oxides due to their exceedingly reduced 
size (Jeevanandam et al. 2016). Thus, since their improved properties possess a wide 
array of applications, a need for a greener methodology to synthesize metal oxide 
metallic oxide-based nanomaterials is essential. Bacteria-mediated synthesis of these 
nanomaterials has been increasingly adopted over the years due to the reduced toxi-
city and the ability to regulate the morphological characteristics of the nanomaterials 
synthesized by bacterial species (Jeevanandam et al. 2016). Even though bacterial 
synthesis provides many advantages for synthesizing such nanomaterials, chemical 
methodologies are still more frequently adopted for their production. Thus limited 
research is present on bacterial-mediated metallic oxide nanomaterial formation.. 

Magnetococcus marinus, a magnetotactic bacteria, has been utilized for the 
intracellular biosynthesis of magnetite, iron (II, III) oxide, nanocrystals (Valverde-
Tercedor et al. 2015). The bacterial species contains proteins including MamC, 
MamCnts, and Mms6 enclosed within the membrane, which are involved in the 
nanocrystal production process (Valverde-Tercedor et al. 2015).  Based on the  
proteins, the magnetite nanocrystals were observed to possess differential properties, 
such as Mms6-derived nanocrystals were super paramagnetic, whereas nanocrys-
tals produced by MamC and MamCnts were larger (Valverde-Tercedor et al. 2015). 
These proteins were seen to create the magnetite nanocrystals by creating micelles 
with a negative surface, to which the iron cations bound and resulted in the formation 
of nanomaterials. Similarly, Magnetospirillum magnetotacticum, another magneto-
tactic bacteria, has been used to produce intracellular membrane-bound magnetite 
nanocrystals, whereas the bacterial species Bacillus subtilis and Proteus vulgaris 
synthesized iron oxide nanoclusters extracellularly (Jeevanandam et al. 2016).
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Another widely synthesized metal oxide nanomaterial, having a wide array of 
applications, is zinc oxide (ZnO). Lactobacillus plantarum, a lactic acid bacteria, 
has been found to synthesize sphere shaped ZnO nanocrystals intracellularly (Mohd 
Yusof et al. 2019). Another lactic acid bacteria species, Lactobacillus sporogens, was  
used to produce differentially sized ZnO nanomaterials in a hexagonal morphology 
(Mohd Yusof et al. 2019). Further, Aeromonas hydrophila produced spherical 
nanoparticles, Bacillus megaterium gave rise to rod and cube shaped nanomate-
rials, and Sphingobacterium thalpophilum synthesized triangular ZnO nanoparticles 
(Mohd Yusof et al. 2019). Cupric oxide (CuO) nanomaterials may also be produced by 
bacterial means. Various bacteria, including Pseudomonas, Rhodococcus, Brevundi-
monas, Marinomonas, and Bacillus species were found to produce small, uniformly 
sized CuO nanoparticles by reducing CuSO4 at low temperatures (John et al. 2021). 

Titanium dioxide (TiO2) nanomaterials have also been synthesized using multiple 
bacterial species. Bacillus mycoides and Bacillus subtilis have been used to produce 
spherical TiO2 nanoclusters from titanyl hydroxide and metatitanic acid, respectively 
(Jeevanandam et al. 2016). Additionally, iron reducing bacterial species are associ-
ated with uranium oxide nanoparticle production. Bacterial species such as Desulfos-
porosinus desulfuricans and Geobacter metallireducens have been found to detect 
trace amounts of uranium in their environment and, following the reduction of iron 
(III), consequently, reduce uranium (IV) and accumulate it to form uranium oxide 
nanoparticles (Jeevanandam et al. 2016). Further, multiple species of Shewanella 
are adopted to synthesize small, crystalline manganese oxide nanomaterials from 
manganese aerobically (Jeevanandam et al. 2016). 

Several cyanobacterial strains also have the ability to synthesise metal oxide nano-
materials. Cell extracts of Nostoc and Desertifilum strains were used to synthe-
size star, and rod shaped ZnO nanomaterials, respectively (Ebadi et al. 2022). 
Furthermore, Cylindrospermum stagnale and Spirulina platensis have been used 
to synthesize sphere shaped crystalline CuO nanomaterials that possess prominent 
antibacterial activity. 

4.3.1.3 Non Metallic Nanomaterials 

Bacteria-mediated nanomaterial synthesis has proven to provide a more efficient 
and greener methods for the biogenesis of silica-based nanomaterials. Widely 
used conventional methods adopted for the synthesis of such silica-based particles 
comprise of flame synthesis, sol–gel, and reverse micro emulsion. However, these 
methodologies pose various limitations such as large nanomaterial size, being costly, 
and being non-ecofriendly (Show et al. 2015). These challenges may be overcome 
by substituting the current methods with bacteria. 

Show et al. synthesized silicon dioxide nanoparticles from organic and inorganic 
substrates, tetraethyl orthosilicate and magnesium trisilicate, respectively; using the 
biomass of a thermophilic bacterial strain of Thermoanaerobacter species, BKH1 
(Show et al. 2015). The bacterial enzyme bioremediase was also associated with 
formation of uniformly distributed, irregular in shape SiO2 nanoparticles deposited
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on the cellular surface of BKH1 strains (Show et al. 2015). These nanoparticles were 
found to be stable and negatively charged, which was responsible for preventing 
cluster formation. 

Thus, bacteria-mediated synthesis through the reduction process by interaction 
with various bacterial proteins and enzymes, via numerous pathways provides a 
greener approach for the production of nanomaterials. One of the key advantages of 
employing this technique involving bacterial species is the cost-effective large-scale 
adaptation of the process, without the utilization of toxic chemicals. However, this 
method also has a few limitations, such as the overall procedure being relatively slow 
and the regulation of the morphological characteristics of the nanoparticle may be 
challenging. 

4.4 Actinomycetes-Mediated Synthesis of Nanomaterials 

Actinomycetes are a group of gram-positive bacilli, which also share common prop-
erties with fungi. Thus, they are also regarded as ray fungi since they exhibit mycelial 
growth (Kumari et al. 2020). Further, actinomycetes can be successfully employed 
for the biogenesis of various nanomaterials. Nanoparticle synthesis by actinobac-
teria is a more efficient and ecofriendly approach than the conventional methods 
of production, which rely on high pressures and temperatures and toxic chemicals 
(Kumari et al. 2020). Genetic makeup of actinomycetes may also be manipulated for 
regulating morphological characteristics of nanomaterials (Kumari et al. 2020). 

Actinobacteria can produce nanomaterials through intracellular and extracellular 
modes. The intracellular route involves the attachment of precursor ions to carboxyl 
groups electrostatically on the enzyme located on the mycelial cell wall surface 
(Manimaran and Kannabiran 2017). Further, they result in ion reduction, which then 
accumulate, giving rise to nanomaterials. Whereas the extracellular method entails 
the actinobacterial electron-shuttling enzymes commonly taking part in the N2 fixa-
tion. The enzymes are responsible for reducing precursors and result in the formation 
of nanomaterials (Manimaran and Kannabiran 2017). Nanomaterials extracellularly 
produced by actinomycetes are more commonly employed due to its efficiency and 
wide range of commercial applications. 

4.4.1 Metallic Nanomaterials 

Due to their metal, detoxifying capabilities actinobacteria can reduce soluble toxic 
metal ions into their non toxic metal nanomaterials by biomineralization, intracel-
lular bioaccumulation, or extracellular precipitation (Kumari et al. 2020). Various 
actinobacterial components including extracellular enzymes, intracellular proteins, 
co-factors, cell wall constituents, etc. are involved in the formation of metallic nano-
materials. Since metallic ions carry a negative charge, when exposed to a metallic
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salt solution, they bind to the cell wall, after which they are reduced and form their 
corresponding nanomaterials (Kumari et al. 2020). The characteristics of the nano-
materials produced by actinomycetes depend on several factors, such as the amount 
of reducing enzymes present in the extract and the temperature and pH, which deter-
mines the production rate, morphology, and stability of nanomaterials (Kumari et al. 
2020). 

A commonly synthesized metallic nanomaterial from actinobacteria is Ag nano-
material. The actinobacterial species of Rhodococcus can synthesize silver nanopar-
ticles intracellularly with the help of membrane bound enzymes. The nanoparticles 
obtained were found to sphere shaped and 10 nm in size (Gahlawat and Choud-
hury 2019). Similarly, various species of Streptomyces can produce Ag nanoparticles 
extracellularly. Nitrate reductase, found in Streptomyces species, synthesize extra-
cellular silver nanoparticles by reducing Ag ions to Ag nuclei, which accumulate 
to result in the formation of the nanomaterials. The silver nanomaterials synthe-
sized through this mechanism by Streptomyces species LK3 were found to have 
strong pesticidal activity (Gahlawat and Choudhury 2019). Another actinobacterial 
species, Streptacidiphilus durhamensis, was employed to synthesize antibacterial Ag 
nanoparticles having a sphere morphology (Gahlawat and Choudhury 2019). 

A range of actinomycetes have been used to also synthesized gold nanoparticles. 
The Rhodococcus species produced Au nanomaterials intracellularly when reacted 
with a chloroauric solution; the enzymes located between the mycelial wall and the 
membrane were involved in the process (Ovais et al. 2018). Other species of acti-
nomycetes such as Thermomonospora and Actinobacter have also been found to 
synthesize gold nanoparticles having a hexagon shape and are up to 50 nm in size. 
Furthermore, copper nanoparticles have also been synthesized using Streptomyces 
capillispiralis Ca-1 and marine endophytic actinomycetes (Gahlawat and Choudhury 
2019). Other metallic nanomaterials such as zinc, manganese, and selenium nano-
materials have also been synthesized by multiple species of Streptomyces (Kumari 
et al. 2020). 

4.4.2 Metal Oxide Nanomaterials 

Even though actinomycetes have been considerably exploited for synthesizing metal 
nanomaterials, they have not yet been explored extensively for biosynthesis of metal 
oxide nanomaterials. Copper oxide nanoparticles are one type of nanomaterials 
synthesized by actinomycetes. When actinomycetes extract was reacted with copper 
sulphate solution, spherical CuO nanoparticles were observed (Waris et al. 2021). 
The secondary metabolites present in the actinobacteria were involved in the forma-
tion, as the functional group on the nanomaterials was also present on the secondary 
metabolites in the extract. Further, the biomass extract from actinomycetes isolated 
from Oxalis corniculata produced sphere-shaped copper oxide nanoparticles, 80 nm 
in size upon reaction with copper sulphate solution (Waris et al. 2021).
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Rajivgandhi et al. synthesized pure ZnO nanosheets using actinomycetes species 
Nocardiopsis species GRG1 biomass (Rajivgandhi et al. 2018). The ZnO nanosheets 
produced were seen to have prominent antibacterial activity as they prevented the 
formation of biofilms (Rajivgandhi et al. 2018). The production of zinc oxide 
nanoparticles from actinomycetes strains isolated from a soil sample was also 
reported (Rajivgandhi et al. 2022). These nanomaterials were synthesized using acti-
nobacterial isolates when treated with a zinc sulphate solution by reducing the zinc 
ions. The nanoparticles obtained were determined to be crystalline and had high 
stability, which prevented them from agglomerating (Rajivgandhi et al. 2022). 

4.4.3 Non Metallic Nanomaterials 

The species Actinobacter was found to have the ability to synthesize silicon-silica 
nanocomposites using potassium hexafluorosilicate as a substrate (Singh et al. 2008). 
The bacterium was found to produce the Si/SiO2 nanocomposites extracellularly 
using oxidase and reductase enzymes. The nanocomposites were quasi-sphered, 
crystalline, and 10 nm in size (Singh et al. 2008). Similarly, silicon dioxide nanocom-
posites were produced from wheat bran and rice husk by utilizing actinomycetes. 
The nanocomposites obtained were crystalline and approximately 240 nm in size 
(Karande et al. 2021). 

Thus, the amount of data available on the biosynthesis of other types of nanoma-
terials by actinomycetes, apart from metallic-based, remains limited. Further, inves-
tigation and research on actinomycetes are required to identify prominent species 
capable of synthesizing nanomaterials having important commercial applications. 

4.5 Yeast-Mediated Synthesis of Nanomaterials 

Yeast strains have proven to be prominent bionanofactories for a wide array of nano-
materials. They pose multiple advantages as a mode of nanomaterial synthesis in 
contrast to other conventional strategies and biogenic sources such as bacteria. Some 
of these include a more straightforward culture method and greater biomass, a more 
significant extent of metabolite accumulation within cells, greater endurance and 
capacity for metal ion uptake, and better metal attachment ability to the cell walls 
(Roychoudhury 2020). 

Further, biomineralization, the primary method for nanomaterial production, can 
be induced by yeast cells serving as a blueprint (Roychoudhury 2020). Their cell 
membrane aids the envelopment of the nanomaterial synthesized within the yeast 
cells. Similar to the other biogenic sources, yeast is also capable of extracellular and 
intracellular synthesis of nanomaterials. Extracellular synthesis involves the enzymes 
in yeast filtrate that reduce the precursor ions and lead to the formation of various
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types of nanomaterials. Similarly, yeast-mediated intracellular synthesis of nano-
materials is also reduction-based, where reducing enzymes within the cells convert 
precursor ions to their nanomaterial form (Roychoudhury 2020). 

4.5.1 Metallic Nanomaterials 

The primary goal of yeast-mediated nanomaterial biogenesis is to reduce nanoma-
terial cytotoxic activity through the cells’ stress responses using substances like 
phytochelatins, metallothioneins, and glutathione, that possess the ability to attach 
metal ions and also exhibit unique redox and nucleophilic characteristics necessary 
for the bioreduction of metallic ions (Roychoudhury 2020). From aqueous metal salt 
solutions, the metal ions penetrate the cells through passive diffusion, after which 
oxidoreductase enzymes present on the plasma membrane reduce the metallic ions, 
forming metallic nanomaterials. Based on the mechanism of synthesis adopted by 
the yeast cells, metallic nanomaterials of varying morphology and properties. 

Cadmium-based nanomaterials are most commonly produced among the various 
types of metallic nanomaterials synthesized using yeast (Hulkoti and Taranath 2014). 
Due to their semiconductor characteristics, cadmium-based nanomaterials are found 
to possess a multitude of applications. Schizosaccharomyces pombe, Trichosporon 
jirovecii, and Candida glabrata are some of the yeast species utilized for CdS nano-
materials’ biogenesis. These species were found to synthesize CdS nanomaterials 
upon culturing with cadmium salts. The presence of the cadmium salts leads to the 
generation of γ-glutamyl peptide resulting in the cadmium-peptide complex forma-
tion (Hulkoti and Taranath 2014). Thus, when these yeast strains are treated with 
solutions contain cadmium salts, they result in intracellular synthesis of CdS nano-
materials. Further, the yeast species, Saccharomyces cerevisiae, can extracellularly 
synthesise of fluorescent Cadmium Telluride quantum dots. Upon culturing with 
CdCl2 and Na2TeO3 solutions, the yeast cells synthesized monodispersed, crystalline 
CdTe nanomaterials (Bao et al. 2010). 

Multiple yeast species including, Saccharomyces cerevisiae, Candida albicans, 
Rhodoturula glutinis, and Geotrichum candidum have been employed for synthe-
sizing Ag nanomaterials (Roychoudhury 2020). These species synthesize the Ag 
nanomaterials upon the addition of silver salt solutions. The nanomaterials were 
produced with the help of sulphate and nitrate reductase enzymes. Ag nanomaterials 
were also found to be produced as a result of complex formation with phytochelatins 
(Roychoudhury 2020). 

Further, Au nanomaterials of different morphology and size were produced by 
Pichia jadinii species (Hulkoti and Taranath 2014). The synthesis involved Au ion 
reduction by enzymes present within the cells. The cell wall-embedded proteins were 
also played an integral role in their synthesis; they lead to the formation of a peptide 
coating on the nanomaterials, preventing agglomeration (Hulkoti and Taranath 2014). 
Yarrowia lipolytica also has the ability to produce gold nanomaterials using a protease 
enzyme attached to the yeast cell wall (Roychoudhury 2020). The reductase enzymes
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extracted from the yeast species Hansenula anomala were also used to produce Au 
nanoparticles (Menon et al. 2017). 

Additionally, the Toluropsis yeast species, when introduced to Pb salt solu-
tions, synthesized PbS nanocrystals intracellularly (Kowshik et al. 2002). The 
marine yeast Rhodosporidium diobovatum also intracellularly produced uniform 
PbS nanocrystals having great stability (Seshadri et al. 2011). Other metal nano-
materials, including selenium nanoparticles, were formed by culturing with sodium 
selenite solution and palladium nanoparticles using palladium acetate and hydrazine 
solution (Roychoudhury 2020). 

4.5.2 Metal Oxide Nanomaterials 

Along with metallic nanomaterials, yeasts are also widely employed for synthe-
sizing numerous metal oxide-based nanomaterials with various applications. Anti-
mony (III) oxide (Sb2O3) nanoparticles have been biosynthesized by the species 
Saccharomyces cerevisiae intracellularly (Hulkoti and Taranath 2014). Oxidoreduc-
tase enzymes present in membrane and cytoplasm, and quinones aided their produc-
tion (Jha et al. 2009). The resulting nanomaterials were found to have a face-centered 
cubic structure. 

Similarly, Saccharomyces cerevisiae was also used to synthesize titanium dioxide 
(TiO2) nanomaterials having a diameter less than 12 nm (Roychoudhury 2020). 
Titanium ions in titanium (III) chloride solution underwent nucleation and formed 
lamellar TiO2 nanoparticles at high temperatures in the presence of reducing 
enzymes urease and amylase (Roychoudhury 2020). The nanoparticles were spher-
ical and 6.7 nm in diameter. Further, S. cerevisiae have also synthesized monodis-
persed manganese dioxide nanomaterials having hexagon and sphere shapes and 
approximately 34 nm in size (Salunke et al. 2015). 

Additionally, Pichia kudriavzevi and Pichia fermentans JA2 were reported to 
synthesize ZnO nanomaterials extracellularly with reaction-dependent morphology 
(Mohd Yusof et al. 2019). Further, S. cerevisiae and Rhodotorula mucilaginosa 
yeast species has been used to synthesize copper oxide nanoparticles (Seabra and 
Durán 2015). Apart from various metal oxide nanomaterials, S. cerevisiae has also 
been found to biosynthesize barium carbonate nanoparticles intracellularly, having 
uniform distribution with diameter of 5 nm (Chang et al. 2021). 

4.5.3 Non Metallic Nanomaterials 

Similar to bacteria and actinomycete-mediated green synthesis of nanomaterials, 
limited yeast species have been studied to explore the ability of these microorgan-
isms to synthesize nanomaterials other than metal-based nanomaterials. However, S. 
cerevisiae, which, as mentioned previously, has been used for synthesizing multiple
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metal nanomaterials, can also produce silica nanomaterials (Karande et al. 2021). 
The yeast species synthesized the silica nanoparticles, 25 nm in size, in the presence 
of sodium silicate solution. Along with silica nanoparticles, one study reported the 
production of carbon dots using beer yeast exhibiting fluorescence and antibacterial 
properties (Gao et al. 2019). 

4.6 Algae-Mediated Synthesis of Nanomaterials 

Algae are commonly used in biosynthesis of different metallic and metallic oxide 
nanoparticles due to the quick growth, ease of handling, and tenfold faster biomass 
growth than higher plants on average. Presently, many strains of algae are studied 
for the sustainable development of various kinds of nanoparticles (Chaudhary et al. 
2020). 

4.6.1 Metallic Nanomaterials 

Metallic NPs consisting of copper, gold and silver nanoparticles are among the 
majority of produced nanoparticles from brown algae. More than fifty percent of 
the published data on metallic NPs are to the production of AgNPs from various 
algae strains (Azizi et al. 2014). This is due to the fact that AgNPs offer superior 
physicochemical properties compared to their heavier forms, which leads to them 
being particularly valuable in several fields, including the jewellery, paint, fabric, 
dentistry, pharmaceuticals, and wound repair (Maneerung et al. 2008; Mohanpuria 
et al. 2008). 

In a study, spherical silver nanoparticles with size 96 nm were produced extracellu-
larly from T. conoides and displayed potent antimicrobial action against C albicans, 
S aureus, Aspergillus niger, and P aeruginosa (Rajeshkumar et al. 2012). Similar 
form of nanoparticles that are widely produced from brown algae strains is gold 
nanoparticles, they show a variety of bioactivities with major clinical uses (Khanna 
et al. 2019). Sphere-like gold nanoparticles with size 15–20 nm were produced 
extracellularly from L japonica using chemical compounds that acted as capping 
as well as reducing agents (Ghodake and Lee 2011). Due to a potent reducing agent, 
Porphyra vietnamensis is among the most prevalent red algae species described for 
the production of several types of nanoparticles (NPs) (Rao et al. 2007). 

A variety of red algae strains, including K alvarezii, G dura, G acerosa, Palmaria 
decipiens and many more, have been described in the literature as capable of biosyn-
thesized AgNPs. In biological applications, the size and form of NPs are key param-
eters that play a significant role (Pugazhendhi et al. 2018). Reportedly, the gold 
nanoparticles generated from several red algae strains are mostly 20–60 nm in size 
and shaped sphere like. Lemanea fluviatilis is a type of red marine algae being
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studied for the manufacture of AuNPs. It produced 5.9 nm-sized face-centered cubic 
crystalline silver nanoparticles (Subbiah et al. 2017). 

Blue-green algae are extensively utilized for the production of different nanopar-
ticles. From S. platensis, spherical AgNPs (2–8 nm) were produced for efficient 
usage in the health, and feed sectors. Apart from S. platensis, gold nanoparticles 
of various dimensions have been produced from a number of additional blue-green 
algae, including Oscillato riawillei, Cylindrospermum stagn, Plectonema boryanum 
and Microchaete diplosiphon (Mukherjee et al. 2002). 

Similar to AgNPs, S. platensis also contributed to the production of AuNPs. 
Proteins acting as reducing agents have been implicated in the S. platensis based 
extracellular production of cubic octahedral and spherical silver nanoparticles, as 
reported by many studies (Husain et al. 2015). Another major freshwater green 
algae, Chlamydomonas reinhardtii, was discovered to be engaged in the regulation 
of cadmium sulphide bimetallic nanoparticles (Rao and Pennathur 2017). Along with 
these metallic nanoparticles, algae have also been utlised for the biogenic synthesis 
of Palladium Nanoparticles (PdNPs). The extract of the algal species Sargassum 
bovinum has been utilised to synthesize octahedral PdNPs having a 5–10 nm diameter 
(Momeni and Nabipour 2015). These monodispersed synthesised metallic nanopar-
ticles were found to be highly sensitive, stable and selective, and were used as sensors 
for detecting hydrogen peroxide in solutions (Momeni and Nabipour 2015). 

4.6.2 Metal-Oxide Nanomaterials 

In addition to metallic NPs, it has been reported that brown algae may biosynthe-
size other metal oxide nanoparticles, such as zinc and titanium oxide nanoparticles 
(Sirelkhatim et al. 2015). According to one research, Zinc oxide nanoparticles are 
produced by combining powdered form of S. muticum with water and heating it 
till it is fully dissolved. Next, a zinc acetate salt mixture was prepared, and the 
mixture was stirred continuously for hours until NPs were produced. The hexag-
onal ZnONPs produced ranged in size from 35 to 57 nm and some were capped 
by bioactive molecules such as sulphate, amines, hydroxyl, and carbonyl (Azizi 
et al. 2014). Research has also shown that amide, carboxylic, and nitro compounds-
rich Gracilaria edulis was employed to synthesise spherical AgNPs and octahedral 
ZnONPs (Priyadharshini et al. 2014). Another algal species, Sargassum myriocystum, 
was found to extracellularly synthesise ZnONPs having a wide range of morphology 
(Khanna et al. 2019). 

The algal seaweed, Sargassum muticum, was also utilised for the biogenic 
synthesis of magnetic iron oxide nanoparticles having a cubic structure and 14– 
18 nm size (Mahdavi et al. 2013). The research conducted highlighted that the 
sulphated polysacharides present in the seaweed extract played a key role in the 
nanoparticle synthesis as stabilising and reducing agents (Mahdavi et al. 2013). The 
algal species Bifurcaria bifurcata have also been studied to evaluate their poten-
tial to synthesise Copper Oxide Nanoparticles (CuONPs) (Khanna et al. 2019). The
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CuONPs synthesised extracellularly from the algae in this study were found to be 
spherical with a varying diameter between 5 and 45 nm (Khanna et al. 2019). These 
crystallin CuONPs synthesised from brown algae extract were found to have promi-
nent antibacterial activity (Khanna et al. 2019). Another biogenically synthesised 
metallic oxide nanoparticles exhibiting antibacterial potential are Zirconia (ZrO2) 
nanoparticles (Kumaresan et al. 2018). The Zirconia nanoparticles were synthesised 
from the marine brown algae, Sargassum wightii (Kumaresan et al. 2018). A green 
combustion method was utilised for their synthesis and resulted in 4.8 nm tetragonal 
nanoparticles (Kumaresan et al. 2018). 

4.6.3 Non-metal Nanomaterials 

Silica nanoparticles were produced by the breakdown and poly-condensation of 
silicon alkaloids by proteins and peptides in C. vulgaris extract. Using varied molar 
ratios of AgNO3 and HAuCl4, Gracilaria edulis synthesized effectively bimetallic 
Ag-Au nanoparticles. These bimetallic nanoparticles demonstrate strong anticancer 
activity towards breast cancer cell types. Algae has also been utilised for the green 
synthesis of carbon-based nanoparticles. Fluorescent carbon nanoparticles were 
synthesised by a hydrothermal process from the abundant algal species Cladophora 
vagabunda (Calangian et al. 2018). The synthesised nanoparticles were synthe-
sised through an extracellular process using the extract of the algal species and 
resulted in the formation of Carbon nanoparticles having a 42.78 nm diameter 
and exhibiting fluorescence. The algal bloom obtained from fresh water, which 
contained various algal species of Cyanophyceae, Chlorophyceae, Bacillariophyceae 
and Eugenophyceae, have also been utilised to synthesise photoluminescent carbon 
dots (Ramanan et al. 2016). These spherical nanodots had an 8 nm diameter and 
showed high water solubility, high stability, remarkable cell permeability and low 
cytoxicity (Ramanan et al. 2016). Thus, these biogenically synthesised nanoparti-
cles possess potential as biomarkers for cancer detection. In addition to silica-NPs, 
the biosynthesis of various metallic, bimetallic, oxide—based, and semiconductor 
nanoparticles is now underway, and a large amount of studies and trials are in the 
early stages (Chaudhary et al. 2020). 

4.7 Fungi-Mediated Synthesis of Nanomaterials 

Fungi are capable of producing a vast array of chemicals that may be utilized in a 
range of situations. Filamentous fungus as well as other fungi are believed to generate 
around 6,400 bioactive compounds (Bérdy 2005). Because of their resistance to 
heavy metals and potential to internalize and bioaccumulate metals, these organ-
isms are commonly employed as reducing and stabilizing agents. Fungi may also be 
easily grown in huge quantities and create nanoparticles with regulated dimensions
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(Guilger-Casagrande and Lima 2019). Fungi have an advantage that they generate 
vast amounts of proteins, a few could be employed for quick nanoparticle manufac-
turing (Vahabi et al. 2011). Fungal nanoparticles may be biosynthesized intracellu-
larly or extracellularly. The metallic precursor is introduced to the fungal culture and 
therefore is absorbed in the event of intracellular synthesis. Extracellular produc-
tion involves the addition of a metallic precursor to an aqueous filtrate which solely 
has fungal macromolecules, this leads to the creation of free nanomaterials in the 
dispersion (Guilger-Casagrande and Lima 2019). 

4.7.1 Metallic Nanomaterials 

Many researchers have talked about the production of metallic nanoparticles (gold 
and silver) on the surface and membrane of fungal mycelium (Singh et al. 2013). 
Mukherjee et al. used the fungus Verticillium to study the formation of intracellular 
AgNPs. The authors discovered that exposing fungal biomass to water Ag + ions 
cause intracellular metal ion reduction and the creation of 25 12 nm AgNPs. Electron 
microscopy analyses of fungal cells revealed that AgNPs were formed underneath 
the cell wall surface, likely as a result of metal ion reduction by enzymes buried in the 
cell wall membrane (Mukherjee et al. 2001). The majority of fungi that are used for 
extracellular biomass independent production of AgNPs are harmful to plants and/or 
humans. This makes processing and removal of the biomass a significant impediment 
to the process’s commercialisation. As a result, an unique strategy of assessing a 
non-pathogenic fungus for the effective production and capping of nanoparticles is 
required (Thakkar et al. 2010). Gold nanoparticles were created utilizing a variety 
of fungal species, including Aspergillus oryzae, Fusarium oxysporum, Verticillium 
luteoalbum Collitotrichum sp, and Trichothecium sp. 

4.7.2 Metal-Oxide Nanomaterials 

Aspergillus flavus TFR7 fungal spores were employed to make TiO2 nanoparticles, 
and Aspergillus terreus was used to make zinc oxide nanoparticles Fusarium oxys-
porum fungal spores were employed to create unique tertiary oxide structures of 
barium titanate and bismuth oxide. Various fungal cells, including Fusarium oxys-
porum are used to effectively produce silica, titanium, magnetite, cadmium selenide 
and zirconia nanoparticles, as well as cadmium sulphide (Jeevanandam et al. 2016). 
In 2013, it was reported for the first time that large cerium oxide nanoparticles 
were produced using the halophilic Humicola sp. (Khan and Ahmad 2013). When 
the fungus Humicola sp. is exposed to aqueous solutions of the oxide precursor 
cerium (III) nitrate hexahydrate (CeN3O96H2O), it produces extracellular CeO2 

nanoparticles containing Ce(III) as well as Ce(IV). Lactobacillus sp. and S. cere-
visiae were used to synthesize Titanium oxide nanoparticles. TiO2 nanomaterials
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were also produced using A. flavus using a simple aqueous reduction method and 
characterized using FTIR, XRD, SEM, and AFM (Rajakumar et al. 2012). 

4.8 Virus-Mediated Synthesis of Nanomaterials 

Producing inorganic nanoparticles with the necessary arrays along the length is chal-
lenging for bacteria and fungus. However, viruses do not face this issue. The use of 
viruses for synthesizing nanomaterials is a very novel technique and so far and in 
particular two viruses—Tobacco Mosaic Virus and M13 Bacteriophage are majorly 
used (Das et al. 2017). Tobacco mosaic virus (TMV) is the most prominent example 
because of its favourable characteristics, such as its high aspect ratio, limited size 
distribution, different biochemical capabilities shown on the surface, and tolerance 
with a variety of chemical conjugations. These characteristics are also amenable to 
genetic engineering, which opens the door to the synthesis of various metallic and 
non-metallic nanomaterials with wide-ranging uses (Lee et al. 2021). 

Tobacco mosaic virus (TMV) was genetically modified by researchers to surface 
display a peptide with effective metal ion binding and reducing capabilities, and 
the results showed that, when combined to 3 mM potassium tetrachloroaurate, this 
construct could result in the development of discrete 10 and 40 nm gold nanoparti-
cles, which had previously been impossible with wild type TMV. Different analyt-
ical physicochemical methods confirmed the crystalline and stable nature of these 
nanoparticles (Love et al. 2015). The silica based nanoparticles have a core of thick 
silica and are encircled by a radial array of TMV pieces that are each 50 nm in length, 
making them less than 150 nm in size. The success of the crystals indicates that a 
similar technique may be used to manufacture a broad variety of inorganic oxides, 
semiconductors, and metal-based nanoparticles with interiors. Scientists have devel-
oped silica nanoparticles coated with tobacco mosaic virus (TMV). As a delivery 
mechanism, the nanoparticles’ porous shape allows for a high medical payload 
capacity, while TMV acts as a biocompatible covering to improve cell contacts. 
The generated TMV nanohybrid nanoparticles resemble little wool balls and exhibit 
improved cell absorption. Drug delivery, contrast agent imaging, and immunotherapy 
are just a few of the medicinal uses that might be developed for the nanoparticles 
(Marín-Caba et al. 2019). TMV was used to provide a template for the synthesis of 
CdS nanowires, which were then deposited in the virus’s inner center channel. The 
diameter of TMV/CdS was measured to be 4.0 nm, confirming the accuracy of the 
previous measurements (Yang et al. 2021).
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4.9 Developmental Challenges and Future Prospects 

In the past decade, researchers have worked with a plethora of microorganisms to 
develop nanostructures with a focus on improving their biocompatibility for biomed-
ical and agricultural applications and a multitude of nanomaterials have been devel-
oped and studied so far. However, despite rapid development, the biogenic synthesis 
approach presents some gaps and limitations in successful nanomaterial produc-
tion. It can be observed that the majority of these research works have only been 
carried out at a laboratory scale as this methodology presents certain challenges 
for industrial scale-ups. The primary issue with microbe-mediated synthesis is the 
selection of suitable microbial strains with the right biochemical attributes required 
for nanomaterial development. Moreover, utilization of toxic microbial strain might 
lead to products with adverse effects. The synthesis process itself requires highly 
controlled conditions so that the microorganisms can grow and carry out enzymatic 
reactions to gain a substantial yield (Ovais et al. 2018). Additionally, several mech-
anisms involved in biosynthesis are still unknown and the details of the pathways 
in these methodologies are important to ensure reproducibility of the production 
process at an industrial scale. By understanding the intricacies behind the synthesis 
of these nanostructures, scientists will also be able to gain a better perspective on 
modulating the shape, size, morphology and mono-dispersity of the final product 
which are essential parameters that influence the therapeutic potency of nanomate-
rials. Furthermore, though biogenic nanomaterials are proposed and proven to be 
biocompatible to a certain extent, their interactions with living systems and potential 
toxicities need to be assessed to determine their applications in food, agriculture 
and medicine (Vecchio et al. 2012; Chen 2018). Finally, difficulties related to drug 
release mechanisms, pharmacokinetics, bio-distribution, stability and development 
of non-aggregating nanoparticles are yet to be addressed in detail (Gahlawat and Roy 
Choudhury 2019). Thus, future investigations are a necessity for biogenic nanoma-
terials to move on to translational and clinical research and be practically utilized on 
an industrial scale. With modern interventions such as in silico techniques, computa-
tional design, and artificial intelligence, discovery of more effective biogenic nano-
materials can be made easier. Hence, if these developmental challenges are overcome, 
biogenic nanomaterials have the potential to make revolutionary contributions in the 
future.



96 K. Tungare et al.

4.10 Conclusion 

Biogenic nanomaterial synthesis methods are highly sought after due to the ever-
increasing need for novel biomaterials with extensive applicability in biomedical, 
pharmaceutical, food as well as agriculture industries. Over the course of the last 
decade, significant progress has been achieved in the development and production 
of nanomaterials fabricated using microorganisms. This green chemistry strategy 
provides an eco-friendly and highly sustainable alternative for conventional nanoma-
terial synthesis methodologies. Furthermore, the nanomaterials produced using these 
methods exhibit high biocompatibility and safety due to the absence of hazardous 
chemicals and utilization of naturally occurring microbes whose abundance allows 
the process to be cost-effective as well. In this chapter, we discuss the diverse range 
of microbial populations that can be utilized in nanomaterial synthesis of metallic, 
metal-oxide and non-metallic nanomaterials. The microorganisms include various 
strains of bacteria, actinomycetes, yeast, algae, fungi and viruses. We observed that 
a significant number of investigations utilizing this approach employed bacteria and 
yeast mediated synthesis methodologies and produced mainly metallic and metal-
oxide nanomaterials. Additionally, a brief overview of the mechanisms (intracel-
lular and extracellular modes) that enable microbes to act as functional “bio-nano-
factories” and produce nanostructures was also provided. Finally, we also highlighted 
the developmental challenges that these methods pose which range from the selec-
tion of correct microbial strains, optimal growth environments, enzymatic reactions 
and synthesis mechanisms to modulating the shape, size, morphology and mono-
dispersity of the final nanostructures. We conclude that microbial nanomaterials have 
tremendous potential and with extensive fine-tuned investigations using modern in-
silico tools, they can play an integral role in the future of modern bionanotechnology 
(Table 4.1).
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Chapter 5 
Environmental Pollutants Remediation 
Using Phyto-Nanoparticles: An Overview 
on Synthesis, Characterization, 
and Remediation Potential 

Roopal Pal, Lakhan Kumar, Shaubhik Anand, and Navneeta Bharadvaja 

Abstract Accumulation of environmental pollution has created a misbalance 
between the environment and human health. Industrialization, incomplete fuel 
combustion, use of fertilizers, unsafe disposal of pollutants directly into the atmo-
sphere contributes to their buildup in the environment. Progress in the development 
of remediation techniques has led the way to employ green synthesized nanopar-
ticles. Phyto-nanoparticles are an improvement in the field of bioremediation in 
eco-friendly, non-toxic, and cost-effective ways. Nanoparticles adhered to phytocom-
pounds are explored for their potential to remediate pollutants like heavy metals, dyes, 
pharmaceutical residues, polycyclic aromatic hydrocarbons, biocides, etc. Nanopar-
ticle’s size, morphology, and properties are optimized by regulating factors like pH, 
temperature, light exposure, agitation, etc. For example, Iron nanoparticles synthe-
sized from plants like tea are used to biodegrade heavy metals like chromium, arsenic 
in contaminated water. This chapter aims to recapitulate the process of bioremedia-
tion via emerging Phyto-nanoparticles, their synthesis from easily available plants, 
techniques used to characterize synthesized nanoparticles, and to investigate remedia-
tion potential to act on environmental pollutants and control environmental pollutants 
matrices in the atmosphere. 
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5.1 Introduction 

Environmental pollutants are affecting human health at an alarming rate throughout 
the world. Ever-increasing anthropogenic activities and widespread industrial imple-
mentation, increasing world population have escalated the content of environmental 
pollutants (Rasheed et al. 2019). Researchers are constantly conducting studies on 
health risks associated with various pollutants like heavy metals, dyes, biocides like 
pesticides and insecticides, pharmaceutical products, polycyclic aromatic hydrocar-
bons. Every type of environmental pollution i.e., water, air, and pollution pose a great 
risk to the human body as well as the environment. India has accounted for 1·67 
million deaths in the year 2019, 0.98 million deaths were due to particulate pollution 
while 0.61 M deaths were due to household air pollution (Balakrishna et al. 2017). 
Mostly, pollutants enter water bodies, soil, and air via careless product disposal and 
not treating the main source of environmental pollutants through conventional treat-
ment plants (Norfazilah Wan Ismail and Umairah Mokhtar 2020). Release of pollu-
tants like heavy metal even in minute quantity leaves damaging outcome in environ-
ment affecting all living beings (Chugh et al. 2022). Past few years, researchers have 
experimented with several techniques for efficient removal of environmental pollu-
tants from water, air, and soil due to challenges faced with conventional technologies. 
Bioremediation is the efficient and controlled process to biodegrade toxic chem-
ical environmental pollutants from water, air, and soil (Stroo 2015; Bourquin and 
Pedersen 2015). Nanotechnology is a key emerging technique with its unique prop-
erties for the remediation of environmental pollutions. Nanoparticles are synthesized 
from three methods i.e., physical, chemical, and biological. Physically and chem-
ically synthesized nanoparticles are not cost-effective and due to the involvement 
of chemicals, they are toxic and non-eco-friendly (Kumar et al. 2021). Therefore, 
Biological methods, involving plants as the key source for nanoparticles are a better 
alternative for the biodegradation of pollutants. 

Phytoremediation is an eco-friendly method of pollution remediation with the 
inclusion of nanotechnology; due to the smaller size of nanoparticles (1–100 nm), 
magnetic properties, and ease in scale-up make it easier for adsorption of pollutants 
from contaminated source (Kumar et al. 2021). Phyto-nanoremediation, which is a 
known combination of two techniques nanotechnology and phytoremediation, has 
proven to be efficient to degrade and remove environmental pollutants (Srivastav et al. 
2019). In Phyto-nanoremediation, the toxicity of pollutants is altered with the inter-
action of nanoparticle (Roberto et al. 2020). The incorporation of green strategies 
like the use of plant capping agents and stabilizers to replace chemicals has become 
a vital step. Several sustainable ways are assessed for pollutant remediation from 
different sources like water, soil, and air. For example, the zero-valent iron nanopar-
ticle is commonly used for remediation of a wide range of environmental pollutants 
like polycyclic aromatic hydrocarbons, biocides, heavy metals, etc. (Grieger et al. 
2015). Fe3O4 iron oxide nanoparticles due to their magnetic properties have been 
used to assess their efficiency to remove heavy metals pollutants from contaminated 
soil and water (Vázquez-Núñez et al. 2020). Considering the vast annual industrial
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effluent dye emission, researchers have made numerous studies for managing dye 
pollutants. For example, green synthesized zinc oxide nanoparticles employed to 
degrade methylene blue dye (Ishwarya et al. 2018), photocatalytic degradation of 
azo dye by zirconium oxide nanoparticles (Sai Saraswathi and Santhakumar 2017), 
remediation of rhodamine B dye with the help of zero-valent iron nanoparticles (Khan 
and Al-Thabaiti 2018), and silver nanoparticles synthesized from Morinda tinctoria 
leaf extract used to degrade methylene blue dye shows 95% efficiency in 72 h contact 
time (Vanaja et al. 2014). Studies helped surface several challenges associated with 
Phyto-nanoremediation like these studies are conducted at a smaller scale, to over-
come this challenge, experimenting at a larger scale is required (Srivastav et al. 
2019). In this chapter, we have presented knowledge on plant-mediated synthesis 
of nanomaterials, methods available for their characterization and potential against 
several environmental pollutants including heavy metals, dyes, PAHs, biocides, and 
pharmaceutical products etc. 

5.2 Phyto-Nanoparticle Synthesis 

The bottom-up approach of nanoparticle synthesis from plant parts like roots, leaves, 
stems, flowers, fruit, peel, etc. is the greener method (Figure-1). Phytocompounds 
like flavonoids, polyphenolic compounds help in nanoparticle synthesis from metal 
salts (Husen and Siddiqi 2014). The method based on plant extract has recently 
gained importance because of non-toxicity, ease of availability of plants (Noruzi 
2015).Nanoparticles green synthesis depends upon three conditions such as an 
ecofriendly solvent, a natural reducing agent, and a nonhazardous stabilizing agent 
(Singh et al. 2018). Initially, plant parts like leaves, fruit, peel, etc. are drenched under 
running tap water to remove any dirt particles and then later sterilized by rinsing with 
double distilled water. Dry cleaned and sterilized plant parts under direct sunlight 
or at room temperature (Jadoun et al. 2021) to macerate into fine powder. Powdered 
plant parts are heated in Milli-Q water as per the requirement with constant stirring. 
The heated solution is filtered using filter paper, the filtrate (plant extract) could be 
stored in a flask at 4 °C for a week (Ramadhan et al. 2019). Studies have found 
that for the extraction of certain phytocompounds like polyphenol, a specific time 
is necessary (Wang et al. 2019). The reaction mixture is prepared by mixing plant 
extract and metal salt in the desired ratio. Factors like pH, the different concentra-
tion ratios of the plant to metal salt, temperature, light, agitation play crucial role 
in determining the properties and morphology of synthesized nanoparticles (Noruzi 
2015). Nanoparticle green synthesis from various plant sources and their properties 
are mentioned in Table 5.1 and Fig. 5.1.
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Fig. 5.1 Green synthesis process from plants and characterization of Phyto-nanoparticles 

5.3 Phyto-Nanoparticle Characterization Methods 

Characterization is a crucial step after nanoparticle synthesis for creating a better 
understanding of their properties like shape, structure, structural components, etc., 
and full potential. The basic requirement of characterization is the separation and 
cleaning of nanoparticles. Amongst many separations and washing methods, centrifu-
gation is most suitable. Advancement in technology has widened the alternatives 
of characterization based on the target of analysis. Techniques like UV–Vis’s spec-
trophotometer, FTIR, SEM, TEM, XRD, and AFM are used to characterize the parti-
cles sized as small as 10–9 nm. UV–Vis’s spectrophotometer is a technique based on 
optical properties, measures the specified surface plasmon resonance of nanoparti-
cles in the 300 nm–800 nm range (Rana et al. 2020). The presence of nanoparticles 
is confirmed with color change in the plant extract in additionto metal salt and UV– 
Vis measures the absorption peak of color change. Green synthesis of AuNP from 
leaf extract of Saraca asoca observed color change to ruby red and absorption peak 
at 532 nm confirming their presence (Patra et al. 2018). Fourier transform infrared 
(FT-IR) spectroscopy is another spectroscopy technique to give a chemical analysis 
of nanoparticles based on bond vibration and rotation of specific functional groups in 
nanoparticles. FTIR helps with identifying changes in structure upon the interaction
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of phytocompounds with metal ions (Faghihzadeh et al. 2016). Comparative study of 
FTIR scan of plant extract with nanoparticle can help with identifying capping and 
reducing agents involved in nanoparticle synthesis. Most common phytocompounds 
like flavonoids, tannins, terpenoids, etc. have been found to serve as reducing agents 
with absorption peaks in the range of 1,000–1,800 cm−1(Noruzi 2015). FTIR of gold 
nanoparticles synthesized from Mangifera indica showed 1,624, 1,737, 1,444 cm−1 

absorption bands for C = C, C = O, C–N bonds resp (Philip 2010). 
Microscopy-based techniques like SEM and TEM determines morphology like 

the one shape and size structure of nanoparticles whereas TEM has an edge over 
SEM for identifying structural difference like crystalline to amorphous. In SEM, an 
electron beam is passed through the sample scans the surface ultimately providing 
the 3D structure of the particles (Rana et al. 2020). In TEM, an electron beam is trans-
mitted through the sample at certain angles and is diffracted at other angles. Deflected 
electrons are blocked with the help of an aperture to let unscattered electrons pass 
through it and create a contract image also known as a Light field image. Dark-
field images are obtained with deflected electrons (Titus et al. 2019). For example, 
TEM images of AuNP synthesized from leaf extract of Chamaecostus Cuspidatus 
displayed a spherical shape with 50 nm in size whereas SEM images of the same 
nanoparticles showed various shapes (Philip 2010). Characterization techniques for 
nanoparticle identification are mentioned below in Table 5.2.

5.4 Remediation Potential of Phyto-Nanoparticles 

The environmental hazard crisis has taken a grip globally for decades. Management of 
environmental pollutants becomes the utmost priority for researchers. Reach of envi-
ronmental pollutants like heavy metals, dyes, biocides, pharmaceutical products into 
the ground surface and main water sources are inevitable. Phyto-nanoremediation is 
intensely explored and recommended for managing the remediation of environmental 
pollutants (Govindappa et al. 2018). Phyto-nanoremediation utilizes nanoparticles 
synthesized from plants as the main resource to convert pollutants to a desirable 
state for biodegradation and then degrades pollutants to less toxic form (Ahmad 
et al. 2017). Based on structural properties like the high surface area to mass ratio of 
Phyto-nanoparticles, contaminants are adsorbed, oxidized, or co-precipitated on the 
treatment of contaminated soil, industrial wastewater, tannery wastewater (Kumar 
et al. 2022) and drinking water sources (Rana et al. 2020). Sorption is a key process in 
nanoremediation, adsorption, and absorption. During adsorption, the pollutant inter-
acts with sorbent at surface level; next, the pollutant permeates sorbent at deeper 
layers to form a solution (Vázquez-Núñez et al. 2020). Along with adsorption, 
nanoparticles are capable of photocatalytic, electrostatic, and active surface interac-
tions for acting on pollutants (Pandey 2018). In a study conducted by Ahmed Rather, 
Using Bergenia ciliata extract as reducing and capping agent for green synthesis of 
zinc nanoparticles in order to evaluate the remediation potential for textile dyes like 
methylene blue from water resources. Zinc Nanoparticles could degrade 82% of MB
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Fig. 5.2 Applications of phyto-nanoparticles in remediation of environmental pollutants like heavy 
metals, dyes, PAHs, Pharmaceutical products, and biocides 

dye in the span of 52 min under the influence of sunlight for photocatalytic degrada-
tion (Ahmed Rather et al. 2021). When in fact, green synthesized Fe-NP from Citrus 
paradisi extract degraded 80% of MB in 6 h under room temperature (Kumar et al. 
2020). 

Figure 5.2 illustrates potential applications of Phyto-nanoparticles in abatement of 
several pollutants including heavy metals, dyes, biocides, pharmaceutical products, 
and PAHs etc. 

5.4.1 Remediation Potential of Phyto-Nanoparticles for Dyes 

With increasing industrialization and improper disposal of industrial waste like 
synthetic dyes as well as effluent water containing high amounts of dyes, health 
hazards are alarmingly escalating. Despite the environmental and health hazard, dyes 
are constantly in demand for food, plastic, pharmaceutical industries, and especially 
textile industries. In textile factories, after use, approximately 15% of the dye is left
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and discharged into nearby water bodies (Singh et al. 2018). Mismanagement of 
effluent treatment containing toxic pollutants like heavy metals in an open environ-
ment is a real-time challenge. Phyto-nanoremediation has been found eco-friendly 
and efficient for the biodegradation of industrial dyes. Photocatalytic degradation is 
a key phenomenon for dye degradation; irradiation excites electrons to conduction 
band leading to the generation of electron–hole pair. Dyes are biodegraded to non-
toxic forms like CO2, H2O by the action of newly generated hydroxyl radical serving 
as strong oxidizing agents (Marimuthu et al. 2020; Rostami-Vartooni et al. 2016). 
In studies like Ag/TiO2 acted on azo dyes for photocatalytic, degradation of dye has 
shown productive results. Light absorbing ability and stability of silver doped with 
TiO2 helps keep excited electrons on the surface to prevent recombination of elec-
tron–hole pair (Seery et al. 2007). Doping Ag with Titanium oxide showed 82.3% 
photocatalytic degradation of MB dye (Whang et al. 2009). Incorporation of nanopar-
ticles in phytoremediation has increased remediation efficiency such as Methylene 
blue removal with Lemna minor showed 80% removal efficiency (Imron et al. 2019) 
whereas silver nanoparticle synthesized from honey showed 92% removal efficiency 
in 72 h,under the influence of acidic pH (pH 2) exposure of reactive sites increases 
the degradation rate (Al-Zaban et al. 2021). Iron nanoparticles synthesized from tea 
with high concentration of polyphenols show approx. 190 mg/g removal capacity 
of malachite green dye. High reduction potential of Epicatechin and Catechin like 
polyphenols rich tea reduces iron ions effectively (Das and Eun 2018).  The size of  
the synthesized nanoparticles also plays a crucial role in their catalytic performance, 
as the size gets smaller the performance get better (Akbari et al. 2020). 

Zeta potential analysis of Fe-NP biosynthesized from tea extracts for degradation 
of cationic dyes shows interaction between negative charge on Fe-NP and posi-
tive charge on the surface of dye like rhodamine B, malachite green. Adsorption 
process initiates with adsorption of dye on surface reactive sites of Fe-NP. H2O in  
the vicinity reacts with Fe0 thus loses electrons taken up by H+ and creates reducibility 
by producing active hydrogen. Ultimately, benzene rings of dye molecules are 
interrupted by accepting electrons from active hydrogen (Xiao et al. 2020). 

Nanoparticles have been found exposed in the environment be it for treating envi-
ronmental pollutants or for any other use. In the environment, nanoparticles can serve 
as a precursor for other particles to bind with and affect atmospheric chemistry, the 
state of microorganisms in the environment, and pollutants (Balakrishna et al. 2017). 
Several studies conducted on photocatalytic degradation of dyes are mentioned in 
Table 5.3.

5.4.2 Remediation Potential of Phyto-Nanoparticles 
for Heavy Metals 

Amongst several environmental pollutants, Heavy metals are second most reported 
class of toxic pollutants (Frankenberger and Losi 2015). Exposure time and dose of
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heavy metals influence their potential of toxicity to human health and environmental 
risk. Mismanaged discharge of heavy metals like Cadmium, Chromium, Copper, 
Arsenic, lead, and zinc contaminated industrial effluent into hydrosphere remains 
one of the key reasons for contamination (Barakat 2011). Anthropogenic activities 
like the use of fertilizers, fuel combustion, mining, etc. contribute to the heavy metal 
index (Ahmad et al. 2020). Heavy metal like Cr is found in toxic form like Cr6+ in 
wastewater whereas Cr3+ is non-hazardous but is often oxidized into hazardous form 
like Cr6+. Therefore, adsorption and recovery of heavy metals from water sources 
is crucial task (Ahmed et al. 2013). Due to the high surface area to volume ratio 
of nanoparticles, the adsorption of pollutants to their surface helps with their co-
precipitation. Along with adsorption, their magnetic property extensively carries out 
decontamination of pollutants (Bhavya et al. 2021). For example, Fe-NP synthesized 
from Eucalyptus adsorbs pentavalent arsenic through Intradiffusion model i.e., first, 
adsorption of arsenic on Fe-NP surface followed by deeper penetration until equi-
librium is achieved. FeNP showed the adsorbent capacity of arsenic in wastewater 
by 27.7% (Rufus et al. 2019). Phyto-nanoparticles exhibit benefits over phytoreme-
diation, since phytoremediation is a time-consuming process due to the slow growth 
of plants, lesser biomass, and the remediation process takes more time (Miri et al. 
2018). With the use of nanoparticles in the phytoremediation process, nanoparticles 
stabilize heavy metals by adsorption and facilitate their easy remediation (Sorbiun 
et al. 2018). For example, Phytoremediation of arsenic from contaminated soil by 
Vetiveria zizanoides showed 71% removal of Arsenic from soil in 90 days on the other 
handiron nanoparticles synthesized from Prangos ferulacea could remove 93.8% of 
arsenic in 20 min at 2 g/L concentration on nanoparticles. Adsorption of Arsenic ions 
by iron nanoparticles was noticed to be maximum around neutral pH but in acidic pH 
with more protons, adsorption declined due to lesser availability of sorption surface 
for As (Karimi  et  al.  2019). The fact that nanoparticles like nZVI are intended to 
remediate heavy metal pollutants from soil, they may be sediment in soil and reach to 
groundwater and make drinking water toxic (Roberto et al. 2020). FTIR analysis of 
Ag-NP synthesized from Convolvulus arvensis for heavy metals (Cu2+) adsorption 
shows involvement of –COOH and –OH functional groups in adsorption of copper 
ions through ion exchange and formation of coordination bonds between adsorbent 
and heavy metal ion (Al-Senani and Al-Kadhi 2020). A comparative study done 
on five different plants (black tea, green tea, eucalyptus, oak tree, pomegranate) for 
Fe-NP green synthesis for arsenic removal from contaminated water. Experiments 
revealed eucalyptus Fe-NP had highest adsorption efficiency of 39.9 mg/g. EDS 
study on Fe-NP result suggested a possible connection between the iron content 
and adsorption capacity. Highest Fe percentage of Eucalyptus Fe-NP amongst other 
nanoparticles showed highest adsorption capacity for arsenic (Kamath et al. 2020). 
Several studies employed Phyto-nanoparticles for remediation of heavy metals has 
been listed in Table 5.4.
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5.4.3 Remediation Potential of Phyto-Nanoparticles 
for Pharmaceutical Products 

Pharmaceutical residues are emerging pollutants, due to their ability to assimilate in 
animals and humans as well as their stability to persist in the environment makes them 
hazardous for human health and the environment. Their connectivity from humans 
and animals to treatment plants through sewage water elevates their risk of exposure 
(Yan et al. 2017). The inefficiency of other techniques like chlorination and filtration 
etc., used for remediating pharmaceutical byproducts, encourages the utilization of 
cost-effective and eco-friendly processes such as Phyto-nanoremediation (Husein 
et al. 2019). Open release or exposure of free nanoparticles even for remediation 
purposes can cause inhalation by workers or farmers and can cause skin exposure. 
Nanoparticles tend to cross biological barriers and enter the human body resulting 
in the potential release of ROS hence oxidative stress (Guzmán et al. 2006). 

Studies conducted in recent years have made suggestions for remediation of 
contaminated water resources with Phyto-nanoremediation (Malakootian et al. 
2019). For example, Phyto-nanoremediation of Ibuprofen from the water via 
composite Fe-NP synthesized from black tea had shown 92% of adsorption capacity 
in half-hour considering polyphenol and caffeine as reducing as well as capping 
agent in the process of green synthesis (Ali et al. 2016). Cicer arietinum used to 
investigate phytoremediation potential to degrade ciprofloxacin was 60% in 7 days 
(Shikha 2016) although when employed magnetite nanoparticles synthesized from 
peel extract of lemon, grape, cucumber for degrading antibiotics showed more than 
90% remediation of ampicillin (Stan et al. 2017). Experiments done over the last few 
years have concluded that the adsorption capacity of iron nanoparticles for antibiotics 
is not only decided by smaller size and higher surface area of nanoparticles but also 
by the molecular interaction between the drug particles and nanoparticles serving to 
be potential for antibiotic removal (Ivashchenko et al. 2015). Some studies attribute 
the adsorption capacity of nanoparticles for drug particles to pH. Study mentioned 
in the table below, removal of drugs like Ibuprofen, Naproxen, and Diclofenac by 
copper nanoparticles green synthesized from Tilia. In acidic pH, the electrostatic 
attraction of copper nanoparticles towards drug particles can be the cause of higher 
absorption because at a pH value of 4.5 the drug particles exist as cationic form. Other 
than pH, the adsorbent dose of nanoparticles also provides evident proof for their 
better adsorption capacity. Higher adsorbent dose provides larger surface area for 
the absorption of drug particles whereas Lesser nanoparticle concentration provides 
lesser surface area for adsorption of drug particles on copper nanoparticles therefore 
by increasing the dose of copper nanoparticles the possibility of adsorption of the 
drug on copper nanoparticle increases (Husein et al. 2019).Details of remediation of 
pharmaceuticals residues with the help of photo-nanoparticles are mentioned in the 
Table 5.5.
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5.4.4 Remediation Potential of Phyto-Nanoparticles 
for Polycyclic Aromatic Hydrocarbons (PAHs) 

Organic pollutants like polycyclic aromatic hydrocarbons are actively assessed for 
toxicity and ability to accumulate in the environment hence for their degrada-
tion, environmentally friendly technology like Phyto-nanoremediation fulfills the 
demand via adsorption, degrading, photocatalytic (Rani and Shanker 2018). Incom-
plete combustion of fuel, petroleum refineries, volcanic eruptions, fuel seepage are 
some common anthropogenic and natural sources of generation of PAHs. PAHs 
released directly into the atmosphere and their accumulation in the atmosphere tends 
to find a way into the soil and human body. Mutagenic and carcinogenic proper-
ties of PAHs make them the pollutants of higher risk to human health (Abdel-Shafy 
and Mansour 2016). Process of bioremediation could get expensive due to involve-
ment of certain techniques (Wilson and Jawson 2015) thus managing pollutants like 
polycyclic aromatic hydrocarbons with eco-friendly Phyto-nanoparticles technique 
is suitable for treating soil, water bodies, and sediments (Patel et al. 2020). SiO2NP 
synthesized from the root extract of Erigeron annuus were used to remove PAHs 
from the soil, experiment showed promising results by protecting plants grown in 
PAHs contaminated soils thus indicating remediation potential for PAHs (Zuo et al. 
2020). Efficient adsorbing and photocatalytic properties of nanoparticles help with 
the degradation of organic pollutants like PAHs while optimizing certain factors 
affecting their activity like pH, catalytic time, temperature, the concentration of pollu-
tant, and photocatalyst (Hassan et al. 2015). Comparative studies on the remediation 
potential of phytoremediation to Phyto-nanoremediation demonstrate the benefits 
of using nanoparticles for bioremediation as a better alternative. Phytoremediation 
of pyrene showed 57% removal efficiency (Jeelani et al. 2017) on the other hand 
silver nanoparticle synthesized from Allium sativum could remediate more than 85% 
of pyrene under conditions like higher temperature around 65 °C as well as under 
acidic environment (Abbasi et al. 2014). 

Catalytic activity of silver and gold nanoparticles synthesized from Breynia rham-
noides for 4-nitrophenol (vehicle emission (Perrone et al. 2014)) shows catalytic 
rate constant of ∼9.2 × 10–3 s at minimal initial concentration. As a result of the 
experiment, increasing the concentration of the plant extract significantly decreased 
the catalytic efficacy of Ag-NP and AuNP and the catalytic efficacy increases with 
increasing the dose of Ag-NP and AuNP because of the higher surface area (Gangula 
et al. 2011). As mentioned in the table below, study conducted on Ag-NP synthe-
sized from Dodonaea viscosa extract and NaBH4 to reduce a toxic pollutant like 
4-nitrophenol into a less toxic product like 4-aminophenol (Serrà 2020) and 2-
nitrophenol into 2-aminophenol. The best result of reduction were obtained from 
the Ag-NP synthesized in the ratio of 30:25 for extract and metal salt and this partic-
ular group of Ag-NP served the most greatest surface area for the adsorption of 
organic pollutant to Ag-NP (Shah et al. 2021).Details of the remediation potential of 
Phyto-nanoparticles are compiled in the Table 5.6.



132 R. Pal et al.

Ta
bl
e 
5.
6 

R
em

ed
ia
tio

n 
po
te
nt
ia
l o

f 
va
ri
ou
s 
Ph

yt
o-
na
no
pa
rt
ic
le
s 
fo
rp
ol
yc
yc
lic
 a
ro
m
at
ic
 h
yd
ro
ca
rb
on
s 
PA

H
s 

N
an
o 

pa
rt
ic
le
s 

Pl
an
t s
ou
rc
es

PA
H
s

C
on
ce
nt
ra
tio

nr
an
ge
 

(N
P:
 P
A
H
s)
 

R
ea
ct
io
nt
tim

e
pH

/te
m
p/
 

lig
ht
 

D
eg
ra
da
tio

n 
ra
te
/ 

ef
fic

ie
nc
y 

R
ef
er
en
ce
s 

Ir
on
 

he
xa
cy
an
of
er
ra
te
s-
N
P 

Sa
pi
nd
us
-m

uk
or
os
si

A
nt
hr
ac
en
e,
 

Ph
en
an
th
re
ne
 

C
hr
ys
en
e,
 

Fl
uo
re
ne
 

25
 m
g:

50
m
g
L

−1
48
 h
ou
rs

pH
 7
/ 

Su
nl
ig
ht
 &

 
U
V
 

80
–9
0%

 (
A
n,
 P
h)
 

70
–8
0%

 (
C
h,
 F
l)
 

Sh
an
ke
r 
et
 a
l. 

( 2
01
7)
 

Z
nS

-N
P

F
ic
us
 jo

ha
nn
is

N
ap
ht
ha
le
ne
, 

A
nt
hr
ac
en
e,
 

C
hl
or
op
he
no
l 

10
 m

g:
 5
0 
m
L

12
0 
m
in

U
V
 

ir
ra
di
at
io
n 

≈1
00
%
 

≈1
00
%
 

>
80
%
 

R
aj
ab
i e
t a
l. 

( 2
02
0)
 

Z
nO

/S
iO

2
N
P

B
ut
ea
 m
on
os
pe
rm

a
A
ce
na
ph
th
yl
en
e

1 
g/
l: 
50

 m
g/
L

4 
ho
ur
s

pH
 9
30

°C
73
%

B
ha
ra
ti 
an
d 

Su
re
sh
 (
20
17
) 

C
u-
N
Ps
 

A
g-
N
P 

A
za
di
ra
ch
ta
 in

di
ca

N
ap
ht
ha
le
ne

5
m
g/
l:
 7
m
g/
l

30
 m

in
s

15
0 
rp
m

98
.0
7%

 
89
.7
1%

 
A
bb

as
 e
t a
l. 

( 2
02
0)
 

Z
nF

e 2
O
4 
ch
ito

sa
n 

co
at
ed
-N

P 
A
za
di
ra
ch
ta
-i
nd

ic
a

A
nt
hr
ac
en
e 

Ph
en
an
th
re
ne
 

20
 m

g:
 2
 m

gL
−1

12
 h
ou
rs

pH
 7
/ 

su
nl
ig
ht
 

95
%
 

92
.2
%
 

R
an
i a
nd
 

R
ac
hn
a 
( 2
02
0)
 

A
u-
N
P

A
rt
em

is
ia
 c
ap

il
la
ri
s

4-
ni
tr
op
he
no
l

10
0 

μ
L
: 

1 
m
L
(0
.4
 m

M
) 

20
 m

in
s

24
 °
C
 

18
,0
00
 r
pm

 
1.
46
 ×

 1
0–

3
L
im

 e
t a
l. 

( 2
01
6)
 

Fe
3
O
4
-P
d-
G
ra
ph
en
e 

ox
id
e-
N
P 

W
. c
oa
gu
la
ns

4-
ni
tr
op
he
no
l

5 
m
g:
 2
5 
m
l 

(2
.5
 M

m
) 

1
m
in

0.
05
1 
s−

1 

(K
in
et
ic
 r
at
e 

co
ns
ta
nt
) 

A
ta
ro
d 
et
 a
l. 

( 2
01
6)
 

Pd
-G

ra
ph
en
e 

ox
id
e-
N
P 

B
er
be
ri
s 
vu
lg
ar
is

N
itr
oa
re
ne
s

6.
0 
m
g:
 1
.0
 m

m
ol

90
 m

in
s

50
 °
C

98
%

N
as
ro
lla

hz
ad
eh
 

et
 a
l. 
( 2
01
6)
 

A
u-
N
P

D
el
on

ix
 r
eg
ia

O
-n
itr
oa
ni
lin

e
0.
00
5 
g:
 3
 m

L
50
 °
C
8

35
.3
8 

× 
10

–2
 

M
in

−1
 

(R
ed
uc
tio

nr
at
e)
 

D
au
th
al
 a
nd
 

M
uk
ho
pa
dh
ya
y 

( 2
01
6) (c

on
tin

ue
d)



5 Environmental Pollutants Remediation Using Phyto-Nanoparticles … 133

Ta
bl
e
5.
6

(c
on
tin

ue
d)

N
an
o

pa
rt
ic
le
s

Pl
an
ts
ou
rc
es

PA
H
s

C
on
ce
nt
ra
tio

nr
an
ge

(N
P:

PA
H
s)

R
ea
ct
io
nt
tim

e
pH

/te
m
p/

lig
ht

D
eg
ra
da
tio

n
ra
te
/

ef
fic

ie
nc
y

R
ef
er
en
ce
s

Fe
3
O
4
-C
u-
N
P

Il
yb
um

 m
ar
ia
nu
m

N
itr
oa
re
ne

2.
0 
m
ol
%
: 1

.0
 m

m
ol

50
 °
C

95
%

Sa
ja
di
 e
t a
l. 

(2
01
6)
 

A
g-
N
P

D
od
on
ae
a 
vi
sc
os
a

4-
N
itr
op
he
no
l 

2-
N
itr
op
he
no
l 

10
 m

g:
 0
.1
 m

m
18
 m

in
93
.1
%
 

96
.8
%
 

Sh
ah
 e
t a
l. 

( 2
02
1)



134 R. Pal et al.

5.4.5 Remediation Potential of Phyto-Nanoparticles 
for Biocides 

Biocides are a group of chemical products, natural or synthetic origin, used to inhibit 
the growth of unwanted microbes. Accumulation of byproducts of biocides like 2,4-
dichlrophenol in soil and water, holds for major environmental pollution (Hasanin 
et al. 2021). The release of these compounds in open surface water deteriorates the 
condition of drinking water. Biocides enter the environment through water running 
through agricultural fields, leaching from building materials (Durak et al. 2021). As 
the agricultural demands increases globally, fertilizers, pesticides, and herbicides are 
vigorously used as common practice in agriculture, which leads to defiling of surface 
soil, surface, and groundwater (Rasheed et al. 2019). Health concerns related to 
exposure to biocides are as serious as benign or malignant tumors, genetic disorders, 
and reproductive disorders (Lorenz 2017). Trifluralin, pendimethalin and Monsanto, 
Imazapyr are a few of the most widely used pesticides and herbicides respectively 
(Özkara et al. 2016). The intervention of Phyto-nanoremediation technology in 
remediation of toxic pollutants like pesticides and herbicides assist with low-cost 
management of environmental pollutant. A remediation experiment conducted on 
green synthesized Ag/Cu nanoparticles from papaya extract has shown degrada-
tion of pesticide like chlorpyrifos into its metabolite 3,5,6-trichloropyridinol (TCP) 
confirmed by the appearance of characteristic peak of TCP in UV–Vis spectroscopy 
and LC–MS (Rosbero and Camacho 2017) whereas chemically synthesized iron 
nanoparticle degraded 95% hexachlorocyclohexane pesticide in 2 days (Elliott et al. 
2008). Phytoremediation of Ricinus communis for organochlorine Pesticide like 
chlorpyrifos had remediation potential of approx. 25%in 66 days (Rissato et al. 
2015),this inefficiency of remediation could be overcome in a shorter period by 
utilizing nanoparticles like silver nanoparticle (100 mg) to remediate 3 mg/l chlor-
pyrifos in 5 h. Concentration ratio of both Ag-NP and Pesticides serves as a factor 
for effective degradation results (Manimegalai et al. 2014). Mineralization with the 
help of nanoparticles effectively degrades pesticides while avoiding the drawbacks 
for other methods used to degrade pesticides like expensiveness and time consump-
tion (Zayed et al. 2001). These approaches based on green nanotechnology utilizing 
plants to replace the function of chemicals are turning to be promising for eco-
friendly degradation of hazardous pollutant. Although participation of nanoparticles 
does leave behind a concern due to their smaller size, once they are released in an 
aqueous solution it is challenging to recover dispersed nanoparticles. Immobilizing 
of nanoparticles on a biological matrix can make their recovery easier than just 
release them in solutions (Rawtani et al. 2018). Details of Phyto-nanoparticles and 
their remediation potential for biocides are compiled in the Table 5.7.
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5.5 Conclusion 

Deterioration of human health and quality of lifestyle has been majorly affected 
by the overwhelming increase in global population, Industrialization demand, fuel 
combustion, vehicle emission, etc. To revive the compromised status of the envi-
ronment, development, and employment of transformative technology like Phyto-
nanoparticles for bioremediation of environmental pollutants is desired. Phyto-
nanoremediation is revolutionary from batch experiment to large scale-up, easy 
availability of plants, reusability of nanoparticles, natural reducing and stabilizing 
agents, application in soil, water, air resources, less energy demand to a sustain-
able approach. Through optimization of key factors associated with nanoparticles 
and their synthesis, like pH, light exposure, agitation, temperature, alkalinity, the 
concentration of metal ion precursor and plant, their working efficiency could be 
enhanced for better interaction and adsorption between nanoparticles and pollutants. 
Reviewed literature has proved supporting data for synergistic relation between biore-
mediation and nanotechnology for sustainable treatment of different pollutants. To 
completely accept phyto-nanoremediation as a stable and secure method to deal with 
different sorts of pollutants, more studies need to be done to completely understand 
their potential, working mechanism, consequences, and residual toxicity in water, 
soil, and air. Finally, Phyto-nanoremediation is a potent emerging technology whose 
global acceptance can alter the state of environmental pollution. 
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Chapter 6 
Biogenic Synthesis of Nanomaterials: 
Bioactive Compounds as Reducing, 
and Capping Agents 

Shashank Yadav, Tirth Nadar, Jaya Lakkakula, and Nilesh S. Wagh 

Abstract Nanotechnology is the work done at a nano level to create or modify a 
biological compound for greater good. There is a wide range of bioactive compounds 
derived from algae bacteria and plants like phenolic compounds, carotenoids, tannins, 
organic acids, omega-3 fatty acids, etc. which are used for the production of nanopar-
ticles. Secondary metabolites, phytochemicals and various compounds can act as 
bio-compounds and are being widely used in different fields like pharmaceutical, 
medicinal, and environmental products. Bioactive compounds (BACs) can modu-
late metabolic processes and promote better health. They exhibit antioxidant activity 
in which these bioactive compounds can scavenge free radicals in the body and 
can prevent oxidative damages and heart problems. Bioactive compounds can also 
inhibit receptor systems to block certain signals and stimulation or inhibition of 
enzymes and gene expressions. They can be also used in treatments for cancer, 
inflammatory diseases, microbial infections and other medical conditions. These days 
Nanoparticles are also used in drug delivery, they promote controlled release of BACs 
improving distribution of prescribed drug in the blood stream for a longer period of 
time and improve beneficial effects on target tissue or organ. The use of capping 
agents for controlling growth, aggregation, and physical and chemical properties is 
the key area of concern in the synthesis of nanoparticles. In our work, we have majorly
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focused on green synthesis of Au, Cu, Ag and Fe nanoparticles which display excep-
tional attributes and higher surface area and have potential application in numerous 
fields including food, sensors, optics and most importantly in medicine, they have 
attracted much attention of the researchers due to their promising bioactivates and 
non-toxic nature. 

Graphical Abstract 

Keywords Bioactive compounds · Capping agent · Secondary metabolites ·
Green synthesis 

6.1 Introduction 

Nanoscience and technology are concerned with the scientific analysis of mate-
rial properties and their applications at the nanoscale. Richard Feynman, a respected 
physicist and Nobel winner, pioneered the idea of nanotechnology in 1959 (Karvekar 
et al. 2022). The biological features of Nanoparticles (NPs) have been the topic of 
recent studies; nonetheless, there are risks about their long-term damage. Significant 
advancements in nanoparticle production and surface modification, as well as the 
use of unique biogenic capping agents, have enabled the biosynthesis of surface-
functionalized, nontoxic, monodispersed nanoparticles for therapeutic purposes. 
These capping agents function as stabilizers or binding molecules, preventing aggre-
gation and steric hindrance, altering bioactivity and surface properties, and stabilizing 
nanoparticle interaction within the preparatory media (Sidhu et al. 2022).After all, 
bioactive compounds originating from a diverse range of plants and microorganisms,
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especially algae and bacteria have huge promise for application as cancer, microbial 
infection, inflammatory illnesses, and other medical problems therapies. Encapsu-
lated bioactive substances and pharmaceuticals in nanoparticle drug delivery systems 
are protected from degradation and allow for regulated release, enhancing bio-
distribution and allowing them to target regions effected by biological abnormalities 
(Abbas et al. 2022). 

Nanoparticles having at least one dimension ranging from 1 to 100 nm display 
distinct attributes due to their extremely small size and high surface area to volume 
ratio, which has resulted in considerable variations in properties compared to their 
bulk counterparts. Plant extracts are utilized in the green biosynthesis of NPs. Biosyn-
thesis of NPs is a popular field of research due to its various applications in phar-
maceutics, biomedicine, agriculture, and industrial domains, as well as being an 
environmentally responsible strategy that employs nontoxic precursors to limit waste 
production (Shalaby et al. 2022). Many plants have been investigated as potential NP 
precursors like mushrooms which contains numerous medicinally important bioac-
tive compounds such as polysaccharides, proteins, lipids, ash, glycosides, alkaloids, 
volatile oils, tocopherols, phenolics, flavonoids, carotenoids, folates, and ascorbic 
acid. So, the use of edible and medicinal mushrooms to synthesize nanoparticles 
has emerged as an interesting subject in the field of medical research (Pathak et al. 
2022). Similarly floral nanoparticles have received significant interest as a poten-
tial environmentally friendly and sustainable pathway. Rosa floribunda charisma is 
a contemporary rose with brilliant yellow and red blossoms and a wonderful rose 
aroma. The flower aroma was extracted using several procedures, including hexane, 
microwave, and solid-phase micro-extraction. This is the most effective process for 
extracting phenyl ethyl alcohol, which gives roses their distinct perfume. Inas Y. 
et al. used Rosa floribunda charisma petals to produce magnesium nanoparticles 
(RcNPs), which offer advantages beyond chemical and physical approaches (Younis 
et al. 2021). Furthermore, marine resources are the most potential source for devel-
oping a new generation of biological nanoparticles. So, for the first time, biogenic 
CeO2 NPs are using marine oyster extract as an effective and abundant source of 
bio reducing and capping compounds in a one-pot composition (Safat et al. 2021). 
The majority of nanoparticle characteristics are size dependent because the unique 
features of nanoparticles do not emerge until the size is lowered to the nanometer 
scale. 

So, various characterization methods used in the research papers, including Trans-
mission electron microscopy (TEM), X-Ray Diffraction (XRD), Selected Area Elec-
tron Diffraction (SAED), Ultraviolet–visible spectrophotometer (UV–Vis), Energy 
Dispersive X-ray Analysis (EDAX), Zeta Potential (ZP), Surface Plasmon Reso-
nance (SPR),Fourier transform infrared (FTIR), and Scanning electron microscope 
(SEM), techniques to demonstrated the ability to create stable nanoparticles and to 
determine their size. Following are a few examples of synthesizing gold nanoparti-
cles (AuNPs), silver nanoparticles (AgNPs), iron nanoparticles (FeNPs), and copper 
nanoparticles (CuNPs) using bioactive compounds as capping and reducing agents 
(Table 6.1).
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6.2 Bioactive Compounds as Reducing and Capping Agents 

The green chemistry approach has continuously been applied for the synthesis of 
functional nanomaterials to reduce waste, environmental hazards, and the use of toxic 
chemicals among other reasons. Bioactive natural compounds have been found great 
potential in this regard and are used to improve the stability, activity, and biodistribu-
tion of metal nanoparticles (MNPs) (Akinfenwa et al. 2021b). Plants, among other 
biological sources, have received a lot of interest for nanoparticle synthesis. Alka-
loids, terpenes, saponins, phenols, alcohols, and proteins are bioactive compounds 
that function as reducing and capping agents. The extracted bioactive compounds aid 
in the reduction of size and shape-controlled nanoparticles. These bioactive nanopar-
ticles have a wide range of biological and pharmacological uses. A vivid explanation 
of the function of isolated bioactive compounds in green nanoparticle synthesis as 
well as bioactivity and biocompatibility of green biosynthesized nanoparticles is 
given in this article (Saravanan et al. 2021). 

6.2.1 Gold Nanoparticles 

Gold nanoparticles may be coated with various materials such as small molecules, 
biomolecules, and polymers, so they have a wide variety of uses in many domains 
such as catalysis, sensory probes, drug transport, and therapeutic agents. So far, gold 
NPs have been produced utilizing secondary metabolites from several plants. There 
are various publications on gold NPs synthesis available; one research indicates that 
Hibiscus rosasinensis was employed at room temperature to synthesized AuNPs, and 
the NPs were stable. Another work employed aqueous leaf extract of Callistemon 
viminalis as a reducing agent to generate gold NPs, which were then studied using 
physicochemical techniques (Nasr-Esfahani & Ensafi 2022) (Vanti & Kurjogi 2021). 

In this study, Princy Kaithavelikkakath Francis et al. used the aqueous brown 
seaweed L. variegata extract as a bio reductant to synthesize monodispersed and 
extremely stable AuNPs in a sustainable manner. Using TEM, XRD, SAED, UV– 
Vis, EDAX, and FTIR techniques, the characterizations of the biosynthesized AuNPs 
were studied. The spherical nanoparticles, which had a Surface Plasmon Resonance 
(SPR) band at 530 nm in the UV–Vis, had a size range of 11.69 ± 2.38 nm. SAED 
pattern showed bright rings, TEM images clear lattice fringe, and in the XRD pattern 
(111), (200), and (220) Bragg’s reflections showed that the Au nanoparticles were 
crystalline. It can be noted that the AuNPs contained all significant peaks in the 
aqueous seaweed extract, revealing the contribution of the seaweed extract to the 
reduction and capping of the AuNPs. O–H stretching vibrations from phenols and 
alcohols are also what cause the strong intensity broadband to emerge between 3400 
and 3450 cm−1, C-N stretching vibration is thought to be accountable for the band 
at 1385 cm−1, carboxylic acid functional group is indicated by the absorption peak 
at 1028 cm−1. The carbonyl group of proteins –C14O group may be the reason of
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another high peak at 1624 cm−1. The vibrations produced by the C-H stretching 
might be attributed to a small peak at 2928 cm−1. The research focuses on efficiency 
of synthesized AuNPs as eminent catalysts in the degradation of contaminants like 
4-nitrophenol (4NP), 3-nitrophenol (3NP), 2-nitrophenol (2NP) and using NaBH4 to 
the specific amino phenols, rate constants noticed were in the reducing manner k2NP 
> k4NP > k3NP. Due to their outstanding SPR in the visible region, AuNPs are of 
particular interest among noble metal nanoparticles and have numerous applications 
in a variety of industries, including drug delivery, surface-enhanced Raman scat-
tering, optoelectronics, bio-imaging, biological labelling, catalysis, and antimicrobial 
(Kaithavelikkakath Francis et al. 2020). 

Furthermore, Roxana-Diana Pasca et al. for the green synthesis of Gold NPs in this 
research used plant extracts from hypericum, hamamelis, angelica for the reduction 
of Chloroauric acid (H[AuCl4]). The UV–Vis absorption spectra ranged from 190– 
900 nm. The UV–Vis spectral data of the colored plant extracts reveal absorption 
peaks near UV and also in the visible region, whereas H[AuCl4] absorbs in 220– 
230 nm range, further in FTIR, spectra in the 4000–400 cm−1 region were acquired 
for each plant extract and the AuNPs using an FTIR spectrometer and the KBr 
pellet technique. Angelica extract exhibits the maximum absorption at 3370 cm−1 

that correlates to the hydroxyl group in alcohols and phenols also the intensity of 
this band is much lessened once Au(III) is reduced in an alcoholic solution, band at 
1055 cm−1 is due to the C-O groups of the polyols contained in Angelica extract, 
such as polysaccharides, flavones, and terpenoids, similarly reduces after the Au(III) 
reduction. The symmetry and asymmetry of the two bands of AuNPs higher than 
original extract was seen at 1410 cm−1 and 1655 cm−1, COO stretching indicated the 
formation of carboxylic acids by the oxidation of components in Angelica extract, C-
H stretching were seen at band 2925 cm−1 due to methylene, are not totally different 
either of these two samples. The FTIR spectra of hypericum and hamamelis extracts 
indicated the same properties before and after AuNPs biosynthesis. The sizes of the 
AuNPs, which ranged from around 4 nm to 8 nm, were obtained with a pH of about 8 
and at ambient temperature and they display different forms from round, oval, heart-
shaped and polyhedral shapes. With plant extracts from Angelica, Hamamelis, and 
Hypericum, Au(III) was quickly reduced to Au(0) at normal room temperature and 
for high dilutions of the plant extract, indicating the presence of a significant amount 
of a reducing agent. The AuNPs systems were most stable at an alkaline pH of 8–10. 
The spontaneous assembly of AuNPs is rarely observed, and the colloidal dispersions 
of AuNPs are usually very stable over time. The probability for the AuNPs to self-
aggregate, however, increased with lower concentrations of the plant extract. The 
plant extracts contain reducing agents, substances that stabilize AuNPs, as well as 
elements that facilitate their self-assembly. Considering at least two properties, their 
size and water stability, the AuNPs synthesized by these biogenic syntheses provide 
many biological and medicinal applications (Pasca et al. 2014). 

Similarly, Neveen Abdel-Raouf et al. used Galaxaura elongata powder or extract 
to synthesis AuNps in this study. It was found that stable AuNPs develop fast in an 
aqueous medium of Galaxaura elongata extract at standard air conditions. Most of 
the particles were spherical, with a some of hexagonal, triangular, rods and truncated
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shaped nanoparticles as well, according to TEM analysis. The size range of the Au 
nanoparticles according to zeta potential studies is 3.85–77.13 nm. The use of FTIR 
demonstrated that alga chemicals were used to cap the nanoparticles. Bands which 
are associated with amide bonds of proteins, are present at nearly 2158.12, 332.49 
and 1635.09 cm−1 in aq. extract state and 2158.28, 3414.96, and 1640.60 cm −1 in 
powder state and are caused, respectively, by free –N–H-stretch and carbonyl stretch 
vibrations in the amide linkages of the proteins. The carbonyl group forms amino acid 
residues, and peptides of proteins have a better propensity to link metal, according to 
the FTIR spectroscopic analysis. As a result, AuNPs will be capped to avoid particle 
aggregation and stability in the medium. With these results, it is conceivable that 
biological molecules have a contribution to the stabilization and formation of AuNPs 
in aqueous medium. The OH stretching band sharpened with no visible displacement 
seen in the FTIR spectrum because it overlaps with other bands. It was anticipated 
that the infrared bands associated with the carboxyl groups would shift. The change 
in color from light yellow to red in the reaction solution of metal ion solution and 
algal extract or powder was seen clearly. The solution was then analyzed under UV– 
Vis, measured at 500–600 nm using a quartz cuvette in order to observe the bio 
reduction of gold ions in aqueous solution. Using the GC–MS QP5050A system, the 
chemical composition of the crude ethanolic extract was examined for the concen-
trations of fatty acids, flavonoids and amino acids were studied using an HPLC 
system. The chemical components of the algal extract, including andrographolide, 
glutamic acid, hexadecanoic acid, alloaromadendrene oxide, stearic acid, oleic acid, 
gandoic acid, gallic acid, epigallocatechin catechin, and epicatechin gallate, which 
may function as capping and stabilizing agent, were identified. The biologically 
produced AuNPs were tested for their antibacterial efficiency against five harmful 
bacteria and shown effective bactericidal activity. They tested for their antibacterial 
properties was against Escherichia coli, MRSA, and Klebsiella pneumoniae, AuNPs 
synthesized by ethanolic extract showed better antibacterial properties, with inhibi-
tion zones of 17–16 mm. Staphylococcus aureus and Pseudomonas aeruginosa came 
in second and third. Furthermore, it was discovered that the NPs synthesized with the 
powder of Galaxaura elongata were quite effective against K. pneumoniae and E. 
coli. However, Galaxaura elongata’s free ethanolic extract only shows strong effec-
tiveness against MRSA. The findings of this work indicate that this technology for 
synthesizing Gold NPs from Galaxaura elongata cell extracts is an appealing green 
procedure that is economical, ecologically friendly, and beneficial for producing a 
large quantity of Gold NPs (Abdel-Raouf et al. 2017). 

Moreover, Akeem O. Akinfenwa et al. used Green Roobios and Aspalathus 
linearis aq. extracts to biosynthesis gold NPs. The research also found that when 
compared to whole plant extracts, the pure component had a relative benefit for 
lower sizes of nanoparticle forms. The finding shows that ASP and GR might func-
tion as stabilizer and reducing agents in the nano particle synthesis, the dispersity 
of crystals were in the ranges of 7.5–12.5 nm. The crystalline nature of the AuNPs 
is confirmed by X-ray crystallography at room temperature. The AuNPs for both 
GR and ASP showed four unique Bragg peaks located at 38.185z, 44.393z, 64.578z, 
and 77.549z (2θ), corresponding to crystallographic reflections (111), (200), (220),
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and (311) from crystalline gold planes. The prominent peaks found at 1050–1076, 
1698–1715, 2950–3000, and 3300–3340 cm−1 corresponded to their respective C– 
O (phenolic), C = O (α, β-unsaturated ketone), C–H (aromatics), and a wide O–H 
vibrational stretching bonds in the FTIR of the GR and ASP and their biosynthe-
sized nanoparticles. The functional groups observed in GR and ASP were likewise 
detected in AuNPs, according to the IR spectra. In the two NPs, the C-H vibrational 
frequencies of ASP in the AuNPs were altered from 2995 to 3000 cm−1. Further-
more, the C-O bands of GR and biosynthesized NPs were blue-shifted by around 
3 cm−1 in the NPs. The spectra also revealed that all of the NPs had greater peak 
intensities prior to production. These differences in absorptions before and after 
synthesis indicated that they were involved in the bio-reduction process. In the UV– 
Vis ranges of 400–500 nm (yellowish-brown) for the AuNPs is known to exhibit 
distinctive SPR. According to a cytotoxic potency comparison of the IC50 values of 
the original and the synthesized AgNPs from both the plants, the synthesized AgNPs 
of Green Roobios and ASP were more efficient in stopping growth of cancer cells 
than the pure substance or the plant extract alone. The cellular uptake study revealed 
considerable AuNP uptake and indicated that rooibos AgNPs at a lower concentra-
tion (1.3–1.5 g/mL) are effective for their anticancer properties. The biosynthesized 
AuNPs can be utilized in medical applications such as medication delivery to cancer 
cells (Akinfenwa et al. 2021a). 

Diksha Pathania et al. used an economically beneficial medicinal plant called 
Cymbopogon fexuosus (CF) which function as a capping, reducing, and stabilizing 
agent, yields essential oil that has exceptional physicochemical, anti-tumor, anti-
inflammatory, antioxidant, photocatalytic characteristics, antifungal, and antibacte-
rial properties. The application of aromatic essential oils in the bio fabrication of 
AuNPs is emphasized due to its ease of use, cost, low toxicity, and renewability. The 
UV–Visible peaks of AuS1, AuS2, and AuS3 at 558, 559, and 559 nm, respectively, 
confirmed the change in color from yellow to wine red (Fig. 6.1). FTIR spectra 
showed the presence of primary amide, amine, aldehyde, ketone, alcohols, alkene, 
and ethers in synthesized samples. The presence of hydroxyl and amino groups is 
shown by the appearance of distinctive peaks at 3311, 3251, 3636, and 3457 cm
−1. The occurrence of carboxylate groups is shown by the peaks at 1429, 1426, and 
1465 cm −1. C-O stretching is corelated by the peaks at 1080, 1090, 1081, 1047, 
and 952 cm −1. C-N stretching measurements at 1185, 1187, and 1085 cm–1 were 
obtained. The NH, OH, C = O, and CH-OH functional groups are represented by 
significant peaks in the FTIR of essential oil-mediated AuNPs at 3457, 2924, 1664, 
and 1085 cm−1. As a result of its antioxidant characteristics, the FTIR data reveal that 
the essential oil has a remarkable capacity to produce AuNPs. The crystalline planes 
(111), (200), (220), and (311) is assigned to the 38.22z, 44.52z, 64.54z, and 77.69z 

diffraction peaks lying on 2θ, respectively, since they indicate the face-centered cubic 
arrangement of Gold NPs. It is obvious that (111) dominates in intensity, showing 
that (111) is the primary direction in which particles are orientated. The results of the 
SEM scanning showed that the AuNPs that were mediated by the essential oils have 
a diffused morphology and an irregular nano-disc shape. The branched structure was 
generated by the self-assembly of smaller crystallites, according to the TEM images.
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The presence of essential oil in synthesized AuNPs can be clearly predicted as the 
cause of high aggregation with diffused morphology. According to studies, crystallite 
sizes typically fall between 4 and 11 nm. The XRD research is inadequately in accor-
dance with the average crystalline size, which ranged from 10 to 32 nm. The recently 
created AuNPs had a remarkable photodegradation efficacy of about 91.8% in three 
hours against the methylene blue dye. Staphylococcus aureus, Escherichia coli, and 
Fusarium oxysporum all were examined individually, and the synthesized AuNPs 
demonstrated remarkable antibacterial activity against all of them, indicating their 
ability to treat infectious diseases as an effective antibacterial. AuNPs are also useful 
for a range of green technology applications backed up by pure water, plant-extracted 
essential oils, and mostly harmless compounds (Pathania et al. 2022). 

Since honey exhibits significant pharmacological activities such as anti-
inflammatory, anti-oxidant, and antimicrobial properties it can also be utilized as a 
bioactive compound to reduce the gold NPs. C.E.A. Botteon et al. used Brazilian Red 
Propolis, which is a bee product that has anti-inflammatory, antioxidant, anti-tumor, 
antibacterial effects, and is regarded as an example of an affordable, simple, and 
ecofriendly technique for the synthesis of AuNPs utilizing plant extract. Brazilian 
Red Propolis extract were processed with fractions of ethyl acetate, hexane and 
dichloromethane for biosynthesis of AuNPs, and their structural characteristics and 
potential for use against cancer cells and microbes were assessed. Maximum absorp-
tion was observed between 500 and 550 nm via SPR Band, using UV–Visible for 
confirmation of AuNPs biosynthesis. The hydroethanolic extract and fractions of 
Brazilian Red Propolis exhibited a high potential for producing AuNPs with sizes

Fig. 6.1 UV–Vis absorption spectra of methylene blue dye using AuNPs. Reprinted with 
permission from (Pathania et al. 2022) 
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ranging from 8 to 15 nm, thus AuNPs with varying morphologies were seen. 
Ethyl acetate fraction and BRP crude extract and yielded spherical AuNPs, but 
dichloromethane and hexane fractions yielded AuNPs of varying forms also crys-
talline structure of all AuNPs was a FCC lattice. Further confirmation of crystalline 
nature was done via SAED pattern which shows circular rings that attributed to 
(220) (111), (311) and (200) Bragg’s reflection planes, exhibited diffraction peak 
was about 1700 cm−1, and the spectra of dichloromethane fractions are related to 
carbonyl groups. The peaks at 1600 cm−1 are due to COO− stretching vibration, 
which is most likely caused by polyphenol oxidation during Au+3 reduction, all of 
these bands suggest that plant extract contain significant amounts of phenol and 
alcohol. It is noted that hydroxyl groups were being changed to carbonyl groups, 
because of thinner band at 3400 cm−1 in Au nanoparticles than in extract FTIR 
spectra, which also suggests that it is the OH group from the extract that cause the 
reduction of Au ions. The absorption peaks at 1500 cm−1 are most likely generated by 
unbound NH groups present in proteins. The fact that the strength of this band dropped 
as AuNPs formed shows that the extract’s proteins were also used to cap AuNPs, thus 
enhancing their stability. The lower peak intensity at 800 cm−1 supports the coupling 
between the AuNPs and C-H group of phenolic acids. AuNPs produced using the 
hexane fractions and dichloromethane exhibited strong antifungal and antibacterial 
properties as well as cytotoxicity in the two cell types under study. AuNPs in vitro 
results show the biogenic Gold NPs’ therapeutic potential in nanomedicine (Botteon 
et al. 2021). 

The potential of Arthospira platensis’s exopolysaccharides to reduce gold ions 
into three different types of AuNPs has been shown in this study by Nehal M. El-Deeb 
et al., and the synthesized nanoparticles were stable for more than three months. 
Algal polysaccharides can be used to biosynthesize AuNPs in an easy, econom-
ical, and environmentally friendly manner. The three different kinds of biologically 
generated AuNPs1 which is 1:1 molar ratio of NaAuCl4, AuNPs2 which is 2:1 molar 
ratio of NaAuCl4, and AuNPs3 which is 1:1 molar ratio NaAuCl4. The stability of 
AuNPs was examined using UV–Vis analysis. The peak Plasmon absorptions were 
used to normalize the three spectra, which were 530.0, 540.0, and 550.0 nm. The 
aggregation state was identified visually by observing colour change to purple from 
red. Here, a blue shift was seen between 550 and 530 nm. The morphology of the 
biogenic AuNPs is a spherical shape was confirmed utilizing TEM scanning. It also 
showed that the AuNPs1 particles ranged in size from 9.0 to 30.0 nm, AuNPs2 parti-
cles ranged between 8–35 nm, and Au Nanoparticles3 ranged from 6–40 nm. The 
synthesized biogenic AuNPs showed absorption peaks at 1540.0, 1035.0, 1540.0, 
1450.0, 1640.0, and 3445.0 cm−1 upon FTIR examination, OH group may be iden-
tified by the large peak in the nanoparticles’ spectra at around 3445.0 cm−1. This  
shows that the hydroxyl groups are responsible for the reduction of Au ions, absorp-
tion band around 1640 cm−1 can be attributed to the C = O stretching vibration 
of secondary amide groups, detected peaks at about 1540 and 1450 cm−1 is due 
to the stretching –COO group vibrations. Amide groups of aromatic amines and S 
= O of sulfated extracted polysaccharides are responsible for the band at around 
1035.0 cm−1. In the microplate experiment, AuNPs3 and AuNPs1 mostly affected
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E. coli, with inhibition of 88.92% and 83.13%, respectively. Similarly, AuNPs3 had 
the lowest MIC of 100.0 g/ml against E. coli. With regard to C. albicans, treatment 
with AuNPs2 significantly slowed its development, with a reduction percentage of 
82.83%. Moreover, with values of 65.51 and 58.57%, respectively, both AuNPs1 and 
AuNPs2 demonstrated moderate to significant growth inhibition percentages for C. 
tropicalis. AuNPs3 was active against S. enterica and E. faecalis, with inhibition 
of 75.35% and 73.76%, respectively. The strain of S. mutans that responded the 
least favorably to AuNPs treatment had a maximum inhibition percentage of 40.0%. 
With a value of 90.0 g/ml, the C. tropicalis MIC was found to be the minimum 
after treatment with AuNPs. The evaluated cell lines and microbial strains were very 
susceptible to the biosynthesized nanoparticles powerful antibacterial and cytotoxic 
activities. This study paves the way for future cancer and microbial medicines that 
use biogenic Au nanoparticles either alone or in addition with chemotherapeutics 
and antibiotics (El-Deeb et al. 2022). 

Similar to the Arthospira platensis’s exopolysaccharides’ antibacterial and cyto-
toxic activities, free quercetin also has anti-inflammatory and antihistamine effect. 
So, Felipe Guzansky Milanezi et al. synthesized AuNPs using quercetin as capping 
agent and to assess its antioxidant, cytotoxic, antimicrobial activities in contrast 
with free quercetin. By reducing AuCl4 utilizing sodium citrate as the reducing 
agent, Gold NPs were synthesized. At 520 nm, the recognizable localized surface 
plasmon resonance band was seen, and the sample’s color changed from red to 
violet hues, indicating that AuNPs had successfully been synthesized. The AuNPs 
are geometrically Quasi spherical, exhibit diameters less than 100 nm, and exhibit 
highly monodisperse particle sizes under these growth and nucleation environments, 
according to TEM images. The characteristic peaks of quercetin at 3248, 1670, and 
1500 cm−1, inferring to the O–H stretching, C = O stretching, and C = C stretching 
respectively was provided by FTIR analysis which corroborated quercetin capping 
on the AuNPs. Additionally, it was found that the absorption bands between 650 and 
1000 cm−1 linked to the distortion of angles of the aromatic compounds’ C = CH 
were detected, which is consistent with earlier work. The zeta potential test was used 
to verify the colloidal stability of the AuNPs that were synthesized with a 79% entrap-
ment efficacy. Quercetin’s molecular structure remained unaltered, and the phenolic 
hydroxyls that are crucial to its principal pharmacological effects as an antioxidant 
were retained, according to the characterization investigations. The findings of the 
antioxidant experiments, which demonstrated robust action, supported this theory. 
Additionally, the activity for AuNPs was much greater than that of free quercetin by 
the nitric oxide free radical scavenging technique. Both free quercetin and AuNPs at 
the studied concentrations had no harmful effects on the L929 fibroblast cells. The 
strains of A. fumigatus isolated from patients with aspergillosis were confirmed to 
have a significant antifungal effect (Milanezi et al. 2019). 

Apart from the leaf extracts of a plant, its peel extract can also be utilized to 
cap AuNPs. In this research Chun-Gang Yuan et al. described a straightforward and 
environmentally friendly method for synthesizing AuNPs utilizing C. maxima peel 
extract as reducing agent. With a resolution of 1 nm, UV–vis from 300 to 800 nm 
were used to scan the synthesized AuNPs. The produced AuNPs were found to
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be evenly dispersed, mostly sub spheroidal in form, and ranging in size from 8 to 
25 nm according to the TEM images. The diffraction peaks at (2θ) 38.30°, 44.28°, 
64.62°, 77.57° and 81.75° were assigned to (111), (200), (220), (311) and (222) 
planes of the FCC lattice of Au, confirming the crystalline nature of the AuNPs. The 
characteristic peaks at 3411, 2925, 1619, 1051, and 622 cm−1 were also seen in the 
biosynthesized AuNPs. The stretching vibrations of C =C were a contributing factor 
in the peak at 1619 cm−1. The stretching vibrations of O–H of phenols and carboxylic 
acids were responsible for the peak at around 3411 cm−1. Aliphatic acid asymmetric 
and symmetric C-H stretching vibrations were attributed to the prominent signal 
at 2925 cm−1. Other peaks at 1051 and 622 cm−1 might be attributed to bending 
vibrations of the C–O and C–H chains. It has been established that the main active 
ingredients in the C. maxima peel were naringin and hesperidin. The synthesized 
AuNPs shown excellent antibacterial activity against both E. coli gram negative 
bacteria and S. aureus gram positive bacteria as well as high catalytic activity in the 
breakdown of 4-NP (Yuan et al. 2017). 

Nonetheless acids can also be used to cap AuNPs. Musammir Khan et al. produced 
AuNPs utilizing an environmentally friendly process that included the antioxidant 
Gallic acid (GA), which acted as a reducing agent. The SPR peak was clearly red-
shifted and broadened in the UV–Vis spectra of GA-AuNPs with a higher concentra-
tion of GA. This SPR shift had a maximum shift from 518 to 531 nm and was linear 
in the examined GA-AuNPs concentration range (0.625–2.5 mM). With the addition 
of GA, AuNPs’ colour changed from red to dark purple, indicating an increase in 
particle size. The size of the AuNPs grew linearly with the GA content, according to 
the Nanosizer/DLS study. This size gain for AuNPs was from 18 to 59 nm in the GA 
concentration range that was studied, which was between 0 mM and 2.5 mM. AuNPs 
first noticed a drop in zeta potential from 36 to 42 mV before rising to 36 mV. The 
GA-AuNPs had a spherical shape, a monodisperse size distribution, and an average 
particle size of 24 nm, according to the SEM images. The human fibroblast cell line 
(WI-38) cytotoxicity assay for 24 h and 3 days revealed that they were totally safe for 
biomedical use. Consequently, it is possible to predict that AuNPs will have signif-
icant uses in the field of nano biotechnology in the future based on these obtained 
results (Khan et al. 2020). 

6.2.2 Silver Nanoparticles 

Since earlier times, silver salts have been found to have positive effects to increase 
a material’s biocompatibility, it is effective and dependable to reduce the size of 
its particles. There are numerous ways to create nanoparticles, including physical, 
chemical, and biological processes. 

Enzyme-assisted extract is a valuable approach for producing sugars and bioac-
tive compounds, both of which are reducing and capping agents required for the 
green synthesis of AgNPs. Viktorija Puzeryte  ̇ et al. used Lichen Certaria islandica 
and pseudo-cereal Fagopyrum esculentum extracts as eco-friendly catalysts for the
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synthesis while being heated in an aqueous solution. When AgNPs are present, 
there is a progressive change in colour from a mild yellow to a dark yellow. AgNPs 
made from enzyme-assisted C. islandica and F. esculentum extracts displayed several 
stretching vibration bands linked to organic functional groups in their FTIR spectra. 
Round rings of C. islandica are seen at 1050–1025 cm−1 indicating C–O phenolic 
stretch and 1380–1360 cm−1 indicating O–H stretch. Alkanes, C-H, are also present 
in the 2917–2833 cm−1 stretch. Aldehydes, carboxylic, ketone, or ester-containing 
compounds were found when the stretching mode was seen at 1640–1620 cm−1 

indicating C = O stretch. It is significant to note that the green produced AgNPs’ 
FTIR spectra failed to reveal the nitro bond at 1280 cm−1, confirming the lack of 
observable nitrate residue. These findings support the effective production of the 
Silver NPs, which were synthesized using a process that reduced secondary metabo-
lites called Phyto molecules. The produced nanoparticles had spherical shapes, were 
evenly scattered, and ranged in size from 10 to 50 nm on average, as per TEM 
analysis. This study tested the total phenolic content (TPC) and in vitro antioxi-
dant activity in both substances using standard procedures. The results showed that 
there are significant differences in the amounts of TPC, ABTS·+ , FRAP, and DPPH· 
radical scavenging activity amongst the samples. The AgNPs synthesized from the 
enzymatic hydrolyzed aqueous extracts of F. esculentum and C. islandica demon-
strated more antibacterial activity against the tested bacterial pathogens than their 
respective crude extracts. As a viable addition to technological processes, the results 
show that the biomolecules covering the Silver NPs in the extracts may increase their 
biological activity as AgNPs and aid in the synthesis of essential media components 
by assisting enzymes. AgNPs also showed very good antibacterial activity against all 
tested Gram-negative and Gram-positive bacterial strains as well as fungi, which are 
harmful pathogens frequently causing contagious illness, according to the antimicro-
bial evaluation of AgNPs. Future research is also required to thoroughly understand 
how enzymes affect the stability and toxicity of AgNP (Balčiūnaitienė et al.  2022). 

Similarly, Mona A. Alqahtani et al. objective was to find out how well lichen 
can produce AgNPs, as well as how effective they are at killing MDR bacteria and 
other harmful microorganisms. For the transformation of Ag ions into AgNPs, lichen 
(Xanthoria parietina, Flavopunctelia faventior) methanolic extracts were used as a 
capping and reducing agent. Surface plasmon resonance peaks for Xa-AgNPs and 
Ff-AgNPs were around 412 and 405 nm, respectively according to an assessment of 
UV–Vis spectroscopy. TEM scans revealed spherical and well-dispersed nanoparti-
cles with 1–40 nm size for Ff-AgNPs and Xa-AgNPs. Average DLS diameters for 
Ff-AgNPs and Xa-AgNPs were 69 nm and 145 nm, respectively, with polydisper-
sity index of 0.458 and 0.291. Zeta Potential values for Ff-AgNPs and Xa-AgNPs 
were –20 mV and –24, respectively. Both lichen species had absorbance peaks in 
the FTIR spectra at 3421, 2066, 1634, and 593 cm−1. Xa-AgNPs and Ff-AgNPs 
showed absorbance maxima at 3332, 3421, 2070, 541, and 1637 cm−1, suggesting 
the play of different functional groups in the bio-reduction of AgNO3. The  exis-
tence of -OH group and N–H stretching of an amine was detected in the spec-
trum at 3300–3500 cm−1. On the other hand, it was discovered that the C = C 
stretch might be responsible for the bands at 2066 and 2070 cm−1. Amide may
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be responsible for the strong absorption bands at 1600–1650 cm−1 since proteins 
C = O stretch causes carbonyl stretch. Little difference was seen in the positions 
and intensities of the absorption bands when the spectra of AgNPs and lichen 
extracts were compared, confirming the use of lichen secondary metabolites in 
AgNps synthesis. Pathogenic bacteria, Vancomycin-resistant Enterococcus (VRE), 
and gram-negative Pseudomonas aeruginosa and Escherichia coli, including gram-
positive Methicillin-resistant Staphylococcus aureus (MRSA), as well as the refer-
ence strains (ATCC), were evaluated for antibacterial activity of AgNPs using the 
agar disc diffusion method. P. aeruginosa demonstrated the maximum antibacterial 
activity of AgNPs, followed by Staphylococcus aureus, Enterococcus, and E. coli. 
Gram-negative bacteria were more sensitive to the effects of AgNPs than gram-
positive bacteria, and they worked in combination with some antibiotics to combat 
the pathogens under research. Furthermore, compared to MDA-MB-231, biogenic 
AgNPs against the FaDu and HCT 116 cell lines exhibited increased cytotoxicity. 
According to the most recent findings, lichen-mediated biogenic AgNPs displayed 
potent antibacterial, synergistic, and cytotoxic properties. As a result, they might be 
viewed as a strong contender to fight off some cancer cells and multi-drug resistant 
organisms. AgNPs synthesized for the current study may therefore be suggested for 
use in pharmaceutical and biomedical applications. This research is regarded as the 
first to examine and validate the activity of synthesized AgNPs made from the lichens 
Xanthoria parietina and Flavopunctelia faventior against harmful bacteria as well 
as their cytotoxicity against three cell lines (Alqahtani et al. 2020b). 

The focus of Yasmina Khane et al. was on the environmentally friendly biosyn-
thesis of AgNPs using an extract of aqueous Citrus limon zest while optimizing 
various experimental parameters necessary for AgNP production and stability. The 
formation of nanoparticles was founded by detecting the SPR band at 535.5 nm using 
UV–Vis study, which was supported by the analysis that the colour of the mixture of 
silver nitrate changed to a reddish-brown colloidal suspension from yellow just after 
addition of the plant extract. The plant extract’s FTIR spectra revealed the occur-
rence of absorption peaks at 2723 cm−1, 1042.18, 1157 that were related with the 
stretching of the N–O and C-H methylene groups, respectively, and the carbonyl 
groups of polyols such as the polysaccharides and flavones. Peaks at 1630.121 cm
−1 and 1412.26 were related with primary amine carbonyl stretch N–H and C = O 
bonds, respectively. 1634 cm −1 and the 3325 cm−1 peak were found to be caused by 
the amide functional groups of different aromatics and the protein carbonyl groups. 
The presence of aliphatic hydrocarbon chains, C-H group stretching from alcohol, 
carboxylic acid, and phenolic compounds is indicated by a peak at 2925 cm −1, 
whereas the (OH) presence in the molecule is indicated by a band about 3431 cm
−1. The C-N stretching of amines appears around 1057 cm −1 and the existence of 
amines is confirmed by the band at 3431 cm−1. The FTIR spectra showed a substan-
tial change in absorption peaks at 1634 1021, 1443 and 3428 cm−1 after the addition 
of AgNO3 aqueous solution with bio extract, indicating that the functional groups 
interacted with the surface of the AgNPs. Using the lemon zest aqueous extract, 
the XRD technique was used to verify the UV–Vis study and highlight the crystal 
structure of the synthesized AgNPs. The crystallographic planes (111), (200), (220),
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and (311) correspond to the diffraction pattern at 2θ of 38.18°, 44.34°, 64.53°, and 
77.46°, respectively. The avg. size of the Ag nanoparticles was found to be 82.51 nm 
by DLS, and the pdi index came to be 0.248. It was also used to calculate the thickness 
of the capping or material that encased the nanoparticles. Flavonoids and phenolic 
compounds, among the phytochemicals found in lemon zest aqueous solution, may 
be responsible for the reduction to silver ions from silver nitrate, which then aggre-
gate to form AgNPs at the nanoscale range and have a stronger ability to stabilize 
the forming AgNPs. As they surround the AgNP core, these biomolecules have been 
exploited as a natural reducing agent. Silver NPs created in this study demonstrated 
an extremely intriguing capability to kill pathogenic bacteria and fungi, recognizing 
their therapeutic value as antioxidant and antibacterial agents against antibacterial 
drugs drug-resistant strains, as well as utilization in pharmacological and biolog-
ical fields. E. coli and S. aureus pathogen; were both successfully eradicated by the 
AgNPs, which also shown excellent antifungal efficacy against Candida albicans 
(Khane et al. 2022). 

The focus of Nusret Genc was to assess the antioxidant activity of AgNPs, which 
were synthesized in a sustainable way utilizing Origanum onites extract. Hexane and 
methanol were used to successively extract the origanum onites, and the methanol 
extract was then utilized to synthesize the AgNPs. The plant leaf was utilized to 
produce a large number of AgNPs by being boiled in water. Both secondary metabo-
lites and fatty acid components are present in the water extract. Hexane was used 
in this study to extract the plant material and get rid of the fatty acids. As a result, 
significant bioactive substances like alkaloids and flavonoids were employed to cap 
the silver to create Silver NPs that might boost effectiveness. The reaction mixture’s 
transition from bright yellow to dark brown verified the reduction of Ag+1 ions. AgNP 
formation was also confirmed by UV–Visible analysis, which was used to track the 
reaction’s development during the Ag+1 reduction. The visible range between 350 
and 550 nm displays a prominent band in the AgNPs’ UV–Vis spectra. Additionally, 
the presence of spherical nanoparticles is indicated by the discovery of an absorp-
tion peak in UV–Visible spectra ranging from 410–450 nm. AgNPs were found to 
be crystalline by x-ray diffraction. The XRD with 2θ at 38.1z, 44.3z, 64.4z, and 
77.4z is responsible for the (111), (200), (220), and (311) Bragg’s reflections of the 
FCC crystalline structure of AgNPs, respectively. The UV–Vis scanning ranged from 
300 to 800 nm. At 450 nm, the greatest absorption was recorded. AgNPs’ crystalline 
nature was confirmed by an XRD analysis. The surface of the AgNPs included highly 
dense, spherical nanoparticles that were evenly scattered. The creation of AgNPs was 
discovered via energy dispersive x-ray analysis. The measured average particle size 
was 54.2 nm according to SEM analysis. The structure of possible natural compounds 
that may have coated the AgNPs surface and effectively stabilized it was identified 
using FTIR. The synthesis of AgNps was identified by comparing the FTIR spectra of 
extract and Silver NPs. A wide band at 3239 cm−1 in the FTIR spectra of Silver NPs 
might be ascribed to the OH stretching. Asymmetric stretching of C-H bonds was 
the cause of the signals at 2923 and 2851 cm−1. Carbonyl groups might be attributed 
to the peaks at 1703 and 1594 cm−1. The signal also belonged to the functional 
groups C = C and O–H at 1512 cm−1 as a stretching vibration and 1372 cm−1 as a
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bending vibration, respectively. Amine was given credit for the peak at 1255 cm−1 

in the extract, which was not seen in the spectra of nanoparticles. This may be the 
result of the matching amine group being oxidized. Alcohol’s C–O stretching may 
be the cause of the peaks at 1159 cm−1 found solely in the spectra of nanoparticles. 
It was determined that S14O stretching was the cause of the peak at 1033 cm−1. The  
extract and synthesized Silver NPs showed remarkable antioxidant activity. They 
can therefore be utilized in the food industry as an antioxidant and may prove to be 
useful components in the bio-medical industry (Genc 2021). 

Eman F. Aboelfetoh et al. focused on a usable, environmentally friendly method 
to synthesize stable AgNPs from silver nitrate solution by using an aqueous extract 
from the green marine algae Caulerpa serrulata, which is an effective reducing and 
capping agent. The biosynthesized AgNPs at ideal conditions [20% (v/v) extract at 
95 °C], displayed a strong SPR band at 412 nm. The Ultraviolet–visible spectroscopy 
and color change were used to examine the production of AgNPs. The solution’s hue 
changed from pale yellow to reddish brown, indicating the formation of Silver NPs. 
The XRD patterns show prominent diffraction peaks for AgNPs at 2=38.13°, 44.31°, 
65.16°, and 77.25°; these angles correlate to the (111), (200), (220), and (311) lattice 
planes of a FCC crystal arrangement. HR-TEM analysis was used to gather further 
details regarding the shape and size of the produced AgNPs. It was found that the 
conc. of the extract has a substantial effect on the size and structure of nanoparticles. 
The majority of the AgNPs had spherical and elliptical forms, with small numbers 
of silver nano cubic and nanorods, at 95 °C and at a lower concentration of extract 
(10%). Silver NPs remained spherical in form, but their particle sizes dropped as 
extract concentration increased to 20% at a steady temperature, according to TEM 
examination. The results indicated that AgNPs were produced over a period of 24 h 
and that Ag ion reduction rates were accelerated at higher temperatures (95 °C) and 
higher pH levels. This study demonstrates the potential of creating a catalyst that is 
extremely effective, stable, economical, and easily recoverable and used to remove 
harmful dyes and other pollutions from the environment. This may be accomplished 
by synthesizing AgNPs on a wide range of solid surfaces, including graphene oxide, 
carbon nanotubes, silica, TiO2, and Fe3O4. As a conclusion, the AgNPs synthesized 
by the current method will find great use in catalysis and wastewater treatment 
(Aboelfetoh et al. 2017). 

For the first time the utilization of plants in the synthesis of silver NPs is described 
in this paper. Jayeoye et al. utilized Asystasia gangetica phenolic extract (AGPE) as 
the reducing agent to synthesize highly stable, distributed Konjac glucomannan silver 
NPs. The plant’s bioactive substances hold considerable potential for further research 
into A. gangetica’s probable pharmaco-biological applications. The particles exhibit 
spherical morphologies and are uniformly mono-dispersed. The average particle size 
acquired from TEM showed the particles are dispersed in a range of 10–15 nm. Using 
DLS, it was determined that the hydrodynamic diameter was 60.2 ± 1.5 nm and the 
ZP value was − 28.8 ± 2.1 mV. Further indicating the stability of the particles 
and their –ve charges, which may originate from the COOH group of the KgM 
polymeric shell or spheres. Zeta potential profiling to determine how pH affects the 
stability of KgM-AgNPs in aqueous solution. As demonstrated, the ZP values rise
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as the pH of the solution rises from 2 to 4, stabilizing at 12, and then decreasing. 
This confirms that KgM Silver NPs is stable over a broad pH range, which may 
be linked to the KgM COOH group that has been deprotonated on the surfaces of 
the nanoparticles. The crystalline diffraction lines of AgNPs are responsible for the 
numerous concentric circles shown in the SAED. The morphology of the KgM film 
was smooth, but the morphology of the KgM-AgNPs had a great deal of interspersed 
AgNPs and was rough. These demonstrate how the polymeric layers produced by 
KgM biopolymer effectively protect the manufactured AgNPs. FTIR and Raman 
spectroscopy were used to reveal how the synthetic materials like AGPE, KgM, and 
KgM-AgNPs interacts on the level of functional groups. There are significant peaks 
in the FTIR spectra of AGPE at 611 cm−1, 3301 cm−1, 1393 cm−1, 2930 cm−1, 
1041 cm−1 and 1592 cm−1. They attributed to a variety of stretching vibrations, 
including C–OH stretching of OH groups from phenolic compounds, alkane groups, 
C = O or C  = C groups of amides for the peak at 1592 cm−1, C–C stretching of the 
ring structure, C–O–C and C–OH stretching of 2° alcohols, and C–Cl, respectively, 
for the peaks at 1041 and 611 cm −1. According to KgM and the (111), (200), (220), 
and (311) FCC diffraction planes of AgNPs44, respectively, the peaks at 22.9z, 38.2z, 
44.2z, 64.9z, and 77.2° in KgM-AgNPs. The XRD patterns of KgM and KgM-AgNPs 
indicated the major diffraction peak of KgM at 19.7°. Within 3 min, KgM-AgNPs 
displayed good Hg2+ detection capability in a Hg2+ concentration dependent manner. 
With an estimated LOD of 3.25 nM, the absorbance ratios A360/A408 were linear 
with Hg2+ concentrations from 0.010–10.0 to 10.0–60.0 M. The probe’s precision in 
applying to a sample of lake water was excellent (Jayeoye et al. 2022). 

Moreover Jitendra Mittal et al. also combined Tinospora cordifolia leaf aqueous 
extract and a 5 mM silver nitrate (AgNO3) soln. to create an efficient technique 
for the biosynthesis of Silver NPs. This study showed that the extract’s bioactive 
compounds serve as an agent to stabilize and cap AgNPs. The AgNPs’ structure 
and surface morphology are verified by SEM and TEM study. AgNPs that were 
synthesized had a spherical shape and had a size range of 30 to 50 nm. The XRD 
pattern confirmed the crystalline nature of nanoparticles. FTIR was used to identify 
the reducing and capping agents and functional group which was recorded between 
4000 and 400 cm−1. Starches were clearly visible in AgNPs solution at 2924, 2854, 
1685, 1462, 1377, 1076, 725, 493, and 455 cm−1. The observed peaks at 2924 and 
2854 cm−1 are indicative of alkyl C–H, whereas 1685 cm1 is indicative of the C = O 
group of amides, 1377 cm−1 is indicative of the C–F of alkyl halides, 1076 cm−1 is 
indicative of the C–O of alcohol, and 725 cm−1 is indicative of the C–Cl stretch of an 
alkyl halide. These starches give rise to bioactive substances including terpenoids and 
alkaloids, which serve as stabilising and capping agents. By using XRD, synthesized 
Silver NPs were further characterized and was found that the diffraction peaks were 
showing a range of 2θ (20–80°), which corresponded to the (2 6 4) (1 1 1) (2 0 0) plane. 
The finding demonstrated the presence of FCC structure in the AgNPs. The use of 
Silver NPs as an antifungal and antibacterial agent is preferable to other techniques for 
controlling harmful germs and can be crucial in the development of new medications 
to treat a variety of fatal diseases. The nanoparticles can be used as a substitute for 
antibiotics because they are efficient against Pseudomonas aeruginosa, Escherichia
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coli, Fusarium oxysporum, Sclerotinia sclerotiorum, and Staphylococcus aureus. But  
it is necessary to investigate the negative effects of AgNPs and define the ideal AgNP 
concentrations for utilization in medical studies (Mittal et al. 2017). 

For the biosynthesis of Silver NPs during this study, honey was chosen by Mayasar 
I. Al-Zaban et al. as an environmental stabilizing and reducing agent. Honey is said 
to promote human longevity because of its high energy, enzymes, vitamins, and 
availability of chemical components. Honey is a great source of vitamin C, vital 
minerals, and compounds that can function as antioxidants, which are important in 
preventing cancer. This study demonstrated the AgNPs’ effective catalytic activity in 
the reduction of the methylene blue dye. By studying double-beam UV–Vis spectra at 
various wavelengths between 200 and 1000 nm, the silver ion reduction was observed. 
Color intensity is increased as a result of reduced silver ions. The absorption band 
that characterized monodispersed spherical AgNPs is seen at 417 nm. The TEM 
picture displays how AgNP sizes decreased as pH was increased, concluding in 
almost spherical Silver NPs with a average size ranging from 5–25 nm. The presence 
of phenolic compounds was detected by the strong and broad peak at 3350.87 cm−1 

in the FTIR bands. The O–H stretch with a hydrogen bond is also responsible for 
this. It has been observed that the stretching of C–H aromatic compounds caused 
the 2957.76 and 2882.84 cm−1 area bands. In addition, based on the observed strong 
peak at 1634.25 cm−1, the functional group of C = C stretching, which is an alkene, 
occurred in the Silver NPs. The bands were also linked to the proteins’ 1418.21 cm−1 

N–H stretching vibration. The peaks given to the C–O single bond at 1248.41 cm−1 

and 1044.16 cm−1 might also represent the vibrational frequencies related to amide 
proteins, with the range of frequencies depending on the kind of molecule being 
between 1000 cm1 and 1300 cm−1. AgNPs in the colloidal solution were measured 
using ZETA Sizer to determine their size distribution. The (111), (2 0 0), (22 0), and 
(311) planes’ intense XRD peaks were observed at (2θ) angles of 36.45z, 44.31z, 
65.41z, and 76.25z, respectively. According to the findings, 92% of the methylene 
blue had been broken down after 72 h. In addition, after the samples were treated 
with HPLC, a couple of additional peaks occurred (Al-Zaban et al. 2021). 

Bianca Moldovan et al. provides the first report on the efficiency of bioactive 
compounds from the extract of Ligustrum ovalifolium fruit as reducing agent of 
Silver NPs, providing an eco-friendly, economic, simple, and efficient process for 
the manufacture of AgNPs. The AgNPs were spherical in shape, crystalline in nature, 
and 7 nm in size on average according to the TEM characterization. AgNPs in the 
solution’s SPR, which caused the synthesis mixture to turn yellowish brown, marked 
the bio reduction of the silver ions. In accordance with the characteristic SPR band 
of AgNPs, which is normally in the 400–500 nm range, the Surface Plasmon Reso-
nance peaks of Silver NPs occurred between 402 and 413 nm. When the environment 
was acidic (pH 6), the absorption peak turned up at 413 nm. The Surface Plasmon 
Resonance band of Silver NPs was reduced to lower wavelengths, 402 nm at pH 
7, as the pH value of the reaction medium increased, indicating the synthesis of 
smaller-diameter AgNPs. The spherical AgNPs produced under these conditions 
ranged in size from 6 to 13 nm, with a mean diameter of 7 nm at pH 10. The X-ray 
diffraction pattern supported the Silver NPs’ crystalline arrangement. Four distinct
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peaks can be seen in the X-ray diffractogram at 2θ angle of 37.59z, 44.07z, 64.17z, 
and 77.22z, which correspond to the (111), (200), (220), and (311) Bragg’s reflec-
tions attributed to the lattice planes of the FCC structure of silver particles. When 
compared to the spectrum of the fruit extract, the FTIR spectrum of the AgNPs reveals 
multiple shifts of the absorption bands as well as certain variations in these bands’ 
intensities. The bands that emerge at 2933, 1560, 1383, and 1078 cm−1 demon-
strate the existence of several functional groups and were attributed to the vibrations 
of aromatic rings’ C = C stretching, C-H stretching, and either O–H deformation 
or C-O stretching, respectively. The majority of the IR bands most likely originate 
from the fruit extract’s flavonoids, anthocyanins, and phenolic chemicals, showing 
that these biomolecules stabilized the photosynthesized AgNPs. Thermogravimetric 
analysis (TGA) also supported the detection of biomolecules capping the surface of 
the synthesized AgNPs from privet extract. The biosynthesized AgNPs inhibits the 
growth of cancerous cells, providing them effective anti-cancer treatments. AgNPs 
have been shown in past research to be capable to stop growth of a number of cancer 
cell lines, including glioblastoma, breast, lung, ovarian, and hepatic. In vitro testing 
of the cytotoxicity of the biosynthesized AgNPs against ovarian cancer cells showed 
that they were effective at low concentration levels (Moldovan et al. 2018). 

Similarly, the bioactive chemicals found in the extract of Viburnum opulus fruit 
were used to synthesize Silver NPs in an efficient, green, one-pot technique by 
Luminita David and Bianca Moldovan in this study. The ability of the produced 
nanoparticles to remove harmful organic dyes catalytically was also tested. The 
existence of bioactive phytocompounds, especially phenolics, as reducing agent of 
the Silver NPs was verified using FTIR and TGA tests. To begin, UV–Vis spectral 
analysis was utilized to confirm the biogenesis of AgNPs, which confirmed the exis-
tence of a unique absorption peak at 415 nm matching the surface plasmon vibration 
of colloidal Ag. The bands that were considerably displaced at 3398 cm1 in the FTIR 
spectra of photosynthesized AgNPs and fruit extract are the stretching vibration of 
the O–H groups of the polyphenols detected in the opulus fruit extract. This broad 
band measures around 3398 cm−1. The  C  = O stretching at 1733 cm−1 disappears 
from the extract spectra. The bands observed at 2921, 1380, and 1030 cm−1 were 
inferring to the C-H stretching vibration, C-O stretching vibration, and C-O bending 
respectively. By utilizing TEM analysis to characterize the morphology and size 
of the synthesized AgNPs, it was found that the AgNPs were spherically shaped, 
evenly dispersed, and ranged in size from 7 to 26 nm. The XRD technique was used 
to analyze the crystalline structure of the nanoparticles, and the diffraction peaks 
obtained correlate to (111), (200), (220), (311) and (222) of the FCC structure of 
Silver NPs, and they were found at 38.33°, 44.56°, 64.62°, 77.44°, and 82.41°. More-
over, the catalytic potential of NaBH4 was tested in the deterioration of carmoisine, 
tartrazine, and brilliant blue FCF dyes. The outcomes showed that brilliant blue FCF 
was degraded with exceptional efficiency against all of the dyes under study. New 
instruments for reducing environmental pollution can be developed using this envi-
ronmentally friendly synthetic method. As a result of these findings, it is possible to 
effectively use the synthetic nanoparticles that were mediated by Viburnum opulus in 
the field of ecological remediation. Their extraordinary activity may also be utilized



6 Biogenic Synthesis of Nanomaterials: Bioactive Compounds … 173

to efficiently break down hazardous organic dyes present in a variety of industrial 
pollutants (David & Moldovan 2020). 

6.2.3 Copper Nanoparticles 

Punniyakotti et al. synthesized Cu nanoparticles with Cardiospermum halicacabum 
(balloon plant) leaf extract as a green reducing agent. Plant leaves were treated into 
a hot air oven, converted in powdered form then boiled with deionized water and 
filtered with Whatman filter paper no. 1 after centrifugation at 6000 rpm for 15 min 
then for the CuNPs synthesis CuCl2.2H2O solution was added to water with addition 
of extract solution and heated while stirring magnetically then left at room temp. 
for 1 h and centrifuged at 8000 rpm for 15 min giving dark brown appearance thus 
Copper nanoparticles were synthesized. Characterization by UV–Vis spectrophotom-
etry revealed SPR and highest absorption peak at 553 nm, under XRD analysis pure 
crystalline nature of NPs weren’t found due to capping by biomolecules, dehydrated 
CuNPs gave sharp peaks at 43.3°(111), 50.5°(200) and 74.1°(220) thus indicating no 
impurities such as copper oxides and hydroxides are there, further various functional 
groups were found in extract and NPs by conducting FTIR analysis which shows, 
1383 cm−1 of alkane stretching, 1120 cm−1 for C–O stretching, 2368 cm−1 assigned 
to C–N, 1629 cm−1 is due to C = O and 2924 cm−1 indicates C–H similarly for 
the plant extract the data were analyzed and it was clear that plant metabolites are 
playing crucial role in reducing Cu NPs. FESEM graph showed homogeneity and 
spherical shape of nanoparticles also no agglomeration was seen, EDS data showed 
main peak of Cu with atomic percentage 79.6% and also some other elements such 
as Carbon, Phosphorus and oxygen, therefore biomolecules were also present on 
particle surface, TEM analysis was done for more insight which showed hexagonal 
and spherical shape of the NPs with avg. diameter of 30 nm which was then confirmed 
by DLS study confirming avg. particle size around 30–40 nm. Microdilution suscep-
tibility assay was done to understand antibacterial activity where minimum inhibitory 
conc. of green synthesized CuNPs was found 50 μg/mL against P. aeruginosa and 
S. aureus whereas for E. coli it was 25 μg/mL also minimum bactericidal concen-
tration was measured to be 100 μg/mL for P. aeruginosa and S. aureus and 50 μg/ 
mL for E. coli further study for the nanoparticles to prevent biofilm formation, P. 
aeruginosa show 79%, S. aureus 72%, and E. coli 78% as maximum biofilm inhi-
bition activity at 100 μg/mL the concentrations were a bit higher maybe due to the 
rapid colony formation over the substrate. Cu NPs affects cell wall and enters into 
the cell, increasing the intracellular enzyme activity which increases the cell perme-
ability which affects biofilm development and cell growth. This property of Cu NPs 
can be further utilized in medicinal applications and drug delivery including biofilm 
diseases and infections (Punniyakotti et al. 2020). Another study with similar appli-
cation in biomedical field was conducted by Ginting et al. CuNPs were synthesized 
through green route using Blumea balsamifera leaf extracts and further its antiox-
idant and cytotoxicity was studied. This plant contains flavonoids such as corylin,



174 S. Yadav et al.

xanthine etc. which can show wound healing effects. For the extract, leaves were 
dried and grinded further macerated in ethyl acetate and filtered, CuSO4 was used 
as a precursor of CuNPs. GC–MS was done to analyze phytochemicals in Blumea 
balsamifera total 18 were found in which 8 were having highest composition peak 
like 8-phenyloctanoic acid (7.18%), naphthalene (39.93%), eugenol (10.92%), 2-(1-
phenyl-ethylamino)-2-thioxo-acetamide and cryptomeridiol (11.44%), under UV– 
Vis analysis SPR band appeared at 480–620 nm and max absorption peak observed 
was at 540 nm thus confirming formation of CuNPs, increase in size of NPs give blue 
shift in the absorption peak, XRD analysis showed diffraction peaks at 16.2°, 23.8°, 
34.5°, 39.2° and 53.4° were observed to (130), (020), (002), (111) and (021) plane of 
Cu(OH)2 as well for Cu2O peaks found 2θ = 29.5°, 42.4° and 61.7° corresponding 
to (110), (200) and (220) crystal plane. Sharp peaks for Cu were found at 41.1° 
and 49.7° thus depicting Face centered cubic lattice. Broad absorption spectra of Cu 
nanoparticles is mainly due to presence of impurities like CuO, Cu2O and Cu(OH)2, 
further size of NPs found was 30–55 nm range as seen in SEM images doing TEM 
images also matched the data giving size of around 30 nm after that the FTIR data 
showed peak of 3378 cm−1 which is assigned to OH group of phenols, 1100 cm−1 

for C–O and 1700 cm−1 corresponds to C = O stretching vibrations and peak at 
610 cm−1 corresponds to the formation of copper nanoparticles. DPPH method was 
used to analyze antioxidant activity, it was found that Cu nanoparticles have higher 
antioxidant activity compared to B. balsamifera leaf extracts, the IC50 values of leaf 
extracts was 64 mg/ml, Copper NPs 63 mg/ml and ascorbic acid 3 mg/ml further 
brine shrimp lethality assay for cytotoxicity study was done the measure of lethality 
was directly proportional to the CuNPs concentration. These Nanoparticles can be 
used in nano drug delivery system and in medical applications (Ginting et al. 2020). 

Leaf extract were also utilized by researchers to synthesized Cu nanoparticles 
other than drug delivery applications like one study by Dehghannya et al. in which 
E. caucasicum Trautv leaves extract was utilized to synthesize copper nanoparticles 
(CuNPs) that are novel, green, and eco-friendly. In the synthesis of CuNPs, the func-
tional groups in phenols and flavonoids reduce the Cu2+ to Cu nanoparticles. FTIR 
study was done using the KBr pellet method in 4000–400 cm−1 spectral range. The 
phenolic group stretching can be seen in 3100–3700 cm−1 range under FTIR spectra. 
Moreover, the 2800–3000 cm−1 peaks were attributed to alkanes stretching. Further-
more, the peaks at 1277, 1643, 1103 and 1561 cm−1 indicated the carbonyl group 
(C14O), C14C, vibrations of the COH stretching, CO, respectively. Using an X-ray 
diffractometer. Cu Ka radiation with a wavelength of 1.540 Angstroms was used to 
expose CuNPs to X-rays, and at room temperature the diffraction pattern was up to 
70° (diffraction angle), the CuNPs were crystalline, as seen by the XRD pattern, and 
SEM analysis revealed that they have almost spherical forms and less than 40 nm size. 
Using the DPPH method, the antioxidant activity of the aq. extract, CuNPs and BHT 
was measured and results were 58.98, 40.02 and 90.12%, respectively. Furthermore 
S. typhimurium, E. coli, S. aureus and B. cereus were all successfully fought off by 
the generated nanoparticles’ remarkable antibacterial characteristics. The advantages 
of synthesizing copper NPs were eco-friendly nature, simplicity, and safety of the 
synthesis process in order to the removal of poisonous and dangerous substances. The
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results of this research showed that CuNPs with sufficient antibacterial and antiox-
idant characteristics can be useful in several nanotechnology fields (Hasheminya & 
Dehghannya 2020a). In another research secondary metabolite synthesis was induced 
by preparing nanoparticles from onion whit leaves, Hussain et al. in this experiment 
has aimed to produce sufficient secondary metabolites in the plant by administration 
of synthesized nanoparticles from Allium cepa and in vitro germination of Citrus 
reticulata nucellus. The copper nanoparticles synthesized from white leave extract 
of onion which worked as reducing and keeping agent, the solution was boiled until 
the colour was changed to light green then for 10 min centrifugation at 14,000 RPM 
further for the germination of nucellus tissues fruit of Citrus reticulata were taken 
washed and nucellus were separated these were then sterilized with chlorax and 
sodium hypochlorite solution, the addition of Copper nanoparticles were through 
sonication in water, Nucellus tissues of the plant were inoculated in this solution 
having 30 ml MS media along with sucrose, agar and 3 mL of copper nanoparticles. 
Through zeta potential the size of a copper nano particle found to be in 15–30 nm 
range and spherical in shape by SEM image analysis further on analyzing it was 
found that the 30 μg/ml suspension of copper nanoparticles exhibit inhibitory effect 
on nucellus tissues germination, and reduces root and shoot length as well Seed 
Vigour Index thus concluded as Cu nanoparticles shows phytotoxicity. The phenolic 
and flavonoid content production, 11.2 μg/mg and 0.63 μg/mg was recorded max 
also the protein content 381 μg BSA Eq/mg FW was observed with media having Cu 
NPs after 21 days it may be due to the stress caused by nanoparticles but these results 
were varied for different size of NPs, furthermore studies can be done to exactly get 
the applications of these stress causing CuNPs (Hussain et al. 2017). 

Similar study by this research of Sanchaita Lala focuses on secondary metabo-
lite production in Bacopa monnieri (L.) Pennell plant by administering CuNPs. 
The nanoparticles made were starch stabilized where starch acted as a capping 
agent, ascorbic acid and cupric sulphate pentahydrate acted as reducing agent and 
centrifuged at 5000 rpm further NPs were stored in a vacuum desiccator after freeze 
drying. Tips of the plant were sand cultured for two months with hoagland’s nutrient 
solution, acclimatized plants were shifted into medium having CuNPs at different 
concentrations, kept under natural light for 10 days replenishing the medium after 
five days finally the plants were dried at room temperature and secondary metabo-
lites were extracted. The total saponin, flavonoid, phenolic and alkaloid content was 
estimated spectrophotometrically where at 5 mg/L, TSC reached 89%, TAC about 
204% for 40 mg/L, TFC about 140% at 40 mg/L, TPC about 116% at 20 mg/L 
and in DRSC antioxidant assay absorbance was measured spectrophotometrically at 
517 nm using ascorbic acid as standard, on administration of NPs DRSC increased 
significantly about 70% at 40 mg/L no absorbance during UV–Vis in the visible range 
was observed also no SPR was seen maybe due to a layer of Cu oxide around the 
nanoparticles and small size preventing agglomeration, HRTEM micrographs gives 
spherical shape and diameter of 2–20 nm, average crystallite size came 14.09 nm from 
Scherrer’s equation continuing the characterization FTIR spectrum results showed 
3412 cm−1 band for OH stretching vibrations possibly, 1383 cm−1 to Cu2+–O2−,
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668, 611, 576, 527 and 472 cm−1 band to Cu(II)–O, XRD data hints two crys-
talline phases Copper(I) oxide and metallic Cu existing at same time showing peaks 
of 29.63°, 36.38°, 42.32°, 61.37° and 73.57° corresponding to (110), (111), (200), 
(220) and (311) and 43.25°, 50.44° and 74.19°correspond to (111), (200) and (220) 
respectively further zeta potential of the CuNPs came as 7.57 ± 8.64 mV this low 
value is maybe due to capping agent (starch) and because of this no force is present 
to prevent the flocculation of particles. Antioxidant enzymes such as APX, CAT, 
glutathione reductase and SOD were activated by CuNPs. It is found that CuNPs 
exert their effects on B. monnieri by the generation of ROS like H2O2 and MDA 
which activates the antioxidant defense mechanism (non-enzymatic and enzymatic) 
as well secondary metabolic pathways thus increasing metabolite concentrations 
which can be medicinally valuable (Lala 2020). 

Applications like antimicrobial, antibiotic activity etc., include fruit extract from 
the plants like one research with Piper retrofractum Vahl commonly called java chilli 
in Indonesia has various medicinal properties and compounds such as piperidine alka-
loids, phenylpropanoids and amides acts as capping as well reducing agents. Fruits of 
the plant were washed and dried for 5 days in oven then grinded and water was added 
finally the mixture was filtered with cloth and centrifuged, storage was done in 4 °C, 
for the CuNPs formation the CuSO4 solution was added to the extract and the color 
change to dark green confirmed the formation. Further characterization of the NPs by 
various methods was done, FT-IR spectra revealed the Cu–O band in 550–570 cm−1 

range, Cu–O–H in 870–880 cm−1, 2900 cm−1 band due to alkane, 3000–3500 cm−1 

because of hydroxyl group,1078 cm−1 responsible for C–O stretching and 1600– 
1700 cm−1 (O–H bending), these values are used to identify the functional groups 
and metabolites present in the extract, EDS analysis proved the high purity of CuNPs 
the major elements of CuNPs were Oxygen (15.0%), Copper (70.3%) and Carbon 
(12.2%) and TEM results give particle size in the range of 2–10 nm where optimal 
pH conditions were acidic at 4pH, XRD analysis of NPs formed at 10 pH showed 
diffraction peaks of 37.079°, 42.693°, 61.922° and 74.133° and the size measured 
was 56.8 nm whereas crystallinity 26.4%, these NPs were more stable in ethanol 
than water. The antibacterial activity was tested using disk diffusion assay where 
larger inhibition zone was seen for E. coli than S. aureus i.e. 2 mm and 1.4 mm 
respectively against 0.2 mg/mL CuNPs, the positively charged nanoparticles react 
with negatively charged bacterial cell and produces ROS which inhibits bacterial 
growth, positive control using gentamicin (0.2 mg/mL) for S. aureus was 0.8 mm 
and 1.3 mm for E. coli. These promised antibacterial effects can further be used in 
medicinal applications (Amaliyah et al. 2020). 

Viswadevarayalu et al. where they synthesised ultrasmall CuNPs using Terminalia 
bellirica fruit extract, which has phytoconstituents like bellaricanin, gallic and ellagic 
acids, beta-sitosterol, ethyl gallate that acted as capping and reducing agents. Fruits 
were dried for 10 days under shade, fine powder was created with fruit pulp, this 
powder then boiled at 80 °C with deionized water and filtered. CuSO4.5H2O was  
used as a precaution for ultra-small copper and a particle 30 ml of plant extract 
mixed with 70 ml of the solution which lead to reduction of cupric ion to copper by 
visualization of carmine red appearance. Small size no surface plasmon resonance
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peak was seen, while agglomerated nanoparticles showed peak of 550–580 nm then 
FTIR was done for examining the presence of functional groups absorption bands at 
3391 cm−1 corresponds to OH, 2926 cm−1 to CH stretching, 1615 cm−1 represented 
carbonyl stretching vibrations, 1209 cm−1 for C-O vibrations also band for C-F was 
seen at 1350 cm−1 indicating polyphenols, tannins, terpenoids, flavonoids and protein 
compounds in T. bellirica. XRD data showed crystalline nature of the synthesized 
copper NPs particles with peaks at 43.24°, 5.37°, 74.02° corresponding to (111), (200) 
and (220) respectively indicating FCC, and no other impurity was seen affecting the 
lattice. TEM images showed average diameter of 7 nm and the size obtained was 40– 
50 nm well dispersed and spherical in shape EDS spectra also confirmed the same, 
Zeta values found was –54.6 mV i.e., highly negative thus stable further antibacterial 
activity was studied against E. coli colonies on MH agar media with 10, 20, 30 and 40 
μL conc. Of CuNPs, 5 μL of DMSO was also added for negative control for which 
inhibition zone came 0 mm and kanamycin for positive control for which inhibition 
zone came ± 21 mm and for E. Coli it was ±24 mm, Anti-fungal study done against 
Candida tropicalis for which inhibition diameter was ±16 mm and ±14 mm against 
chloramphenicol used as positive control (Viswadevarayalu et al. 2016). 

Flower extract can also function as source for CuNPs, Azadirachta indica has 
tremendous therapeutic properties due to nimbin, nimbolide, limonoids etc. Flower 
extract was prepared by drying flower and crushing them into fine powder and adding 
deionized water and given hot water bath for 1 h. finally filtered with Whatman filter 
paper no.1 then CuSO4.5H2O addition and magnetic stirring was done at 700 rpm, 
brown precipitate was formed which was then taken. Under characterization UV–Vis 
results gave SPR peak at 560 nm, the optimum pH found was 9 and temp. 80 °C 
further FTIR spectra revealed absorption peak of 3561 cm−1 of N–H stretching, 
3390 cm−1 for H–O bonding, 1618 cm−1 for C =O and 1122 cm−1 refers to aldehyde 
stretching, 622 cm−1 is due to C–Cl stretching these readings confirmed the presence 
of terpenoids which acted as both reducer and stabilizer. The cubic phase of Cu was 
examined using XRD analysis where absorption peaks observed were 2θ = 43.30°, 
50.50° and 74.30° and the size of NPs were calculated using Scherrer’s equation 
which came out to be 44.9 nm further spherical shape was noticed in HRTEM images, 
the ringlike diffraction in the SAED patterns signifies crystallinity of the particles 
which is in common with XRD data finally the antibacterial activity was tested via 
inhibition zone assay against Proteus mirabilis with 40 μg/ml of Cu nanoparticles 
which showed max efficiency. This green, cost-effective approach to produce copper 
NPs can replace costly antibiotic drugs in the industry (Gopalakrishnan & Muniraj 
2021). 

Nagar et al. using green synthesis created eco-friendly CuNPs from cupric chlo-
ride salt and Azadirachta indica, leaf broth was added to a heating aqueous solution 
of CuCl2.2H2O and intense brown coloration confirmed the formation of CuNPs, 
after 15 min of 6000 RPM centrifugation the supernatant was collected. The char-
acterization of nanoparticle by UV–Vis spectroscopy showed Max absorbance peak 
at 560 nm, Leaf broth percentage also affected the absorption peaks at percentage 
of 5 a week absorption peak was observed at 506 nm and when increased to 20% 
the Surface plasmon resonance peak increased the shape observed by TEM images
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was cubical and also revealed that the nanoparticles were coated with capping agents 
from neem leaf extract further purity of copper atom was confirmed by EDS spectra 
where peak at 2θ = 43.5°, 49.9° and 74.01° corresponds to (111), (200) and (220) 
further SEM images showed the particle size to be 48 nm (Fig. 6.2) which was 
calculated by the Scherer’s equation. It was also found that concentration of salt 
when increased from 7.5 × 10–3 the size of nanoparticles decreases, also the optimal 
reaction temperature for conversion rate of copper ions was found 85 °C. it was also 
found that biomolecules were inactive under acidic pH and NPs could not be formed 
and 6.6pH is optimal. Under FT-IR analysis the NPs display peaks at 2922 cm−1, 
2371 cm−1, 1631 cm−1, 1456 cm−1, 1384 cm−1,1077 cm−1 for phenols, aromatic 
amine, carbonyl stretching, alkene stretching, aldehyde and CO stretching respec-
tively which hints the presence of flavonoids, polyphenols and terpenoids which 
is responsible for stabilization and reduction finally the high zeta potential value 
(–17.5 mV) defines the highly stable Cu NPs (Nagar and Devra 2018). 

Vishveshvar et al. prepared Cu Oxide nanoparticles using leaf extract of Ixoro 
coccinea which have wound healing properties and further characterization studies 
were done. Leaves from the plant were taken into the flask and boiled until the color 
turned to brown then the extract was filtered once cooled down, for the synthesis of 
CuO NPs 500 mL of 3 μM CuSO4 solution was prepared adding different volumes of 
extract and left for bio reduction, centrifugation was done at 10,000 rpm and then NPs 
were removed and moved into hot air oven obtaining solid CuO nanoparticles. After 
the synthesis of both extract and nanoparticles characterization was done, UV–visible

Fig. 6.2 A TEM image of synthesized Copper Nanoparticle, B SAED pattern of Copper 
Nanoparticles (Nagar and Devra 2018) 

Fig. 6.3 TEM (a and b), EDS (c) images and XRD d pattern of dried powder of Fe3O4 MNPs 
respectively) 
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spectrum showed high absorbance in 200–300 nm range, due to SPR peak formed at 
191 nm, SEM images revealed high tendency of NPs to agglomerate thus showing 
avg. size of 300 nm and distributed randomly, for morphological analysis TEM was 
done which showed size of NPs less than 5 nm with spherical morphology. It was 
noticed that by absorbing moisture NPs can agglomerate which can be undone by 
ultrasonication to make less sized nanoparticles, FTIR analysis of CuO NPs showed 
peak obtained at 488 cm−1 assigned to Cu–O and 658 cm−1 to Cu2–O stretching, 
1026 cm−1 was referred to H–OH bond stretches, peak near 700 cm−1 for phenolic 
and alcohol groups while 1300 cm−1 for C-N bond, thus indicating alkaloids, glyco-
side, flavonoids, tannins, saponins, steroids, terpenoid etc. presence which maybe 
acting as a reducing and capping agents. As this process was cost effective and 
eco-friendly, further study is required for development of more enhanced route for 
greener synthesis of nanoparticles (Vishveshvar et al. 2018). 

6.2.4 Iron Nanoparticles 

Jeyasundari et al. synthesized zero valent Fe NPs from Psidium guajava plant leaf 
extract, in which polyols are mainly responsible for reduction of Fe ions, process 
started through cutting of Psidium guajava leaves into small parts and boiling 
for 20 min and the extract was filtered using filter paper to get leaf extract, then 
FeCl3 solution was added and heated for 15 min at 60–70 °C and preparation 
of iron nanoparticle was completed. UV–Vis analysis revealed absorption band at 
254.12 nm, this peak was due to SPR. Further FTIR data was observed, band at 
3466 cm−1 is due to OH stretching vibration of phenolic groups, band at 2075 cm−1 

refer to C–O stretching, 1637 cm−1 and 670 cm−1 due to carbonyl groups in esters, 
ethers, alcohol, acids and revealed that that flavonoid, tannins, steroids, glycosides, 
polyphenol found in Psidium guajava leaf extract play a significant role in the reduc-
tion of Fe3+. Under XRD analysis the diffraction peaks were 42° (100), 44° (002), 
48° (101), 77° (110) and the avg. size of NPs solved by Scherrer’s equation was 27 
× 10–9 nm. By SEM images agglomerated FeNPs were seen and the EDAX profile 
of capped FeNPs showed strong crystalline property. The antibacterial activity of the 
FeNPs were also good the zone of inhibition obtained was 14 mm against Bacillus 
cereus, 17 mm against  Escherichia coli, 10 mm in case of Klebsiella pneumonia 
and 14 mm in case of Staphylococcus aureus. These NPs can be used in removal of 
environmental contaminants and this green route is non chemical producing thus not 
affecting the environmental aura (Jeyasundari et al. 2017). 

Similarly another studies were done using leaf extract, Perveen et al. boiled the 
Plumeria obtusa leaves, biofabrication by adding ferrous acetate into plant extract 
and heating up to 2 h at 70°C in the presence of a buffer maintaining pH at 9, while 
characterization by UV–Vis spectroscopy the maximum absorbance observed was 
331 nm, also confirming the presence of aromatic compounds then FTIR analysis 
confirmed the presence of phenol, NH/CH/OH in amines, carbonyl group, amides,
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COOH, aliphatic ether, C-N groups, S = O were observed through peaks, reduc-
tion and stabilization of the NPs were done when these biomolecules attaches to the 
surface of metal ion further XRD analysis showed highly crystalline nature of FeNPs 
and the average size of 50 nm by Scherer’s approximation, TEM images gave spher-
ical shape of NPs. The antibacterial activity was studied against B.subtilis and E.coli 
using the agar well diffusion method where streptomycin was used as a (+) control 
further the inhibition zone observed was 16 ± 0.03 mm and 18 ± 0.03 mm for P. 
obtusa extract against E. coli and B. subtilis, respectively further the inhibition zone 
noticed was 24 ± 0.04 mm against B. subtilis and 29 ± 0.03 mm against E. coli in 
case of FeNPs then antifungal activity was studied against Schizophyllum commune 
and Aspergillus niger by using disc-diffusion method, for plant extract inhibition 
zones were 17 ± 0.02 mm against S. commune and 14 ± 0.02 mm against A. niger 
and for the NPs these were 28 ± 0.03 mm against S. commune and 24 ± 0.02 mm 
against A. niger at 100 μg/mL concentration in which Fluconazole and DMSO 
served as positive and negative controls. For finding MICs (Minimum inhibitory 
conc.) microdilution method was utilized, different concentrations of NPs ranging 
50–500 μg/mL were used for the study and the values observed were 250 ± 0.13,125 
± 0.11, 125 ± 0.08, 250 ± 0.09 μg/mL for P. obtusa and, 62.5 ± 0.11,62.5 ± 0.9, 
62.5 ± 0.12, 31.2 5 ± 0.07 μg/mL for FeNPs against, A. niger, E. coli, S. commune 
and B. subtilis microbial strains, respectively and for standard drugs ( streptomycin 
and fluconazole) the values obtained were 63.4 ± 0.1, 32.31 ± 0. 09, 61.95 ± 0.13 
and 62.15 ± 0.08 (μg/mL), results of MIC study came with a probability value of 
< 0.005. For antioxidant property of the FeNPs, the spectrophotometry was done, in 
the result, DPPH radical scavenging potential values were found 70.23 ± 0.02% for 
FeNPs and 56.34 ± 0.03% for Plumeria obtusa. Standard potential was 66 ± 0.02% 
for ascorbic acid, thus FeNPs showed notable antioxidant activity. This approach for 
green synthesis of FeNPs would lead to better and eco-friendly practices also the 
antibacterial and antifungal properties of NPs are promising (Perveen et al. 2022). 

Again, with green tea leaves extract from Camellia sinensis production of green 
iron NPs for the cause of wastewater treatment, and for that Ogutveren et al. heated 
them with water and then FeCI3.6H2O was added as Fe source. Zetasizer analysis 
was performed to determine FeNP size distribution that came in 10–100 nm range. 
EDX analysis was done, and the main elements were found to be Fe, Si, O, whereas 
C, Na, Mg, Cl, P, K, Al were also found. SEM analysis results showed that the size 
of FeNPs was less than 100 nm which was done at 20 keV and 11 mm distance. Also 
the fraction of polyphenolic compounds in tea leaves extract came to be 10%(v/v) 
(Ulker ogutveren et al. 2016). 

In one more research Papaya leaves were utilized, Where Habiba et al. aimed to 
treat reactive azo dyes widely being used in textile industries by iron oxide (α-Fe2O3) 
NPs and degrade them which pollutes water bodies and also enters human food chain. 
The Carica papaya leaves were washed then oven dried to make fine powder and 
finally 20 g of powder is boiled with water and filtered using filter paper. Then 
extract solution was added with FeCl3.6H2O and pH 11 was maintained by NaOH, 
and finally iron oxide NPs were separated by centrifugation and dried after washing 
with ethanol further FTIR analysis was done and peaks observed at 678.94 cm−1,
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474.49 cm−1and 621.08 cm−1 represents the presence of Fe–O bond while the peaks 
3357.57 cm-1 hints the presence of OH bond, 3691.57 cm−1 and 1433.11 cm−1 

also refers to OH bond stretching in carboxylic group and phenolic, the ensuring the 
presence of alkane, secondary alcohol and alkene in the plant extract confirmed by the 
peaks at 1625.99 cm−1 1101.35 cm−1 and 2927.94 cm−1 denoting C¼C stretching, 
C–O stretching and C–H stretching then characterization by x-ray diffractometer 
gave data indicating the crystal planes 25.16°, 35.12°, 36.63°, 40.64°, 49.97°, 57.08° 
and 59.42° which indicates the formation of α-Fe2O3 nanoparticles also the avg. 
size came 4.58 nm, the FESEM images showed average diameter of 21.59 nm and 
nonuniform nanoparticles then through EDX analysis the mass percentage for iron 
32.70%, Carbon 25.05% and 31.03% for oxygen was seen. If asked about the reason, 
degradation of Remazol yellow dye is due to the hydroxyl ion produced by FeO 
nanoparticles in the presence of sunlight 0.50, 140, 245 and 340 mg of dye is removed 
by NPs in case of 10, 30, 50 and 70 ppm of initial dye concentration, while each 
gram of photocatalyst remove 120, 240, 60, 80 mg and for 0.4, 0.2, 0.8 and 0.6 g/L 
of catalyst. Well diffusion method was used for the antibacterial study of the nano 
particles, the inhibition zone for Staphylococcus aureus was 7 ± 1 mm for 5 mg/ml 
doses but when the dose was increased to 30 mg/ml inhibition zone of 12.5 ± 0.5 
was noted also Klebsiella spp. at 5 mg/ml, 20 mg/ml doses showed resistance but at 
30 mg/ml it grew and gave an inhibition zone of 9 ± 1 mm the NPs showed average 
effect on Pseudomonas SPP. and E.coli with inhibition zones of about 10 ± 0.5 mm 
and 9 ± 1 mm respectively. During the cytotoxicity study the α-Fe2O3 nanoparticles 
showed a high toxicity towards the BHK-21 and Hela cell lines, and it revealed that 
survival rate is only 5% after 48 h, about 10–20% of the Vero cells survived for 
the same doses of nanoparticles. ∝ Fe2O3 NPs showed degradation of dye in sun 
radiation, also high toxicity was seen so cancer can be treated under certain dosage, 
but further studies are required for exact procedure (Bhuiyan et al. 2020). 

Not just leaves, plant peel extracts have also been used in many experiments. 
One of which is done by Venkateswarlu et al. utilizing peel extract of plantain that 
composed of lignin cellulose, pectin, carbohydrates and polyphenols that mainly 
function as both capping and reducing agents in synthesizing Fe3O4 nanoparticles, 
for that Plantain peel were washed and dried for 14 days, then kept in distilled water 
until the color becomes yellow then filtered, preparation of NPs completed after 
adding FeCl3.6H2O and sodium acetate. TEM images showed the size of nanoparticle 
in 30–50 nm range. Through FT-IR, bands in the region of 3550–3350 cm−1 were of 
OH stretching, band 890 cm−1 refer to amine groups, 2930–2854 cm−1 for alkane 
and band appearing at 1725 cm−1 is indicative of the CO group these results indicated 
the presence of different biomolecules and polyphenols. Further XRD data reveals 
the crystalline nature of Fe3O4 NPs and the peaks were seen at (111), (220), (311), 
(222), (400), (422), (331), (422), (511) and (531) (Figure 3). Using BET method, 
pore size and surface area were determined which came to be 1.8 nm and 11.31 
m2g−1 respectively. Further the magnetic values derived from the hysteresis loop 
are 15.8 emu/g (saturation magnetization), 387.91 G of coercive force, remnant 
magnetization 0.62 emu/g and shows ferromagnetic properties. These kinds of NPs
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can be used in applications involving metal pollutants removal and other biomedical 
fields (Venkateswarlu et al. 2013). 

As the previous research focused on pollutant removal the next one also utilizes 
peel extract but application include drug delivery, Sathishkumar et al. aimed for 
ecofriendly and nontoxic production of iron nanoparticles utilizing fruit extract of 
Couroupita guianensis for which outer peel of Couroupita guianensis Aubl. were 
removed, then for 10 days little pieces were sun dried and converted into powder, 
mixing this with water and boiling for 20 min at 60 °C then filtering with Whatman 
no. 1 filter paper gives the extract. FeCl3.6H2O was then added and centrifuga-
tion was done keeping pH at 10.5 with ammonia solution. The amine and hydroxyl 
groups of bioactive molecules from plant extract form FeH6O3, which then produce 
Fe3O4 particles by reduction through other biomolecules. UV–Vis spectrum shows 
absorbance in a range of 25–35 nm further under FTIR spectroscopic analysis 3600– 
3100 cm−1 peak is the OH and NH stretching vibrations, 1640 cm−1 band is assigned 
to carbonyl groups and 2925 cm−1 for CH presence, function of polyphenols and 
metabolites was confirmed by FTIR as reducing sugars and stabilizers then XPS 
spectra of CGFe3O4 nanoparticles showed ranges for O1s-529.6 eV, C1s-283.8 eV 
and N1s-398.5 eV, the crystalline structure of NPs characterized by XRD shows 
2θ as 35.54°, 43.07°, 53.43°, 56.95°, 62.54° for each Bragg reflection (220), (311), 
(400), (422), (511) and (440) and mean size of NPs calculated through Scherer’s 
equation was 7.2 nm. The nanoparticles exhibit a negative zeta value of -26 mV 
which is quite large due to the surface coating of biomolecules creating an opposing 
force among NPs. Further the TEM analysis gives the size of nanoparticles in the 
7–80 nm range, and the mean size was found to be 17 ± 10 nm and the 6.2 keV 
region in EDX spectrum showed the stability and purity of formed NPs. Surface 
plasmon resonance was also noticed at 0.5 keV peak. The synthesized CGFe3O4 

nanoparticles exhibit superparamagnetic at room temperature. For cytotoxicity anal-
ysis MTT assay was done on human hepatocellular carcinoma cells to find IC50 
value which came to be 120 μg/mL for CGFe and 44.51 μg/ml for CGFe3O4, results 
shows that the synthesized CGFe3O4 nanoparticles trigger the death of HepG2 cells 
by apoptosis. In hemocompatibity study results were that Fe3O4 NPs show lesser 
hemoglobin release than crude CGFe. Antibacterial activity was tested against gram 
negative E. coli, S. typhi, K. pneumonia and gram-negative S. aureus (Sathishkumar 
et al. 2018). 

Another such research resulting applications in biomedical field, drug delivery 
specifically was done by Orooji et al. aiming for the production of Mesoporous 
Fe3O4@SiO2 NPs via green route. The FeNPs are synthesized by using FeCl2.4H2O 
and FeCl3.6H2O as precursors (molar ratio 1:2) in water and stirring vigorously for 
half hour under nitrogen atmosphere and room temp. Fe-SiO2 NPs were prepared 
by dispersing 0.1 g of FeNPs in a flask having 0.18 L ethanol and 20 ml ammonium 
hydroxide then adding 1.2 ml of Si (OC2H5)4and mixing for 24 h. Strawberries 
were collected then dried for 2 days at room temperature then 20 g extracted by 
maceration process using 150 ml CH2O. Finally, the extract solution was evaporated 
after filtering using a rotary machine. Strawberry extract (10 ml) was then treated 
with 1.67 mmol of calcium nitrates solution under ultrasonic wave, putting this into
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FSNP solution and 30 ml deionized water with 1 mmol (NH4)2HPO4 with NH3 till 
pH is 11. After 24 h precipitate was centrifuged, washed then dried for 8 h at 70 °C 
and finally calcined at 500°C for 2 h. For SLN loading 1:1 proportion of SLN and 
mFSH-SW (150 mg) was mixed. Optical density was measured at 450 nm by Elisa 
reader performing XTT cell proliferation assay. X-ray diffraction patterns indicate 
that crystalline FeNPs and mFSH-SW nanoparticles has no notable impurities. The 
results of FTIR spectra confirm that APTES groups found on the mFSH-SW surface 
and FESEM images showed magnetic ferrous nanoparticles of spherical shape and 
a structure with 38 nm particle size. Small particle size of mesoporous silica results 
in better drug absorption and side effect reduction due to less dosage. But the size 
was approximately increased to 50 mm due to the SiO2 layer coated successfully 
on the surface of Fe3O4 nanoparticles further EDX analysis showed presence of Si, 
P, Fe and Ca. Size distribution ranges between 70 to 110 nm as DLS data showed 
further TEM images display that spherical compounds with a diameter of 80 mm 
were synthesized. VSN analysis was done to determine magnetic properties of pure 
magnetite NPs, also according to BET (Brunauer Emmett Teller) and BJH (Brunauer 
Joyner Halenda) analysis average pore size came 14.1 mm, pore volume 0.24 cm3/ 
g and surface area of mFSH-SW was 63.2 m2/g. The percentage of Sulphur loaded 
in mFSH-APTES and mFSH were found by UV–Vis spectra, entrapment efficiency 
for pure mFSH-APTES and mFSH sample were calculated as 28.4, 49.3, 37.7 and 
59.1%. No mortality was seen during the 48 h of study in histopathological study 
of liver, spleen and kidney after injecting SLN-loaded mFSH-SW. The Nanocarriers 
prepared via experimentations can be utilized as drug carriers in drug delivery and 
also they will reduce administration time and dosage (Orooji et al. 2020). 

The large-scale pollution of water bodies by fuchsin dye released by cotton, paper 
and dye industries, this toxic dye enters into crops if irrigated through the polluted 
water that led to nausea, vomiting, diarrhea and may also cause cancer when ingested, 
Jain et al. in their research have come with green synthesized FeNPs due to their 
promising results and low cost and mainly high adsorption capabilities. They have 
used peel extract of Artocarpus heterophyllus which have biomolecules that act as 
capping agents. For extract, peels were dried in hot air oven and turned into fine 
powder, this powder was then boiled until solution changed to pale yellow further 
filtered and refrigerated then FeCl2 was added to extract solution while maintaining 
pH 6 by NaOH doing that suddenly change of solution color into dark black hints the 
formation of Fe NPs, after that the solution was heated to obtain a fine precipitate. 
To exactly know about the properties of nanoparticles characterization was done 
by various techniques, XRD analysis shows peaks at 31.58°, 40.44°, 50.18° and 
56.41° which corresponds to α-Fe2O3, 35.35° corresponds to Fe3O4, 15.05° and 
28.30° peak corresponds to α-FeOOH and the 45.32° peak confirms the presence 
of zerovalent Fe nanoparticles and the size of NPs calculated using the 31.58° peak 
was 33 nm further TEM images reveals spherical shape and similar size of 33 nm, 
the NPs surface were found to be rough via SEM images maybe due to the presence 
of polyphenols from the peel extract, similar results through EDX data, presence 
of C(54.23%), O(29.27%), Fe(15.25%) and Cl(1.25%) were noted, through FTIR
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analysis different functional groups were identified, like absorption peak of 3450– 
3200 cm−1 correspond to OH bond vibrations, which reduces the Fe ions and then 
get adsorbed over the NPs surface protecting them from atmospheric Oxygen thus 
increasing shelf life, 2969 cm−1 refers to CH2, 1664 cm−1 refers to pie bond between 
carbon carbon in a ring, 1042 cm−1 for C–O–C stretching vibrations which hints water 
soluble biomolecules. Catalytic activity study showed that NPs are able to oxidise 
the Fuchsin dye and exhibits removal efficiency of 87.5% at 318 K, this efficiency 
increase on increasing temperature. So, if we talk about the mechanism, when the 
FeNPs are added, the formation of iron oxide takes place this leads to the leaching 
of Fe(ll), Fe(lll) and Fe(zerovalent) ions, the Fe(ll) and Fe(lll) combine with H2O2 

and yield Oxyhydroxide which adsorb the dye also these Oxyhydroxide reacts with 
Fe3 to further decompose H2O2 (Jain et al. 2021). 

Niraimathee et al. rather than common parts like fruit and leaves, utilized roots of 
M. pudica, dried and converted them into powdered form again added in water and 
stirred magnetically then filtered with Whatman filter paper. In that extract ferrous 
sulfate solution was added and pH was set to 9, this mixture was centrifuged for 
15 min at 6000 rpm and precipitate was dried giving the iron oxide NPs. This plant 
contains a compound called mimosine which behaves as a reducing agent. UV– 
Vis study showed a sharp peak at 294 nm thus indicating FeNPs presence further 
in FTIR analysis of mimosa root extract 3417 cm−1 peak refer to OH group in 
water, 2922 cm−1 peak is due to CH2, 1415 cm−1 for C–C, 1074 cm−1 for C-N 
group, 2395 cm−1 is also due to OH stretching, peak at 1628 cm−1 is for C–C bond 
and 2354 cm−1 refers to C-H stretching vibrations which lead to the prediction of 
mimosine compound(alkaloid) in the root extract of mimosa. The peaks obtained for 
nanoparticles were 3422 cm−1 (OH), 2366 cm−1 (CH), 1648 cm−1 (CC), 1096 cm−1 

(SO4). On comparing both the peaks obtained from both the analysis It was found 
that the ability to act as a reducing and stabilizing agent for FeO nanoparticles is 
in M. pudica root extract. Further characterization by XRD revealed the NPs were 
crystalline in nature that the peaks obtained were at 18.2°, 23.6°, 28.7°, 33.9° and 39° 
marked by their indices (202), (132), (322), (016) and (151) with average particle size 
of 25.6 nm using Debye Scherrer formula and SEM data give particle size around 
67 nm. PD analyzer shows mean size of 147 nm polydispersity index of about 0.240. 
Vibrating sample magnetometry revealed saturation magnetisation of nanoparticles 
to be 55.402 emu/g thus showing superparamagnetic behavior (Niraimathee et al. 
2016). 

At last other than plants and leaves, seaweeds were also manipulated for FeNPs 
production. Kappaphycus alvarezii is a seaweed known for its gelling properties, the 
compound carrageenan gives the jelling properties and is used in this experiment by 
Shameli et al. as a green stabilizer in synthesizing nanoparticles. The civil was then 
then bleached to make it colorless, dried under sun and this dried sample with deion-
ized water gives extract solution. After that, Fe3O4 nanoparticles were synthesized by 
adding ferrous and ferric solution with NaOH to maintain the pH 11 and stirred for 1 h. 
While characterizing purity of the synthesized particles identified by XRD analysis 
where peaks observed were 2θ = 30.56°, 35.86°, 43.46°, 54.01°, 57.38°, 63.00°, and
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74.46° for crystal planes (200), (311), (400), (422), (511), (440), and (533), respec-
tively also the broad refraction peak observed was 21.50° in UV–Vis spectroscopy 
no strong absorption peak was seen and under XRD analysis using Scherrer equation 
size of the crystal NPs came out to be 16.79 nm then TEM images gave spherical 
shaped particles and mean size of 14.7 nm. FT-IR spectroscopy revealed functional 
groups as OH, CH, CO and sulphate group at 3439 cm−1, 2916 cm−1, 1636 cm−1, 
1227 cm−1 respectively. In synthesized Fe3O4 nanoparticles the peak 423 cm−1 and 
556 cm−1 belong to FeO stretching vibrations. These non-toxic NPs can be further 
used in biomedical applications (Yew et al. 2016). 

6.3 Conclusion 

As we have gone through many of the research articles, we saw what are the different 
processes that lead to the synthesis of respective nanoparticles. This chapter consisted 
of Au(gold), Ag(silver), Cu(copper), Fe(iron) nanoparticles which vary widely in 
size and shape, may it be spherical, cubic or heart shaped, various characterization 
techniques were made in use to elude properties of the nanoparticles and different 
sizes were noticed through SEM and TEM images. No pathogenicity was seen in 
most of the nanoparticles, still NPs which showed pathogenicity can be utilized in 
biomedical fields and cancer treatment antibiotic, antioxidant, antimicrobial activi-
ties, Drug delivery was also possible due to ultra-small size of nanoparticles. Also, 
there were applications that were successfully applied, and results were observed 
like dye degradation which is useful in wastewater treatment. 
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Chapter 7 
Mycofabrication of Silver Nanoparticles: 
Synthesis, Characterization and Its 
Biological Applications 

N. Prabhu, K. Deepika, S. M. Nandhini, and S. Arsheya Begam 

Abstract In the developing field of myconanotechnology, fungi can be used to 
create nanomaterials or nanostructures with desired shape and size. The word “myco-
nanotechnology” was coined by Rai M of India. It is described as the provision 
of nanoparticles by fungus and their subsequent application, mainly in health-
care, environmental, and medical sectors. It investigates silver nanoparticle produc-
tion by important fungi, such as mushrooms, Fusarium, Trichoderma, Endophytic 
fungus, and yeast. Silver nanoparticles synthesized using fungi enable the control 
of pathogens, with low toxicity and good biocompatibility. The section focuses on 
experiments that used fungus to make silver nanoparticles synthesis, creation of 
nanoparticles of various sizes, surface charges, and morphologies and the synthesis 
can be optimized by adjusting parameters such as temperature, pH and silver 
precursor concentration. This chapter reviewed the potential of fungal mediated 
biosynthesis of silver nanoparticles and its importance in biological functions. 

Keywords Myconanotechnology · Biogenic synthesis · Biocompatibility ·
Parameters 

7.1 Introduction 

Nanotechnology is raising area of technology which includes synthesis and improve-
ment of substances at nanoscale (Rai et al. 2009). It has opened new avenues with 
interdisciplinary area of technology known for innumerable packages (Rai et al. 
2009). These nanomaterials are utilized in diverse fields together with digital devices, 
sensor technology, sign enhancers, optical sensors, biomarkers, magnetic, catalysis, 
optical polarizability, electric conductivity, antimicrobial activity and drug transport 
to tumour cells (Jain et al. 2010a).
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Hence nanoparticle studies have received main use of silver nanoparticles (Ag 
NPs) in biomedical area with huge wide variety of sources already in market place 
together with ointments, dressing substances and packaging substances (Gade et al. 
2010). Antimicrobial properties of silver nanoparticles are said to be effective against 
a variety of pathogenic bacteria (Pattabi and Uchil 2000). Mode of movement of silver 
nanoparticles as in line with the clinical facts shows that silver nanoparticles have 
unique mode of movement as an instance they’re regarded to engage with the thiol 
groups of important enzyme, motivepit at the molecular wall and harm the DNA of 
the organism (Jo et al. 2009). 

The famous prescient lecture “There is plenty of room at the bottom” given by 
American physicist Richard Feynman in 1959 is considered the conceptual birth of 
nanotechnology. It is now an unavoidable problem in almost every field of science, 
including medicine, the environment, agriculture and engineering (Qian et al. 2013). 
Humans have used metals such as silver and copper for centuries for their antibacterial 
properties (Wang et al. 2008). It is currently being investigated for application in 
consumer products such as textiles, shampoos, hygiene products, contraceptives and 
especially in waste water treatment (Misra and Mohanty 2011). 

Due to their surface resonance properties, Ag NPs find applications in sensors such 
as colorimetric, surface-enhanced Raman spectroscopy, fluorescence, and chemi-
luminescence sensors (Kalimuthu 2010). These sensors detect pollutants released 
into the environment such as ammonia, heavy metals and pesticides. Similarly, treat-
ment of diseases such as cancer is protracted due to late detection of the disease. Ag 
NPs are useful for early detection. In addition, Ag NPs can be used for remediation of 
contaminants as they are excellent catalysts for the decomposition of contaminants 
such as nitro arenes and organic dyes due to their high surface area-to-volume ratio 
(Kapoor and Viraraghavan 1996). 

In addition, Ag NPs are less toxic to mammalian cells than other metal nanopar-
ticles and their relatively small size allows them to easily enter cells through cell 
membranes and serve as potential antibacterial agents (Kim et al. 2012). Due to their 
considerable surface energy, Ag NPs tend to aggregate, reducing their antibacterial 
potency. This can be resolved by loading the Ag NPs onto a solid support system. 
The high electrical conductivity of Ag NPs finds applications as electronic devices 
that mimic inks (Ingle et al. 2009). When applied to a compound surface, it enhances 
the conductivity of 2D sensors like graphene oxide. Additionally, this property is 
useful for detecting heavy metals (Choudary et al. 2002). 

Depending on the reducing agent used, AgNPs can be synthesized using physico-
chemical and biological approaches. Previous approaches have used chemicals, light, 
lasers, electricity, sound waves, microwaves (Ankamwar et al. 2005) as substrates 
to synthesize Ag NPs. However, for the latter, secondary metabolites or enzymes 
from microorganisms, fungi, and mainly polyphenol-rich natural substances are 
used (Rajeshkumar and Bharath 2017). Physicochemical approaches to nanopar-
ticle synthesis are neither economical nor environmentally friendly (Kapoor and 
Viraraghavan 1996). On the other hand, biosynthesis can overcome these drawbacks 
and obtain Ag NPs with various structures and crystallinities. The material chemistry
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of Ag NPs is determined by their shape, size, surface charge, aggregation tendency, 
and dissolution rate (Kogej and Pavko 2001). 

When released into the environment, the toxicity of Ag NPs increases and can 
affect communities such as microorganisms, nematodes, insects, plants and animals. 
Similarly, human inhalation of Ag NPs is also unpleasant (Lee et al. 2011). It can 
damage organs such as the liver, spleen, lungs, and kidneys. Moreover, microbial 
resistance to Ag NPs may pose problems in applying Ag NPs as broad-spectrum 
antifungal agents. 

Microfabrication accommodates using a fixed of producing equipment primarily 
based totally on photolithographic strategies typically used for making IC (Inspirtory 
Capacity) with inside the electronics industry (Das et al. 2009). Microfabrication is 
likewise not un usual place key era with inside the promising new fields consisting 
of MEMS (micro electro-mechanical structures), µ TAS (micro overall analytical 
structures), and µ FLUMS (micro fluidics and molecules) and has been carried out 
to immune isolation, drug delivery, biochemical engineering and analytical fields 
inclusive of capillary electrophoresis (CE) (Aziz et al. 2015). 

The capability blessings of micro-sized apparatus, relative to structures of tradi-
tional size, encompass decreased intake of samples and reagents, shorter evalua-
tion times, extra sensitivity, portability (Jang et al. 2021) that permits in situ and 
real-time evaluation and disposability. A numerous fungal strain can be synthesized 
using silver nanoparticles (AgNPs) with the help of Pestalotiopsis sp., Phoma sp., 
Humicola sp., Aspergillus Niger, Fusarium oxysporum, Penicillium fellutanum. Opti-
mizing the cultural and physical conditions 1 in the synthesis of silver nanoparticles 
from Fusarium oxysporum (Birla et al. 2013). 

One of the most important factors affecting the mycosynthesis of nanoparticles 
is pH (Balakumaran et al. 2022a). It influences the size and nature of the nanoparti-
cles synthesized. The isolation of Penicillium fellutanum from the coastal mangrove 
sediments have the ability to produce nanoparticles under controlled parameters of 
temperature, pH, silver ion concentration, and time of exposure of silver nanoparticles 
(Kathiresan et al. 2009). Using Aspergillus flavus (KF934407) and Fusarium solani, 
silver nanoparticles can be synthesized extracellularly in the size of 50 nm and 
5–35 nm (Fatima et al. 2016; Ingle et al. 2009). 

7.1.1 Why We Choose Silver Nanoparticles 

Silver nanoparticles are the most well-known type of nanoparticles, with exten-
sive production and commercialization along with significant applications (Filipenko 
et al. 2007). A number of examples discovered that amalgamation of silver nanopar-
ticles will be completed with the aid of using the usage of organic organisms. 
Extracellular synthesis of solid silver nano crystals has been documented in fungus 
Aspergillus flavus. Similarly, endophytic fungi Epicoccumnigrum turned into deter-
mined to synthesize Silver nanoparticles at one-of-a-kind pH and temperature. 
Similar to this, well-known producers of silver nanoparticles include bacteria like
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Bacillus species and Brevibacterium casei. Also, it was claimed that Curry leaf was 
used to produce rounded silver nanoparticles of length 10 to 25 nm (Murrayakoenigii) 
(Adebayo et al. 2021). 

7.1.2 Synthetic Versus Mycofabrication of Silver 
Nanoparticles 

Synthetic procedures of silver nanoparticle synthesis presently there are pretty a 
whole lot of techniques hired in the fabrication of silver nanoparticles (Moghaddam 
et al. 2015). But those procedures involve the packages of decreasing dealers like 
hydrazine, sodium borohydride, thiourea, thiophenol, mercaptoacetateetc (Babu and 
Gunasekaran 2009) which can be unsafe and unfavorable to the environment. Such 
decreasing dealers make the synthesis system costly. Consequently, organic synthesis 
of silver nanoparticle is now the maximum eco- pleasant and value powerful system 
etc. (Chinnamuthu and Boopathi 2009). Bio fabrication of silver nanoparticles can 
be accomplished via way of means of using exclusive kinds of organic organisms 
such as bacteria, flowers and fungi (Lu et al. 2010) (Table 7.1).

7.2 Mycofabrication of Silver Nano Particles 

7.2.1 Optimization of Silver Nanoparticle Synthesis 

Synthesis of silver nanoparticles using fungi is simple and effective, but the param-
eters used in the procedure need to be optimized for good particle monodispersity, 
stability and biocompatibility (Balakumaran et al. 2015). Since the most diverse 
fungi are potentially available for synthesis, it is important to consider individual 
characteristics and optimize synthesis conditions accordingly (Ottoni et al. 2017). 

Parameters such as agitation, temperature, light, incubation time, and synthesis 
time vary depending on the fungus used and can also be adjusted to obtain the 
desired properties of the nanoparticles. Controlling the size and shape of nanopar-
ticles requires tuning the parameters used in both the fungal culture and synthesis 
processes (Birla et al. 2013). Studies have shown that it is possible to obtain nanopar-
ticles with different physicochemical properties using changes in temperature, metal 
precursor concentration, pH, medium and amount of biomass (Birla et al. 2013; 
Rajput et al. 2016; Saxena et al. 2016; Wu et al.  2017). Table 7.1 shows several 
studies in which silver nanoparticles were prepared using different types of fungi 
and synthesis conditions.
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Table 7.1 Synthesis of nanoparticles 

Fungi/Yeast Confinement References 

Fusarium oxysporum Extracellular Duran et al. (2005) 

Aspergillus fumigatus Extracellular Bhainsa and D’souza (2006) 

Phanerochaete chrysosporium Extracellular Vigneshwaran et al. (2007) 

Aspergillus flavus Extracellular Vigneshwaran et al. (2007) 

Fusarium oxysporum Extracellular Mohammadian et al. (2007) 

Pleurotussajor-caju Extracellular Vigneshwaran et al. (2007) 

Aspergillus niger Extracellular Gade et al. (2008) 

Fusariuma cuminatum Extracellular Ingle et al. (2008) 

Cladosporium cladosporioides Extracellular Balaji et al. (2009) 

Coriolus versicolor Extracellular Sanghi and Verma (2009) 

Penicillium brevicompactum Extracellular Shaligram et al. (2009) 

Fusariumsolani Extracellular Ingle et al. (2009) 

Penicillium fellutanum Extracellular Kathiresan et al. (2009) 

Penicillium sp. Extracellular Maliszewska and Sadowski (2009) 

Phomaglomerata Extracellular Birla et al. (2009) 

Penicillium sp. Extracellular Hemanth et al. (2010) 

Aspergillus niger Extracellular Jaidev and Narasimha (2010) 

Aspergillus clavatus Extracellular Kumar et al. (2018) 

Fusarium oxysporum Extracellular Dhillon et al. (2012) 

Aspergillus flavus Extracellular Jain et al. (2010a, 2010b) 

Aspergillus fumigatus Extracellular Ranjbar Navazi et al. (2010) 

Bipolarisnodulosa Extracellular Rao et al. (2010) 

Fusarium solani Extracellular El-Rafie et al. (2012)

7.2.2 Effect of pH 

Adjustment of synthesis pH can be used to control specific properties of nanoparti-
cles (Lee et al. 2011) reported that the conformation of the nitrate reductase enzyme 
can change depending on the proton concentration in the reaction medium, leading 
to changes in nanoparticle morphology and size. At higher pH values, there is 
greater competition between protons and metal ions for binding to negatively charged 
regions, leading to greater synthetic success at alkaline pH (Sintubin et al. 2009). 

Qian et al. (2013) observed that alkaline pH favored the synthesis of silver nanopar-
ticles when AgNO3 was added to the filtrate of the fungus Epicoccumnigrum. It may 
find that higher alkaline pH resulted in shorter synthesis times and smaller nanopar-
ticle size distributions and polydispersity index values. These properties indicate 
enhanced stability due to electrostatic repulsion of anions present in the dispersion 
(Gurunathan et al. 2009). Synthesis using Coleotrichum sp. ALF2-6 at alkaline pH
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and elevated temperature of 50 °C was completed in about 20 min, faster than at 
lower pH (Azmath et al. 2016). 

7.2.3 Effect on Tempreture 

The rate of synthesis increases when the temperature is raised to 40 °C, which he 
considered to be the ideal temperature. In another study using Fusarium oxysporum 
filtrate, higher protein secretion by fungal biomass was observed at temperatures 
between 60 and 80 °C, with synthesis rate and surface uptake increasing gradually 
with increasing temperature. found that the reaction rate increased at higher tempera-
tures and that the synthesis was completed within 20 min at temperatures above 50 °C 
(Rai et al. 2016). According to a research by Phanjom and Ahmed using Aspergillus 
oryzae, synthesis progressed more quickly at higher temperatures, finishing in six 
hours at 30, 50, 70, and 90 °C. 

Although most studies report faster synthesis rates at higher temperatures, it 
is important to consider the quality of the nanoparticles. In addition to affecting 
synthesis rate, temperature can affect nanoparticle size and stability. Nanoparticles 
synthesized using the fungus Aspergillus fumigatus reached a size of 322.8 nm at 
25 °C, increased with increasing temperature, and reached 1073.45 nm at 55°C using 
the fungus Fusarium oxysporum found that the nanoparticles size decreased with 
increasing temperature to 50 °C, with the smallest size (30.24 nm) at that temper-
ature also found that using the fungus Trichoderma viride reduced the size of the 
nanoparticles with increasing synthesis temperature. 

7.2.4 Effect of AgNO3 Concentration 

Most studies using fungi for the extracellular synthesis of silver nanoparticles used 
AgNO3 at a concentration of 1 mM (Saxena et al. 2016; Xue et al. 2016). In some 
cases, lower metal precursor concentrations resulted in smaller nanoparticle sizes 
and improved distribution (Kaviya et al. 2011; Phanjom and Ahmed 2017). However, 
other studies found that using a moderate concentration of his AgNO3 reduced the 
size (Abdel-Hafez et al. 2017) using the fungus Rhizopus stolonifera. He obtained 
the smallest nanoparticle size (2.86 nm) at 10 mm AgNO, while at 100 and 1 mm the 
sizes were 54.67 and 14.23 nm, respectively. Got it. Similar results were reported by 
Husseiny et al. (2015) with Fusarium oxysporum. 

Phanjom and Ahmed studied the synthesis of nanoparticles with Aspergillus 
oryzae and his AgNO3 concentration different from 1 to 10 mm. The nanoparti-
cles were observed to have sizes from 7.22 to 17.06 nm at AgNO3 concentrations up 
to 8 mm, while the sizes increased to 45.93 and 62.12 nm at AgNO3 concentrations 
of 9 and 10 mm, respectively. This effect was attributed to the lack of functional 
groups available for reaction when the metal precursor concentration was increased.
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7.2.5 Extracelluar Production of Silver Nanoparticles 

Number of possible mechanisms have been proposed for the formation of metallic 
nanoparticles, but to date no single generalized mechanism has been identified (Kogej 
and Pavko 2001). Cell walls and cell wall sugars are likely to play an important role 
in the reduction of metal ions (Mukherjee et al. 2001). Nanoparticles are formed on 
cell wall surfaces, and the first step in bioreduction is the trapping of the metal ions 
on this surface. 

This probably occurs due to the electrostatic interaction between the metal ions 
and positively charged groups in enzymes present at the cell wall (Gajbhiye et al. 
2009) This may be followed by enzymatic reduction of the metal ions, leading to 
their aggregation and the formation of nanoparticles. Proteins have been implicated 
in nanoparticle formation in a number of different studies (Gericke and Pinches 
2006) found that, during the formation of zirconia nanoparticles, the fungus secreted 
proteins capable of extracellularly hydrolyzingcomplexesby means ofzirconium ions 
and this was confirmed in subsequent studies with silica and titania (Bansal et al. 
2005). 

They found that their fungi were also capable of hydrolyzing metal halide precur-
sorsunder acidic conditions. Their studies indicated that the proteins involved in the 
reduction of metal nanoparticles were cationic proteins with molecular weights of 
around 21–24 kDa (Bharde et al. 2006) also suggested that a cationic protein of 
around 55 kDa found in extracellular extracts of Verticillium sp. might be respon-
sible for the hydrolysis of [Fe(CN)6]3 and [Fe(CN)6]4 (Bhainsa and D’Souza 2006) 
concluded that the absorption peaks they obtained at 220 and 280 nm corresponded to 
amide bonds and to tryptophan and tyrosine residues present in the proteins, respec-
tively, and that this indicated proteinaceous compounds in fungal biomass which had 
a major role in the bioreduction of metal nanoparticles (Gade et al. 2008). 

7.2.6 Characteristics of Silver Nanoparticles 

Characterisation is an important step in the green synthesis of nanoparticles. It is 
a pivotal step to determine the morphology, surface chemistry, surface area and 
disparity in the nature of any silver nanoparticle. The most popular method for 
identifying metallic nanoparticles by analysing their stability and synthesis is UV– 
Vis spectrophotometry (Sastry et al. 1998). The next technique is X-ray diffraction 
analysis (XRD), which uses X-rays that are absorbed deeply by the material to 
observe the structure of crystalline metallic nanoparticles (Rajeshkumar et al. 2019) 

The another technique is Fourier transform infrared spectroscopy (FTIR), which 
can be used to examine the surface chemistry of synthesised metal nanopar-
ticles, observe the participation of biomolecules in nanoparticle synthesis, and 
analyse various capping agents. Energy-dispersive X-Ray spectroscopy (EDX) It
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has been established that EDX is a key method for determining a sample’s elemental 
composition, and that it can be used in nanotechnology (Juibari et al. 2011). 

The topography and morphology of nanoparticles can be viewed using scan-
ning electron microscopy (SEM), which is also used to determine the sizes of 
different nanoparticles at the micro-(106) and nano (109) scales (Sundrarajan and 
Gowri 2011). Transmission Electron Microscopy (TEM) is a very helpful method for 
characterizing nanoparticles because it can reveal details about their size and shape 
(Ghosh et al. 2012). Compared to SEM, 

TEM has a 1,000-fold better resolution, and its images provide more precise 
information about the size, shape, and crystallography of the nanoparticles (Eppler 
et al. 2000). A method that is widely used to determine the size and size range 
of molecules is dynamic light scattering (DLS). It is frequently used to describe 
nanoparticles and has been used to gauge the size of nanoparticles. Additionally, 
DLS has been widely used to size magnetic nanoparticles in liquid form (Phenrat 
et al. 2009). 

An excellent analytical technique for nanotechnology is auger electron spec-
troscopy (AES), a surface-sensitive analytical technique that results from the inter-
play of an electron beam and atoms in residence at a sample’s surface (Hadrup et al. 
2020). The widely used surface analysis method known as low-energy ion scattering 
(LEIS) is renowned for its exceptional surface sensitivity. This method allows for the 
deduction of the structure and elemental makeup of a specific sample (Table 7.2).

7.3 Applications 

7.3.1 Waste Water Treatment 

Silver nanoparticles (Ag NPs) are highly toxic to microorganisms and thus have 
strong antimicrobial effects against a wide range of microorganisms, including 
viruses, bacteria, and fungi (Sintubin et al. 2009). As a good antimicrobial agent, 
silver nanoparticles have been widely used for the disinfection of water (Kitching 
et al. 2015). 

The mechanism of the antimicrobial effects of Ag NPs is not clearly known 
and remains under debate. In recent years, several theories have been put forward 
(Moghaddam et al. 2015). Ag NPs have been reported to be able to adhere to the 
bacterial cell wall and subsequently penetrate it, resulting in structural changes of 
the cell membrane and thus increasing its permeability (Kumar et al. 2011). 

Besides, when Ag NPs are in contact with bacteria, free radicals can be generated. 
They have the ability to damage the cell membrane and are considered to cause the 
death of cells (Degenkolb et al. 2018). In addition, as DNA contains abundant sulfur 
and phosphorus elements, Ag NPs can act with it and thus destroy it. This is another 
explanation for the death of cells caused by Ag NPs (Mukherjee et al. 2001) What 
is more, the dissolution of Ag NPs will release antimicrobial Ag+ ions, which can
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Table 7.2 Synthesis nanoparticles using fungal species 

Fungal species Nanoparticle 
produced 

Synthesis mode Size (nm) References 

Aspergillus flavus (KF934407) Silver Extracellular 50 Fatima et al. 
(2016) 

Fusarium solani Silver Extracellular 5–35 Ingle et al. 
(2009) 

Ascomycota sp. Silver Intracellular and 
extracellular 

10 Jain et al. 
(2012) 

Duddingtonia flagans Silver Extracellular 30–409 Costa Silva 
et al. (2017) 

Trichoderma longibrachaitum Silver Extracellular 24.43 Elamawi et al. 
(2018) 

Penicillium oxalicum Silver Extracellular 10–40 Rose et al. 
(2019) 

Aspergillus fumigatus Silver Extracellular 322.8 Shahzad et al. 
(2019) 

Sclerotiniasclerotiorum Silver Extracellular 5–50 Tomah et al. 
(2020) 

Aspergillus oryzae Silver Extracellular 7–27 Phanjom and 
Ahmed (2017) 

Colleotrichum sp. Silver Extracellular 5- 13 Azmath et al. 
(2016) 

Fussarium oxysporum Silver Extracellular 13–15 Husseiny et al. 
(2015) 

Trichoderma viride Silver Extracellular 2–4 Fayaz et al. 
(2009)

interact with the thiol groups of many vital enzymes, inactivate them, and disrupt 
normal functions in the cell (Kapoor et al. 1999). 

With the development of nanotechnology, Ag NPs have been successfully applied 
in water and wastewater disinfection in recent years (Juibari et al. 2011). Direct appli-
cation of Ag NPs might cause some problems, such as their tendency to aggregate in 
aqueous media that gradually reduces their efficiency during long-term use (Merrin 
et al. 1998). Ag NPs attached to filter materials have been considered promising 
for water disinfection due to their high antibacterial activity and cost-effectiveness 
(Narayanan and Sakthivel 2010). 

Via the in-situ reduction of silver nitrate, Ag NPs have been deposited on the 
cellulose fibers of an absorbent blotting paper sheet (Olaniran et al. 2013). The 
Ag NPs sheets showed antibacterial properties towards suspensions of Escherichia 
coli and Enterococcus faecalis and inactivated bacteria during filtration through the 
sheet (Ahmad et al. 2005). Moreover, the silver loss from the Ag NPs sheets was 
lower than the standards for silver in drinking water put forward by Environmental 
Protection Agency (EPA) and World Health Organization (WHO).
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Therefore, for water contaminated by bacteria, filtration through paper deposited 
with AgNPs could be an effective emergency water treatment (Phenrat et al. 2009, 
Prasad and Jha 2010). Besides, Ag NPs synthesized by chemical reduction have been 
incorporated into polyethersulfone (PES) microfiltration membranes. The activity of 
microorganisms nearby the membranes was observed to be remarkably suppressed 
(Rajeshkumar and Bharath 2017). The PES-Ag NPs membranes exhibited strong 
antimicrobial properties and held great potential in application for water treatment 
(Zhang et al. 2005). 

7.4 Nanoscale Silver for Bone Mending 

Calcium and phosphate in the form of crystalline hydroxyapatite makes up human 
bones. It is a widely recognised and utilized substance for body implants (Bharti et al. 
2016). Silver-hydroxyapatite nanocomposite: structural characterisation of a bone 
healing biomaterial. For the creation of antibacterial and bioactive bone implants, 
biocompatible hydroxyapatite mixed with metallic or ionic silver forms is an appro-
priate choice (Hirsch et al. 2003). Gram positive and Gram-negative bacteria are 
successfully inhibited by such hydroxyapatite coverings that include silver nanopar-
ticles (Kora and Sashidhar 2018). In order to produce improved biomaterials, the 
additive should also have additional optical, mechanical, and chemical capabilities 
(Kora and Sashidhar 2018). 

7.4.1 Biomedical Application 

Some researchers argue that nanoparticles release silver cations in a controlled 
manner, so that the antimicrobial activity is carried out in small doses of silver ions 
released into the medium, not constituting a toxic threat to the patient (Nethravathi 
et al. 2009). However, another study has shown that the AgNP concentration is indeed 
a concern, showing that there is a threshold between concentrations considered toxic 
to microorganisms and those considered toxic to the patient’s cells (Christensen et al. 
2011). In addition to using the correct concentration, the use of capping with organic 
molecules, such as chitosan, or the use of biosynthesized nanoparticles, increases 
biocompatibility and decreases cytotoxicity (Bhainsa and D’souza 2006). 

It was already noted that the intragastric administration of AgNPs did not result 
in rats’ lethality or pronounced toxic effects, and did not influence the hematolog-
ical and biochemical parameters (Hadrup et al. 2020). The more dangerous silver 
is probably ionic silver, which has been utilised extensively in dentistry. A study 
conducted with human volunteers (Munger et al. 2014) showed that a fourteen-day 
oral dosing of silver nanoparticles did not cause evident metabolic or hematologic 
changes, nor changes in urinalysis parameters, overall physical state, or imaging 
morphology. But it is noteworthy that the toxicity of 5 nm nanoparticles was described
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on human endothelial and bronchial epithelial cells (Jang et al. 2014) and this study 
used microarray analysis to show that AgNP-treated cells presented significant vari-
ations in cell death-, apoptosis-, and cell survival-related gene expression; however, 
100 nm silver AgNPs did not induce cell death even at high concentrations, showing 
that AgNP toxicity is highly affected by the size of the nanoparticle (Arora et al. 
2009). 

One of the major concerns regarding the utilization of silver nanoparticles is 
their use in pregnant women and animals (Giner-Lamia et al. 2014). It was already 
demonstrated that when pregnant mice were exposed to 18–20 nm AgNP, silver-
containing nanoparticles could be detected in the placenta and in the head of the 
fetus (Deshmukh et al. 2019). In the fetus, silver was detected in the ionic form or as 
nanoparticles with a size less than 13 nm (Tejada et al. 2017), and this situation points 
to precautions with respect to acute exposure to nanoparticles during pregnancy 
(Srivastava et al. 2012). This accumulation of silver in the central nervous system 
has already been shown to induce long-term memory impairments in a mice model 
(Antsiferova et al. 2021). In a similar way, phytoreduced silver nanoparticles with 
polyphenols from Viburnum opulus fruit extract presented testicular toxic effects in 
offspring during the embryological development of the murine gonad (Bidian et al. 
2021). Therefore, more studies are necessary to evaluate if nanoparticles can be 
safely administered to pregnant women. 

7.4.2 Health Application 

Several studies have described the use of biogenic silver nanoparticles in healthcare 
applications to combat bacteria and fungi (Rai et al. 2009). Nanoparticles that come 
into contact with the cell wall and cause progressive metabolic reactions with the 
production of reactive oxygen species directly inhibit bacterial growth (Gudikandula 
et al. 2017). 

Nanoparticle size is one of the factors that determine antimicrobial activity, with 
smaller nanoparticles being more effective (Lu et al. 2010). Small nanoparticles can 
penetrate bacterial cell membranes to damage the respiratory chain, alter perme-
ability, cause DNA and RNA damage, affect cell division, and cause cell death 
(Morones et al. 2005). Nanoparticles also interact with thiol groups of essential 
enzymes by releasing Ag + ions that form complexes with nucleotides that damage 
microbial DNA and inhibit the activity of DNAs (Tomah et al. 2020). 

7.5 Conclusion 

Mycosynthesis of nanoparticles has created a great attention among the researchers 
because of their desirable characteristics and nontoxicity. This chapter exhibits the 
different reports illustrated by the researchers on the intracellular and extracellular
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synthesis of mycogenic nano particles. Thus, we can conclude that biological organ-
isms such as Fungi, Bacteria, and plants could be employed as suitable Nano-factories 
for the biological synthesis of nanoparticles of silver. There is an increasing interest 
in the use of fungi for these processes, and fungi may have the potential to provide 
relatively quick and ecologically ‘clean’ biofactories for metallic nanoparticles. 

Simple protocols have been used for the production of metallic nanoparticles 
of gold, silver, platinum, silica, titania and zirconia from fungi, and these processes 
have been observed in both intra and extracellular preparations. Many industrial areas, 
including food, enzyme and pharmaceutical production and processing, currently use 
fungal biomass, and so downstream handling and processing procedures for fungal 
material are already established. There are a number of challenges that need to be 
undertaken before the potential of myconanotechnology can be fully evaluated, and 
these include determining the detailed chemical processes involved in the formation 
of the particles, and optimizing these to provide sufficient quantities of a consistent 
product that can be easily extracted or separated. 
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Chapter 8 
Mycosynthesis of Nanoparticles 
and Their Application in Medicine 

N. Prabhu, S. Nivetha, G. Pooja, B. Nivedhitha, M. Baskamary, and S. Pooja 

Abstract Recently emerging field in science is myconanotechnology, where the 
creation and exploitation of nanoparticles is done by using fungi. Fungi used as 
biofactories for cost effective, ecofriendly production of nanoparticles. They have 
resistance to many harsh conditions and also their extracellular reductive protein 
makes downstream process easier. Myconanotechnology represents a new paradigm 
in the development of antimicrobial nanomedicine. Mostly silver nanoparticles 
have been discovered to have antimicrobial activity. It is used against pathogenic 
fungi infecting plants as an alternative to pesticides. It also has antimicrobial prop-
erty. Antimicrobial property of nanoparticles becomes an alternative to antibiotics. 
It is more advantageous in treating bacterial infection. Implantable devices and 
medicinal materials are coated using nanoparticles to prevent infection, promote 
wound healing and used to deliver antibiotics to treat diseases. This chapter deals 
with antimicrobial application of myconanotechnology which includes antibacte-
rial, antifungal and antiviral activity of myconanoparticles. Also explains about 
currently accepted antibacterial mechanisms of nanoparticles which are oxidative 
stress, metal ion release and non-oxidative mechanism and about critical factors 
affecting antimicrobial mechanism and their antibacterial applications. 

Keywords Myconanotechnology · Antimicrobial · Eco-friendly · Silver 
nanoparticles 

8.1 Introduction 

Myconanotechnology is a branch of nanotechnology in which nanoparticles are 
synthesized using fungi. It is an interface between mycology and nanotechnology 
(Mahendra Rai et al. 2009). Nanotechnology has wide range of applications in
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science and technology to create novel material in nano level. Nanoparticles which 
are produced from fungi are known as myconanoparticles. Synthesis of nanoparticles 
using microbes is a green chemistry approach. 

Fungi have numerous advantages to synthesize nanoparticles than other microbes 
and plant material. Top-down process and bottom-up process are two types of strate-
gies for synthesis of nanoparticles (Marchiol 2012). Mycosynthesis of nanoparti-
cles is a kind of bottom-up process (Moghaddam 2010). Myconanoparticles are 
synthesized by hydrolyzing metal ions using fungal proteins. They are capable of 
hydrolyzing metal ions and converts into metal nanoparticles. Fungi can secrete 
high amount of proteins than other microbes thus resulting in high productivity of 
nanoparticles. They are easy to isolate and culture and requires simple nutrient for 
growth. 

Downstream processing and handling of fungal biomass are easier than any 
other chemical methods (Gade et al. 2008). Produced nanoparticles will be of good 
monodispersity and well dimensioned. Moreover, it is an eco-friendly method and 
it plays a significant role in remediation of toxic metals by reduction of metal 
ions. Nanoparticles are synthesized both in intracellular and extracellular manner 
(Narayanan and Sakthivel 2011). 

Mechanism of intracellular synthesis involves trapping of metal ions over fungal 
surface by electrostatic interaction which is initiated by enzymes present in the cell 
wall and then metal ions are condensed by the enzymes within the cell wall and 
then precipitation of metal ions takes place to produce nanoparticles. Mechanism of 
extracellular synthesis involves arrangement of culture filtrate with desired metal-
solution; metal ions from the salt solution transported in cytoplasmic membrane and 
cytoplasm then the ions are reduced by reductase enzyme to produce nanoparticles 
(Subashini and Bhuvaneswari 2018). 

Some examples of produced nanoparticles are silver nanoparticles by Aspergillus 
niger, Aspergillus terreus, penicillium sp. etc. and gold nanoparticles by Fusarium 
oxysporum, penicillium sp. Rhizopus oryzae etc. and Fusarium oxysporum produce 
Pt, Si, Ti, CdS, CdSe nanoparticles. Wide range of applications of myconanopar-
ticles involve antimicrobial agents because it provides antifungal, antibacterial and 
antiviral activity and used as nano fertilizers in agriculture, nano fungicide (Ingle 
and Rai 2011), pesticides, nanowires, nano-fibrous mat, quantum dots (Shao et al. 
2011) smart delivery system (Kukowska-Latallo et al. 2005), nano scaffolds, wound 
treatment (Sundaramoorthi et al. 2009), bio separation, anticancer activity (Mishra 
et al. 2014) molecular detection, food preservation etc. This chapter explains about 
antimicrobial application of myconanoparticles. 

8.2 Antimicrobial Application of Myconanoparticles 

Myconanotechnology is the study about developing antimicrobial nanoparticles. 
Silver nanoparticles produced from Fusarium oxysporum can be integrated into 
materials such as cloth. These integrated cloths show antibacterial activity against
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pathogenic bacteria such a Staphylococcus aureus (Dura´n et al., 2007). Silver 
nanoparticles produced by Lecanicillium lecanii shows antibacterial activity against 
S.aureus and E.coli on cotton bleach fabrics (Namasivayam and Avimanyu 2011). 
Extracellularly produced gold nanoparticles by Rhizopus oryzae is used for making 
nano gold bio combat structure. Antifungal effect is shown by double capsulized 
nano silver against rose powdery mildew caused by Sphaerotheca pannosa (Kim 
et al. 2008). Silver nanoparticles with amphiphilic macromolecule are an effective 
antimicrobial agent. Silver nanoparticles show efficient antibacterial effect against 
Vibrio cholera, E.coli, Salmonella typhi, Pseudomonas fluorescens. 

8.3 Antibacterial Activity of Myconanoparticles 

Chronic infections are caused by bacterial infections. Though antibiotic is preferred 
for treatment of bacterial infections, widespread of antibiotics caused emergence 
of multidrug resistant bacterial strains. It is a major threat to modern medicine. A 
recently super bacterium which has resistant to almost most of the antibiotics has 
developed due to the abuse of antibiotics. Here comes, the antibacterial effect of 
nanoparticles, nanoparticles are the best alternative to antibiotics to prevent bacterial 
infections. Nanoparticle shows broad spectrum antibacterial properties against both 
gram-positive and gram-negative bacteria. For example, silver nanoparticles show 
concentration dependent antibacterial effect against Pseudomonas aeruginosa and 
Escherichia coli (Ramalingam et al. 2016), Staphylococcus aureus is inhibited by 
zinc oxide nanoparticles. Antimicrobial mechanism of nanoparticles follows three 
models: oxidative stress induction (Gurunathan et al. 2012), metal ions release (Nagy 
et al. 2011), non-oxidative mechanism (Leung et al. 2014). All the three types can 
occur simultaneously. Certain studies revealed that surface electric charge of bacterial 
membrane is neutralized by Ag nanoparticles thus change its penetrability, which 
leads to bacterial death (Jung et al. 2008). Antioxidant defense system is inhibited 
by generation of Reactive Oxygen Species (ROS) and causes mechanical damage to 
cell membrane. Major processes underlying the antibacterial effect of nanoparticles 
such as:

● Disruption of cell membrane
● Generation of ROS
● Penetration of cell membrane
● Interaction with DNA and proteins
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8.4 Antibacterial Mechanisms of Nanoparticles 

More and more studies are going on for exploring antibacterial mechanisms of 
nanoparticles after the increase in use of nanoparticles medicine (Huh and Kwon 
2011). For example, metabolic activity of bacteria can be changed by metal nanoparti-
cles (Chatzimitakos and Stalikas 2016) this advantage eliminates pathogenic bacteria 
to cure diseases. Biofilm formation can be inhibited by entering of nanoparticles 
based on the Ag inhibited expression of genes (Zhao and Ashraf 2015). To exhibit 
antibacterial function nanoparticles need to be in contact with bacterial cells. The 
contact is exhibited by electrostatic attraction (Chen et al. 2015), van der Waals forces 
(Armentano et al. 2014) and receptor–ligand (Gao et al. 2014) and hydrophobic 
interactions (Luan et al. 2016) nanoparticles crosses the membrane gather along 
the metabolic pathway and influences shape and function of the cell. Nanoparticles 
interact with the bacterial cell’s basic components, such as DNA, lysosomes, ribo-
somes, and enzymes, leading to oxidative stress, heterogeneous alterations, changes 
in cell membrane permeability, electrolyte balance disorders, enzyme inhibition, 
protein deactivation, and changes in gene expression (Xu et al. 2016; Shrivastava et al. 
2007; Yang et al.2009). The most frequently proposed mechanisms are: oxidative 
stress, metal ions release and non-oxidative mechanism. 

8.5 Oxidative Stress 

The important antibacterial mechanism of nanoparticles is ROS-induced oxidative 
stress. ROS—Reactive Oxygen Species, which is a generic term of reactive interme-
diates and molecules that possess strong positive redox potential. Different types of 
ROS are produced by different types of nanoparticles by reducing oxygen molecules. 
Following are the four types of ROS, the superoxide radical (O2 

–), hydrogen peroxide 
(H2O2), the hydroxyl radical (OH.), and singlet oxygen (O2). All these types exhibit 
different levels of dynamics and activity. All the types of reactive oxygen can be 
generated by copper oxide nanoparticles. H2O2 and OH can be generated by Zinc 
oxide nanoparticles but it cannot generate O2 

–, whereas O2 
– can be generated by 

calcium oxide and magnesium oxide nanoparticles. OH and O2 cause acute microbial 
death whereas O2– and H2O2 cause less acute stress reactions and endogenous antiox-
idants such as catalase and superoxide enzymes can neutralize it. Oxygen vacancies, 
restructuring and defect sites are the main cause for ROS production (Malka et al. 
2013). In normal conditions, ROS production and clearance are balanced in bacterial 
cells. 

When ROS production is excess, the redox balance of cell favors oxidation. This 
unbalance leads to oxidative stress that damages all components in the bacterial cell 
(Li et al. 2016; Peng et al. 2013). It has been confirmed that oxygen stress is the key 
reason for changing the permeability of cell membrane, which results in membrane 
damage (Cheloni et al. 2016).
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To become intracellular, Al2O3 nanoparticles crossed the membrane which leads 
to loss of integrity of cell membrane that is ultimately due to intracellular oxidative 
stress, this is confirmed by Ansari analysis (Ansari et al. 2015). 

Nano-silver ions are used as center of catalytic activity which activates oxygen in 
air or water that causes the production of reactive oxygen ions and hydroxyl radicals 
that prevent the proliferation of bacteria (Shrivatsava et al. 2007; Yang et al. 2009). 

ROS can also increase the gene expression levels of oxidative proteins; this will 
be the key mechanism in bacterial cell apoptosis (Wu et al. 2011). ROS can also 
attack proteins and suppress the activity of periplasmic enzymes that are required 
to maintain the morphology and physiology of bacterial cells (Padmavathy and 
Vijayaraghavan 2011). ROS can be generated by nanoparticles using different 
mechanisms the photo-catalytic hypothesis is the current mainstream. Metal oxide 
nanoparticles such as zinc oxide and titanium oxide accept energy of light irradiation 
greater than or equal to band gap, then stimulates electrons (e–) in the valence 
band and transition to the conduction band, which results in corresponding holes 
in valence band (H + ) and produce electron hole pairs on the surface and inside of 
catalytic material. After the interaction between H2O or OH– and ZnO, H + adheres 
to the surface of ZnO, then it is oxidized to hydroxyl radical (OH.). In the same way, 
hydroxyl radical is reduced to super oxide radical after the electronic interaction with 
O2 and adherence to the surface of ZnO. ROS degrades active components which are 
responsible for maintaining normal morphological and physiological functions of 
the microorganisms (Yu et al., 2014). In particular electron hole pairs are generated 
after absorbing light radiation by TiO2 nanoparticles (Deepan and Misra 2014). 

Water and air on the surface of nanoparticles reacts with electron hole pairs to 
produce highly chemically active ROS which attacks intracellular organic matter in 
bacteria. Example zinc activates under Ultraviolet (UV) and visible light to produce 
highly reactive ROS. H2O2 passes through the cell membrane whereas negatively 
charged radicals such as superoxide and hydroxyl radicals do not penetrate through 
cell membrane. A zinc oxide nanoparticle split H2O intoH+ and reacts with dissolved 
oxygen to produce H2O2. These ROS penetrates into the membrane of cell to kill 
bacteria. Ultrasonic treatment with polymer nanoparticles and colony forming units 
dissociates nanoparticles and promote them to penetrate through cell membrane and 
antimicrobial metal ions are also released from the surface to prevent the proliferation 
of bacteria under ultrasonic conditions that may be caused by the increased rate of 
transport of bacterial oxygen, waste and nutrients caused by ultrasound (Seil and 
Webster 2012). Nanoparticles have also shown antibacterial activity in the dark (Xu 
et al. 2013). 

8.6 Dissolved Metal Ions 

The metal oxide slowly releases the metal ions and this is followed by the absorption 
of metal ions through the cell membrane. This is further followed by the direct 
interaction with the functional groups of nucleic acids and proteins. During the
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antimicrobial process of metal oxide, the impact of the metal ions on the pH inside 
the lipid vesicles is very small and the antimicrobial activity is very weak during 
metal oxide suspension. Hence, for the mechanism of metal oxide nanoparticles, 
dissolved metal ions are not the main mechanism (Hussein-Al-Ali et al. 2014). 

8.7 Non-oxidative Mechanisms 

For the study of antibacterial mechanism of MgO nanomaterial certain scholars 
under UV light, natural light or complete darkness used Fourier Transform Infrared 
Analysis (FTIR), liquid chromatography-mass spectrometry, proteomics tools, elec-
tron spin resonance, Transmission Electron Microscopy (TEM). MgO nanoparticles 
have good antibacterial effects. These are completely unrelated to the mechanism of 
oxidative stress. 

8.8 Interactions of Nanoparticles with Cell Membrane 

Cell wall plays a significant role in resistance of bacteria to the external environment. 
Different adsorption pathways for nanoparticles are provided by composition of cell 
wall and gram-positive and gram-negative bacteria (Lesniak et al. 2013). Gram nega-
tive bacteria has unique structure LPS of cell wall which provides negatively charged 
region that attracts nanoparticles. Whereas in gram positive bacteria teichoic acid is 
expressed hence nanoparticles are distributed along molecular chain of phosphate 
preventing their aggregation. Nanoparticles have greater activity against gram posi-
tive than gram negative bacteria because in gram negative cell wall it is composed 
of LPS, lipoproteins and phospholipids which does not allow macromolecules to 
penetrate whereas in gram positive bacteria cell wall contains teichoic acid as well 
as peptidoglycans and abundant pores which allows foreign molecules thus results 
in cell wall damage and cell death. 

8.9 Regulation of Expression of Metabolic Gene 
by Nanoparticles 

Bacterial metabolism takes place for growth and reproduction of bacteria. Metabolic 
pathways are integrated into complex activity of living cells. For the effect of 
nanoparticles in bacterial metabolism, various mechanisms have been proposed 
such as reactive oxygen mechanism and metal ion dissolution mechanism (Padma-
vathy and Vijayaraghavan 2011; Yu et al.  2014). Magnesium oxide nanoparticles 
alters the expression of many metabolic proteins which includes up -regulation
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of a weak thiamine ester-binding protein and riboflavin metabolic protein and the 
down regulation of a protein mapped to the critical path of bacterial cell metabolism, 
which results in reducing metabolic activity of bacteria. This nanoparticle regulates 
metabolic processes of bacteria by acting on specific protein. Expression of proteins 
related to bacterial nitrogen metabolism is regulated by CuO nanoparticles which 
inhibit the activity of nitrate reductase and nitrite reductase. TiO2 nanoparticles 
affects formation of biofilm by affecting adhesion rate of bacteria. (Peng et al. 2013; 
Roguska et al. 2015). 

8.10 Inhibition of Formation of Biofilms by Nanoparticles 

Biofilms makes bacteria highly resistant to external environment, antibiotics and 
foreign chemicals. Production of extracellular polymeric substances is inhibited by 
silver nanoparticles, which leads to action against biofilms of drug resistant bacteria 
such as E.coli and Klebsiella pneumoniae (Ansari et al. 2012). 

Crucial activity for biofilm formation is bacterial metabolism, D-alanine 
metabolism is crucial for Streptococcus formation and growth. Addition to that long 
distance electrical conduction of bacteria in a biofilm is established by potassium 
ions which coordinates metabolic activities inside and outside of biofilm. Magnesium 
nanoparticles diffuse into biofilms and leads to disruption of the membrane poten-
tial, enhanced lipid peroxidation, and DNA binding. Formation of biofilm decreases 
due to disturbance in the normal functioning (Lellouche et al. 2012). Dominant 
antimicrobial targets of nanoparticles are metabolic pathways, thus the mechanism 
of inhibition of NPs of the formation of bacterial biofilms is related to the regulation 
of bacterial metabolism. 

8.10.1 Critical Factors Affecting the Antimicrobial 
Mechanism of Metal Ions 

To regulate the actions of nanoparticles on bacterial cells size, charge, zeta potential, 
surface morphology and crystal structure are the most important physiochemical 
properties. 

Size: The effect of antimicrobial activity is greatly affected by the size of the metal 
of nanoparticles. In the formation of bacterial biofilms, bacterial adhesion is a well-
known process. It makes the organisms to be much more resistant. The nanoparticles 
which are smaller have a greater probability of being in touch with the cell membrane. 
The effect of size is not a dominant factor. 

Shape: Related to the antimicrobial property of nanoparticles shape is the most 
important factor. Varying shapes of nanoparticles can cause bacterial cell damage in
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various degrees. Bacterial cell damage occurs through the interactions of periplasmic 
enzymes (Cha et al. 2015). On micro biota susceptibility silver nanoparticles did not 
have a high effect. To prevent the degradation of enzymes, pyramid–shaped n–ZnO 
has been shown (Prasannakumar et al. 2015). 

8.11 Doping Modification 

Doping modifications are employed to prevent the aggregation of nanoparticles and 
to disperse them in hydrophilic media. It is most effective method to regulate and 
control Interaction of nanoparticles and bacteria. ZnO/Au nano composites formed 
by the combination of ZnO nanoparticles with Au, has been used to enhance ROS 
generation and improve photocatalytic activity. improved light absorption due to the 
surface plasmon resonance wavelength of Au; an altered band gap width of ZnO, 
which enhances the reactivity of photoinduced charge carriers; and increased effi-
ciency of electron transport and charge carrier separation are the factors of these 
effects (He et al. 2014). Doping modification can alter antibacterial activity of ZnO 
nanoparticles. Fluorine doped ZnO nanoparticles generate more ROS than undoped 
ZnO nanoparticles which results in greater damage in bacterial cells (Podporska-
Carroll et al. 2017; Guo et al. 2015). Key factor for regulating antimicrobial effec-
tiveness against both gram positive and gram-negative bacteria is oxygen content at 
the surface of ZnO nanoparticles (Mehmood et al. 2015). Nano–TiO2 nanoparticles 
have antibacterial effect which reduce biofilm formation hence it is widely used in 
orthopedic and dental applications. When compared with undoped nanoTiO2, doped 
nano-TiO2 shows improved photocatalytic activity can effectively extend the active 
spectrum to the visible light region because the valence bandwidth is increased and 
the forbidden bandwidth is reduced (Sangari et al. 2015; Peng et al. 2010). 

8.12 Roughness 

In disparity to the large-scale research with regard to the effects of contrasting 
nanoparticles characteristics on bacterial cells not many studies have lobbed the effect 
of roughness, as the roughness of nanoparticles become greater, the size and surface 
area to mass ratio promote the adsorption to bacterial proteins, followed by reduction 
in the cohesions (Ben-Sasson et al. 2014; Rajakumar et al. 2012; Sukhorukova et al. 
2015).
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8.13 Zeta Potential 

Current studies have evidence that the Zeta potential of NP has a strong impact on 
the bacterial cohesions, because of the electrostatic attraction between positively 
charged. Nanoparticles and the bacterial cell membrane which is negatively charged 
Mg(OH)2_Mgcl and Mg(OH)2_MgSo4 nanoparticles, Which have a positive surface 
charge are prone to being adsorbed in the bacteria, in contrast their negatively charged 
counterparts (Pan et al. 2013), The potential nanoparticles to selectively gather at sites 
of bacterial infection increases vascular permeability (Maeda 2010). Increasing of 
cationic nanoparticles is favorable to inhibiting bacterial growth by limiting bacterial 
attachment, slight penetration of nanoparticles into the outer regions of the S.aureus 
envelope somehow provides high germicidal efficacy, possibly because the nanopar-
ticles can reach important structure through ion exchange variation with negatively 
charged and neutral nanoparticles positively charged counterparts have been believed 
to enhance ROS production. A current study showed that negatively charged nanopar-
ticles are not adhere to bacteria due to the negative potential on both. However, 
the higher concentration, negatively charged nanoparticles have a certain level of 
antibacterial activity due to molecular growing which leads to interaction between 
the nanoparticles and the bacterial surface (Arakha et al. 2015). 

8.14 Environmental Conditions 

Studies revealed that different environmental conditions affect antimicrobial activity. 
Temperature of environment significantly influence generation of ROS thus affects 
antimicrobial activity. Antimicrobial effectiveness of ZnO nanoparticles is enhanced 
when temperature stimulates nanoparticles, electrons is captured at active sites then 
the electrons interact with oxygen to produce ROS. In-vitro antimicrobial activity is 
influenced by pH. Dissolution rate of ZnO nanoparticles increases with decrease in 
pH thus antimicrobial activity increases (Saliani et al. 2015). At low pH nanoparti-
cles were positively charged which interacts with negatively charged groups of cell 
wall which induce strong multivalent electrostatic regulation (Radovic-Moreno et al. 
2012). pH and osmotic pressure which are characteristics of the medium influence 
surface charge, aggregation, and solubility of nanoparticles. Antibacterial tests of 
ZnO nanoparticles with different types of media demonstrate that mainly free Zn 
ions and Zn complex causes antimicrobial activity. Furthermore, the medium supply 
nutrients to bacteria to enhance tolerance to nanoparticles (Li et al. 2011). Studies 
investigated that ZnO nanoparticles prepared with different stirring conditions affect 
antibacterial activity against Gram-positive (B.subtilis) and Gram-negative (E.coli) 
bacteria and a fungus (C.albicans) (Khan et al. 2016).
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8.15 Capping and Stabilisation of Nanoparticles 

Functionalization is a process which facilitates the desired substance on the surface 
by employing biomolecules (Mout et al. 2012). There is a requirement of additional 
step in the synthesis of nanoparticles using biogenic methods. The step includes 
polymers & surfactants to be coated on its surfaces. Here in this process, the 
capping formation occurs simultaneously with the employment of biomolecules 
that is derived from the organism is used in biogenic method as an additional step 
(Chowdhury et al. 2014). The biomolecules that are derived from the reducing 
organism consists of high capacity to bind with metals, proteins & amino acids 
(Basavaraja et al. 2008; Gopinath et al. 2012). 

8.16 Antibacterial Applications 

Nanoparticles had been stimulated by the drug-resistant bacteria and the increased 
rate of hospital infection. It had excellent antimicrobial resistance properties and it 
had been widely used in many fields. Nanoparticle has its own advantages and local-
ization. Parameters including the mean particle size, shape, the specific surface area, 
and surface curvature affect the antibacterial activity and mechanism. The appli-
cation of nanoparticles in fighting bacteria had decreased bacterial infection. In the 
following, the antibacterial applications of nanoparticles had been discussed in detail 
(Table 8.1). 

Table 8.1 Antibacterial effect 

Source Target organism Effective 
concentration 

References 

Aspergillus niger E.coli, Staphylococcus 
aureus, P.aeruginosa 

1.0;5.0;10;50;and 
100 μg/ml 

Ottoni et al. (2017) 

Macrophomina 
phaseolina 

Multi drug resistant strains 
of Escherichia coli 

0.51;0.36;0.25; 
0.10;μg/ml 

Chowdhury et al. 
(2014) 

Fusarium 
verticilliodies 

S.aureus and E.coli 5 and 10 mM Mekkawy et al. 
(2017) 

Aspergillus terreus Salmonella typhi, S.aureus 
and E.coli 

0.42–0.84 μg/ml Rani et al. (2017) 

Sclerotinia 
sclerotiorum 

E.coli and S.aureus 100,200, and 
400 ppm 

Saxena et al. (2016)
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8.17 Nanoparticles Coated Implantable Device 

Human implantable devices with antimicrobial coatings are of two types; the first 
type is considered as fully implantable device which consists of heart valves or dental 
implants. The antimicrobial coating of cardiovascular apparatuses is used to prevent 
thrombosis. The coating inhibits the growth of bacteria such as Streptococcus epider-
midis, and E.coli and also used to prevent the occurrence of inflammation around the 
implants. The second type of device is considered as partially implantable devices 
which consists of catheters, intravenous catheters, or neurosurgical catheters which 
are more prone to bacterial colonization and increased the risk of infections in clinical 
applications (Samuel and Guggenbichler 2004; Galiano et al. 2008). Nanoparticles 
coatings on neurosurgical catheters could reduce the risk of bacterial infection and 
complications, with sustained release of nanoparticles over six days by reducing the 
growth of S.aureus. 

8.18 Wound Dressings 

The natural protective barrier of the body is called skin and it protects the body from 
pathogens and foreign bodies. The dynamic equilibrium of water and electrolytes 
are also maintained by the skin. The skin had been damaged due to the trauma, 
burns, and several types of chronic skin ulcers. The process of wound healing to 
rebuild the barrier function of skin is called dressing which is also used to accelerate 
wound healing, and to reduce the risk of wound infection. An ideal dressing would 
have similar characteristics to skin. Many microorganisms can also cause wound 
infections, and these had been divided into two types-(1) Gram-positive bacteria, e.g. 
Staphylococcus and Streptococcus., (2) Gram-negative bacteria, e.g. E.coli multiple 
bacterial species and antibiotic resistance are often accompanied by the chronic 
infections. Nanoparticles are possessed by broad-spectrum antimicrobial properties 
that had inhibited the bacterial growth and reproduction. Due to the high specific 
surface area of nano silver, it has a good contact with bacteria, hence inhibited their 
growth and also increased the rate of wound healing. 

8.19 Bone Cement 

Bone cement is composed of methyl methacrylate (MMA) and polymethyl methacry-
late (PMMA) or modified PMMA and it is self-curing plastic at room temperature. 
Bone cement is used for filling the gap between the bone and implant to fix joint 
prostheses such as hip replacement knee surgery. A previous study revealed that 
the infection rate after total joint replacement surgery was about 3% and it may 
reduce to 0% by using antibiotic loaded PMMA (Nowinski et al. 2012). However, a
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greater number of resistant bacterial strains are increasing day by day hence incur-
able infectious disease occurs if effective measures are not taken and death can also 
be caused by small wounds. Nano particles possess strong killing on certain types 
of resistant bacterial strain, this has become research hotspot now. Nanosilver at 
a concentration less than 0.05% can reduce infections after anthroplasty surgery 
including Acinetobacter baumannii, S.aureus, S.epidermidis infections (Kose et al. 
2016). To develop promising antibacterial bone cement silver nanoparticles are used 
to replace antibiotics (Prokopovich et al. 2015). 

8.20 Dental Materials 

Initiating factor of common infectious diseases in the mouth is plaque. It is an 
ecological environment of microbes which allows them to settle on teeth. Dental 
material shows enhanced performance after nanocrystallization. As an example, for 
root canal treatment nanodiamond-functionalized amoxicillin in combination with 
gutta-percha eliminates residual bacteria after root canal filling (Lee et al. 2015). 
Orthodontic treatment often leads to the formation of dental plaque chalk, due to 
the reduction of pH and proliferation of bacteria in the course of treatment and 
CuO and ZnO nanoparticles coated brackets can effectively inhibit the growth of 
S.mutans, however coatings affect the appearance of brackets (Ramazanzadeh et al. 
2015). Biofilms develops on maxillofacial prostheses which are kept in complex 
environment in which it contains variety of Flora, thus results in tissue inflammation 
surrounding the prostheses. Addition of nano TiO2 results in antibacterial effect with 
prostheses following light exposure (Aboelzahab et al. 2012). 

8.21 Antibiotic Delivery System 

The major disadvantage of conventional antibiotic approach includes:

● The systemic toxicity of antibiotics
● Inability of antibiotics to reach effective concentration at local site of infection. 

The efficiency of drug adsorption is inversely proportional to particle size and 
directly proportional surface area of adsorbent. Because of their small particle size 
and greater surface area. Nanoparticles can be employed as a transporter to achieve 
targeted drug delivery. Over the existing drug delivery system, nanoparticles have 
their advantage in reducing side effects of antibiotics. CS/fucoid a nanoparticles 
release gentamicin which is used to treat pneumonia, which renders nanoparticles 
into multifunctional drug delivery system with antibacterial and antioxidant activi-
ties. CS-coated alginate nanoparticles increases the permeability of daptomycin into
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limbal epithelium of the eye and increases its ocular accumulation and effect dura-
tion. This drug delivery system has the features of biodegradability, biocompatibility, 
controlled drug transport, and delivery to the target tissue (Costa et al. 2015). 

8.22 Antifungal Activity of Myconanoparticles 

Among various pathogens crop diseases are caused by phytopathogenic fungi in 
agriculture. Nanoparticles are the potent alternative to synthetic fungicide. More-
over, it is safer than synthetic fungicide. Silver nanoparticles shows strong anti-
fungal activity against Botrytis cinerea. And also antifungal against Phoma glom-
erata, Fusarium semitectum, Trichoderma and C. albicans and C.tropicalis are highly 
sensitive to silver nanoparticles (Gajbhiyeet al. 2009). Studies revealed that when 
the activity of 80 μg of sliver nanoparticles compared with activity of powerful anti-
fungal agent amphotericin B, the results are same with the activity of nanoparticles 
against Candida spp. Ag-SiO2 nanoparticles shows strong antifungal effect against 
Botrytis cinerea. The combination of fluconazole with silver nanoparticles shows 
antifungal effect against Phoma glomerata, Phoma herbarum, F.semitectum, Tricho-
derma sp., and C.albicans by the technique called disc diffusion. Ag2S nanoparti-
cles on surface of amorphous silica possess antifungal activity against Aspergillus 
niger potential fungicidal efficiency of ZnO and ZnTiO3 was studied. It was observed 
that ZnTiO3 nanopowder shown higher growth inhibition efficiency than Bipolaris 
sorokiniana and Magnaporthe grisea, efficiency of antifungal action of silver ions and 
nanoparticles were evaluated both in-vivo and in-vitro evaluations shows decreased 
disease development of phytopathogenic fungi. Number of germinating fragments 
and sprouts length deeply decreased by silver nanoparticles. Growth of B.cinerea was 
inhibited by ZnO nanoparticles which affect cellular functions and causes deforma-
tion in fungal hyphae. It also inhibits the growth of conidiophores and conidia of Peni-
cillium expansum. These silver nanoparticles are also much less toxic compared to 
synthetic fungicide to human and animals. Moreover, toxic effects caused by nanopar-
ticles in algae, fungi and plants can be coupled with positive effect. Phytopathogen 
Colletotrichum gloeosporioides, causes anthracnose in wide range of fruits. Their 
growth was decreased significantly by silver nanoparticles in dose dependent manner. 
Ag nanoparticles with different concentrations were tested with pathogens Alternaria 
alternata, Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, 
B.cinerea and Curvularia lunata. Interestingly 15 mg of nanoparticles shows higher 
efficiency against all the pathogens (Table 8.2).
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Table 8.2 Antifungal activity 

Source Target organism Effective 
concentration 

References 

Pleurotus aculeatum 
SU 1 

E.coli, P.aeruginosa, 
S.aureus, B.subtilis 

50, 100, and 200 μg/ 
ml 

Saxena et al. (2016) 

Trichophyton rubrum C.albicans 4 μg/ml Moazeni et al. (2012) 

Arthroderma fulvum Candida sp. and 
Aspergillus sp. 

0.125–4.00 μg/ml Xue et al. (2016) 

Fusarium oxysporum Candida spp. and 
Cryptococcus spp. 

0.84–1.68 μg/ml Ishida et al. (2013) 

Pleurotus cornucopiae Candida spp. 20, 40, 60 μg/ml Owaid et al. (2015) 

8.23 Antiviral Activity Ofmyconanoparticles 

Myconanoparticles are used to control and prevent viral diseases. They have shown 
antiviral activity against H1N1 influenza virus. Silver nanoparticles with dimension 
of 1–10 nm binds and inhibits against HIV virus (Lara et al. 2010). It exhibits antiviral 
activity at an early stage of viral replication. These silver nanoparticles bind to gp120 
which prevents CD4 dependent virion binding, fusion and infectivity, thus acts as an 
effective virucidal against cell free virus such as laboratory strains, clinical isolates, 
T and M tropic strains and resistant strains and cell associated virus. Besides, it 
inhibits H1N1 virus at its post entry stage of life cycle. Gold nanoparticles are also 
used to treat cancer, HIV and tuberculosis (Madhusudhan et al. 2014). 

8.24 Conclusion 

This chapter dealt with antimicrobial application of myconanoparticles. Nanoparti-
cles for its small size and high surface area easily interacts with microorganisms to kill 
them. It excellently replace antibiotics to cure diseases and also used in smart delivery 
system. It is the best alternative to synthetic fungicide to destroy phytopathogenic 
fungi and prevent diseases in major trees and food crops. They are employed for 
its less toxic nature to humans and animals and are eco-friendly. Morbidity and 
motality increases in both humans and animals by bacterial infection. Multidrug 
resistant bacterial strain have been developed due to the over use of antibiotics. Thus 
nanoparticle based antibacterial approach is simple, alternative, eco-friendly and 
cost effective. Among all nanoparticles, silver nanoparticles with antibiotic or alone 
have a broad spectrum antibacterial activity against many pathogenic organisms. 
Even against virus, it acts as a virucidal agent or inhibitor of viral entry against HIV 
during early stage of replication. It also shows antifungal activity against invasive 
mycosis.
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Chapter 9 
“Nanomaterials Induced Cell Disruption: 
An Insight into Mechanism” 

Anjali Raghav, Simran Kaur, Gunjit Setia, and Saroj Kumar 

Abstract In research and development, cell disruption is vital to the acquisition 
of internal components, including metabolites and proteins. This is essential for 
producing many biological products, such as enzymes and antigens used to produce 
vaccines and nucleic acids. For cell lysis, various mechanical techniques exist, 
including high-pressure homogenization, sonication, bead milling, and many others. 
The growing importance of nanoparticles (NPs) in theranostics (therapeutic diag-
nostics), target modulation of cellular processes, etc., has been serving as a novel 
approach towards biotechnological applications such as silica-based nanoparticles 
(SNs) being used in drug delivery, imaging, and other therapeutic majors. The disrup-
tion of the cell caused by the biophysical interlinkage among the cell and nanoparticle 
allows researchers to use nanoparticles as drug carrier systems. This chapter discusses 
the biophysiochemical interactions between the cell and the nanomaterials, which 
serves as an essential factor for the disruption of cells, and also explains the methods 
used for the cell disruption along with current trends associated. 

Keywords Nanoparticles · Cell disruption ·Molecular mechanism · Intracellular 
components 

9.1 Introduction 

Nanotechnology is recognized as a new and emerging domain in research wherein 
researchers thrive to reduce the size of atoms and molecules at the nanometer scale. 
Nanomaterial refers to something that has a crystalline or amorphous particulate on
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a nanometer scale. Nanomaterials consist of nanoparticles, nanowires, nanomem-
branes, and nano blocks of material in 3D. The precision in size and shape of nanoma-
terials make them unique structures that are not found in many traditional materials. 
In today’s time, nanotechnology has been widely used in biomedicine, mechan-
ical engineering, environmental protection, and other fields and has contributed 
to the full development of these industries (Srikanth and Kessler 2012). Such 
novel and advanced properties make nanoscale materials enhance their application 
methods, leading to scientific and technological advances in several fields, especially 
environment, biology, pharmacy, health care, and medical care (Patel et al. 2022). 

Nanomaterials have shown various potential applications, including bio-catalysis, 
protein purification, and cell disruption, followed by drug delivery wherein the nano-
material penetrates the cell membrane and disrupts it. To accomplish this, nanoma-
terials can be designed with specific properties, including size, shape, charge, and 
surface chemistry, which enables them to interact and penetrate the cell membrane. 
Various mechanisms have been employed to disrupt the cell membrane, some of 
them being mechanical stress, chemical reactions, and electrostatic interactions. 

A new field of study, nanomedicine, has emerged due to the rapid expansion 
of the applications of nanotechnology in biomedicine, particularly in early and 
accurate biosensing followed by efficient treatment of various diseases. This vision 
is supported by various organizations, including industrial dynamics, educational 
research, and government entities (Bhardwaj and Kaushik 2017). 

As of now, a total of 250 nanomedicine products are currently available in the 
market, 50 of which are being used by physicians (Bhardwaj and Kaushik 2017; 
Etheridge et al. 2013). Development of nanomedicine and biomaterials for thera-
peutic use are primarily designed according to the factors such as size, stability, 
percent drug entrapment, and continuous drug release from nanoparticles during 
drug delivery (Kaushik and Dixit 2016; Rosario-Meléndez et al. 2012). Nanotech-
nology has enormous potential to improve efficiency in pollution prevention, treat-
ment, and cleaning (Iravani 2020). During nano remediation, the nanoparticle agent 
is introduced to contact with the target contaminants under conditions that allow for 
a detoxifying reaction, and this process usually involves a pumping and treatment 
process (Del Prado-Audelo et al. 2021). Nanotechnology interventions in the fight 
against covid-19 are one of the ways to deal with the disease through the develop-
ment of masks with nano-coatings, nano-diagnostic equipment, nano-sanitizers, and 
nanomedicine (Singh et al. 2021). The size of nanomaterial ranges to half a billionth 
of a meter, i.e., 10−9 m, and can be compared to viruses and other pathogens (Singh 
et al. 2021). In order to combat COVID-19, nanotechnology interventions played 
a significant role in the easy diagnosis, monitoring, surveillance, treatment, and 
development of vaccines. Utilizing these nanotechnology interventions, COVID-19 
infection can be easily, detected, treated and prevented. The antimicrobial properties 
of nanomaterials can be used to manufacture vaccines, immune modulators, personal 
equipment covers, disinfectants, etc. Chen et al. (2020). 

In order to prevent viral replication in the lungs, the targeted antibacterial drug 
is designed using a combination of nanoparticles with other drugs and thus reduces
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the viral load in the infected area. Biosensors are developed as point-of-care diag-
nostic tools by modifying nanomaterials’ electrical and optical properties (Weiss et al. 
2020). Integrating nanotechnology, food science, and physical chemistry has resulted 
in the development of sensors for real-time approaches for detecting adulterants/ 
metabolites using nano-sensors, specific food delivery systems, and new methods of 
food processing to produce nano-enabled food. Examples include the development of 
3-dimensional SERS (surface-enhanced Raman spectroscopy) for detecting the pres-
ence of food adulterants even at a traceable amount, creating unique nanostructured 
foods and encapsulation programs using new processing methods and activating 
enzyme reactions in the presence of selected biomedical components. Nanotech-
nology has the potential to enhance food security and human health, although a 
better understanding of the threats associated with incorporating nanoparticles into 
food systems is needed (Sun-Waterhouse and Waterhouse 2016). 

With the endless number of advantages and possible applications of nanomaterials, 
this book chapter discusses the mechanisms involved in NP-induced cell disruption. 
Furthermore, it outlines the benefits and limitations of utilizing nanoparticles in the 
medical and healthcare domain. 

9.2 Introduction to Cell Types 

All living organisms are made up of cells that perform a certain function in the 
body; hence the cells are described as the building blocks of living organisms. Cells 
are categorized into two categories, i.e., prokaryotic and eukaryotic cells (Khan and 
Farhana 2022). These cell types show some common components among each other. 
It includes the plasma membrane, the outer covering, the cytoplasm, a semi-fluid 
matrix where all the organelles are embedded, DNA, genetic material, and ribosomes. 
The classification is determined on basis of cells complexity (Vellai and Vida 1999). 

A prokaryotic cell is identified as a single-celled organism devoid of a membrane-
bound nucleus indicating the absence of a nuclear membrane. Another key feature 
includes the lack of membrane-bound organelles. Only the ribosome, which is a 
non-membrane-bound organelle, is found in prokaryotes, e.g., prokaryotes, include 
bacteria and archaea. 

A eukaryotic cell is identified as a cell that contains the membrane-bound nucleus, 
i.e., the nucleus is enclosed in the nuclear envelope. Compartmentalization of cyto-
plasm is observed in eukaryotes due to the presence of membrane-bound organelles, 
which include ER, mitochondria, lysosomes, golgi complex, etc. 

9.2.1 Cellular Barriers 

Both eukaryotic and prokaryotic cells are differentiated on the basis of cellular 
barriers. The cellular barriers are of three types which are as follows.
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9.2.1.1 Cell Membrane 

A cell membrane, or the plasma membrane, is a 5 nm thick layer separating the 
external environment from the internal one (Yang and Hinner 2015). The membrane 
comprises of carbohydrates, lipids, and proteins. The lipids exist in the form of 
phospholipids. They are arranged in a bilayer where the hydrophobic fatty acids are 
on the inside, pointing to each other, and the hydrophilic glycerol moieties are on 
the outer surface, thereby protecting the fatty acids from the external environment. 
The proteins are found to be embedded on lipid bilayers’ surface, depending on their 
size and the ease of extraction, they are classified as integral and peripheral proteins. 
This layer forms a tight barrier, i.e., it only allows certain hydrophobic molecules to 
pass through the barrier. 

Presence of sterols in the cell membrane of eukaryotic cell elevates the stability 
and flexibility of eukaryotic cell. In the case of prokaryotic cells, hopanoids are 
present in the cell membrane, which shows similarity with sterols and works by 
improving the stability and rigidity of the cell membrane (Belin et al. 2018). 

9.2.1.2 Cell Wall 

In bacterial cells, apart from the cell membrane, cell wall is also present, referred to 
as peptidoglycan layer which is responsible for maintaining the cell shape, imparting 
rigidity, promoting cell-to-cell interactions, and acting as a barrier (Dörr et al. 2019). 
The peptidoglycan layer consists of 2 sugar derivatives: N-acetylmuramic acid and N-
acetylglucosamine, as well as small amount of amino acids, such as D-glutamic acid, 
L-alanine, and D-alanine. The interactions between the sugar derivatives through 
glycosidic bonds give rise to a thin sheet-like structure due to the formation of a 
glycan chain. In addition, the amino acids are cross-linked with the glycan chain, 
providing rigidity to the cells (Bastos et al. 2021). The strength of structure of cell 
wall is determined by the cross-linking between the amino acids and the frequency 
within bonds. 

9.2.1.3 Outer Membrane 

In bacteria, the cell membrane is followed by a layer known as the outer membrane, 
which classifies them into gram-positive and gram-negative bacteria. The outer 
membrane comprises of lipopolysaccharide, which consists of lipids, polysaccha-
rides, and proteins. This layer protects the peptidoglycan layer and is not permeable 
to enzymes. The bacteria is categorized into two forms, based on the membrane and 
how they react to the staining methods, the first one being gram-positive bacteria 
which contain thick peptidoglycan layer but no outer lipid layer. The second one is 
the gram-negative bacteria, which comprises a thin peptidoglycan layer with an outer 
lipid layer. The presence of multiple layers of peptidoglycan layer and the intensive 
cross-linking in gram-positive bacteria shield the cells from disruption (Silhavy et al.
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2010). On the other hand, a single layer of peptidoglycan is present in gram-negative 
bacteria, which makes it easier to disrupt (Mahalanabis et al. 2009). 

9.3 Cell Disruption 

Various industries, including chemical, food, and pharmaceutical, heavily depend 
on biotechnological processes to extract materials like enzymes, lipids, pigments, 
and proteins from microbial cells such as bacteria, microalgae, and yeast (Gomes 
et al. 2020). Since the downstream steps are simple and cost-effective to execute, 
the process of creating biomolecules outside cells shows great industrial potential. 
However, there are also several processes that involve the accumulation of intracel-
lular biomolecules in cell walls, cell membranes, and cytoplasm. Such cases require 
cell disruption methods depending on the location of the biomolecule within the cell 
and the structure of the cell wall (Peternel 2013). 

9.3.1 Importance of Cell Disruption 

Cell Disruption or Cell lysis is a technique that involves rupturing the cell membrane 
to release internal components like DNA, RNA, protein, or organelles out of the cell. 
Cell lysis is a widely recognized method for intracellular studies (DNA, RNA, and 
proteins). The disruption of the cell has numerous applications, including immunoas-
says for point-of-care diagnostics, molecular diagnostics of pathogens, downstream 
processes like purification analysis for analyzing protein structure and function, drug 
screening, identifying the mRNA transcriptome, cancer diagnostics and analyzing 
the composition of proteins, nucleic acids, and lipids. Cell lysis may be full or 
partial, depending on the application. It envisions the elevated yield with minimum 
contamination and product loss, thereby increasing the subsequent cost. The major 
challenge is to select an appropriate disruption method, especially for industrial-
scale processes. For this purpose, various factors come into play, such as energy 
efficiency, high selectivity, operational costs, and ease of scale-up (Kumar et al. 
2019). Techniques like patch clamping, which are employed for the testing of the 
drug and examining intracellular ionic currents, cause partial cell lysis (Sakmann 
and Neher 1984). This procedure involves inserting a glass micropipette inside the 
cell, partially rupturing the cell membrane. To analyze DNA, RNA, and subcellular 
components, the cell membrane must be completely disintegrated (complete cell 
lysis) (Stackebrandt and Goodfellow 1991).
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9.4 Types of Cell Disruption Methods 

Various procedures have been employed to disrupt the cell (Fig. 9.1). Based on the 
application, it is broadly classified into complete and partial cell lysis. Complete cell 
lysis is a type of disruption method wherein the cell is completely ruptured so as to 
analyze DNA, RNA, and subcellular components. For example, in electrical lysis, the 
cell is subjected to strong electrical fields wherein the cell undergoes electric shock, 
which results in complete disruption of the cell (Stackebrandt and Goodfellow 1991). 
Partial cell lysis is another type of disruption method invole the partially rupturing 
the cell to study intracellular components. For example, in patch clamping, the cell 
is partially ruptured by inserting a glass micropipette. It holds application in drug 
testing and is used for the study of intracellular ionic currents (Sakmann and Neher 
1984); in this technique, the cell membrane is ruptured partially by inserting a glass 
micropipette. 

The choice of the lysis methods depends on the simplicity of the purification 
procedures, the target molecules to be analyzed, and the degree of the final result 
(Harrison 1991). For many years, cell lysis methods hold applications in both labo-
ratory and industrial levels. Many companies have developed commercially useful 
cell lysis chemicals, reagents, enzymes, and hydrogenic agents, as well as analytical 
tools such as sonicators and homogenizers (Van Den Berg et al. 2010). All internal 
parts of cells are closed by cell membranes, which act as barriers. It also controls 
the movement of materials from inside to outside the cell and vice-versa. There-
fore, it is crucial to remove or destroy the cell membranes in order to collect DNA 
from the cells for molecular diagnosis applications, such as pathogen identification 
(Mahalanabis et al. 2009).

Fig. 9.1 Overview of various methods of cell disruption 
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9.4.1 Mechanical Methods of Cell Lysis 

Mechanical lysis is the first category of lysis techniques, in which force is applied to 
physically rupture the cell membrane. This technique is the most popular because 
of its high performance and higher lysis (Islam et al., 2017). It is divided into two 
categories which are high-pressure homogenizers and the bread-beating method. 

9.4.1.1 High Pressure Homogenizers 

High pressure homogenization is identified as the prevalent technique for the disrup-
tion of microbial cells. Here, the cells present in the medium are subjected to 
high pressure while pushing them through the orifice. The high pressure at the 
orifice results in a series of compression due to which the cell membrane disrupts, 
followed by expansion upon discharge (Engler and Robinson 1981; Islam et al. 2017). 
However, the only problem with this method is the generation of heat. The use of 
cooling systems would reduce the amount of heat produced, thereby preventing the 
degradation of the enzymes (Augenstein et al. 1974). However, homogenization, 
combined with chemical treatment, displayed improved results (Middelberg 2000). 

9.4.1.2 Bead Beating Method 

The bead beating method is a common laboratory technique where the cell is 
disrupted by mixing the cell suspension with the minute glass, ceramic, or steel beads 
at a higher speed. In response to the collision between the beads and the cells, force is 
developed, which leads to the rupturing of the cell membrane and discharge of intra-
cellular components. Various factors affect this process, such as cell concentration, 
stirrer speed, and the density and diameter of the bead. Smaller beads are more effec-
tive in 0.25–0.5 mm range and are recommended for lysis (Harrison 1991; Schütte 
et al. 1983). Using this technique, various cell types, including yeast and bacteria, 
can be lysed (Chisti and Moo-Young 1986; Taskova et al. 2006). Although this tech-
nique allows complete disintegration of the cell membrane and has high efficacy, the 
complete lysis results in the formation of tiny cell debris, which makes the sample 
separation and purification more complex. This process generates heat through the 
collision of beads with cells. The intracellular products like proteins and RNA can 
deteriorate due to the increasing heat (Goldberg 2008).
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9.4.2 Non-mechanical Methods of Cell Lysis 

Non-mechanical lysis is primarily classified into three categories, i.e., physical, 
chemical, and biological, with each category further subdivided according to the 
basis of the specific lysis procedure used. 

9.4.2.1 Physical Methods 

It is a non-contact method in which the cell membrane is ruptured by using external 
forces such as pressure, sound and thermal (heat) energy. Physical methods can be 
divided into three categories: cavitation, osmotic shock, and thermal lysis (Islam 
et al. 2017). 

Cavitation 

Cavitation refers to the formation and preservation of cavities or bubbles in a homoge-
nous liquid medium. There are several ways to accomplish cavitation, such as local 
energy deposits on the fluid surface or sufficient liquid tension to form cavities 
(Caviglia 2015). Also, the use of ultrasonic vibrations to reduce the local pressure 
results in the formation of cavities, and the subsequent pressure loss results in cavi-
ties or bubbles to collapse. The pressure generated is around 1000 MPa (Harrison 
1991). When the bubble collapses, a substantial amount of mechanical energy is 
released in the form of a shock wave, propagating through the medium and results 
in rupturing of the cell membrane. Cells are disrupted by the formation of cavities 
using hydrodynamic and ultrasonic technologies (Mahalanabis et al. 2009). 

Osmotic Shock 

When the salt concentration around the cell suddenly changes, the permeability of 
the cell membrane for water molecules increases due to osmosis. The cell swells and 
eventually bursts as a result of endosmosis, which is brought on by the surrounding 
solution’s reduced salt concentration. Due to the membrane’s delicate structure, this 
method works well with mammalian cells (Lopez and Hall 2022). 

Thermal Lysis 

Thermal Lysis, also known as the freezing/thawing method, wherein the ice formation 
on the cell membrane results in the breaking of the membrane. Moreover, it has been 
demonstrated that high temperatures can cause cell lysis. High temperatures induces 
the rupturing of membrane and results in the release of intracellular organelles by
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forcing the membrane proteins to denature. The DNA, however, could be damaged by 
prolonged heating. This approach takes a long time and cannot be utilized to extract 
biological components that are temperature-sensitive (Johnson and Hecht 1994). Due 
to its high cost (Fonseca and Cabral 2002), this approach is not frequently used in 
large-scale industrial applications. 

9.4.2.2 Chemical Methods 

Chemical methods involve a small change in the pH of lysis buffers to disrupt the 
membrane covering the cell. Detergent is an important component of the cell lysis 
solution as it helps in the solubilization of the membrane. Disruption of the cell 
membrane by chemical lysis involves two methods, alkaline lysis, and detergent 
lysis. In alkaline lysis, hydroxide ions are used to lyse the cell membrane (Tamura 
and Aotsuka 1988). This lysis buffer comprises of sodium dodecyl sulfate (SDS) and 
sodium hydroxide; OH- ions of sodium hydroxide interact with the cell membrane 
and facilitates the breaking of fatty acid and glycerol ester bond, thereby allowing the 
cell membrane to become permeable, whereas SDS is responsible for solubilizing 
the proteins embedded in and around the cell membrane. The pH range of 11.5–12.5 
is mostly preferred for the lysis of cells (Feliciello and Chinali 1993; Harrison 1991). 
Although this method works with all cell types, the process is relatively slow and 
requires a time period of about 6–12 h, and is mainly used to isolate plasmid DNA 
from bacteria (Andrews and Asenjo 1987; Feliciello and Chinali 1993). Detergents 
are the most commonly used for the lysis of mammalian cells and can be employed 
to disrupt lipid and lipid or lipid and protein or protein and protein interactions. They 
can be classified as anionic, cationic, or nonionic detergents based on the charge 
capacity. In the case of bacterial cells, the disruption of the cell wall is the first step 
to reach the cell membrane, which is followed by cell lysis. Therefore, lysozymes 
are used to lyse bacteria cells (e.g., yeast). 

9.4.2.3 Enzymatic Methods 

Enzymatic method is defined as the use of enzymes for disrupting the cell. The 
enzymes commonly used are lysozyme, lysostaphin, zymolase, protease, cellulose, 
and glycanase. The majority of the enzymes listed above are commercially available 
with numerous applications. Enzymatic lysis is known for offering several benefits, 
specificity being one of them. For instance, plant cells, yeast cells, and bacterial cells 
are lysed using pectinase, chitinase, and lysozymes, respectively. Interaction between 
lysozyme and the peptidoglycan layer results in the breakage of the glycosidic bond. 
Therefore, Gram-positive bacteria can be provided with direct exposure to lysozymes, 
whereas Gram-negative bacteria should have their outer membranes removed before 
having their peptidoglycan layer exposed to enzymes. Treatment by lysozyme usually 
takes place at the value of pH between 6 and 7 and at a temperature of 35 °C (Harrison 
1991). In gram-negative bacteria, the cell membrane and wall is disrupted by use of
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lysozyme and detergents together. The enzyme used to isolate genomic DNA is 
Proteinase K (Brown and Audet 2008; Salazar and Asenjo 2007). 

9.4.3 Single Cell Lysis Method 

With the increase in the advancement of technology, single cell lysis has gained 
a lot of importance due to its huge application. It helps researchers to decipher 
cellular heterogeneity in cell culture and holds importance in the fields of genomics, 
metabolomics, proteomics, and transcriptomics. Single cell lysis is the initial step 
for analyzing intracellular components of the cell, such as DNA, enzymes, proteins 
etc. Single cell lysis has been studied using varieties of technologies, including PCR, 
microfluidics, capillary electrophoresis, and high-speed imaging. Techniques used 
to lyse cells include laser pulse, acoustic, electrical, nanoscale barbs, and chemical 
such as detergents and enzymes. Single-cell RNA is extracted using single-cell lysis 
buffers that are readily accessible in the market. These buffers are designed to mini-
mize the loss of sample during enzymatic procedures like reverse transcription (Svec 
et al. 2013). 

9.5 Nanoparticle Induced Cell Disruption 

Nanotechnology is an emerging field that is employed for the synthesis of materials 
that have dimensions of 1 × 10–9 m (Singh et al. 2021). Due to their significantly 
small size, the properties of nanoparticles are different from the constituent bulk 
matter. Upon reaching the nanoscale, the properties like reactivity and electronic 
structure vary greatly. Quantum and surface effects are the driving forces behind the 
unique properties of nanoparticles that differentiate them from bulk material. In the 
case of nanoparticles, a higher number of atoms are present at the surface than in 
the bulk of the material, allowing them to have both a large surface area and a high 
particle number per unit mass (Buzea et al. 2007). The enlarged surface area results 
in enhanced reactivity as it provides a more extensive area for chemical reactions to 
occur. Also, at the surface, the presence of atoms is reduced as compared to the bulk 
matter. Due to this, when the particle size decreases, the binding energy per atom is 
also reduced (Roduner 2006). These factors are responsible for the altered properties 
of nanomaterials, including chemical, optical, electric, mechanical, and magnetic. 

Nanoparticles are referred as particles having dimension in nanometer Studies 
indicate that the size of the particle has a significant impact on the properties of 
the nanoparticles. There is not much of a difference observed between a microscale 
particle and its corresponding bulk material. But when the size goes down at the 
nanoscale, i.e., <100 nm, the properties of the nanoparticles significantly changes. 
The quantum size is responsible for the altered properties of the nanoparticles, thereby 
separating them from their bulk material. For instance, in the bulk state, the color
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of the gold nanoparticle is yellow, but when the particle size comes down at the 
nanoscale, the same gold nanoparticle exhibits purple color, which is entirely different 
from its bulk matter. This color change occurs when the band type of the gold 
nanoparticle changes from continuous to discrete, i.e., due to the confinement effect 
(Sun 2007). 

9.5.1 Unique Properties of Nanoparticles 

Each nanoparticle has its unique property, which defines its complex interactions 
with the target cell. There are a number of factors that influence the properties of 
nanoparticles, including their size, shape, surface area, charge, and the dissolution 
and aggregation of the nanoparticles (Gatoo et al. 2014). These factors are capable 
of either enhancing or limiting the cell permeability of the selected nanoparticle and 
its penetration ability while entering the biological system of living organisms. 

9.5.1.1 Shape, Size, and Structure of Nanoparticles 

The morphology of nanoparticles, including their shapes like spheres, truncated 
triangles, rods, cubes, particles, wires, etc., affects their movement, transport, and 
subsequent cell absorption. To support this claim, it has been demonstrated that 
triangular nanoplates suppress Escherichia coli more effectively than spherical or 
rod-shaped Ag nanoparticles, which may be a result of the triangle nanoparticles’ 
high atom density (Baalousha 2009). 

NPs features such as size, shape and charge differ from the bulk material in 
terms of physical and chemical characteristics due to small size and high surface-
to-volume ratio. As shown below, the antibacterial activity of nanoparticles can be 
greatly enhanced by changing their physical and chemical properties. 

The last three decades have seen remarkable development in the nanotechnology 
domain as the researchers were able to understand the characteristics of nanoparticles 
suitable for the diagnosis of disease and delivery of the drug at the targeted site. NPs 
are characterized as a set of tools to perform one or more functions simultaneously in 
the emerging field called nanomedicine. They offer exceptional opportunities to pene-
trate cell barriers and improve the delivery of a variety of pharmaceuticals, including 
variety of promising biomacromolecules such as anti-sense oligonucleotides, nucleic 
acids, plasmid DNA, and siRNAs (small interference RNAs) that can only perform 
their function once it has entered the cell and cannot perform otherwise. As far 
as polar molecules are concerned, they aren’t capable of penetrating the biological 
membranes, including plasma membrane made of lipid bilayers, blood–cerebrospinal 
fluid barrier, gastrointestinal barrier, and air-blood barrier. NPs are considered as 
ideal drug carriers due to their ability to carry a high concentration of the intended 
therapeutic at the targeted site. Pharmacokinetics and biodistribution of formulated 
drugs are enhanced by large payloads on nanocarriers (Pal et al. 2007). Treatment
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and imaging can be performed simultaneously on the NP surface or core by loading 
multiple substances (Chen et al. 2011;Ng et al.  2011). NPs can also be used to monitor 
real-time cellular parameters, one such being the intracellular oxygen concentration 
within the cell. 

NPs are made from various biological and non-biological materials, such as lipid-
based (liposomes, micelles, and solid lipids or lipoprotein-based NPs) (Attama 2011; 
Breunig et al. 2008; Fercher et al. 2011; Gobbi et al. 2010), polymer-based (polylactic 
acid, poly[lactic co-glycolic acid], and poly[alkyl cyanoacrylate]), quantum dots, 
chitosan-based, silicon-based, magnetic NPs and gold NPs (Ng et al. 2011). 

Since their size, shape, and surface are directly related to their inherent properties 
and applications, much work has been done to regulate NP synthesis. NPs are also 
created in various ways to address the stability problem in physiological media 
(Rippel and Seifalian 2011). 

9.5.1.2 Surface Charge and Coatings 

Surface charge is a critical factor in the dispersion properties of nanoparticles, which 
is crucial for binding to cell membranes, ion absorption, and subsequent cellular 
uptake. The ability for aggregation and dissolution is indirectly impacted by the 
surface coatings, which in turn raises the surface charge (Panariti et al. 2012). 

9.6 Interaction of Nanoparticles with Cells 

The increase in the porosity of the cell membrane is brought on by exposing the 
subjected cell to various types of nanoparticles and this holds applications in thera-
peutics and gene delivery (Fischer et al. 2003; Leroueil et al. 2007, 2008; Majumder 
2015; Mecke et al. 2005; Verma et al. 2008; Zhang and Smith 2000). Also, it was 
observed that cells treated with non-cytotoxic polycation nanoparticles for an hour 
cause a release of lactate dehydrogenase (LDH) in the supernatant, and pigment 
dyes such as fluorescein diacetate (FDA) could pass through cell membranes that 
were previously impermeable (Majumder 2015). These studies at the cellular level 
were supported by the experiments conducted using atomic force microscopy (AFM) 
that investigated the development of nanoparticle-induced nanoholes in supported 
lipid-bilayer model membranes (Leroueil et al. 2008; Majumder 2015; Mecke et al. 
2005). Theoretical studies validate the nanoholes formation to be thermodynamically 
feasible (Ginzburg and Balijepalli 2007). This gave rise to a hypothesis stating that 
the development of nanoholes in the plasma membrane of the cells promotes cell 
membrane leakage at non-cytotoxic concentrations (Chen et al. 2009). 

The internalization of nanocarriers within the cell is approached by various mech-
anisms, which depends on the physiochemical properties of NPs, including shape, 
size, and its chemical properties (Huq et al. 2022). NPs work efficiently when soluble 
in physiological solutions. The route of administration decides the interaction of the
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NPs with the cell plasma membrane, which paves the way for the nanoparticle to 
access the cell and reach the biological target site. Understanding how the physical 
and chemical properties of NPs affect their interactions and working with biological 
systems and their infiltration into cells is essential so as to maximize the potential 
value of nano-distribution. 

Since cells may exhibit different levels of target receptors or show differences 
related to membrane environments in polarized cells, most types of cells can adopt 
multiple internalization methods at the same time. 

9.7 Mechanism of Nanomaterials Induced Cell Disruption 

The cell disruption techniques opened the doors for advancement in the healthcare 
domain but also had a series of setbacks. Researchers are now diverting their attention 
toward nanoparticle-based cell disruption due to the unique properties associated with 
them. Since the bio-efficacy is directly associated with the particle shape and size, the 
small size of the nanoparticles enhances easy cell permeability, thereby promoting 
cell disruption. 

For instance, Due to their wide range of uses, AgNPs are one of the most versatile 
nanomaterials in large-scale industrial production around the world (Hillaireau and 
Couvreur 2009). Sometimes, AgNPs involve factors like monitoring their toxicity 
and biological effects to ensure their safer applications in various areas like human 
exposure through environmental or occupational processes (Hillaireau and Couvreur 
2009). 

Additionally, AgNPs are known for their antibacterial activity, and it has been 
proven in research on V. parahaemolyticus and S. Typhimurium (Champion and 
Mitragotri 2006). Some studies determine that AgNPs damage the cell membrane 
and result in the integration of membrane and reduction in the metabolic activity 
of cells which causes bacterial cells’ death (Champion and Mitragotri 2006). It was 
confirmed by the study of field emission scanning electron microscopy that when 
Gram-positive and Gram-negative pathogenic bacteria were treated with AgNPs, The 
treated bacteria’s altered shape and weakened cell wall were brought on by AgNPs, 
which also prompted cell death (Xu et al. 2008). AgNPs cause the inhibition of both 
protein and cell wall synthesis, which is compelling evidence that the outer cellular 
membrane is disrupted by proteins, and the increased ATP leakage leads to cell death 
(Beningo and Wang 2002). In addition to these, the AgNPs’ size and shape affect 
their potential efficacy against bacterial illness because of their increased surface 
area, which increases the release of Ag + ions. The activity of cell disruption is 
further hampered by the dissolving rate of AgNPs; if the rate is high, the potential 
activity may increase (Banquy et al. 2009), or if the rate is low, the potential activity 
may decrease. AgNPs with a size range of less than 10 nm have the potential to 
enter the bacterial cells directly, crosses the cell membranes, and start cell lysis 
(Buyukhatipoglu and Clyne 2011).
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Several investigations have already indicated that biosynthesized AgNPs have 
demonstrated notable antibacterial activity against many human diseases. The small 
size and large surface area of AgNPs make them easily interact and penetrate into the 
bacterial cell walls. They can also harm cell membranes, produce reactive oxygen 
species, block DNA replication and protein synthesis, and induce cell death (Heng 
et al. 2011). 

The strong bonding of nanoparticles to bacterial membrane surfaces interferes 
with the normal functions of the cells and initiates the process of cell disruption 
by AgNPs (Buyukhatipoglu and Clyne 2011). Interaction of nanoparticle to cell 
wall allows the penetration of nanoparticle inside the cell, which disintegrates the 
organelles and alters its permeability (Fig. 9.2). AgNPs have an affinity to interact 
with sulfur or phosphorous groups present in an intracellular component like DNA 
and protein, thereby altering the structure and functions of the cell. They can also 
interact with the thiol groups of the ROS and free radicals produced by enzymes, 
damage the internal machinery, and trigger apoptotic cascades. Nanoparticles pene-
trate the cell walls, break them down, and change cell permeability (Heng et al. 
2011). 

The release of silver ions constantly from AgNPs can be considered as a mech-
anism of microbe destruction. Sulphur proteins have a high affinity for silver ions 
and are, therefore, they bound to the cell wall and the cytoplasmic membrane. The 
disruption of bacterial envelop is due to the increased permeability of cytoplasmic 
membrane which occurs due to interaction among sulphur proteins and silver ions. 
When silver ions are absorbed into the cells, respiratory enzymes are deactivated, 
which results in the production of reacting oxygen species and interrupts the produc-
tion of adenosine triphosphate. Reactive oxygen species are the main causes of cell 
membrane disruption and DNA modification. Given the importance of phosphorus 
and sulphur in DNA, the interaction between silver ions and these elements can

Fig. 9.2 Mechanism of 
nanoparticles induced cell 
disruption 
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prevent the replication of DNA, inhibit cell growth and division, and even cause the 
death of microbes. Additionally, silver ions denature the cytoplasmic ribosomes, thus 
preventing protein synthesis (Bapat et al. 2018; Khorrami et al. 2018). 

9.7.1 Factors Affecting Nanomaterials Induced Cell 
Disruption 

The various factors associated with the nanomaterials that affect the cell disruption 
are as follows. 

9.7.1.1 Nanoparticle Size 

The biodistribution, efficiency (i.e. the amount of NPs present in cells over a certain 
period of time), and cell absorption pathways are all influenced by particle size and 
their interaction and binding with target cells (Pietroiusti et al. 2018). In several 
applications of NP, the main objective is to prevent clearance through the reticular 
endothelium system, prolonging blood circulation and boost the bioavailability at 
the target site. NP size increases the clearance rate: it has been shown that NPs of 
250 nm to 3 µm have optimal phagocytosis in vitro, whereas the size limit of about 
200 nm is most likely to include other absorption pathways such as caveolin or 
clathrin-mediated endocytosis (Foroozandeh and Aziz 2018). 

9.7.1.2 Nanoparticle Shape 

Along with size, the shape is another important parameter that affects the function-
ality of the NPs. Although a large number of NPs industrialized for drug delivery 
are spherical in shape, other forms, such as cubic (cubosomes), ellipsoidal, cylin-
drical, and disc-shaped, have been suggested as new drug nanocarriers (Pietroiusti 
et al. 2018). However, it has been observed that the actin in macrophages requires a 
large surface area due to its complex structure, and this complexity affects the inter-
nalization of NPs. The study conducted by Hillaireau and Couvreur demonstrated 
spherical NPs have a faster endocytosis rate than cylinders, discs, or gold NPs, but 
other studies found that cylinder-shaped particles are primarily absorbed (Hillaireau 
and Couvreur 2009). The mobility of nanomaterials in cells is also influenced by the 
form of NP: rod-shaped forms move to the nucleus of microtubules, while hexagonal 
forms are retained in the cytoplasm (Guo et al. 2013; Laux et al. 2018).
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9.7.1.3 Nanoparticle Rigidity 

It has been shown that nanoparticle rigidity has a significant effect on the entry 
pathway. NPs rigidity refers to the nanoparticle’s ability to change its shape under 
different physiological conditions. The NPs can be either hard or soft, meaning that 
they can keep the same shape and can change their shape, respectively. Banquy et al. 
showed that soft hydrogel NPs are internalized by macro pinocytosis, rigid NPs are 
internalized by a mechanism dependent on clathrin, and medium-elastic NPs have 
several absorption mechanisms (Banquy et al. 2009). It is generally known that when 
NPs are described in terms of surface charge, and as the cell plasma membrane is 
negatively charged, cationic NPs are absorbed more effectively than anionic and 
neutral NPs. 

9.7.1.4 High Oxidative Stress 

Oxidative stress occurs due to an imbalance between the generation of reactive 
oxygen species (ROS) and the detoxification capacity of cells. There are various 
factors involved, such as the interaction of the cell with nanoparticles which leads 
to oxidative stress. Various studies have discovered that nanoparticles interact 
with cells resulting in oxidative stress and triggering a variety of biological reac-
tions. Moreover, in mammalian cells, the interaction between the NPs and cellular 
organelles results in the internalization of the NPs, followed by biological reactions 
(Augustine et al. 2020). Cameron et al. suggested that reactive oxygen species (ROS) 
are generated within cells due to interactions between nanoparticles and cells which 
results in oxidative stress. When nanoparticles enter the cell and interact with compo-
nents of the cell, it results in the production of ROS by a variety of mechanisms, 
including lysosomes’ destruction of the particles, interactions with cellular proteins, 
and the activation of inflammatory pathways (Cameron et al. 2022). High level of 
oxidative stress can harm cellular components like proteins, lipids, and DNA and 
leads to cell death and cell instability. Moreover, oxidative stress has been known 
to cause a number of diseases, including cancer, neurological and cardiovascular 
diseases (Moschini et al. 2023). Researchers are looking into ways to alter nanopar-
ticle surfaces to make them less reactive or to provide antioxidant therapies that 
can block the effects of ROS to lessen the harmful effects of nanoparticles on cells 
(Kodali and Thrall 2015; Manke et al. 2013).
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9.8 Current Trends for Nanomaterials-Induced Cell 
Disruption 

Currently, various types of NPs are used as a drug carriers’ system, such as polymer-
based NPs, solid lipid (SL) NPs, liposomal NPs, micelle-based NPs, and inorganic 
NPs, including silicon NPs, magnetic NPs, gold NPs, and silver NPs. Nanoparticle’s 
size is the main benefit as compared to traditional delivery systems, which makes 
it suitable for carrying antimicrobials and targeting bacteria. Due to their small size 
and poor membrane transport, antibiotics have little impact on intracellular bacteria. 
This limitation can be prevailed by using NPs for drug delivery. Since nanoparticles 
have unique structural characteristics and are small in size, they are ideal for drug 
delivery as they are easily phagocytosed by the host (Qi et al. 2013). NPs can easily 
penetrate into the enter host cells, leading to endocytosis and intracellular drug release 
which could improve serum antibiotic levels, promote drug resistance lead through 
bacteria, and provide security from unwanted chemical reactions (Huh and Kwon 
2011). Some works suggest that different NPs could overcome the increased efflux 
and reduce the uptake of the drug in some bacteria, including P. aeruginosa and E. coli 
(Mühling et al. 2009). Antibiotics can be administered using NPs at the targeted site, 
thereby reducing the systemic side effects associated with conventional antibiotics. 
The delivery of drugs in nanocarriers can lead to the controlled release of antibiotics. 
Moreover, it is possible to maintain stable blood concentrations of the drug in the 
infected area for a prolonged period of time, thereby reducing pain. This delivery 
method also leads to a long release of drugs and a significant repressive effect on 
cell proliferation (Lee et al. 2019). In addition, to increase antibacterial effects and 
prevent resistance, a combination of two or more types of NPs can be performed 
(Liu et al. 2016). Therefore, nanomaterials are beneficial in various fields, such as 
antimicrobial therapy, cancer treatment, and drug delivery. 

9.9 Conclusion 

Within this chapter, we have summarized the types and mechanisms of cell disrup-
tion with the help of nanoparticles. Below the threshold of cytotoxicity, diverse 
interactions between NP and cells have an impact on various functional levels of cell 
physiology (mitochondria, cytoskeletal, ROS production, membrane currents, and 
intracellular calcium) and produce a range of tissue reactions. It is clearly shown that 
nanostructures not only passively but also actively alter the molecular processes that 
are typically necessary to regulate cellular functions. 

To acquire the desired NP-mediated effect, one approach could be to mask the NP 
in a way that utilizes biomimicry and allow the physiological pathways to guide the 
pharmacological load. However, we must remember that material intake and escort 
between cells are mainly active processes, which could lead to increased consumption
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of energy. In addition, NP absorption can occur passively through cytoskeleton-
induced energy gradients within cells and allowing intracellular transport to occur. 

NP may stimulate certain cell functions rather than disrupt them, which can, in 
turn, increase the effectiveness of cellular machinery. However, the term “cellular 
activity” as a whole should be understood as activating or inhibiting specific path-
ways which are mediated by NPs. Nanoparticle-based treatment depends on how 
well the favorable and harmful consequences are balanced. In this case, siRNA or 
anti-microRNA NPs specifically suppress or disrupt cellular pathways associated 
with tumor development, progression, and chemotherapy resistance. The possible 
advantages of loaded cargo must be weighed against the potential drawbacks of 
NPs. Finally, the last consideration should be for the potential applications of 
nanoparticle-based cell disruption methods. Hereby, the fact that NPs should be 
viewed as playing a potential role in conciliating biological effects as target-based 
therapies by decreasing the shortcomings and increasing the efficiency of individual 
NPs should be emphasized. 
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Chapter 10 
Biogenic Zinc Oxide Nanoparticles: 
Mechanism and Environmental 
Applications 

Khalida Bloch, Sirikanjana Thongmee, and Sougata Ghosh 

Abstract Biogenic synthesis of nanoparticles is more rapid, eco-friendly and cost-
effective technique that do not involve any harmful chemical during synthesis and 
stabilization. Various viruses, bacteria, fungi, algae and medicinal plants are used for 
developing green route for biological synthesis of nanoparticles. Although biogenic 
metal nanoparticles include gold, silver, copper, platinum, palladium and others, 
zinc oxide nanoparticles (ZnONPs) have gained more attention for their biocompati-
bility and photocatalytic potential. This chapter discusses about biogenic synthesis of 
ZnONPs along with its environmental applications. Several bacteria such as Bacillus 
licheniformis, Bacillus subtilis, Pseudochrobacterum sp., Rhodococcus pyridinivo-
rans, and Serratia nematodiphila can synthesize ZnONPs which are flower-like, hair-
like, spherical or hexagonal in shape. Similarly, fungi such as, Acremonium potronii, 
Alternaria tenuissima, and Aspergillus niger, can also synthesize ZnONPs which can 
photocatalytically degrade hazardous dyes like methylene blue and bismarck brown 
under ultraviolet and/or visible light. Further, algal extracts of Chlorella, Ptero-
cladia capillacea, Sargassum muticum, and Ulva lactuca are employed to fabricate 
anisotropic ZnONPs with exotic shapes that includes rod, flower, triangle, hexagon 
and spheres which are mostly in size ranging from 10 to 50 nm with few exceptions. 
Similarly, plants such as, Abelmoschus esculentus, Allium cepa, Artocarpus hetero-
phyllus, Azadirachta indica, Pheonix dactylifera, Prosopis juliflora, Ruellia tubersoa, 
and Salvia officinalis with rich phytochemical diversity can efficiently synthesize 
ZnONPs with high photocatalytic dye degrading potential metanil yellow, methyl 
orange, rhodamine B, reactive blue 21, turquoise blue, and others. The detailed 
mechanism behind bacteriogenic, mycogenic, phycogenic and phytogenic ZnONPs 
synthesis is also discussed along with the future perspectives.
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10.1 Introduction 

With the increase in urbanization and industrialization, various organic, inorganic, 
and biological contaminants directly or indirectly enter the water bodies which lead 
to environmental pollution. This is a major concern as it has become the main cause of 
various diseases in humans, live stocks and plants across the globe. Various physical, 
chemical, and biological methods are employed to treat these polluted bodies. Due to 
several drawbacks in these methods, a new alternative way is required to overcome 
this problem (Chahal et al. 2019; Hu et al.  2020). Organic dyes are one of the 
major wastewater pollutants. The dumping of azo dyes leads to toxicity. These dyes 
accumulate in water and soil and enter the food chain. The breakdown of dyes results 
in the formation of carcinogenic agents. Hence traditional methods used to treat them 
are ineffective. The use of nanotechnology is an advanced method for the degradation 
of dyes. Various types of metal oxides such as titanium oxide (TiO2), indium oxide 
(In2O3), silver (Ag), gold (Au), tin (IV) oxide, and many more are synthesized 
using chemical, physical and biological methods (Piccinno et al. 2012). But ZnO 
with wide range of radiation adsorption capability exhibits unique piezoelectric, and 
catalytic properties suitable for developing semiconductors (Sharma et al. 2011). 
Due to its nontoxic nature, it is safe to use in formulations for developing novel 
therapeutics for animals and humans. Hence, ZnONPs have been of greater interest. 
The green process of synthesizing NPs over conventional methods is accepted widely. 
Several biological entities such as bacteria, yeast, fungi, algae, and plants are used 
for the synthesis of ZnONPs as these processes are eco-friendly, less toxic, and 
cost-effective. Microbes act as mini-factories in the reduction of metal ions as they 
possess enzymes and bioactive compounds which act as reducing, capping, and 
stabilizing agents during formation of NPs (Kundu et al. 2014; Moghaddam et al. 
2017). Different parts of plants like leaf, roots, stem, fruit, and seed are also used for 
the synthesis of ZnONPs as they are rich in phytochemicals which aid in oxidation 
and reduction of the metal ions. The water-soluble polyphenols, reducing sugars, 
flavonoids, amines, and proteins facilitate the stabilization of NPs (Rahman et al. 
2021). ZnONPs exhibit potent photocatalytic degradation activity against several 
dyes such as methylene blue, methyl orange, malachite green, and eosin yellow as 
listed in Table 10.1. The following section emphasizes the synthesis, mechanism, and 
removal of hazardous pollutants from the environment using ZnONPs synthesized 
from bacteria, fungi, algae, and plants.
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10.2 Bacteriogenic ZnONPs 

Several bacteria with nanobiotechnological potential are used for synthesis of 
ZnONPs (Ghosh and Webster 2021). The bacterial biomass of Bacillus licheni-
formis MTCC 9555 was used for the synthesis of zinc oxide (ZnO) nanoflowers 
(Tripathi et al. 2014). Wet biomass (5 g) was reacted with zinc acetate dihydrate (Zn 
(CH3COO)2. 2H2O) (0.2 M) prepared in 50 mL deionized water which was heated 
at 60° C for 15 min along with sodium carbonate (0.6 M). The reaction mixture was 
incubated for 48 h at 37± 1 °C under continuous stirring at 200 rpm. The formation of 
white precipitate indicated the formation of ZnO nanoflowers. The nanoflowers were 
characterized using X-ray diffraction (XRD). The diffraction peaks corresponding 
to (100), (002), (101), (102), (110), and (103) sets of lattice planes indicated hexag-
onal wurtzite structure with crystalline nature of pure ZnO. Transmission electron 
microscope (TEM) images showed a flower-like structure of nanoparticles with sizes 
ranging from 200 nm to 1 μm. The nano petals of nanoflowers were 40 nm in width 
and 400 nm in length. The average size was 620 nm. The nanostructures were further 
sonicated for 40 min and the micrograph showed a rod-like structure indicating that 
the formation of nanoflowers was the result of the agglomeration of rods. Energy 
dispersive X-ray spectroscopy (EDS) revealed the presence of zinc (Zn) and oxygen 
(O). Fourier transform infrared spectroscopy (FTIR) analysis showed two peaks 
occurring at 3371.93 and 3400.97 cm−1 corresponding to N–H bond stretching. The 
change in peaks of –N–H and COO− as compared to peaks obtained in biomass 
gave evidence several functional residues and proteins present in the biomass plays 
important role in the stability of nanoflowers. The photocatalytic degradation activity 
of ZnO nanoflowers was checked against MB (C16H18N3SCI) under UV irradiation. 
The MB dye reacted with ZnO nanoflowers for 60 min. The absorption spectra of 
MB were taken at regular time intervals in presence of a photocatalyst. The decrease 
in intensity was observed with an increase in irradiation time. The degradation of 
MB was obtained up to 83% with a reaction rate of 4.4 × 10–3 s−1. The generation of 
electron–hole pairs by ZnO nanoflowers was responsible for the degradation of MB 
dye. The degradation efficiency (74%) was achieved up to 3 recycles which indicated 
good photostability of ZnO nanoflowers. 

In another study, the synthesis of ZnONPs was carried out using the ureolytic 
bacteria Bacillus subtilis HM475276 (Dhandapani et al. 2020). The ammonium 
carbonate was generated from synthetic urine (calcium carbonate 0.651 g/L, magne-
sium chloride 0.651 g/L, potassium chloride 1.6 g/L, sodium chloride 4.6 g/L, sodium 
sulfate 2.3 g/L, ammonium chloride 1.0 g/L, creatinine 1.1 g/L, tryptone 10 g/L, 
potassium phosphate 2.8 g/L and urea 40%) using B. subtilis as biocatalyst. Zinc 
acetate (0.2 M) was prepared in 300 mL of deionized water. Further 20 mL of an 
activated ammonium carbonate solution was added to it until pH reached 8.5 followed 
by stirring at 1000 rpm for 30 min. The reaction mixture was vigorously stirred for 
3 h at 80° C. Formation of white precipitate indicated the synthesis of ZnONPs. The 
precipitates were heated for 3 h from 37 to 250 °C for annealing. The synthesized 
nanoparticles showed a maximum absorption peak at 385 nm which was close to
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the solar spectrum hence it can show efficient photocatalysis of dyes. The increase 
in high-intensity diffraction peaks was observed in ZnONPs as annealing temper-
ature was increased which was characterized using XRD analysis. It showed the 
hexagonal wurtzite structure of ZnO. FTIR analysis showed peaks at 1570 cm−1, 
1507 cm−1, 1391 cm−1, and 1059 cm−1 indicating the presence of zinc ammonium 
carbonate hydroxide. ZnO crystal growth was confirmed as a Zn–O stretching vibra-
tion was observed in FTIR analysis. TEM analysis revealed that the nanoparticles 
were hair-like with a diameter of 1.2–1.3 μm and a width of 10–15 nm. Brunauer– 
Emmett–Teller (BET) analysis showed that the surface area was 30.22 m2/g. Electron 
paramagnetic resonance (EPR) spectroscopy was conducted to analyze the reactive 
oxygen species generated from ZnO particles when exposed to sunlight, UV light C 
(365 nm), visible light, and dark conditions for 15 min. Under sunlight, four different 
peaks were observed indicating the generation of hydroxyl radical from ZnO photo-
catalyst. There was no formation of hydroxyl radical under dark conditions. No 
significant changes in peaks were observed under UV light. Hence ZnO was found 
to be effective in sunlight which aids in the decolorization of dye. Photocurrent 
measurements of hairy-shaped ZnO nanoparticles were estimated at 7.76 μA cm−2. 
Photocatalytic activity of ZnONPs was checked against MB dye under sunlight. 
Sunlight exposed reaction medium showed a decrease in MB dye absorption band. 
The decolorization of MB dye was obtained at 50 min. The decolorization efficiency 
(30%) was obtained after 120 min when exposed to visible light. The efficiency was 
higher in solar light as compared to UV light C. 

The bacterial strain Pseudochrobacterum sp. C5 was grown in a nutrient broth 
medium and was used for the synthesis of ZnONPs (Siddique et al. 2021). Bacterial 
culture (50 mL) was mixed with 0.003 M zinc acetate salt. The reaction mixture 
was allowed to incubate at 28 °C, 180 rpm. The cell-free supernatant was dried 
at 85 °C and the powder was calcinated at 700 °C for 7 h in a muffle furnace. 
Off-white color precipitate indicated the formation of ZnONPs. UV–Vis spectra 
of ZnONPs showed an absorption peak at 372 nm. The synthesized NPs showed 
a zeta potential value of −27.41 mV indicating the monodispersed nanoparticles. 
The ZnONPs were agglomerated with sizes ranging from 90 to 110 nm which was 
confirmed using a field emission scanning electron microscope (FESEM). The high 
surface area in the biologically synthesized NPs may result in better efficiency in 
the degradation of dye. FTIR analysis showed peaks at 3740 cm−1, 1644 cm−1, 
1429 cm−1, and 1013 cm−1 corresponding to OH stretching, C = C stretching and C– 
C stretching of alkanes. ZnONPs exhibited characteristic peaks at 2θ = 32.3, 35.2, 37, 
48.3 corresponding to (100), (002), (101), (102) planes. Catalytic degradation of MB 
and 4-nitrophenol (4-NP) was carried out using ZnONPs. A decrease in absorption 
spectra was observed when an aqueous solution of MB and 4-NP was exposed to 
ZnONPs. Biologically synthesized ZnONPs showed more efficient decolorization 
of MB and 4-nitrophenol. Due to smaller surface area and size, ZnONPs showed 
degradation within 480 min and 120 min in the case of MB and 4-NP, respectively. 
Decolorization of MB (86.9%) and 4-NP (44.9%) was obtained after 480 min and 
280 min, respectively. Photocatalytic degradation of azo dyes such as brilliant blue 
R, brilliant yellow, reactive black 5, and reactive red 120 was carried out using
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ZnONPs as biocatalysts. After 10 h, 83.2%, 83.1%, 88.8%, and 95.2% decolorization 
was obtained in the case of brilliant blue R, brilliant yellow, reactive red 120, and 
reactive black 5, respectively. Textile wastewater was also treated with ZnONPs and 
various parameters such as dye decolorization, chemical oxygen demand (COD) 
removal, total dissolved solids (TDS), pH, and electrical conductivity (EC) were 
tested. Decolorization of reactive black 5 and reactive red 120 using ZnONPs as 
catalysts were up to 78.3 ± 3.4 and 72.9 ± 2.6%, respectively. A total of 62.7 ± 
3.1% of COD removal was observed when wastewater spiked with reactive black 
5 was treated with ZnONPs. A decrease in pH, EC, and TDS of wastewater was 
observed when ZnONPs were added to it. Hence bacteriogenic ZnONPs serves as 
good biocatalyst for the treatment of dye-loaded textile wastewater. 

Rapidly synthesized ZnONPs using actinobacteria Rhodococcus pyridinivorans 
NT2 isolated from effluent collected from the pesticide industry was reported in 
another study (Kundu et al. 2014). The organism was grown in mineral salt basal 
(MSB) broth supplemented with zinc sulfate (ZnSO4.H2O). Pure bacterial strain 
inoculated in MSB broth was added to 20 mL of 0.1 M ZnSO4.H2O. The reaction 
mixture was incubated under shaking at 180 rpm for 72 h at 30 °C. Formation of white 
precipitates from the colorless reaction mixture indicated the formation of NPs. It 
was further centrifuged, filtered, and washed with water followed by drying in a hot 
air oven for 4 h at 70 °C. Cell-free supernatant containing extracellular proteins were 
also used for the synthesis of ZnONPs. The cell-free supernatant was added to the 
same concentration of ZnSO4.H2O and was incubated in the same conditions. UV– 
Vis spectroscopy exhibited an absorption peak at 373 nm. Photoluminescence (PL) 
spectroscopy was also recorded. An emission peak at 355 nm was obtained indicating 
the presence of tyrosine residues. Another distinct peak at 520 nm was observed indi-
cating a string green emission band of ZnONPs. XRD analysis supported that the 
synthesized ZnONPs were hexagonal with wurtzite structures. FTIR analysis proved 
that intra and extracellular proteins were present on the surface of ZnONPs. Bioac-
tive compounds such as amino, sulfate, carboxyl, and hydroxyl groups may play 
role in the formation, stabilization, and capping of ZnONPs. The presence of protein 
prevents agglomeration. The ZnONPs were quasi-spherical to hexagonal in shape 
with sizes ranging from 100 to 120 nm. EDS confirmed the purity of nanoparticles 
with no trace amount of impurities. The ZnONPs showed -15.5 mV of zeta poten-
tial value indicating moderate stability. The thermal and thermal gravimetric analysis 
confirmed the stability. At ~340 °C and 550 °C, 21% of the residual mass was removed 
due to the decomposition of organic groups. Further coating of ZnONPs on cotton 
fibers, its UV-blocking property, and photocatalytic studies were carried out. XRD 
analysis showed the hexagonal wurtzite phase of ZnO. FESEM was used to observe 
the interaction between the cotton fabric and NPs. The cotton fabric treated with 
ZnONPs exhibited a uniform and dense distribution of ZnONPs. EDS confirmed the 
elemental composition of the ZnONPs coated cotton fabric. UV protective properties 
of ZnONPs coated cotton fabric was checked by measuring transmission covering 
UV-A, UV-B, and UV- C. ZnONPs coated fabric showed better UV blocking prop-
erty (<370 nm). With the increase in loading of ZnONPs, UV blocking property 
was also increased. Ultraviolet protection factor (UPF) value of coated cotton fiber
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was 50 + for 1–5 g/m2 of ZnONPs. Photocatalytic degradation of malachite green 
(MG) adsorbed on ZnONPs coated textile fabrics was noted. Photocatalysis (95%) 
was obtained within 2 h and absorption maxima (625 nm) were decreased as time 
progressed. Hence ZnONPs coated cotton fabric exhibited photocatalytic and long 
long-term protective ability. 

More recently, a zinc tolerant bacterial strain Serratia nematodiphila ZTB15 was 
used for the synthesis of ZnONPs (Jain et al. 2020). The organisms were grown in 
Luria Bertani (LB) broth. Overnight grown culture was mixed with 0.1 M zinc sulfate 
and the reaction mixture was heated at 80 °C for 10 min followed by incubation 
for 24 h. White precipitates were purified, washed and dried at 120 °C. UV–Vis 
spectroscopy showed surface plasmon resonance (SPR) at 379 nm. The structural 
composition was studied using XRD analysis. The intense peaks confirmed the high 
purity and crystalline nature of ZnONPs. The nanoparticles were polydispersed and 
roughly spherical in shape with sizes ranging from 15 to 30 nm with a diameter of 
23.09 ± 4.23 nm as seen in Fig. 10.1. EDX data confirmed that ZnONPs contain 
organic elements which act as reducing and stabilizing agents in the synthesis of 
ZnONPs. The average particle size ranging from 10 to 30 nm was revealed by DLS 
analysis which showed a polydispersed index. The zeta potential value was −33.4 mV 
indicating high stability. Raman spectroscopic analysis was done to evaluate purity, 
crystallinity, and defects in ZnONPs synthesized using bacterial strain. Photon modes 
of hexagonal ZnO structure at 438.5 cm−1 were attributed to the oxygen vibrations 
and the band of wurtzite ZnO structure. Photocatalytic degradation of methyl orange 
(MO) was examined using ZnONPs. MO dye treated with ZnONPs was incubated 
in dark for 30 min to check the adsorption–desorption equilibrium. The catalytic 
degradation was carried out under UV light. The decrease in peak intensity of MO 
(463 nm) was observed when exposed to UV light. After 80 min, ~90% of degradation 
of MO was obtained.

10.3 Fungi 

Mycogenic synthesis of various nanoparticles is a popular route because of its rapid 
and environmentally benign nature (Bloch et al. 2021a). Acremonium potronii was 
used for the synthesis of ZnONPs (Ameen et al. 2021). The fungal filtrate (100 mL) 
was mixed with zinc acetate hexahydrate followed by heating at 35 °C. The visible 
colour change from pale yellow to white indicated the formation of ZnONPs. The 
white pellet was heated at 150 °C for 30 min. The blue shift of ZnONPs was observed 
between 320 and 350 nm using UV–Vis spectroscopic technique. FTIR analysis 
exhibited peaks at 445 cm−1 corresponding to Zn–O bonds. Other peaks C–C and 
C-H bonds were found to be attached on the surface of ZnONPs which act as capping 
and stabilizing agents. The NPs were spherical in shape with an average particle size 
of 13–15 nm which was characterized using SEM and TEM analysis. The photocat-
alytic activity of ZnONPs was examined against MB dye under UV–Vis irradiation. 
The absorbance (420 and 620 nm) completely disappeared within 30 min showing



10 Biogenic Zinc Oxide Nanoparticles: Mechanism and Environmental … 259

Fig. 10.1 a UV–VIS absorption spectra from 300 to 600 nm; b XRD analysis; c TEM micro-
graph; d SAED pattern of ZnONPs synthesized by zinc-tolerant bacteria. Reprinted from Jain et al. 
(2020) Microbial fabrication of zinc oxide nanoparticles and evaluation of their antimicrobial and 
photocatalytic properties. Front Chem 8:778. https://doi.org/10.3389/fchem.2020.00778

degradation of MB. The degradation of MB was found to be 93% with a rate constant 
of 0.042 min−1. This suggests that the mycogenic synthesis of ZnONPs shows a 
potent application in the photocatalysis of dyes. 

Mycogenic synthesis of ZnONPs was carried out using Alternaria tenuissima 
AUMC10624 (Abdelhakim et al. 2020). Fungal spores were harvested and 100 mL of 
A. tenuissima cell-free culture filtrate (ATCF) was mixed with 100 mL of zinc sulfate 
(2 mM). The reaction mixture was kept under shaking conditions at room temperature 
for 20 min. formation of white precipitate indicated the formation of nanoparticles. 
The NPs were separated using centrifugation and the pellets were washed and were 
kept for drying in a hot air oven at 50 °C. The precipitates were dissolved in ethanol 
and were further characterized. The UV–Vis spectroscopy showed surface plasmon 
resonance at 369 nm. XRD analysis showed that the nanoparticles were crystalline 
in nature with no impurities. DLS analysis showed that the synthesized NPs were 
monodispersed with particle sizes ranging from 10 to 30 nm. The zeta potential 
was −23.92 mV showing high stability. The NPs were spherical in shape with an 
average size of 15.62 ± 4.51 nm. FTIR analysis indicated that the phenol, primary 
amine, COO−, and OH groups aided the synthesis of ZnONPs. The photocatalytic

https://doi.org/10.3389/fchem.2020.00778
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degradation of MB was carried out using ZnONPs. The reaction mixture was kept 
in dark for 1 h. A decrease in absorbance (664 nm) was observed after 20 min when 
exposed to sunlight. The ZnONPs (200 mg) showed efficient degradation (100%) of 
MB. 

Fungal biomass of Aspergillus niger was used for the synthesis of ZnONPs 
(Kalpana et al. 2018). Zinc nitrate (5 mM) was added to the fungal culture and was 
kept on shaking condition at 200 rpm for 2 d at 32 °C. Production of white precip-
itate indicated the conversion of zinc nitrate by fungal biomass into ZnONPs. The 
precipitates were centrifuged at 10,000 rom for 10 min. UV–Vis spectroscopy indi-
cated the surface plasmon resonance at 320 nm confirming the formation of ZnONPs. 
Active participation of aromatic ring and carboxylic acid in the synthesis of ZnONPs 
was observed which was revealed using FTIR analysis. XRD analysis showed that 
the myogenic synthesized ZnONPs were wurtzite and crystalline in nature. SEM 
analysis showed that the synthesized NPs were spherical in shape with an average 
particle size of 61 ± 0.65 nm and with a diameter of 53–69 nm. Further ZnONPs 
were used for the catalytic degradation of bismarck brown dye. Maximum degrada-
tion was obtained at 72 h. Decolorization of bismarck brown dye was observed up 
to 89% (100 μL ZnONPs), 72% (65 μL ZnONPs), 52% (50 μL ZnONPs), 38% (25 
μL ZnONPs). Hence it was observed that ZnONPs showed good degradation ability. 
It is important to note that 100% and 40% germination of P. sativum was observed 
on treatment with the degraded dye compounds and the untreated dye, respectively 
as evident from Fig. 10.2. 

Fig. 10.2 Catalytic phytotoxicity study of synthesized ZnONPs. a Control; b Untreated dye; 
c Treated dye (25 μL of ZnONPs); d Treated dye (50 μL of ZnONPs); e Treated dye (75 μL 
of ZnONPs); f Treated dye (100 μL of ZnONPs). Reprinted with permission from Kalpana et al. 
(2018) Biosynthesis of zinc oxide nanoparticles using culture filtrates of Aspergillus niger: Antimi-
crobial textiles and dye degradation studies. OpenNano 3:48–55. https://doi.org/10.1016/j.onano. 
2018.06.001 Copyright © 2018 The Authors. Published by Elsevier Inc

https://doi.org/10.1016/j.onano.2018.06.001
https://doi.org/10.1016/j.onano.2018.06.001
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10.4 Algae 

Algae mediated nanoparticle synthesis is popularly known as phycogenic approach 
which is efficient and faster (Nitnavare et al. 2022). Synthesis of ZnONPs using 
microalgae Chlorella extract (20 mL) was carried out by mixing the same with 80 mL 
zinc acetate solution under stirring at 150 rpm for 60 min at 58 °C and pH 8 (Khalafi 
et al. 2019). The electron-rich organic biomolecule present in microalgae acceler-
ated the reduction process at high temperature. The reaction mixture was further 
incubated at 85 °C for 25 min after the formation of the white milky solution. The 
mixture was centrifuged, washed, and dried at 50 °C. The visible colour change from 
light green to white showed the formation of ZnONPs which exhibited absorbance 
maxima at 362 nm in UV–Vis spectroscopy. XRD analysis pattern gave diffraction 
peaks specific to the hexagonal wurtzite crystalline nature of ZnONPs. The algal 
extract contained 45% proteins, 20% peptides, 20% fat, 20% carbohydrates, 10% 
vitamins, and 5% fibers. All biomolecules were involved in the synthesis, reduction, 
and stabilization of ZnONPs. SEM analysis showed that the ZnONPs were spherical 
in shape with sizes ranging from 20 to 50 nm. TEM results exhibited that the NPs 
were hexagonal in shape with an average particle size of 20 ± 2.2 nm. XRD analysis 
revealed the hexagonal wurtzite structure of ZnONPs. Photocatalytic degradation of 
an organosulfur pollutant dibenzothiophene (DBT) by ZnONPs was also checked. 
The experiment was carried out under UV light. ZnONPs (0.01 g) were mixed with 
20 mL of wastewater and DBT (10 ppm) was added. The reaction mixture was stirred 
at 480 rom for half an hour. The mixture was exposed to UV light for various time 
intervals and the degradation process of DBT was checked through gas chromatog-
raphy (GC). It was observed that 97% of DBT was decomposed in 3 h. The efficiency 
was also checked in real wastewater samples collected from oil refineries containing 
DBT. Diluted DBT solution (200 ppm) was treated with ZnONPs (10 mg). As the 
exposure to UV was increased the absorbance peak of DBT at 270 nm was decreased 
and it completely disappeared after 190 min. Hence ZnONPs showed high photocat-
alytic efficiency. The ZnONPs were reused for up to 5 runs and they showed 97% to 
93% degradation of DBT, indicating high reusability and durability. 

In another study, green synthesis of ZnONPs was reported using red seaweed 
Pterocladia capillacea (Mansour et al. 2022). Initially 2 g of the  dry powder  of  the  
red seaweed was added to 100 mL of double distilled water followed by heating at 
100 °C that was further filtered. The resulting aqueous extract of the red seaweed 
(20 mL) was added to a 2mM solution of zinc  acetate followed by drop wise addition 
of 2 M NaOH till pH 12 is obtained. The reaction mixture was kept at 65 °C for 2– 
3 h after which white precipitates appeared that was centrifuged, washed, and dried 
at 80 °C. The synthesized ZnONPs showed a peak at 3465 cm−1 assigned to N–H 
stretching in FTIR. Intense peaks at 1553 and 1517 cm−1 were attributed to C = O 
and C = C aromatic stretching. The particles were around 1 μm in size with rod and 
small flower-like shapes with an uneven and porous texture. BET analysis showed 
a surface area of 113.751 m2g−1 with a pore volume and pore size of 0.143 c2g−1 

and 2.527 nm, respectively. The intense peak in XRD analysis indicated crystalline
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structure of ZnONPs with hexagonal and cubic phases. UV–Vis absorbance peaks 
were obtained in the range of 300–400 nm. The effectiveness of adsorption was 
checked at various pH levels. The pH showed an impact on the surface charge of 
the adsorbent and ionization of pollutants. At pH 2, 98.78% dye elimination was 
observed. When pH was increased from 2 to 6, adsorption was initially increased but 
later it was decreased. At low pH, the surface charge of the adsorbent was positive due 
to H+ ions. Change in surface charge due to change in pH from 2 to 6 resulted a high 
percentage of Ismate violet 2R (IV2R) removal. As the pH was further increased the 
charge on the surface of the adsorbent became negative that helped in the electrostatic 
attraction aiding adsorption of positively charged cationic dye. The elimination of 
IV2R was increased from 96.47 to 99% when the dosage of ZnONPs was increased 
from 0.005 to 0.8 g. ZnONPs at pH 6, 55 °C with a contact time equivalent to 120 min. 
The dye adsorption capacity of ZnONPs was 72.24 mg/g. Thermodynamic studies 
revealed that the adsorption process was spontaneous and endothermic. 

Similarly, Subramanian et al. (2021) reported on synthesis of ZnONPs using 
aqueous extract of brown seaweed Sargassum muticum that reacted with 100 mL 
of 5 mM zinc nitrate (Zn (NO3)2) for 30 min under stirring conditions (150 rpm). 
Further, it was incubated in a boiling water bath at 70 °C for 20 min followed by 
a second round of stirring (150 rpm) for 2 h followed to which 5 mL of freshly 
prepared 0.5 M potassium hydroxide (KOH) was added dropwise. The formation of 
a white precipitate indicated the synthesis of ZnONPs which was then collected by 
centrifugation that was washed, and kept in a hot air oven at 60 °C for drying. The 
color change from dark brown to pale white indicated the reduction of zinc nitrate 
to Zn0 ions by functional groups present in the extract of seaweed. The UV–Vis 
spectrum showed an absorption peak obtained at 350 nm revealing the characteristic 
of ZnONPs. XRD diffraction peaks confirmed the crystalline nature of ZnONPs. 
Photoluminescence spectroscopy was carried out at room temperature using an exci-
tation wavelength of 325 nm. The peak obtained at 390 nm exhibited the wurtzite 
hexagonal ZnONPs. SEM analysis showed well dispersed spherical ZnONPs with 
sizes ranging from 15 to 50 nm. FESEM revealed the polydispersed morphology 
of ZnONPs while the EDX analysis exhibited 92.77% of Zn+ and 4.23% of other 
carbon substances. X-ray fluorescence (XRF) spectrum showed 90% ZnONPs and 
10% other elements such as Zn, Al, and Fe while DLS analysis showed monodis-
persed NPs with particle sizes less than 25–50 nm. Zeta potential was −21.4 mV. 
FTIR spectra of ZnONPs synthesized from brown seaweed exhibited strong peaks at 
3432 and 1609 cm−1 indicating the presence of O–H stretching while others at 1402 
and 1609 cm−1 were corresponding to the C-H hydroxyl and C = O carbonyl group. 
The peak below 500 cm−1 is assigned to Zn–O stretching. Photocatalytic degradation 
of MB using ZnONPs under UV light, visible light, and sunlight was accompanied 
by the change in absorbance spectra of MB dyes at different time intervals. The low 
photocatalytic activity (40%) was exhibited under visible light within 240 min while 
the decolorization efficiency was 84% (at 105 min) and 96% (at 60 min) under UV 
light and sunlight, respectively. 

In another study, Ulva lactuca extract (5 mL) reacted with 95 mL of 1 mM zinc 
acetate for the synthesis of ZnONPs within 3–4 h at 70 °C (Ishwarya et al. 2018).



10 Biogenic Zinc Oxide Nanoparticles: Mechanism and Environmental … 263

Further, it was centrifuged at 4000 rpm for 10 min and pellets were collected that 
were heated at 450 °C for 4 h in a hot air oven. UV–Vis spectra showed an absorbance 
at 325 nm while XRD pattern showed strong diffraction peaks at 31.6, 34.35, 36.2, 
47.5, 56.4, 62.8, 68.9, and 76.9° that were assigned to (100), (002), (101), (102), 
(110), (103), and (200) planes, respectively which indicated the crystalline nature of 
the ZnONPs with no impurities. FTIR analysis indicated that O–H stretching played 
an important role in the formation of ZnONPs while the absorption band at 420 cm−1 

corresponds to ZnO and 500 and 900 cm−1 correspond to oxygen. The ZnONPs were 
anisotropic with triangles, hexagons, rods, and rectangles in shape with a size of 10– 
50 nm as seen in Fig. 10.3. EDX showed 78% zinc and 48% oxygen in the ZnONPs. 
Catalytic degradation of MB was carried out in presence of sunlight. Absorption 
spectra of dye treated with ZnONPs were recorded at different time intervals and 
a reduction in the peak was observed. After 30 min, a rapid reduction of dye was 
observed. The decolorization of MB up to 90.4% was achieved when exposed to 
sunlight for 120 min. Different dye concentration (25, 50, 75, and 100 ppm/100 mL) 
was treated with 50 mg of ZnONPs at pH 7 under sunlight. The degradation of 
MB (90%) was achieved at an optimal concentration of 25 ppm. Further, different 
concentrations of biocatalysts (25, 50, 75, and 100 mg/100 mL) were used to check 
the degradation of MB dye (25 ppm, pH 7). In is important to note that the increase 
in the concentration of biocatalyst also increased the dye degradation. However, use 
of 100 mg of biocatalyst resulted in the reduction in degradation that was attributed 
to the sedimentation and agglomeration of the biocatalyst making it unavailable for 
the reaction.

10.5 Plant 

Plants are natural treasure houses of various phytochemicals that can reduce the metal 
ions to nanoparticles followed by stabilization. Phytogenic synthesis of ZnONPs by 
reacting 10 mL leaf extract of Abelmoschus esculentus Linn (okra) with identical 
volume of 0.01 mol zinc acetate dihydrate and 0.01 mol NaOH was reported by 
Mirgane et al. (2020). The pH was adjusted between 9 and 11. The reaction mixture 
was centrifuged at 7000 rpm for 10 min followed by the pellets were collected and 
dried for 5 h at 100 °C. XRD analysis showed diffraction peaks at 32.77, 35.9, 
37.23, 47.64, 58.35, 66.76, 66.27, 68.79 and 70.12° indicating crystalline nature 
of ZnONPs. FTIR analysis showed C–C, C–N, –OH, C–H, carbonyl and C–O–C 
stretching at 1620 cm−1, 1387 cm−1, 3551–3257 cm−1, 2968 cm−1, 1774 cm−1, and 
1127 cm−1, respectively indicating the presence of various phytochemicals partici-
pating as capping agent for ZnONPs. SEM images showed the polycrystalline nature 
of the ZnONPs synthesized from okra leaves that were majorly spherical in shape 
with a size of 20 to 45 nm as confirmed from TEM images as well. Degradation 
of MB and MO dye by the phytogenic ZnONPs was confirmed by the decrease in 
absorbance peak specific to the dyes. The degradation of MB and MO was achieved 
up to 96% within 540 min.
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Fig. 10.3 a and b TEM images of Ulva lactuca-fabricated ZnONPs; c SAED pattern of U. lactuca-
fabricated ZnONPs; d EDAX spectrum of U. lactuca fabricated ZnONPs showing a zinc signal. 
Reprinted with permission from Ishwarya et al. (2018) Facile green synthesis of zinc oxide nanopar-
ticles using Ulva lactuca seaweed extract and its evaluation of photocatalytic, antibiofilm and larvi-
cidal activity: impact on mosquito morphology and biofilm architecture. J Photochem Photobiol B 
178:249–258. https://doi.org/10.1016/j.jphotobiol.2017.11.006 Copyright © 2017 Elsevier B.V

In another study, Rajkumar et al. (2019) reported a green synthesis of ZnONPs 
using an aqueous extract of dry onion peels (Allium cepa L.). Zinc nitrate hexahy-
drate (0.1 M, 95 mL) was mixed with 5 mL of plant extract, and pH was adjusted 
to 12 using 2 M NaOH. The reaction mixture was kept for 3 h under stirring condi-
tions followed to which the resulting white precipitate was centrifuged at 8000 rpm 
for 5 min. UV–Vis spectroscopy was used to elucidate the optical properties of 
ZnONPs that indicated an absorbance peak at 370 nm. XRD analysis exhibited 2θ 
value at 31.87, 34.52, 36.35, 47.62, 56.68, 62.93, 66.45, 68.03 and 69.18° corre-
sponding to (100), (002), (101), (110), (103), (200), (112), and (201) lattice planes, 
respectively. These planes offered face-centered cubic hexagonal wurtzite structure of 
ZnONPs. FTIR analysis revealed involvement of phenols, alcohols, primary amines, 
and carboxylic acid in the reduction and stabilization of ZnONPs. FESEM showed

https://doi.org/10.1016/j.jphotobiol.2017.11.006
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hexagonal ZnONPs with a diameter of about ~50 nm. EDS confirmed the presence 
of Zn (51.29%) and O (48.71%) in ZnONPs. A high percentage of oxygen indicated 
the formation of NPs in oxide form. Photocatalytic dye degradation of crystal violet 
(CV) and MB was done in presence of sunlight and UV light using ZnONPs as 
biocatalysts. The degradation of CV and MB was up to 74.82 and 94.04% under 
sunlight, while it was 54.10 and 36.64% under UV light, respectively. 

In another study, the leaf extract of jack fruit (Artocarpus heterophyllus) was used 
for the synthesis ZnONPs (Vidya et al. 2016). Zinc nitrate hexahydrate was mixed 
with the required volume of leaf extract and heated for 1 h. A dark brown color 
liquid obtained was calcinated at 600 °C for 1 h. The formation of white precipitates 
indicated the synthesis of ZnONPs. Several phytochemicals present in the extract of 
jack fruit such as terpenoids, phenols, steroids, glycosides, flavonoids, saponins, and 
carbohydrates might act as strong stabilizing and reducing agents in the synthesis 
of ZnONPs. The polycrystalline nature of ZnONPs was determined using XRD 
analysis. HRTEM analysis showed the hexagonal shape of ZnONPs with a size of 
~15–25 nm. The elemental composition of ZnONPs determined using EDS showed 
85.32% zinc and 14.68% oxygen. The degradation of Rose Bengal dye by ZnONPs 
was dependent on the pH, concentration of nanoparticles and dye concentration. 
The degradation rate increased as pH was increased from 6 to 8 beyond which it 
decreased. The rate of dye degradation was enhanced when 60 mg of biocatalyst 
was used while it decreased at 80 mg. The degradation was up to 85% when 10– 
30 ppm concentration of dye was used while at 40 ppm dye concentration, the rate of 
degradation was reduced. As concentration increases the density of particles increases 
which leads to intercollision between particles and hence hinders the light incident 
on metal oxide which in turn reduces the release of hydroxyl radical affecting the 
rate of degradation. The photodegradation efficiency of phytogenic ZnONPs (0.24 g/ 
L) against Rose Bengal dye was >80% within 1 h. 

Phytogenic synthesis of ZnONPs was carried out using leaves of Azadirachta 
indica (Bhuyan et al. 2015). Leaf extract (25% w/v, 1 mL) was added to 50 mL 
of 2 M zinc acetate containing 2 M NaOH. The mixture was placed on a magnetic 
stirrer for 2 h. The resulting white precipitates were washed and filtered and kept 
for drying at 60 °C overnight. The aqueous solution of ZnONPs exhibited a surface 
plasmon resonance associated intense peak at 377 nm when analyzed by UV–Vis 
spectroscopy. TEM micrographs showed that the ZnONPs were spherical in shape 
with a diameter ranging from 9.6 to 25.5 nm. EDX confirmed the purity of NPs as it 
showed a single strong emission peak for zinc and oxygen. XRD patterns indicated 
the ZnONPs were crystalline in nature. Photocatalytic degradation of MB by ZnONPs 
as a biocatalyst was checked under UV light. The reaction mixture was exposed to 
UV light for 30–180 min. The degradation of MB obtained at 0, 30, 60, 90, 120, 150, 
and 180 min was 49.6, 56.6, 62.1, 68.7, 76.2, and 82.1%, respectively. 

Synthesis of ZnONPs was from lemon (Citrus limon) juice was reported by Davar 
et al. (2015). Zinc acetate (0.004 mol) was dissolved in ethylene glycol (10 mL) and 
different volumes of lemon juice (5, 10, 30, 50, and 70 mL) were added to it. The 
mixture was kept under stirring for 1 h. Further, it was heated at 90 °C for 3 h 
under shaking conditions. The brown-colored gel was calcinated at 600 °C for 2 h.
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Another reaction mixture was prepared by adding 0.012 mol sucrose in lemon juice 
and all reaction conditions were kept as mentioned before. FESEM micrographs 
revealed the semispherical shape of NPs. At 5 and 10 mL volumes of lemon juice, 
the particle size obtained was >50 nm. As the amount of lemon juice (50 mL) was 
increased the particle size was found to be in micrometer range. The ZnONPs were 
formed with 30 mL lemon juice and 0.002 mol sucrose were 21.5 nm in size. EDX 
data showed a characteristic peak around 8.63 keV for ZnONPs. XRD pattern of 
ZnONPs confirmed the hexagonal and highly crystalline nature. TG–DTA analysis of 
ZnONPs was carried out and little weight loss was observed at 100–200 °C, followed 
by 58% loss at 230–450 °C indicating combustion of organic compounds. After 600 
°C, weight loss of 6.3% was obtained due to carbon residue present that might be 
preventing the agglomeration of ZnONPs. FTIR analysis showed a broad absorption 
band of O–H stretching at 3200–3500 cm−1. The ZnONPs showed a stretching band 
at 666 cm−1. Under UV light, high photodegradation of MB, MO, and MR was 
obtained in presence of ZnONPs. Decolorization of textile reactive turquoise blue, 
reactive blue 21 (RB 21) dye was achieved using phytogenic ZnONPs. The dye 
(20 ppm) was degraded (>75%) within 270 min under UV light by ZnONPs. 

In another study, ZnO nanocrystals were synthesized reacting coconut husk extract 
(10 mL) with 0.595 g of zinc nitrate (Zn(NO3)2.6H2O) followed by stirring for 
20 min (Priyadharshini et al. 2022). The resultant gel was calcinated at 400 °C for 
3 h. Within 10 min, the pale yellow powder was formed. ZnONPs exhibited surface 
plasmon resonance at 355 nm which was recorded using UV–Vis spectroscopy. The 
X-ray diffraction peaks generated at different planes attributed to stable hexagonal 
wurtzite structure. FTIR analysis showed several peaks of functional groups and 
oxides of metals. The infrared spectrum obtained at 464 cm−1 corresponds to spher-
ical ZnO nanocrystals. Raman spectroscopy revealed wurtzite structure. A hexagonal 
bipyramid with six facet fold morphology was observed by SEM images as observed 
in Fig. 10.4. EDX spectra revealed elemental Zn and O up to 74.88% and 25.12% in 
the particles. Photocatalytic decomposition of MB and metanil yellow (MY) dye by 
ZnONPs was influenced by various parameters like light source, amount of biocat-
alyst, the initial concentration of dye, and pH. It is interesting to note that within 
100 min, ~99% and 97% MB and MY degraded under UV light, while only ~22% 
degradation was noted under visible light. Increase in the concentration of biocatalyst 
from 5 to 15 mg resulted in enhancement of the degradation of MB and MY, from ~63 
to 99% and ~61 to 97%, respectively. However, treatment with 20 mg of ZnONPs 
resulted in ~88 and ~99% degradation of MB and MY, respectively. The reduction 
in dye degradation efficiency at very high concentration of the ZnONPs might be 
attributed to the agglomeration of the particles finally leading reduction in surface 
area and less exposure of the photocatalytic active sites. Under UV light, maximum 
degradation was observed at minimum concertation of dye (5 ppm). Increasing in the 
dye concentration from 5 to 20 ppm resulted in decrease in degradation efficiency 
from ~99 to 56% and 97 to 56% for MB and MY, respectively. MB and MY were 
degraded up to ~38% and ~33%, respectively at pH 4. Almost ~99% of MB degra-
dation was noted at pH 10. MB is a cationic dye with a positive charge that can get 
absorbed on the surface having a high amount of OH• radical ions. Removal of MB
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Fig. 10.4 FE-SEM images of the as-synthesized ZnO nanocrystals in a low and b high magnifi-
cation. Reprinted from Priyadharshini et al. (2021) Photocatalytic degradation of methylene blue 
and metanil yellow dyes using green synthesized zinc oxide (ZnO) nanocrystals. Crystals 12(1): 
22. https://doi.org/10.3390/cryst12010022 

was due to effective adsorption and photodegradation by the phytogenic ZnONPs. 
However, at high pH the photocatalyst generates high OH• radical ions which increase 
the efficiency of the photodegradation process of MY which is an anionic dye. The 
degradation rate constants (k) of MB at pH 4, 7, and 10 were 0.0049, 0.0348 and 
0.0441 min−1, respectively. The rate constants for MY at pH 4, 7, and 10 were 0.047, 
0.0143, and 0.0217 min−1. This degradation of MB and MY by ZnONPs followed a 
pseudo-first-order reaction kinetics. 

The bark of Kalopanax septemlobus was also used for the synthesis of ZnONPs 
(Lu et al. 2018). Initially the bark of the plant was pulverized into a fine powder for 
preparing the aqueous extract. The plant extract (20 mL) was heated at 50 °C and 
zinc acetate (1 mM) was added dropwise. Precipitate was recovered after 30 min 
by centrifuging at 12,000 rpm for 10 min at 4 °C followed by washing the pellets 
and drying at 60 °C in a vacuum oven. UV–Vis spectra showed a strong peak at 
372 nm. FTIR analysis showed stretching of hydroxyl group, alkane, and alcohol 
at 3400, 1627, and 1405.83 cm−1, respectively. The stretch band of ZnONPs was 
obtained at 518.73 cm−1. FE-TEM micrograph showed that the NPs were flower 
shaped with a size of around 500 nm. EDX analysis revealed 85.35% of zinc and 
14.65% oxygen in the phytogenic nanoparticles. Photocatalytic degradation of MB 
under UV light was time-dependent when reacted with 0.5 mg/mL and 1 mg/mL 
concentration of ZnONPs. Photocatalytic degradation of MB was ~97% in 30 min 
at 0.5 mg/mL concentration of ZnONPs that followed a first order reaction. 

Recently, Rambabu et al. (2020) used date pulp waste (DPW) for the synthesis of 
ZnONPs. The aqueous extract of DPW (50 mL) was mixed with 5 g of zinc nitrate 
hexahydrate. The mixture was ultra-sonicated for 30 min. The resultant slurry was 
calcinated at 400 °C for 1 h that gave around 89.3% yield of ZnONPs. The UV– 
Vis spectroscopy showed a characteristic peak at 381 nm while photoluminescence 
spectroscopy showed major peaks in regions of 400–500 nm. FTIR studies showed

https://doi.org/10.3390/cryst12010022
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polyols, tannins, flavonols, anthocyanidins, and amino acids to be associated on the 
surface of ZnONPs synthesized from DPW. The ZnONPs were pure and crystalline 
in nature which was confirmed using XRD. Raman spectroscopy showed a hexagonal 
wurtzite phase exhibiting structural integrity and phase homogeneity. XPS analysis 
showed the presence of Zn and O atoms. The morphology of ZnONPs was spherical 
in shape with agglomeration which was examined using SEM and TEM analysis. 
EDS indicated 63.3 and 36.7% of elemental Zn and O in the nanoparticles. TGA 
analysis showed a minimum weight loss of 9.6%wt for the phytogenic ZnONPs. 
The ZnONPs photocatalytically degraded MB and eosin yellow (EY) up to 90.5 and 
90.6%, respectively. 

In a similar study, the leaf extract of Prosopis juliflora was reacted with 2.5 g of 
zinc acetate dissolved in distilled water under stirring condition at 50 °C in presence 
of sunlight (Abbas et al. 2021). Further, the reaction mixture was centrifuged at 
6000 rpm for 10 min and washed with water and ethanol followed by heating at 
600 °C for 2 h. The XRD diffraction peaks were obtained at 31.69, 34.34, 36.18, 
47.51, 56.53, 62.78, and 68.99° exhibited the crystalline nature of ZnONPs. The 
TEM micrographs showed the spherical shape of NPs with sizes less than 75 nm. 
FTIR revealed the intra and intermolecular interactions in the synthesis of ZnONPs 
from P. juliflora. The paper mill effluent was treated with ZnONPs that showed 
notable reduction of % COD (chemical oxygen demand). Reusability of ZnONPs 
was confirmed as the % COD reduction was up to 74.30, 63.23, and 54.96% for the 
1st, 2nd, and 3rd cycles. 

Vasantharaj et al. (2021) synthesized ZnONPs by reacting 20 mL of Ruellia 
tuberosa leaf extract with an equivalent amount of ZnSO4 (1 M) under stirring at 70 °C 
for 6 h. The pH was adjusted to 12 using 2 M NaOH. Development of white coloured 
from pale yellow indicated the synthesis of ZnONPs. The precipitate was dried at 80° 
C. FTIR analysis showed the presence of esters, ethers, aromatics, alkenes, alcohols, 
and aromatic amines in the extract that might be responsible for synthesis and capping 
of the ZnONPs. EDS analysis showed the presence of 75.65% Zn and 24.35% O in 
the particles. The TEM images revealed rod-shaped ZnONPs with size ranging from 
40 to 50 nm. The ZnONPs photocatalytically degraded malachite green (MG) and 
MB up to 92 and 94%, respectively. 

The biofabrication of ZnONPs was also reported by reacting 50 mL of S. officinalis 
leaf extract with an identical volume of 0.2 M zinc nitrate (Abomuti et al. 2021). After 
stirring for 2 h, the pH was adjusted to 12 using NaOH under continuous stirring 
at 50 °C. The mixture was centrifuged at 10,000 rpm for 20 min and was washed 
with ethanol and water. The washed particles were heated for 24 h at 80 °C followed 
by annealing at 400 °C for 2 h. The UV–Vis spectroscopy showed surface plasmon 
resonance at 368 nm. The UV emission band was obtained at 382 nm and the visible 
band at 497 nm attributing to the recombination of photogenerated holes in ZnONPs 
which was shown by photoluminescence spectroscopy. The FTIR analysis showed 
that the phenolic and flavonoid moieties present in leaf extract act as stabilizing 
agents in the formation of ZnONPs. The average particle size of NPs was 26.14 nm. 
EDS data revealed the presence of zinc metal and oxygen apart from additional peaks 
that indicated the presence of amino acids, flavonoids, vitamins, polyphenols, and
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saponins. TGA analysis showed weight loss of up to 20% at a temperature between 
180 and 430 °C. Temperature above 430–780 °C showed a 10% further decrease 
in weight. XRD diffraction pattern showed the polycrystalline nature of ZnONPs. 
The surface area, pore volume, and pore diameter of ZnONPs were 53.001 m2/g, 
0.240 cc/g, and 3.052 nm, respectively. The MO was degradation by ZnONPs up 
to 92.47% within 120 min that followed a pseudo-first-order kinetics with a rate 
constant of 0.02134 min−1. 

10.6 Mechanism of Microorganism Mediated Synthesis 
of ZnONPs 

Microorganisms such as bacteria, fungi, and algae play a vital role in the biological 
synthesis of ZnONPs. However, microbial synthesis of ZnONPs is still comparatively 
less explored. Microbial synthesis is more reproducible compared to plants but it is 
time-consuming and expensive due to use of growth medium (Kitching et al. 2015). 
Several enzymes, protein, and biomolecules play role in the reduction of NPs (Bloch 
et al. 2021b). Reaction parameters such as temperature, pH, the concentration of salt, 
and reaction time determine the rate of production, yield, and morphology of NPs 
(Ghosh et al. 2022). The ability of microbes to tolerate metals is also a very crucial part 
of the synthesis of metal and metal oxide NPs. The presence of metal creates stress 
and this result in the reduction of ions. The NPs are synthesized by microbes using 
extracellular or intracellular pathways. Extracellular synthesis is more advantageous 
as it does not need any downstream processing which is applicable in the intracellular 
pathway (Krol et al. 2017). 

10.6.1 Intracellular Microbial Synthesis 

The microbial cell walls and the charge present on them play an important role in 
the intracellular synthesis of NPs. Several enzymes, coenzymes, and others tend 
to involve in ion transportation into the microbial cell (Ghosh, 2018). Polysaccha-
rides and proteins act as active sites for the binding of metal ions (Salvin et al. 
2017). The stress created by heavy metals on microbes promotes the trapping of the 
ions by the negatively charged cell wall. The ions trapped are reduced into the zero 
valent atoms by electron transfer carried out by electron carriers such as NADH by 
NADH-dependent reductase embedded in the plasma membrane. After this nucle-
ation process, the nuclei grow to form NPs which get accumulated in the cytoplasm 
or periplasmic space. The proteins and amino acids act as stabilizing agents in the 
synthesis of NPs (Iravani et al. 2014; Ghosh et al. 2022).
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10.6.2 Extracellular Microbial Synthesis 

Nitrate reductase actively participates in the extracellular synthesis of NPs by 
reducing metal ions into metal NPs (Chauhan et al. 2015). The enzymes present 
on the cell membrane are released into the growth medium as extracellular enzymes. 
The reduction of Zn2+ is initiated by the electron transfer carried out by NADH-
dependent reductase from NADH acting as an electron carrier (Hulkoti et al. 2014). 
During formation of ZnONPs, various extracellular proteins act as capping agents 
rendering stability to the NPs. Nonenzymatic synthesis of nanoparticles is carried 
out by certain organic functional groups present on the cell wall which reduces the 
metal ions. 

10.6.3 Effect of Optimization on the Synthesis of NPs 

The increase in the yield of NPs synthesized using microbes is a major concern. The 
desired size, shape, and yield of NPs can be achieved by varying the physical parame-
ters. The pH plays a very crucial role in the synthesis of NPs because the change in pH 
alters the shape of biomolecules which participates in the capping and stabilization 
of NPs. At acidic pH, NPs are of smaller size while they are bigger in size at basic pH. 
The catalytic activity of enzymes involved in the synthesis of NPs gets deactivated 
under alkaline pH which results in a bigger size of NPs (Hosseini and Sarvi, 2015). 
At high temperatures, the rate of reaction increases which decreases the size of NPs 
as metal ions are consumed more in the formation of nuclei (Gurunathan et al. 2009). 
The salt concentration also affects the size of NPs as at higher concentrations the 
growing particles form a coat that prevents them from aggregation. Several enzymes 
are produced at various growth phases of the microbes which also affects the yield of 
NPs. The microbial culture at the exponential phase produces enzymes and proteins 
which results in maximum reduction of metal NPs (Gericke and Pinches, 2006). The 
exposure time of metal ions to microbes also plays role in controlling the size of NPs. 
Prolong exposure leads to irregular shape while a small size was achieved when the 
reaction time was kept for 12–24 h (Moghaddam et al. 2017). Hence optimization is 
required to produce desired shape, size, yield, and monodispersed of NPs. 

10.7 Mechanism of Plant-Mediated Synthesis of ZnONPs 

Plants are most commonly used for the synthesis of NPs as phytogenic synthesis is 
more cost-effective, convenient, and biocompatible. The possible mechanism behind 
the formation of ZnONPs from plants is under research. Several phytochemicals 
such as phenols, flavonoids, terpenoids, saponins, tannins, and carbohydrates are 
responsible for the synthesis of ZnONPs (Ghosh et al. 2016a, 2016b). These active
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compounds are known as antioxidants which neutralize the reactive oxygen species 
(ROS), and free radicals. They are also involved in the reduction of metal ions leading 
to the formation of NPs (Shende et al. 2017, 2018). The narrowing of bandgap 
and shifting of the absorption toward visible light is due to the capping of NPs 
by phytochemicals. Several polyphenols, esters, and vitamin-based compounds are 
reported to act as ligation agents. The hydroxyl groups ligate with Zn2+ ions and 
form a stable complex. After calcination, this system undergoes direct decomposition 
which results in the formation of ZnONPs (Bandeira et al. 2020). 

10.8 Mechanism Behind the Degradation of Pollutants 
by ZnONPs 

Since past few decades, extensive research is being carried out on the photocatalytic 
degradation of dye and other pollutants. Several textile, furniture, and plastic indus-
tries use dyes, and 20% of the dye contaminated effluent enters the environment 
causing serious health issues. Using nanomaterials in phytoremediation is one of the 
recent methods for dye degradation. Photocatalytic degradation uses light which is 
an eco-friendly and less expensive technique. The nanoparticles act as a biocata-
lyst and increase the rate of degradation. The degradation using NPs is carried out 
in presence of visible and ultraviolet light. The phytogenic NPs are either directly 
exposed to high-energy light sources or assisted with the photosensitization pathway. 
In photocatalytic degradation involves direct exposure to light which results the elec-
trons to shift from the valence band (VB) to the conduction band (CB) leading to 
photoexcitation. This photoexcited electron is utilized by dissolved oxygen present 
in the reaction mixture, which leads to free oxygen radical formation. At the same 
time, photoexcited holes are generated in VB which oxidizes the adsorbed water 
molecules and results in the formation of ‧OH radicals. This highly reactive free 
radical generated degrades the dye molecules adsorbed on photocatalysts (Mittal and 
Roy 2021). 

10.9 Conclusion and Future Perspectives 

The major concern regarding pollution created in the environment is increasing day 
by day. The use of harsh chemicals and other materials for the removal of pollu-
tants from the environment must be avoided. So bioremediation of toxic pollutants 
using nanomaterials synthesized biogenically is one of the advanced methods. The 
process of synthesis of NPs using microorganisms and plants is simple and non-toxic. 
Although the lesser yield of NPs synthesized via microbes remains one of the big 
challenges. But the optimization process may aid in an increase in yield however 
more investigation is required to understand the mechanism behind the formation
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of NPs using different microbial species. Phytogenic synthesis of ZnONPs showed 
promising potential applications in the removal of environmental pollutants. The 
chemical, physical, structural, and optical properties of the ZnONPs can be enhanced 
using a variety of dopants like silver, gold, platinum and other metals. The biogenic 
ZnONPs can be surface functionalized with drugs for targeted delivery and gradual 
release. 

In conclusion, biogenic ZnONPs synthesized from microbes and plants can 
be potential agents for treating industrial effluents. Rational optimization of the 
various operational parameters can help to develop community based large scale 
wastewater treatment process to ensure clean and safe water. The molecular and 
biochemical mechanism in the synthesis of ZnONPs can be elucidated by integrating 
multidisciplinary approaches involving genomics, proteomics and metabolomics. 
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Chapter 11 
Nanomaterials Prone Cell Leakiness: 
A Mechanistic Approach 

Debangi Chatterjee and Subhasish Dutta 

Abstract The growing exposure in the nanotoxicology field revealed the consid-
erably notable toxic nature of nanomaterials. Studies have displayed that carbon 
nanotubes, quantum dots, metal oxide nanoparticles, metal nanoparticles (gold, 
silver, platinum, palladium etc.), and silica nanoparticles can cause cellular disrup-
tion. It is highly essential to understand the properties of nanomaterials and how they 
affect the human body. For toxicity evaluation, a thorough investigation of physic-
ochemical properties, contamination of toxic materials, and cellular morphology 
of nanomaterials on intrinsic and extrinsic levels are needed. Several factors, i.e., 
synthesis, pH, size, shape, temperature, crystallinity index and solubility, influences 
nanomaterial characteristics. Inflammation and oxidative stress are two primary 
mechanisms illustrating the toxic nature of nanomaterials. The chapter focuses on 
practical methods and mechanism of nanomaterials toxicology and provides a critical 
hypothesis of the leading obstacles this field faces. 

Keywords Cell disruption · Genotoxicity · Nanomaterials · ROS · Toxicology 

11.1 Introduction 

Numerous scientific studies have been conducted due to the widespread usage of 
nanomaterials (NMs), which promoted public concerns regarding their potential 
health hazards (Setyawati et al. 2013). Nanotoxicology has manifested in the last 
ten years to study the toxicological characteristics of nanomaterials and nanoparti-
cles (Yan et al. 2013). While the usage of NMs for biological applications like drug 
delivery, biomedical imaging, and biosensing maintains to grow, the electronics,
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cosmetics, coating, and even food industries are already efficiently integrating NMs 
into their products. More than 1600 nanoproducts are on the market, of which more 
than 700 falls under the “health and fitness” category (Setyawati et al. 2015). The 
first cellular component to come into touch with foreign particles is the plasma 
membrane, a lipid bilayer that surrounds all cells. One of the proposed mechanisms 
by which NMs produce cytotoxicity is by causing membrane damage (Farnoud and 
Nazemidashtarjandi 2019). A few NM may reach the bloodstream and accumulate 
in vital organs because of their nanoscale dimensions (Setyawati et al. 2013). 

Compounds with one or more exterior dimensions at the nanoscale are referred 
to as nanomaterials (1–100 nm), and nanotechnology is “the design, characteriza-
tion, manufacture, and use of structures, devices, and systems by regulating shape 
and size of materials at the nanometer scale”. Nanomaterials comprise nanoparti-
cles (NPs), nanofibers, nanotubes, composite materials, and nanostructured surfaces. 
Examples of NPs are gold (Au) NPs, carbon NPs, europium oxide (Eu2O3) NPs, tita-
nium NPs, magnetic NPs (MNPs), biodegradable NPs poly (lactic-co-glycolic acid) 
(PLGA), carbon nanotubes (CNTs; singled-walled and multiwalled (SWCNT and 
MWCNT, respectively)), nanowires, fullerene derivatives, quantum dots (QDs), and 
so on. Their advantageous characteristics are due to these nanomaterials, which differ 
from their traditional counterparts in physicochemical and biological aspects. Due 
to their tiny size, nanoparticles (NPs) can engage in prolonged interactions with 
intracellular structures and macromolecules for extended periods. They can enter 
the human body through ingestion, inhalation, skin penetration, or injection. Less 
than 1% of publications have addressed the biological effects of NPs; the bulk has 
concentrated on the production and development of new nanomaterials. There is a 
substantial gap between data on the manufacturing of nanomaterials and assessments 
of their toxicity. The safe design of NPs may not be possible due to a lack of toxi-
cology data (Sharifi et al. 2012). Although some conflicting reports exist, in vitro and 
in vivo investigations over the past ten years have shown that NMs have the ability to 
produce cytotoxicity and genotoxicity (Setyawati et al. 2015). The relation between 
the surface area and volume of the NMs grows as the particle size decreases, which 
is why their physico-chemical properties differ from those of their bulk material. 
Because of their vast surface area to volume ratio, NMs have more atoms on their 
surface, which increases their toxicity and bioactivity (Setyawati et al. 2015). The 
most important physicochemical properties of NM are size, surface chemistry, crys-
tallinity, shape, solubility, aggregation propensity, homogeneity of dispersions, and 
turbidity. It is necessary to evaluate these characteristics to ascertain how much they 
contribute to toxicity (Hussain et al. 2009). 

The toxicity of nanomaterials has been associated with various chemical path-
ways, including catalytic nano surfaces, the leaching of hazardous ions from nanopar-
ticles, and the production of reactive oxygen species (ROS). ROS-induced oxidative 
stress is among the most commonly acknowledged nanomaterial-induced cell and 
tissue injury models. The mechanisms for intracellular ROS synthesis by nanomate-
rials can be categorized into (1) the direct synthesis of ROS through nanomaterial-
catalyzed free-radical reactions in cells and (2) the indirect generation of ROS through
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disrupting the natural cell-based biochemical equilibrium. Continuous ROS produc-
tion within cells can disrupt the antioxidant-antioxidant equilibrium and result in 
oxidative stress (Farnoud and Nazemidashtarjandi 2019). ROS toxicity may be more 
evident in the central nervous system (CNS) because it contains a high amount of 
unsaturated fatty acids (Sharifi et al. 2012). 

Recently, a novel, systematic classification of cell death was developed by the 
Nomenclature Committee on Cell Death (NCCD) based on morphological traits, 
measurable biochemical properties, and functional considerations. These descrip-
tions of cell death will be used to organise and summarise the molecular mecha-
nisms underlying the toxicity of nanomaterials (Stefano et al. 2012). The scientific 
community has to make a significant effort to examine the physiological effects of 
acute and chronic exposure to NMs to close the enormous knowledge gap between 
the development and in vivo toxicity of NMs. Future safe nanotechnologies designs 
will depend on a fundamental understanding of how NMs interact biologically with 
cells, proteins, and tissues. NM-products must be proven to have a high level of 
biocompatibility with negligible adverse outcomes on blood elements, genetic mate-
rial, and cell viability before being widely used in everyday items and in clinical 
settings (Sharifi et al. 2012). 

11.2 Mechanisms of Nanotoxicity 

Numerous body internal and external physiological mechanisms might lead to nano-
material toxicity. The fundamental molecular mechanism of in vivo nanotoxicity 
is the creation of free radicals, which cause oxidative stress. Due to their ability 
to oxidize lipids, proteins, and DNA, free radicals harm biological components. 
Free radicals can come from various factors, such as the phagocytic cell reaction to 
foreign objects, a deficiency in antioxidants, the presence of transition metals, envi-
ronmental influences etc. Aillon et al. (2009). Because several of these NMs intrinsic 
features can catalyze ROS generation, the physicochemical characterization of NM, 
including particle size, surface charge, and chemical composition, is an essential 
predictor of the subsequent ROS response and NM-induced damage. However, as 
nanoparticles are more prone to generate excessive quantities of reactive oxygen 
species (ROS), concerns about their potential toxicological effects still exist. The 
excessive ROS produced by nanoparticles can damage biomolecules and organelle 
structures because of their high oxidation potential. This damage includes oxidative 
protein carbonylation, lipid peroxidation, DNA/RNA breakage, and membrane struc-
ture destruction, which can result in necrosis, apoptosis, or even mutagenesis (Yu 
et al. 2020). In addition to cellular oxidative stress, several other biological processes 
can produce ROS in vivo. Moreover, the assumption that ROS formation is a require-
ment for NM-induced toxicity, however, is incorrect, given that a few investigations 
have documented the direct toxicity of NM without producing ROS.
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The transformation of molecular oxygen to water in the mitochondria of cells 
produces ATP through a series of linked proton and electron transport events. Super-
oxide anion radicals and later other oxygen-containing radicals are created when a 
small portion of the oxygen is not entirely reduced during this process (Fu et al. 2014). 
As a result, ROS are the waste product of cellular oxidative metabolism. The produc-
tion of ROS occurs mainly in organelles like the endoplasmic reticulum (ER), perox-
isomes and primarily in the mitochondria. ROS are oxygen-containing chemically 
reactive particles, such as reactive superoxide anion radicals (O2

−), hydroxyl radicals 
(•OH), and hydrogen peroxide (H2O2), singlet oxygen (1O2), and hypochlorous acid 
(HOCl) (Yu et al. 2020). Within the cell, ROS are produced either intrinsically or 
extrinsically. ROS harms cellular membranes because of their high reactivity. A lipid 
bilayer makes up the cell membrane, which is crucial for both preserving the struc-
ture of the cell and carrying out cell signaling activities (the epidermal growth factor 
(EGF), the mitogen-activated protein kinase (MAPK) cascades, the transcription 
factor activator protein-1 (AP-1), and the nuclear factor-KB (NF–κB), and addition-
ally took part in the process of mammalian growth, proliferation, and differentiation). 
ROS’s primary target is lipid, a crucial element of the cell membrane (Yu et al. 2020). 
Engineered nanomaterials are smaller, have a greater specific surface area, and have 
a higher surface reactivity than their bulk-size equivalents. It causes more ROS to be 
produced, which reasons cytotoxicity and genotoxicity (Fu et al. 2014). 

Examples of early inflammatory reactions from oxidative stress related to TiO2 

NPs include increased polymorph nuclear cells, decreased macrophage phagocytosis, 
and/or fibroproliferative alterations in rodents. Human endothelial cells can also be 
affected by the proinflammatory effects of TiO2 NPs (Setyawati et al. 2013). ROS 
generation mainly occurs via two methods, i.e. 

11.2.1 Fenton-Like Reaction 

A Fenton or Fenton-like reaction is a procedure that causes the formation of hydroxyl 
radicals, as depicted in the reaction (Setyawati et al. 2013). It has been demonstrated 
that the metal ions produced by NPs can combine with redox cycling and chemo 
catalysis. It is demonstrated by reactions between H2O2 and Fenton-type chemical 
reagents containing metal ions like Fe2+ and Cu+. 

H2O2 + Mn+ → Mn+1 + ·OH + OH− (11.1) 

Ag+H2O2 + H+ → Ag+ + ·OH + H2O (11.2) 

In addition to the deactivation of cellular enzymes, disruption of membrane struc-
ture, disturbance of the electron-shuttling process, depletion of potential redox levels, 
reduction of mitochondrial membrane potentials (MMP), and further enhancement
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of the accumulation of intracellular ROS are all additional effects of the dissociated 
metal ion (i.e., Ag+) (Yu et al. 2020; He et al.  2014a; Unfried et al. 2007). 

11.2.2 Surface Plasmon Resonance Enhancement 

Localized surface plasmon resonance occurs when the oscillation frequency of 
electrons and the frequency of incident light photons are equivalent (Yu et al. 2020). 

The following are the main factors of NM-induced ROS: 

I. Prooxidant functional groups are present on the reactive surface of NM. 
II. The NM’s base in transition metals brings active redox cycling on the NP 

surface. 
III. Interactions between particles and cells (Manke et al. 2013). 

11.2.3 Effects of NMs on Cells via Increased ROS Production 

Excessive ROS generation can cause oxidative stress, which makes it difficult for 
cells to sustain typical physiological, redox-regulated functions. NMs typically first 
adsorb on the cell’s surface before being translocated through the membrane and 
into the cell, where they stimulate the production of ROS. Because of its oxida-
tive potential, ROS causes a great deal of stress on cells and damages almost all 
sorts of biomolecules within, comprising carbohydrates, nucleic acids, unsaturated 
fatty acids, proteins and amino acids, and vitamins. Disruption to cellular functions 
includes oxidative modification of proteins to produce protein radicals, modification 
of nucleic acids, manipulation of gene expression through the activation of redox-
sensitive transcription factors, all of which result in cell death and genotoxic effects 
(Fu et al. 2014). DNA and RNA, the constituent of nucleotides necessary for cell 
growth and development, are weak ROS targets. Because of their low redox potential, 
ROS can directly interact with and change nucleobases. Gene miscoding, aneuploidy, 
polyploidy, and the induction of mutagenesis in cells exposed to NMs are triggered 
by the rate of ROS production. 

Furthermore, ROS has also been discovered to promote the growth of healthy 
and cancerous cells, triggering mutations that lead to carcinogenesis (Yu et al. 
2020; Fu et al.  2014). ROS in excess can damage mitochondrial DNA (mtDNA) 
as well. There is evidence that mtDNA damage is linked to several clinical disorders, 
including ataxia, retinitis pigmentosa, neurogenic muscular weakness, mitochondrial 
encephalomyopathy, stroke-like episodes, retinitis pigmentosa, cardiac conduction 
dysfunction, and increased CSF fluid protein (Sharifi et al. 2012).
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11.3 Oxidative Stress 

The term “oxidative stress” refers to a redox imbalance within cells typically brought 
on by an increase in intracellular reactive oxygen species (ROS) and a reduction 
in antioxidants. It is one of the primary mechanisms hypothesized to be respon-
sible for nanomaterials’ genotoxic effects (Singh et al. 2009). In addition to being 
a response to cell damage, oxidative stress can also result from cellular respira-
tion, metabolism, ischemia/reperfusion, inflammation, and the metabolism of foreign 
substances (Buzea et al. 2007). The increased surface area seen in nanomaterials 
can encourage ROS production. As a result, the amount of oxidative stress that 
nanoparticles cause increases with their size (Singh et al. 2009). 

When exposed to NP, cells and tissues respond to increasing rates of oxidative 
stress via antioxidant enzyme systems. Cells can engage both enzymatic and nonen-
zymatic antioxidant mechanisms to combat the excessive ROS response (Manke 
et al. 2013). Scientists developed a hierarchical oxidative stress model to understand 
better the relationship between oxidative stress levels and harmful effects. Some 
proteins were suggested for use as biomarkers for assessing cellular oxidative stress 
brought on by nanomaterials (Yan et al. 2013). Nevertheless, excessive amounts 
of oxidative stress cause cell death by damaging the mitochondrial membrane and 
disrupting the electron chain. Reducing antioxidants or enhanced ROS production 
are two effective mechanisms favour modified NM’s prooxidant effects. Due to its 
chemical reactivity, oxidative stress can potentially cause DNA damage, lipid perox-
idation, and the activation of signalling networks linked to fibrosis, carcinogenesis, 
and loss of cell growth (Manke et al. 2013). Furthermore, oxidative stress can cause 
mutation, modification in DNA and chromosome by activating particular signalling 
pathways, such as mitogen-activated protein kinase (MAPK) and NF–kB (30), as well 
as causing inflammation and the release of pro-inflammatory cytokines. It has been 
demonstrated that antioxidant therapy or coating NMs with antioxidant medicines 
can reverse the cellular oxidative stress caused by NMs. For instance, treating cells 
or modifying the QDs with antioxidant medications can minimize oxidative stress 
in cells (Setyawati et al. 2015). Various nanomaterials, including fullerenes, CNTs, 
and metal oxides, have been proven to cause oxidative stress. In particular, airway 
inflammation and interstitial fibrosis are caused by the oxidative stressors brought on 
by occupational NM exposures and practical challenges with different NM (Manke 
et al. 2013). Finally, Improved knowledge of the nature and relevance of these oxida-
tive (signalling) responses may open up new possibilities for regulating nanoparticle 
dispersion, toxicity, and clearance.
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11.4 Overview of Nanotoxicity 

Identifying the possible toxicity of nanoparticles to cells and organisms has received 
much attention. Numerous studies have found that nanoparticles of various composi-
tions raise toxicological issues. Time, dose, and cell type all seem to play a role in how 
NMs affect biological processes. The interaction, localization, and toxicity of NMs 
are significantly influenced by their distinctive Physico-chemical characteristics-size, 
aggregation, shape, purity, surface coating, composition, and solubility. NMs with 
less than 100 nm can enter cells; NMs with less than 40 nm can enter the nucleus; 
NMs with less than 35 nm can penetrate the blood–brain barrier (Setyawati et al. 
2015; Sohaebuddin et al. 2010). Numerous in vivo and in vitro experiments have 
shown that NM can cause toxicity in various organ systems. NMs are taken up by 
cells through a variety of processes, including passive diffusion, macropinocytosis, 
phagocytosis, and endocytosis (Setyawati et al. 2015). 

Environment-contact points on the human body include the skin, lungs, and diges-
tive system. The lungs and digestive system are particularly susceptible, even though 
the skin typically serves as an adequate barrier to external chemicals. Other expo-
sure routes include injections and implants, primarily used with engineered materials 
(Migliore et al. 2015). Since they are so small, nanoparticles can move from these 
entry points into the lymphatic and circulatory systems to human tissues and organs. 
Relying on their composition and size, some nanoparticles can result in oxidative 
stress and organelle injury in cells, which can result in causing damage. Some inves-
tigations have demonstrated that NM is localized in either the cytoplasm or nucleus; 
this suggests that the mechanisms governing NM insertion into cells vary depending 
on the kind of cell (Hussain et al. 2009; Handy and Shaw 2007). Inhaled nanoparticles 
are linked to the following diseases: lung cancer, emphysema, asthma, bronchitis, 
and neurological conditions like Parkinson’s and Alzheimer’s are further examples 
of chronic illnesses. Colon cancer and Crohn’s disease have both been associated 
with gastrointestinal nanoparticles. Atherosclerosis, blood clots, arrhythmia, heart 
disorders, and eventually cardiac mortality are linked to nanoparticles that enter the 
circulatory system. Also, some autoimmune diseases caused by NM exposure are 
rheumatoid arthritis, scleroderma, systemic lupus erythematosus etc. 

11.4.1 Cytotoxicity and Genotoxicity 

The interaction of NMs with biological molecules such as lipids, proteins, and nucleic 
acids leads to harmful effects. Numerous in vitro investigations have shown increased 
ROS production as the first sign of damaged cells exposed to nanoparticles. Reac-
tive oxygen species (ROS) generation (Setyawati et al. 2013), lipid peroxidation, 
and altered electron transport are chemical interactions, whereas membrane rupture, 
changed protein folding, or protein aggregation are physical interactions. Smaller 
NMs cause an increased inflammatory response compared to bigger ones. Based on



284 D. Chatterjee and S. Dutta

prior observation, it has proven challenging to define a comprehensive mechanism of 
nanoparticle cytotoxicity (Sohaebuddin et al. 2010). NMs can accidentally enter the 
nucleus during mitosis, when the nuclear membrane ruptures, by diffusion, nuclear 
pore complexes, or other mechanisms. 

Further evidence that oxidative stress is an essential mechanism by which nanopar-
ticles cause cytotoxicity was provided by the inverse relationship between cell 
viability loss and an increase in ROS levels (Yang et al. 2009). NM-induced genotox-
icity can be either directly caused by intercalation or physical contact, or indirectly 
caused by oxidative stress or changing proteins that are involved in the cell division 
(Setyawati et al. 2015). Different NMs genotoxicity may be predominantly caused 
by the form of the particles rather than their chemical composition. The dispersion 
of NMs in various media is a factor in essays that assess their toxicity. This factor 
should be considered because various surroundings could result in different toxici-
ties (Peralta-Videa et al. 2011). For first assessing the anticipated biocompatibility of 
novel NMs, straightforward in vitro approaches that generate precise and quantitative 
toxicity assessments are incredibly beneficial. Examples frequently referenced are 
the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) (Monteiro-
Riviere and Inman 2006) assay for mitochondrial activity, the LDH (lactate dehy-
drogenase) assay for cell membrane integrity, and immunochemistry markers for 
apoptosis and necrosis. Using these techniques, it is possible to assess the immuno-
logical, neurological, reproductive, cardiovascular, and developmental toxicity of 
nanomaterials and identify their long-term systemic toxicity (Sharifi et al. 2012). 

11.5 Physiochemical Characteristics of Nanoparticles 
and Their Impact on Toxicity 

The physicochemical characterization of NM substances is vital in understanding and 
forecasting the effects of molecules and particles for applications in human health 
and the environment. Even while NMs have been extensively studied, a complete 
understanding is still lacking. The prior knowledge of an NMs toxicological charac-
teristics, dissolution, chemical composition, size, shape, agglomeration state, crystal 
structure, specific surface area, surface energy, surface charge, surface morphology, 
and surface coating influence the biological interaction of NMs and other factors 
have generally been assumed to be the cause of toxicity. These variables can alter the 
potential of inducing tissue damage, protein binding, translocation from the portal 
entrance to the target region, and cellular uptake. The biological effects of NM and 
their capacity to spread throughout the body are influenced by interactions with cells, 
bodily fluids, and proteins. Protein-NM binding may result in more mobile complexes 
that can access usually inaccessible tissue locations (Nel et al. 2006). Therefore, it 
is crucial to assess these characteristics when estimating the hazardous potential of 
nanomaterials.
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11.5.1 Effect of Size 

The interaction of materials with biological systems is significantly influenced by 
particle size and surface area. From the perspective of toxicity, encounters with living 
organisms and nanoparticles often happen at the NM’s surface. As materials get 
smaller, their surface area grows exponentially faster than their volume (the number 
of particles per unit mass increases), making the surface of the nanomaterial more 
reactive both to itself and its surroundings. It is well known that several biological 
processes, such as endocytosis, cellular uptake, and the effectiveness of particle 
processing in the endocytic pathway, depend on the size of the substance (Aillon et al. 
2009; Nel et al. 2006). Thus, size plays a crucial role in the physiologic response, 
material dispersion, and excretion. 

It is possible to test the cytotoxicity of NMs of various sizes in vitro using a 
variety of cell types, growth conditions, and exposure times, but doing so in vivo is 
challenging due to the complexity of biological systems and the need for a deeper 
understanding of the particles. It indicates that while in vitro uses of NMs require 
less rigorous toxicological evaluation, in vivo applications of NMs require a thorough 
knowledge of the kinetics and toxicity of the particles. The development of oxidative 
reactions via the production of free radicals is the primary mechanism for the in vivo 
toxicity of NMs. In this process, size plays a crucial role, as many authors have 
noted: the smaller the size, the more capable it is of producing ROS. These free 
radicals pose risks to biological systems, most notably damaging DNA, oxidizing 
lipids, and inducing inflammatory reactions (Gatoo et al. 2014). The most significant 
way humans are exposed to NMs is by inhalation; hence the early studies on the 
in vivo toxicity of NMs were done in respiratory systems. In general, it has been 
established that lung toxicity tends to rise as particle size decreases; the lung serves 
as a solid barrier to the uptake and transmission of NMs. According to clinical and 
experimental research, small and, consequently, large surface areas are found to 
promote ROS formation. The superoxide anions or hydrogen peroxide are produced 
when the electron donor or acceptor sites on the NMs react with molecule oxygen, 
which then causes other molecules to undergo oxidation. This behaviour contributes 
to NMs’ capacity to generate more tissue damage (Sharifi et al. 2012). It suggests 
that, despite the importance of size and surface area in determining nanoparticle 
toxicity, other factors, such as the chemical composition of the contents, may also 
impact the intrinsic toxicity of the nanoparticles. 

11.5.2 Effect of Particle Shape 

NM shape and aspect ratio have also significantly impacted its interactions with 
biological units. The uptake rate of a nanomaterial can be substantially influenced 
by its form. Numerous structures, including fibres, spheres, tubes, rings, and planes, 
can be achieved with nanomaterials. Shape-dependent nanotoxicity generally affects
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how membranes are wrapped in living cells during phagocytosis or endocytosis 
(Gatoo et al. 2014; Tay et al. 2014). It has been found that these cylindrical mate-
rials’ dimensions significantly affect internalization, with high-aspect-ratio particles 
internalizing notably more quickly than low-aspect-ratio particles because they have 
more symmetry. Spherical nanoparticles exhibit higher uptake than nanorods as well 
as are comparatively less hazardous regardless of whether they are homogeneous or 
heterogeneous (Gatoo et al. 2014). The endocytosis of these particles is easier and 
faster than that of rod-shaped or fibre-like nanoparticles. The contact area between 
rod-shaped or needle-like NMs and the cell membrane receptors may be greater than 
that of spherical NPs when the rods’ longitudinal axis contacts the receptors (Sharifi 
et al. 2012). Since surface atoms frequently have unfulfilled high energy bonds, the 
increased surface area of the material improves its catalytic activity and, as a result, 
has been well observed to boost its reactivity. The more surface area a material has, the 
easier it will be for these surface bonds to interact with other molecules and stabilize 
the material. Due to their larger surface area than equivalent micron-sized particles, 
these nanomaterials have a higher chance of coming into touch with biomolecules, 
causing direct cellular damage and promoting oxidative stress (Sharifi et al. 2012; 
Singh et al. 2009). 

11.5.3 Effect of Surface Charge 

Surface charge significantly influences nanomaterial toxicity, which determines how 
well they interact with biological systems. The surface charge of nanoparticles has a 
significant role in controlling the intake of specific nanoparticles, colloidal behaviour, 
cellular uptake, plasma protein binding, blood–brain barrier integrity, and transmem-
brane permeability in nanomaterials. Unfortunately, there is no established experi-
mental method for determining the surface charge of NMs. The NM surface engages 
in interactions with the ions in the media. Specific ions can adsorb in a tightly 
bonded monolayer just at the NM surface (Tay et al. 2014). Most charged functional 
groups are responsible for the active engagement of nanoparticles with cells, while 
neutral functional groups are excellent at preventing unfavourable nanomaterial-
biological interactions. Comparatively, positively charged nanoparticles have a lot 
more cellular uptake than neutral and negatively charged ones (Gatoo et al. 2014). 
Positively charged particles are the most effective in penetrating cell membranes 
and internalizing cells; they serve as the leading synthetic platform for drug and 
gene delivery (Verma and Stellacci 2010). Despite the particles’ adverse interaction 
with the negatively charged cell membrane, there is evidence of negatively charged 
particle absorption. Nanoparticles with cationic surface charges have been found to 
have more cytotoxic effects than those with anionic charges. 

Furthermore, cationic surfaces are more likely to result in hemolysis and platelet 
aggregation. However, it is uncertain if the enhanced absorption is frequently 
connected with cationic nanoparticles or if the surface charge is directly respon-
sible for cell death. Cationic nanomaterials may potentially interact with DNA more
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readily since it is negatively charged (Singh et al. 2009; Verma and Stellacci 2010). 
Surface charge, a critical factor in colloidal behaviour, directly impacts how an 
organism reacts to nanoparticle exposure by altering the shape and size of the parti-
cles through the development of aggregates or agglomerates. It has been noted that 
blood–brain barrier integrity and permeability are affected by nanoparticle surface 
charge. Nanoparticle surface charge has impacted the blood–brain barrier’s perme-
ability and integrity (Sharifi et al. 2012). The scientific community has used a variety 
of modifications to protect or control NMs’ surface properties since surface charge 
significantly impacts how well NMs interact with biological systems. It helped to 
diminish the manifestations of NMs’ toxicity. 

11.5.4 Effect of Composition and Aggregation 

It is assumed that the toxicological effects of various nanomaterials may have 
been primarily influenced by their chemical composition. Despite the importance 
of particle size in determining nanoparticle toxicity, particle composition is more 
important in connection to molecular cell chemistry and oxidative stress (Sharifi et al. 
2012; Sohaebuddin et al. 2010; Gatoo et al. 2014). The composition of NMs was the 
main contributing factor to toxicity, even though they were identical in size but had 
different surface charges. In all the examined organisms, nano silver, nano copper, 
and their soluble versions were toxic. In comparison, TiO2 of the same size did not 
result in any toxicity problems. In addition to chemical composition, surface charge, 
size, and form, toxicity is influenced by various specific properties (Peralta-Videa 
et al. 2011; Zhu et al. 2013). Compared to individual nanoparticles, agglomerates 
are often larger and more rigid (Singh et al. 2009). The size, surface charge, and 
composition of NPs were among other factors that affect their aggregation states. It 
makes sense that the NPs will aggregate under the influence of van der Waals forces 
as they are simple particles with a homogeneous inorganic core. The NPs need to 
be stabilized to prevent accumulation. It can be achieved by employing the charged 
surface states of the NMs, attaching or adhering charged molecules to their surface 
via steric hindrances, or combining the two processes (Tay et al. 2014). 

11.5.5 Effect of Medium and Purity 

The biological distribution and subsequent action of nanoparticles depend signifi-
cantly on their proper and stable dispersion in the delivery medium, which impacts 
their particle size, consequently affecting nanoparticle toxicity. The nature of the 
medium in which nanoparticles are suspended affects how toxic they are; similarly, 
the same nanoparticles exhibit distinct toxic characteristics when dissolved in other 
media (Sharifi et al. 2012; Gatoo et al. 2014). The dispersion of particles can be 
impacted by medium conditions like pH and ionic strength. Purity of nanomaterials is
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another crucial factor, in contrast to the actual nanomaterial, metal contaminants may 
be responsible for toxicological effects. Researchers have made promising attempts 
to purify the nanoparticles. Nevertheless, it has been demonstrated that these tech-
niques destroy the nanomaterials, even with the attachment of functional groups to 
their surfaces, which may change their overall biological influence, which might 
acquire imperfections and alterations (Singh et al. 2009). 

11.6 Limitations 

In nanotoxicity, it is preferable to take a systematic strategy to investigate the relation-
ship between NMs’ physicochemical properties and biological end-point response. 
Because nanoecotoxicology is still a young discipline, there is a long way to go 
before a clear picture can be formed concerning dose estimations, exposure assess-
ment, hazard identification, and risk characterization. Fundamentally, free radicals 
are highly reactive and often have a very short half-life, making it challenging to 
understand their dynamics at the molecular level. Most biologically significant free 
radicals have short half-lives, making them challenging to detect. Therefore, to catch 
the production of ROS from chemical processes, Electron spin resonance (ESR) 
spin trapping techniques are frequently employed (He et al. 2014a; Zhu et al. 2013). 
Only ESR spin trapping offers concrete proof of the presence of free radicals and a 
way to recognize them. ESR is frequently employed in investigations of free radical 
generation in the presence of nanomaterials, and it is increasingly used in mecha-
nistic studies (Fu et al. 2014). Biochemical and cell-based techniques are frequently 
applied to understand the acute and long-term toxicity caused by nanomaterials. 
Determining the mechanisms of free radical formation in vivo is more difficult than 
determining the mechanisms of chemical reactions (Gatoo et al. 2014). The origin of 
the test models employed for such a pursuit is one of the drawbacks of this compar-
ison approach. Additionally, there is still room for improvement in applying model 
test results to people. 

11.7 Conclusion and Future Perspective 

The pathways of NMs-induced cell death that have been discussed are merely the 
beginning. Numerous forms of NMs have been developed due to recent break-
throughs in engineering and technology, and they are now used in a wide range 
of industrial industries. Exposure of the general public will undoubtedly rise as 
more and more consumer products with NMs enter the market. Concerns over the 
possible human toxicity and environmental impact of these particles have grown 
due to the increasing exposure of workers and the general population to NMs. As a 
result, in recent years, a new field known as nanotoxicology has evolved. Its objec-
tive is to make precise how the physical and chemical characteristics of NMs relate
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to one another and the activation of toxic biological reactions. We emphasize the 
toxicity of NMs, concerning the oxidative stress paradigm. The two leading causes 
of NM-induced oxidative stress are (a) the NM’s oxidative characteristics and (b) 
oxidant production during NM interaction with cellular components. The physic-
ochemical characteristics of NM, such as surface reactivity, particle size, surface 
charge, chemical composition, and the presence of transition metals, are responsible 
for their direct prooxidant effects. Considering little is known about the potential 
threats that the growing production and usage of NMs may pose to human health 
and environmental safety, there appears to be a compelling need to learn more. 
The first line of defence for hazard mitigation is understanding the mechanism of 
nanomaterial-induced toxicity. In this chapter, we outlined the processes by which 
NMs produce ROS at the cellular level and the most current developments in the 
biomedical sector on NM toxicity due to ROS. The hydroxyl radical has the highest 
one-electron reduction potential of all physiologically relevant ROS and is reactive 
with almost all biomolecules, including lipids, proteins, and nucleic acids. Antioxi-
dants are crucial in preventing or reducing the harm that ROS can do. The hydroxyl 
radical is the most potent ROS-inducing biological harm. However, hydroxyl radical 
cannot be eliminated by antioxidant enzymes. There is currently a lack of information 
on the genotoxic potential of nanomaterials and their possible long-term impacts on 
human health. Most investigations have concentrated on cytotoxicity, and a wealth 
of relevant data has been produced regarding the unique physicochemical charac-
teristics of nanomaterials. However, this must also be evaluated with DNA damage, 
and elements like cellular accumulation, retention, and subsequent effects must be 
considered. Different nanoparticles’ genotoxicity may be predominantly caused by 
the form of the particles rather than their chemical composition. Future development 
and safety of nanoparticles will benefit from the capacity to create nanoparticles that 
reduce cytotoxicity to a variety of cells that could be exposed. 

Future research will have difficulty determining whether these seemingly contra-
dictory effects depend on particular NM characteristics or the target cell type. A 
more thorough understanding of how NMs cause cell death requires more profound 
insights into hypothesis-driven molecular research. We must not ignore the fact that 
a single type of NM may cause a variety of cell death processes, making the study of 
nanotoxicology challenging yet exciting. Regarding methods and activity, it is still 
unclear whether and how ROS production is related to physicochemical features. 
There is a need to investigate further the processes by which NMs produce ROS 
because doing so would give researchers more knowledge on how to change the 
physicochemical properties of NPs to regulate ROS production. Advancement of 
nanotechnology and the study of nanotoxicology has raised our understanding of the 
environmental particulate pollution caused by both natural and man-made causes, 
and we expect that this new understanding will result in a considerable decrease 
in human exposure to these potentially toxic elements. With additional information 
and continued research, we will better understand the origins and mechanisms of 
diseases linked to nanoparticle exposure.
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Chapter 12 
Nanomaterials in Drug Delivery: 
Application of Polysaccharides 
and Protein-Based Nanomaterials 
in Modern Drug Delivery 

Annesha Basu, Manasi Halder, Aishwarya Das, Ranjana Das, 
and Chiranjib Bhattacharjee 

Abstract Drug Delivery refers to techniques that help in accomplishing greater 
analeptic effects of any pharmaceutical drugs by transporting it to its desired loca-
tion in the body. In recent research, the benefits of using nanomaterials in drug 
delivery are gaining immense attention. Nanotechnology provides numerous bene-
fits in treatment of human diseases by target specific delivery of precise medicines. 
Over the synthetic nanomaterials, biopolymers are getting more recognition because 
of their biocompatibility, biodegradability, low immunogenicity, and antibacterial 
activity. Also, biopolymers have the capacity of delivering drugs or other bioac-
tive compounds to definite cells or sections of cells despite the fact that they have 
lower drug binding ability than synthetic polymers. This book chapter represents the 
wide applications of bio polymeric nanoparticles derived from proteins and polysac-
charides. This chapter also provides an insight to the miscellaneous advantages of 
proteins and polysaccharide-based bio-polymeric nanoparticle. 

Keywords Drug delivery · Nanotechnology · Biopolymeric nanoparticles ·
Polysaccharide · Proteins 

12.1 Introduction 

The process of creating a new medicinal molecule is time consuming and not econom-
ical. The safety efficacy ratio of “old” medications has been improved utilizing a 
variety of techniques, including dose titration, individualizing drug therapy, and ther-
apeutic drug monitoring. Other extremely appealing strategies that have been actively 
researched include controlled drug delivery, delayed drug delivery, and targeted drug
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delivery. Pharmaceutical molecules like antibodies, peptides, vaccines, medicines, 
enzymes, and many more can be treated more effectively and efficiently with the 
use of drug delivery systems (DDS). DDS have the potential to increase millions 
of patients’ longevity and quality of life. The economics of drug development have 
shifted as a result of the capacity to formulate current medications in controlled 
release forms (Almedia and Souto 2007). 

12.1.1 Liposome Mediated Drug Delivery 

Phospholipids make up liposomes, which self-enclose to form spheres of lipid 
bilayers and contain aqueous centres. Alec D. Bangham created the first liposomes 
in England in 1961. Each molecule has an end that is water soluble and an end 
that is water insoluble. Fat-soluble drugs were absorbed into the phospholipid layer, 
while water-soluble pharmaceuticals introduced to the water were trapped inside the 
aggregation of the hydrophobic ends. Phospholipids, which are amphiphilic in nature, 
produce polar shells in aqueous solutions. The formation of the polar shells is due to 
the hydrophobic effect. Liposomes have the potential to resemble cell membranes in 
both structure and chemistry, making them an appealing drug delivery mechanism. 
Furthermore, amphiphilic compounds that are natural, non-immunogenic, nontoxic, 
and biodegradable are easily converted into liposomes (Haley and Frenkel 2008). 
In late 1980 and 1990s, there came many advances in drug delivery to overcome 
the challenges. These advancements led to a better understanding in morphology of 
lipids, physiological mechanisms of lipids, liposome disposition in cells, lipid protein 
interaction etc. This development made it possible to create liposomes with superior 
designs for more stability both in vitro and in vivo, for improved biodistribution, and 
for liposomes with optimum stability in circulation. Liposomes were recognised as 
drug carriers for pharmaceutical purposes by the middle of the 1990s. Liposomes 
were recognised as drug carriers for pharmaceutical purposes by the middle of the 
1990s. The creation of large unilamellar liposomes (LUV) was made possible by 
innovative techniques that improved the homogeneity and efficiency of the trapping 
process. Liposomal anthracyclines, which include forms with significantly extended 
circulation such liposomal daunorubicin and pegylated liposomal doxorubicin, have 
achieved exceptionally effective drug encapsulation, leading to considerable anti-
cancer activity with reduced cardiotoxicity. Doxorubicin pegylated liposomal has 
demonstrated significant success in the treatment of breast cancer, both when used 
alone and in conjunction with another chemotherapeutics. For the delivery of various 
medications, further liposome constructions are being created. Immuno liposomes 
and other ligand-directed constructions offer a combination of biological elements 
capable of tumour recognition with delivery technology (Krishna and Pandit 1996). 
Liposomal delivery systems are still primarily experimental; their exact mechanisms 
of action in the body and methods of directing them to particular damaged tissues are 
being researched. Soon after injection, the RES quickly removed the first-generation 
liposomes. The first method used to create liposomes that circulate for a long time
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altered the content and size of liposomes. Additionally, it was found that small lipo-
somes had a lower clearance rate by the reticuloendothelial system (RES) than bigger 
liposomes. Likewise, Allen and Everest noted that smaller unilamellar vesicles had 
circulation times that were higher than those of larger multilamellar vesicles. Several 
modifications were made in formulation of liposomes to avoid RES uptake. Like-
wise previous researches have constructed liposomes using saturated phospholipids 
having higher transmembrane (TM). This has led to better retention capacity and 
increased circulation time for large vesicles. Modifying the surface of the liposome 
molecules by gangliosides or sialic derivatives has increased the stability. Later, 
PEG, a hydrophilic polymer has also been used to form liposomes for enhanced 
stability. Additionally, the addition of polyethylene glycol-lipid conjugates, such as 
methoxy polyethylene glycol (mPEG) distearoylphosphatidylethanolamine (DSPE), 
to the bilayer membrane lengthened the half-life of the liposomes in blood circulation 
and encouraged liposome accumulation where leaky vasculature was present by the 
EPR effect. 

Conventional liposomes, sterically stabilized liposomes, ligand-targeted lipo-
somes, and a combination of the aforementioned are the four primary types of lipo-
somal delivery systems. Sterically-stabilized liposomes were developed to increase 
the stability of liposomes and speed up blood circulation. Polyethylene glycol (PEG), 
a hydrophilic polymer, has been demonstrated to be the best for creating sterically-
stabilized liposomes. The steric barrier aided in up gradation of the enveloped agents, 
by lowering in-vivo opsonization with serum components, thus preventing the encap-
sulated compounds from being quickly recognised and cleared by the RES. This 
strategy provides a number of different benefits, such as minimizing drug elimina-
tion by extending blood circulation, providing accumulation at diseased areas, and 
reducing adverse effects. Longer circulation periods are a benefit of PEG-coated lipo-
somes; however, this may result in a loss in their ability to interact with the targeted 
molecules (Sercombe et al. 2015). 

12.1.2 Transdermal Drug Delivery 

One of the most often employed approaches to drug administration is parenteral 
delivery. Transdermal applications, which serve as a substitute for controlled (ther-
apeutic) release of medications, show some advantages over the parenteral and oral 
routes and can help overcome some of their drawbacks. There are two categories of 
factors that can affect transdermal delivery: biological and physicochemical factors. 
Biological aspects to take into account skin health, skin aging, blood flow, skin 
region, skin metabolism, and species variations. Transdermal medication distribu-
tion is influenced by a number of physicochemical parameters, including skin mois-
ture, temperature, pH, diffusion coefficient, drug concentration, partition coefficient, 
drug molecular size, and shape. Prausnitz and Langer have described TDDS in three 
generations. Transdermal patches are used in the first generation to achieve contin-
uous delivery of low molecular weight compounds. The stratum corneum’s structure
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is temporarily and irreversibly altered or damaged using procedures like ultrasound 
and iontophoresis in the second generation, which increases the skin’s permeability 
and enables the transfer of greater molecular weight molecules (Benson 2005). The 
stratum corneum is more aggressively disrupted in the third generation as a result of 
the implementation of a variety of enhancers. 

12.1.3 Microemulsion Drug Delivery System 

Microemulsions are defined as clear, transparent, thermodynamically stable disper-
sions of oil and water that are frequently combined with a co-surfactant and stabilized 
by an interfacial surfactant coating. Microemulsions deliver drugs in many routes 
which includes parenteral, transdermal, nasal and oral. 

12.2 Challenges in Drug Delivery 

Cytotoxicity is one of the major limitations in commercializing liposomes as a 
drug delivery system. Certain investigations have shown charged liposomes to be 
hazardous is another cause for concern. Additionally, liposomes face manufacturing-
related difficulties such as batch-to-batch variances, little drug entrapment, efficient 
sterilizing techniques, stability issues, and, most significantly, scaling issues. Trans-
dermal drug delivery also has certain challenges. Inability of TDDS’s to deliver ionic 
medicines. TDDS is not appropriate for medications with large molecular sizes since 
it cannot achieve high drug levels in blood or plasma. The inability of TDDS’s to 
pulse-deliver medications. If a medicine or formulation irritates skin, TDDS cannot 
be created. Microemulsion techniques become a costly method as it requires several 
instruments for size reduction. Homogenizers, for example, are a crucial piece of 
equipment for creating micro-emulsions, and techniques like micro fluidization and 
ultrasonication are expensive to implement. Stability is also a major issue for long 
term storage of microemulsion. 

Major difficulties arise when using large-scale materials for drug administra-
tion, including in vivo instability, low bioavailability and solubility, poor body 
absorption, problems with target-specific distribution, problems with tonic effective-
ness, and possibly harmful pharmacological effects. Advancements in drug delivery 
systems hence have brought new dimensions to deal with the restrictions of existing 
systems. Nanotechnology has offered several changes in existing forms and also 
has formulated new systems. Advanced drug formulations, targeted areas, and their 
well-controlled drug release and administration all benefit greatly from the use of 
nanotechnology (Jahangirian et al. 2017).
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12.2.1 Nano-Based Drug Delivery 

Nanostructures allow the release of combined medications at the prescribed dose 
since they persist in the blood circulation system for a long time. Consequently, they 
create fewer plasma oscillations and have fewer negative consequences. Nanostruc-
tures provide advantage in penetrating the tissue and ease the uptake of drugs and 
also render controlled delivery to targeted regions. When creating target-specific drug 
delivery systems, metallic, organic, inorganic, and polymeric nanostructures, such 
as dendrimers, micelles, and liposomes, are commonly taken into account. These 
nanoparticles are specifically applied to medications with poor solubility and poor 
absorption capacity (Fig. 12.1). 

12.3 Different Types of Nano Carrier 

Nanoparticles’ size range varies between 10 and1000 nm, and is novel compounds 
used as colloidal drug delivery systems. In modern oral drug delivery drugs are 
dissolved and encapsulated inside the matrix of nanoparticles to promote more proper 
and site-specific drug delivery. Nowadays, protein and polysaccharides along with 
synthetic polymers are used to build nanoparticles. Most popular or common Nano 
systems employed for drug delivery systems are Nano micelles, Nano liposomes, 
Nano spheres, Nano capsules etc.

Fig. 12.1 Some nanocarriers for improved drug delivery (Ganta et al. 2008) 
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12.3.1 Nano Micelle 

Nano micelles are amphoteric molecules meaning they have well defined 
hydrophobic and hydrophilic segments and they vary within a size range of 20– 
100 nm. The hydrophobic or lipophilic cores of micelles entrap the fat soluble drugs 
and hold it stable for a long time in any aqueous medium. In case of polymeric 
Nano micelles, they are assembled by themselves in micelle form when introduced 
to aqueous solution. 

Usually biodegradable polymers are used in manufacturing these micelles for drug 
delivery systems. Polymers which are used most frequently to build Nano micelles 
for oral drug delivery are poly lactide, poly propylene oxide (PPO), poly glycolide, 
poly lactide-co-glycolide, poly ethylene glycol (PEG). Among all of these molecules 
PEG is most widely used for its amazing water solubility and higher biocompatibility. 
In case of oral drug delivery utilization of these polymeric Nano micelles increases 
oral bioavailability more than three times than before of lipid soluble drugs (Ganta 
et al. 2008). 

12.3.2 Solid Lipid Nanoparticles 

Solid lipid nanoparticles are great colloidal transporters with some excellent proper-
ties such as very small compact size, greater biocompatibility, stable physical frame-
work, excellent emulsion formation techniques etc. They help in site specific delivery 
of water soluble drugs. Controlled release of the drug can also be achieved by using 
these nanocarriers. 

Solid lipid nanoparticles are basically lipids that remain solid at room temperature. 
These solid lipid nanoparticles can be made of using fatty acids (e.g. stearic acid) or 
their esters (e.g. glyceryl monostearate, glyceryl behenate etc.), steroids (for example, 
cholesterol), waxes (e.g. cetyl palmitate), triglycerides (like tristearin, trilaurin etc.). 
Use of solid lipid nanoparticles enhances the effectiveness of oral drug delivery; 
also these are easily degradable by enzymes like pancreatic lipase or bile salts in the 
human body (Mehnert and Mäder 2012). 

12.3.3 Dendrimers 

Dendrimers are a very prominent three-dimensional branched molecule used as 
nanocarriers in oral drug delivery. All the branches or bonds emerge from a central 
core in case of these dendrimers. This well-defined core makes it an outstanding 
carrier of drug cause drug physical encapsulation. But in case of some drug molecules 
physical encapsulation does not work, molecules can be hooked inside this core.
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Primarily the core entraps any molecule by the process of attaching themselves by 
forming non covalent bonds (e.g., hydrogen bonding) with the dendritic construct. 

The large surface area of these dendrimers also helps in drug delivery by forming 
covalent bonding with the drug molecules. Antibodies and sugar molecules can form 
these covalent bonds with the surface of these dendrimers. Undoubtedly dendrimers 
have great potential as drug carriers but their biocompatibility and cytotoxic effects 
are still under study (Ganta et al. 2008). 

12.3.4 Nanoliposomes 

Nanoliposomes are nanosized particles made up of two main sections, namely the 
aqueous core and phospholipid bilayer. These nanocarriers are capable of easy entrap-
ping of the drug, target site delivery and sustained release of the drug in the target 
section of the body. They can easily deliver low molecular weight drugs and other 
particles such as imaging agents, nucleic acids, peptides etc. 

Mode of drug encapsulation in case of nanoliposomes, depends on the polarity 
of the drug. If the drug is polar in nature, it easily gets entrapped in the hydrophilic 
core of the liposome. On the other hand, in case of non-polar drugs, the hydrophobic 
phospholipid bilayer becomes the place where the drug can easily reside (Demirci 
et al. 2017). 

12.3.5 Nano Capsule 

Nano capsules are structures composed of two main parts. Active core, which can be 
solid or liquid and a protective membrane made up of synthetic or natural polymers. 
The core can be made as aqueous or lipid based depending on the polarity of the drug 
needed to be carried. A wide range of natural, semi synthetic, and synthetic polymers 
are used in formation of these nano capsules. Some of the polymers used in making 
these nano capsules are gum arabica, hydroxypropyl methyl cellulose, phthalate, 
poly (D L lactide), poly E-caprolactone, poly alkyl cyanoacrylate etc. Wide range of 
mineral and natural oils is also used in building nano capsules along with polymers. 
Lecithin is the most used surfactant in manufacturing nano capsules. These nano 
capsules are mostly used in delivery of peptides and proteins through oral route, on 
reaching the target location it bursts open & delivers the drug (Couvreur et al. 2002). 

12.3.6 Nanospheres 

Polymeric nanospheres within the size range of 2–100 nm, made up of biodegrad-
able polymers, are used for targeted drug delivery. These nanospheres have a stable
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spherical structure with a hollow core. The empty cavity or the core present inside 
the sphere entraps the drug molecules easily. Else, the drug can attach itself to the 
matrix of the solid nanospheres. To manufacture these nanospheres, polymers are 
needed to be dissolved in organic solvents and then they are cross-linked to form the 
sphere shape (Ganta et al. 2008). 

12.3.7 Nanogel 

Nanogels or hydrogels are nanosized particles, formed by physically or chemically 
crosslinked polymer networks so that nanogels are swell in a good solvent. Due 
to the presence of a hydrophilic group of nanogel, it can hold a massive amount 
of water. That is why nanogels are highly biocompatible and biodegradable also. 
Traditional carriers for skin delivery confront various difficulties such as obstacles 
of drug leakage, minimal permeation and low embroilment efficiency. Nanogels have 
recently been recognized as renowned delivery systems to overcome such difficulty 
and impart peaceful application. Nanogels have outstanding advantages such as easily 
permeable through membranes, non-toxic, high drug loading capacity (Ghaywat et al. 
2021). 

12.3.8 Drug Phospholipid Complex 

Many herbal and manmade drugs create difficulty of poor oral bioavailability, 
because these are very low water solubility or poor permeation through the biological 
membrane. Low bioavailability and low water soluble capacity of synthetic drugs 
results in inefficacy in therapeutic delivery. Nowadays, many researchers draw atten-
tion to drug phospholipid complex preparation because it can be overcome these prob-
lems. Drug phospholipid complex is also called Pharmacosome. Pharmacosomes are 
nano size micelles, vesicles or may be in the form of hexagonal assembly of colloidal 
drug dispersions attached covalently to the phospholipid. They are excellent carriers 
for drug delivery because of their beneficial properties such as high entrapment effi-
ciency, high drug loading capacity, low size, stability and amphiphilic nature. They 
also assist in controlled release of drug at the site of action, reduced cost and increase 
bioavailability of drug (Pandita and Sharma 2013). 

12.3.9 Nano Emulsion 

Emulsions are used in drug delivery for their unique amphiphilic nature. Nanoemul-
sions are oil-in-water emulsions, size ranging from 50 to 1000 nm. Average particle 
size is 100–500 nm, and can remain as oil-in-water and water-in-oil forms. High shear
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stress and mechanical extrusion process are used in nanoemulsions preparation by 
mixing a water immiscible oil phase with an aqueous phase (Jaiswal et al. 2014). 
Nanoemulsions are solid spheres; their surface is amorphous and lipophilic with 
negative charge. Site specificity of these nanocarriers can be increased by magnetic 
nanoparticles. As a nanocarrier of drug delivery systems they increased therapeutic 
efficacy and reduced adverse effects and toxic reactions. Crucial uses of these 
nanocarriers include treatment of infection of the Reticuloenthelium system, enzyme 
replacement therapy of the liver, treatment of cancer and vaccination. Nanoemulsions 
can give protection of drugs, which are easily susceptible to hydrolysis and oxidation. 
Greater surface area of nanoemulsions can give better absorption. As nanoemulsions 
can be considered as safe, effective, and increased bioavailability these are used 
in different types of drug delivery systems such as ocular, parenteral, topical, and 
oral drug delivery. 

12.4 Polymer Based Nano Carriers 

Monomers are joined together to form macromolecules also known as polymers 
which are broadly found in nature. Polymers can be classified as natural polymers, 
synthetic polymers and semi synthetic polymers. Natural polymers are naturally 
found in animal and plant sources such as polysaccharides, protein, nucleic acid and 
lipid. Man- made polymers are called synthetic polymers such as phosphorus based 
polymer, acrylic based polymer etc. semi-synthetic polymers are derived from natural 
polymers. Use of nanoparticles in the field of drug delivery is a modernist concept. 
Nanoparticles are small colloidal particles which act as carriers for targeted drug 
delivery. Different types of nanoparticles are used in drug delivery systems but poly-
meric nanoparticles are the most valuable route of drug delivery systems. Different 
polymeric nanoparticles were discovered by researchers but biodegradable natural 
polymer-based nanoparticles have various advantages such as non-immunogenic, 
non- allergen, less toxicity etc. The soporific preparation technique of nanoparticles 
overcome by the newly arise natural polymer-based nanoparticles. Polymer-based 
nanoparticles used in the form of Nano gel, nanomicelles, nanoliposomes, nanocap-
sules, nanospheres etc. Among them nanocapsules and nanospheres are widely used. 
As polymeric nanoparticles have the unique properties such as target specificity, 
reduced site effects, it is used in drug delivery mostly nowadays. Treatment of some 
diseases such as cancer is very difficult because it requires target organ specific action. 
The newly developed polymeric nanoparticles have made the cancer treatment lot 
more facile (Sur et al. 2019).
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12.5 Methods of Polymeric-Nanoparticles Synthesis 

Synthesis of polymeric nanoparticles is done in two main steps. Firstly, nanopar-
ticles are formed using basic methods of nanoprecipitation or solvent evaporation 
or salting out or supercritical fluid technology or dialysis. Then formed nanoparti-
cles are polymerized to produce these polymeric nanoparticles. For polymerization, 
processes like emulsion polymerization or interfacial polymerization or living radical 
polymerization can be utilized. 

12.5.1 Procedures of Polymeric Nanoparticles Formation 

Several methods of polymeric nanoparticle synthesis and associated issues have 
been illustrated in this section. Figure 12.2 highlights various procedures of the 
same. Solvent displacement, emulsion-solvent evaporation, emulsions- diffusion, 
solvent displacement, double emulsion and evaporation, salting out and dialysis 
are the most necessary methods for preparation of polymeric nanoparticles from 
preformed polymers. 

12.5.1.1 Nanoprecipitation 

In the Nanoprecipitation process, the production of the nanoparticles depends on 
the polymer precipitation and solidification caused by interfacial deposition of the 
polymer. 

This process is also known as interfacial deposition method or solvent displace-
ment method or desolvation method. Fessi was the first person to introduce this 
technique of nanoparticles formation in 1989. The nanoparticles formation is done 
in two major steps, Precipitation and solidification of the polymers. As said earlier 
this solidification of the polymers occurs due to interfacial deposition.

Fig. 12.2 Various procedures of nanoparticles formation 



12 Nanomaterials in Drug Delivery: Application of Polysaccharides … 303

In this technique a desolvating agent or organic solvent (preferably miscible with 
water) is needed to be added. As organic solvents acetone or ethanol is used generally. 
The drug and the polymer need to be dissolved in that desolvating agent. But unstable 
nanoparticles are formed this way. So, a stabilizer is added and the solution is stirred 
continuously to form stable nanoparticles (Quérette et al. 2019). 

12.5.1.2 Solvent Evaporation 

Solvent evaporation is one of the easiest and widely used procedures for preparation 
of nanoparticles. This preparation method is carried out in four major stages. 

(a) Dispersion stage: An organic solvent is needed in this stage. The drug and the 
polymer both are added one by one in the organic solvent. Then the solution is 
stirred continuously till both the drug and the polymer get dissolved in it. 

(b) Surfactant addition: Then the solution containing dissolved drug and polymer 
is added into an aqueous solution of a surfactant. This step is necessary to form 
a stable emulsion. Surfactants like Poloxamer 188 (P188), Polysorbate 80, and 
Polyvinyl Alcohol (PVA) etc. are used commonly. This procedure is carried out 
inside a homogenizer. 

(c) Evaporation of the solvent: In this stage, the emulsion is converted into a 
suspension of nanoparticles. This suspension is then addressed to high heat 
under low pressure to evaporate the solvent. 

d) Solidification of the nanoparticles: To form solidified nanoparticles ultracen-
trifugation can be done (Guo et al. 2018). 

12.5.1.3 Salting Out 

In general, salting out is a technique in which high concentration of salts are used 
in a solution to initiate precipitation of the dissolved chemicals by reducing their 
solubility. 

First, the drug and the polymer are dissolved in an organic solvent. Then, an 
aqueous phase containing a surfactant is added to form an emulsion. This solution is 
added in an aqueous solution containing a salting out agent. Sulfates and Chlorides 
of Magnesium, Sodium and Calcium are generally used as salting out agents. This 
step leads to precipitation of the polymer. The drug is generally encapsulated inside 
the nano-polymer matrix (Hu et al. 2019). 

12.5.1.4 Dialysis 

This technique is very similar to nano-precipitation or desolvation procedure. Here 
also the drug and the polymer are dissolved in an organic solvent. The main differ-
ence is that this water miscible organic solvent-drug-polymer mixture solution is
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placed inside a dialysis membrane. In general, a dialysis membrane is a semiperme-
able membrane that helps in separation of toxic molecules using the techniques of 
differential diffusion. 

As a result of using this dialysis membrane, the easy diffusion of the solvent 
occurs in the aqueous phase. So, inside the membrane, a cluster of nanopolymers is 
formed (Chen and Jafvert 2018). 

12.5.1.5 Supercritical Fluid Technology 

This is the only technique that does not involve an organic solvent. Instead, an easily 
available natural solvent is used, which is environment friendly too. Usually, Carbon 
dioxide is used as a solvent in its supercritical state. Supercritical CO2 is a liquid 
condition of CO2 where it is kept on or over a critical temperature and pressure. 

As usual the drug and the polymer both are dissolved in this supercritical solvent. 
This solution then expands quickly, which causes precipitation of the nanoparticles 
through the process of homogeneous nucleation. Nanoparticles of very fine size can 
be derived in this technique (Adschiri and Yoko 2018). 

12.5.1.6 Some Other Processes of Nanoparticles Formation 

Some other processes of nanoparticle’s formation may be categorised as follows-

i. Emulsification process: In this procedure, first a lipid like cotton seed oil or an 
organic solvent is added and emulsified with the aqueous solution of the protein. 
Then to stabilize the emulsion high surfactant concentrations are used or through 
energetic stirring the emulsion is made permanent. Then these albumin droplets 
are needed to be hardened. For thermal hardening a high temperature of 110 º 
C is introduced for 10–30 min. Else a high-pressure homogenizer or chemicals 
like glutaraldehyde can be used to solidify the biopolymer droplets. Lastly, these 
manufactured nanoparticles are washed with alcohol or ether (Demirkurt et al. 
2019). 

ii. Thermal Gelation: In this process, the solidification of nanoparticles is done by 
introducing heat to the aqueous or alkaline solution of albumin for a set amount 
of time. Generally, a temperature of 80 °C is applied for a period of time. During 
this procedure, the pH is maintained at pH 7 and then the solution is cooled down. 
The solution needs to be stirred continuously till the nanoparticles are formed 
(Martínez-López et al. 2020). 

iii. Self-assemblyBreak method can also be used to form polymeric nanoparticles. 
High intensity ultrasound techniques are used to make nanoparticles through 
this process (Martínez-López et al. 2020).
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12.5.2 Polymerization of Formed Nanoparticles 

Polymerization is the process through which formed monomeric or single unit 
nanoparticles are combined with each other and form a polymeric structure. If the 
polymerization occurs when the monomers are present in different interfaces the 
procedure is called interfacial polymerization. If the polymerization is done when 
the encapsulation occurs using a single or double emulsion process, then it is called 
single/double emulsion technique polymerization. One needs to be very careful 
throughout performing any of these polymerization processes, because of a high 
chance of formation of toxic substances or toxic by-products (Sur et al. 2019). 

Some advance methods of polymerization currently in use: 

i. Advanced methodologies of synthesis of polymeric nanoparticles 
ii. Ring-opening polymerization 
iii. Electrohydrodynamic atomization 
iv. Mussel-inspired chemistry for polymerization 
v. Self-polymerization etc. 

12.6 Polysaccharides Based Nanoparticles for Drug 
Delivery 

In modern times, polysaccharides have come to play a major role in the modern 
drug delivery system. So that, there is an increased attentiveness in their isolation, 
synthesis, modification, characterization, and application in this relevant new drug 
delivery system. Natural polymer such as polysaccharides, protein, lipid and nucleic 
acid used in drug delivery systems. Among them polysaccharides are used exten-
sively because they are easily available in nature and also low cost too. Polysac-
charides, also known as glycan, are complex bio macromolecules that are made 
up chains of monosaccharides, and are joined by glycosidic linkages. The general 
chemical formula for polysaccharides is Cx(H2O)Y. Carbohydrates have available 
from various natural resources such as animal origin (chitosan, hyaluronic acid), 
algal origin (alginate, carrageenan, galactans), plant origin (cellulose, starch, pectin), 
microbial origin (fullulan, dextran). Polysaccharides are very useful in drug delivery 
and targeting because they are highly stable, hydrophilic in nature, biodegradable, 
easy to modify chemically and biochemically, safe and nontoxic (Ali and Ahmed 
2018). Polysaccharides have universal medicinal applications in oral drug delivery 
for the following reason: -

i. Polysaccharides are opulent in nature and isolation from natural sources is very 
easy. 

ii. As a natural polymer, polysaccharides are biodegradable, biocompatible 
compared to other synthetic polymers. 

iii. Presence of various groups such as hydroxyl group, amino groups, carboxyl 
groups make these polymers easy to conjugate with other biomolecules.
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12.6.1 Classification of Polysaccharides Based on Their 
Varying Sources 

This section involves classification of polysaccharides based on characteristic 
features of resource materials. The resource materials with salient properties have 
been presented in subsequent segments. 

12.6.1.1 Polysaccharides from Animal Origin 

Chitosan: The second most useful natural carbohydrate polymer after cellulose, is 
chitosan in the drug delivery system. It is a linear polysaccharide, a large number 
of sugar units present in this polymer and obtained from plant origin. The chemical 
formula of chitosan is C56H103N9039.Chitosan is composed of two sugar units mainly 
that are d-glucosamine and N-acetyl-d-glucosamine units, which are distributed 
randomly. Chitosan is a structurally modified form of chitin by alkaline acetylation. 
Chitin, is a natural polymer, an amide derivative of glucose present in crustacean’s 
shells such as crabs, shrimps, lobster, prawns etc. Sood et al. (2021). 

Chitosan is highly used in drug delivery systems, tissue engineering, and wound-
healing dressing, due to the presence of the specific advantages of these such 
as biocompatibility, biodegradability, nontoxicity, high drug loading ability etc. 
Various excellent properties such as cationic nature, controlled drug release, muco-
adhesion, antimicrobial, permeation enhancement are present in chitosan due to pres-
ence of the primary amino group. Chitosan plays an important role in fat metabolism 
in the body and enhances the aqueous solubility of poorly soluble drugs. Due to the 
presence of hydroxyl group and amino group of chitosan can be easily modified and 
prepared in various forms such as threads, nanoparticles, Nano gel beads, matrix 
etc. Most usable chitosan in a targeted drug delivery system are chitosan microparti-
cles, chitosan microbeads, chitosan beads, chitosan sponges, etc. Chitosan is freely 
soluble in acidic solution and insoluble in water and organic compounds. Chitosan, 
prepared from modified deacetylated chitin nanofiber, can be used in preparation of 
nanogel that is used in drug delivery systems. Various investigations showed that 
chitosan-based nanoparticles have been used in drug delivery systems by orally or 
other route in several diseases such as gastrointestinal disease, pulmonary disease, 
dermatological disease, and brain and ocular infection (Ali and Ahmed 2018). 

Hyaluronic acid: Hyaluronic acid is a naturally occurring glycosaminoglycan and 
contains two units N-actyl-D-glucosamine and D-glucuronic acid. Hyaluronic acid 
found from the body’s connective tissue. 

Due to the presence of unique properties such as biodegradability, biocom-
patibility, high viscoelasticity and non-immunogenicity, it can be used widely in 
controlled release and targeted drug delivery systems. The functional groups such 
as amino groups, carboxyl and acetyl amino groups present in the main chain of the 
hyaluronic acid that can be modified and used in nanoparticles drug delivery system, 
gel drug delivery system, nanoemulsions drug delivery systems, polyelectrolyte
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microcapsule drug delivery system, microsphere drug delivery system, cationic 
polymer gene carrier system etc. Additionally, hyaluronic acid helps in killing tumour 
cells because it has the ability to recognize the specific receptors that are overex-
pressed on the surface of tumour cells. Hence hyaluronic acid getting much attention 
to the researcher for drug delivery system (Huang and Huang 2018). 

12.6.1.2 Algal Polysaccharides 

Alginates: Alginate is a naturally occurring algal linear polysaccharide polymer, 
water soluble and is highly biocompatible and biodegradable in nature. Alginate is 
composed of two components namely β—D-mannuronic acid and α—L-guluronic 
acid. 

Alginate used in oral drug delivery in the form of hydrogel, nanoparticles, 
microparticles and porous scaffolds. Ionic gelation, emulsion, covalent cross linking, 
complexation method and self-assembly methods are used in preparation of algi-
nate. Among them ionic gelation and complexation methods are extensively used 
in alginate nanoparticles preparation. In an ionic crosslinking approach, the divalent 
cations bind to guluronate blocks of alginate chains from which aqueous solution 
forms alginate based nanogel. Alginate is well known as the one of most widely 
preferred natural polysaccharides for synthesizing hydrogels, due to its outstanding 
gel formation ability. The conventional roles of drug delivery of anticancer thera-
peutics can be manipulated by the novel alginate-based hydrogels (D’Ayala et al. 
2008). 

Carrageenan: Carrageenan are the natural linear polysaccharides obtained by the 
extraction of certain red and purple seaweeds of Rhodophyceae class. Carrageenan 
consists of two carbohydrates such as D-galactose and 6-anhydro-D-galactose. 

Carrageenan has been used as a gelling agent and viscosity enhancing agent 
for controlled targeted drug delivery systems for its outstanding characteristics 
such as the strong negative charge. Besides a good gel formation characteristic 
of carrageenan, it also has shown some useful properties such as anticoagulant, 
anticancer, antihyperlipidemic, and immunomodulatory activities etc. In other hand 
carrageenan has been used for tissue regeneration with therapeutic biomacro-
molecules and for cell delivery. Carrageenan is used in drug delivery as nanoparticles, 
nanospheres, microcapsules etc. (Li et al. 2014). 

12.6.1.3 Polysaccharides from Higher Plants 

Cellulose: Cellulose is another natural polymer of polysaccharides. The linear 
homopolysaccharides cellulose contains anhydro—D–glucopyranose units, joined 
together with β (1–4) glycosidic linkage. Cellulose has hydroxyl functional groups. 
So that cellulose has a tendency to self-assemble and form a broader network via 
intermolecular hydrogen bonds.
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Nowadays, a number of researchers used to pay attention for find out various 
way of synthesis and processing cellulose and its derivatives for prospective use in 
drug delivery system because of its excellent properties such as biodegradability, 
biocompatibility, low toxicity, low cost, abundant availability.6 Nanoprecipitation 
methods and hydrolysis in acids and alkali method used in cellulose nanomaterial 
preparation. These structurally modified cellulose nanoparticles have many effects 
and help in colloidal stability. Further, nanofibre can be used to enhance the aqueous 
solubility of a drug and consequently increase the sustainability of drug delivery 
ability (Löbmann and Svagan 2017). 

Starch: Starch is a most popular, low cost, natural storage polysaccharides easily 
available in nature, is used as an essential food in human and animal diets. Starch has 
a wide range of applications in drug delivery system and biomedical field because 
of its distinctive physicochemical and functional properties and it can be found from 
natural resources such as rice, wheat, potato and green plants (Kaur et al. 2007). 
From the viewpoint of the structure, starch is a homopolysaccharides and consists 
of two units these are amylose and amylopectin made up of D glucose units joined 
by glycosidic linkages (Beneke et al. 2009). 

Starches play an important role in bone repair and replacement and general uses 
of starches as a nanocarrier in controlled drug releases. Starches are used for these 
applications because of some special characteristics such as solubility, enzymatic 
digestibility, rheological and morphological characteristics, swelling and mechanical 
properties. The interaction of drug molecules with reactive sites of starch can be 
increased by chemically structure modifications and modified starch can also easily 
metabolized in human body and increase its biocompatibility (Chomto and Nunthanid 
2017). 

Pectin: Complex polysaccharides, pectin is present in cell wall materials of the higher 
plants such as apple, oranges, grapes etc. The average sizes of pectin are 84–107 μm 
in diameter. They were spark like particles, amorphous, solids, and moderately hygro-
scopic in nature. Molecular weight of these polysaccharides is very high and consists 
α (1–4) linked esterified D-Galacturonic acid. The degree of methyl esterification of 
D-Galacturonic acid decides the numerous properties of pectin such as solubility, 
viscosity, gelling properties etc. 

Pectin is easily soluble in water. The presence of various functional groups such as 
hydroxyl, carboxyl, carbomethoxy, and acylamino groups helps pectin to formation 
various derivatives. The hydrophilic nature of pectin helps to modified these easily 
and can be used in oral drug delivery system and for the preparation of modified 
release formulation. Chemical modification of pectin helps in changing some prop-
erties such as hydration, swelling, erosion; these properties create problems in drug 
delivery. Pectin may be considered as acceptable polysaccharides based nanocarrier 
in drug delivery because their adaptable modifications approaches and anticancer 
bioactivity. In other hand pectin has showed some advantages such as a particular 
gelling mechanism, biocompatibility, and microbial degradation in GI tract (Singh 
et al. 2015).
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12.6.1.4 Polysaccharides from Microbial Sources 

(a) Pullulan: Pullulan, is a water-soluble polysaccharide polymer consisting repeated 
units of maltotriose produced by yeast like fungus Aureobasidium pullulans. The  
unique characteristic such as α − (1 → 4) and α − (1 → 6) linkages are present 
in pullulan. Due to the presence of the unique linkages, pullulan is hydrophobic and 
hydrophilic in nature. 

In the field of drug delivery, the utility of pullulan can be increased by the chem-
ical modification of its structure. In drug delivery pullulan plays an important role 
because drug conjugated pullulan shows high bioactivity with the release of cyto-
toxic molecules. In the treatment of various diseases such as liver, lungs, brain, and 
spleen, the conjugated pullulan can be used as targeted drug delivery systems (Hu 
et al. 2021). 

(b) Dextran: Naturally available polysaccharides, dextran and its derivative have 
gained attention in targeted drug delivery systems because of their unique proper-
ties including biodegradability, biocompatibility, and nontoxicity. A large number of 
reactive hydroxyl groups present on the dextran backbone so that different derivatives 
have been developed by chemical modification. Nowadays, various dextran based 
delivery systems have been developed such as self-assembled micelles and nanoparti-
cles, hydrogels. Nanoemulsion, magnetic nanoparticles, microparticles etc. Currently 
dextran based nanoparticles used in treatment in various diseases, among them play 
an important role in most popular diseases, cancer treatment. In spite of the fact that 
chemotherapy is popular in cancer treatment but most anticancer drugs have serious 
toxicity and poor water solubility. Dextran based Nano carrier is most popular in 
drug delivery system because it can increase some other processes of nanoparticles 
formation, the solubility and availability of drug. The physicochemical properties, 
release mechanism, and therapeutic effects of dextran based nanoparticles help in 
cancer treatment. Intravenous injection route is most appropriate route for delivery 
of dextran based derivatives loaded drug (Sinha and Kumria 2001). 

12.7 Protein Based Nanoparticles for Drug Delivery 

Proteins are biopolymers made up of a long chain of amino acids. These amino acids 
join themselves in a proper sequence by forming covalent peptide bonds. Depending 
on their configuration, proteins can be classified into three major classes—A. simple 
proteins, B. conjugated proteins, C. Derived proteins. When broken down, simple 
proteins only provide amino acids. Means simple proteins are only made up of amino 
acids. Albumins, Globulins, glutelins, albuminoids, Histones, protamines are some 
examples of simple proteins. On the other hand, conjugated proteins not only contain 
amino acids but they also have a prosthetic group or non-protein portion. Conjugated 
proteins are named after their prosthetic groups, for example: (i). Lipoproteins (when 
the prosthetic group is lipid by nature), (ii). Phosphoproteins (when the prosthetic
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group is phosphorus), (iii). Nucleoproteins (proteins combined with nucleic acids), 
(iv). Metallo-proteins (when the prosthetic group combined with protein is a metal 
ion). The last category, derived proteins are nothing else but derivatives of simple and 
conjugated proteins by the action of chemicals, partial hydrolysis, enzymes, heat etc. 
Gelatins, Caseinates and some artificially produced polypeptides also come under 
this class of derived proteins. 

12.7.1 Albumins 

Albumin is water soluble, heat labile, globular protein. It is also semi soluble in salt 
water. There are various sources of albumins but for pharmacological use, serum 
albumin and bovine α- lactalbumin are used. In human and other vertebrates, serum 
albumin is the major constituent of blood plasma. Liver is the main manufacturer of 
plasma albumin. A healthy liver can synthesize almost 10.5 g of albumin in 24 h. The 
turnover time for albumins is 25 days. Albumins have great physiological importance, 
like they can maintain pH level, osmotic pressure. Also, it has some antioxidant 
properties as it can entrap free radicals. Though albumin is negatively charged, it 
can bind with both negative and positively charged particles. In the current scenario, 
albumins are used as an expanding agent of blood volume to treat burn injuries, sepsis 
etc. On the other hand, bovine α-lactalbumin is a great source of tryptophan, leucine, 
lysine, isoleucine, valine, cysteine etc. amino acids. Albumin nanoparticles can be 
formed by performing emulsification, thermal gelation, desolvation, self-assembly 
etc. techniques. Benefits of using albumin nanoparticles as drug carriers can be 
summarised as: (i) enhancement of stability and drug concentration, (ii) reduced 
drug wastage in gastric juice, (iii) improvement of cellular uptake, (iv) improvement 
in biocompatibility and reduced cytotoxicity, (v) enhancement in anti-angiogenic 
effects of the entrapped drug in vivo (Merlot et al. 2014). 

12.7.2 Globulins 

These globular proteins are insoluble in pure water but soluble in salt water. α, β and 
γ are the three main fractions of globulins present in all mammals. Liver is the main 
manufacturer of α and β globulins, for example fibrinogens, whereas, plasma cells 
and lymphocytes produce γ-globulins. Immunoglobulins A, M and G are examples 
of γ-globulins. Not only animals, some plants are also a great source of globulins. 
In some plant seeds (Peas, Soybean, French bean and other legumes), Globulin is 
present as storage proteins. Two major types of plant-based globulins are: Vicilin and 
Legumin. Globulins from Pea and soybeans are mostly used for nanoparticle forma-
tion. On the other hand, β-Lactoglobulin are, the chief globulins present in whey, 
also use in nanoparticles formation. Easily Nanoprecipitation or Thermal gelation or
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Self-assembly techniques can be performed in order to form nanoparticles of Globu-
lins. Advantages of using Globulin Nanoparticles can be summerised as: (i) 6–7 times 
drug stability enhancement in aqueous medium, (ii) reduced leakage and wastage of 
entrapped drug in gastric juice, (iii) more controlled release of the drug and prolonged 
effect with reduced cytotoxicity, (iv) Target specific drug delivery (Gunasekaran et al. 
2007). 

12.7.3 Prolamins 

In the seeds of cereal grains, prolamins are present as storage protein. Prolamins 
are insoluble in water but soluble in alcohol-water mixture. For example, they show 
great solubility in 60–80% ethanol solution. The main cereal sources of prolamins are 
wheat, corn, barley, oats, rye, sorghum etc. Prolamins from varied sources are named 
differently, for example, Wheat prolamin is called Gliadin, Rye prolamin is called 
Secalin, Hordein is Barley prolamin, Zein is prolamin from corn and Prolamin from 
Sorghum is known as Kafirin. Patients of Celiac disease are intolerant to Gliadin, 
Secalin and Hordein. But, Kafirin and zein are known as safe to be consumed by 
celiac disease patients. Presently, researchers are focusing on prolamin extraction 
from the by-products of these cereal grains. Agro based wastes are the main targeted 
by-products. Prolamins are a great source of proline and glutamine amino acids. But 
they are deficient in lysine, arginine and histidine. Various advantages of prolamin 
nanoparticles use are summarised as: (i) Controlled release of Vitamin E can be 
achieved by using Gliadin nanoparticles. (ii) Hordein nanoparticles can enhance 
the stability and antioxidant effect of Resveratrol drug. (iii) Zein nanoparticles can 
increase Oral bioavailability of the drug Resveratrol. (iv) Nanoparticles of Kafirin 
can enhance the photostability of the drug and also can protect it from lipid oxidation 
(Tapia-Hernández et al. 2019). 

12.7.4 Elastin 

Elastin is a protein present in the extracellular membrane of mammals. It has prop-
erties like rubber, meaning it stretches but comes back to its original form easily. 
These proteins help in tissue stretching. This hydrophobic protein is a great source 
of valine, proline and glycine. It helps in chemotaxis, cellular growth and home-
ostasis of tissues. Tropoelastin is the precursor of elastin, which is rich in lysine 
valine and proline. Elastin nanoparticles can be formed using the self-assembly 
method mainly. Also, nanoparticles of Elastin can be formed within the range of 
300–400 nm by electro spraying method. Elastin nanoparticles help in (i) decreasing 
the pH and enzyme sensitivity of the drug, (ii) It protects the drug from high 
temperatures (MacEwan and Chilkoti 2014).
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12.7.5 Protamines 

Protamines are peptides rich in arginine amino acids. For pharmacological use mainly 
protamine rich fish sperms are used. Friedrich Miescher, a biologist and physician, 
first discovered and extracted protamines in 1874. The molecular weight of protamine 
is 4000–5000 Da. Protamines are basic in nature and made of 50–110 amino acids. 
Depending on the presence of basic amino acids, protamines can be divided into 3 
groups. Group 1 is called Monoprotamines, these protamines are composed of only 
arginine amino acids. Group 2 or Diprotamines have one another basic amino acid 
(lysine or histidine) along with Arginine. And the final group or the third group 
will have these all three basic amino acids (arginine, lysine and histidine), so they 
are called Triprotamines. Nanocapsules or nanoliposomes are common drug carriers 
made using protamines. By using reverse phase evaporation or solvent evaporation 
process protamines nanoparticles are formed. 

Advantages of using Protamine nanoparticles are being (i). insulin entrapped in 
Protamine nanoparticles help in diabetes treatment, (ii) in cardiac surgery nanoparti-
cles of protamine sulfate prevent the anticoagulatory effect of heparin, (iii) solid lipid 
nanoparticles or liposomes of protamines help in better target mediated delivery of 
the drug, (iv) nanocarriers carry antigenic RNA molecules in vaccination (Ruseska 
et al. 2021). 

12.7.6 Casein 

Casein is a phospho-protein derived from milk of mammals. Casein is the main 
constituent protein present in bovine milk. α-s1 casein, α-s2 casein, β-casein, and 
κ-casein—are the four types of casein present in bovine milk. Casein molecules are 
amphoteric in nature. Caseins are relatively heat stable as they can survive pasteuriza-
tion temperatures of ~62–70 °C. Caseins are widely used in nanoparticles formation 
because casein micelles of 50–500 nm size can be easily produced. Because of their 
amphiphilic property, they self-assemble into micelle form when introduced to any 
aqueous medium. Along with many other advantages, because casein is present in 
a food item it is considered as GRAS (Generally Recognised as Safe). The only 
problem with casein nanoparticles is, many people are allergic to casein, in fact, and 
casein is the potent allergen present in milk. In case of casein nanoparticles forma-
tion through nanoprecipitation process, Dimethyl Sulfoxide (DMSO) is used as a 
desolvating agent. DMSO is a solvent miscible in water as well as many organic 
solvents. Benefits of using Casein nanoparticles are being (i) Improvement in the 
bioavailability of the drug orally almost 10 times in case of Resveratrol, (ii) Extended 
drug release time (iii) in the case of Flutamide drug it prolongs the circulation in the 
blood plasma (Głąb and Boratyński 2017).



12 Nanomaterials in Drug Delivery: Application of Polysaccharides … 313

12.7.7 Gelatin 

Gelatin is a protein derived from animal collagen (mainly from cows and pigs) or fish 
skins. It is a translucent, colourless, water soluble protein. Gelatin is obtained through 
hydrolytic reaction of collagen. Depending on the type of hydrolysis, obtained gelatin 
is classified in 2 categories. Type A gelatin is obtained through acidic hydrolytic 
process and Type B gelation is acquired by alkaline treated collagen hydrolysis. 
Because Gelatin is easily biodegradable and non-toxic (identified as GRAS), it is used 
in colloidal drug delivery systems. Most common methods of gelatin nanoparticles 
formation are salting out and solvent evaporation. But other techniques such as the 
Desolvation process or Monomer polymerization or Emulsification can also be used 
in preparation of gelatin nanoparticles. Benefits of Gelatin nanoparticles in drug 
delivery are (i) It improves cellular uptake of the drug Amphotericin B, (ii) Timolol 
drug when entrapped inside gelatin nanoparticles shows better bioavailability, (iii) 
Enhancement of controlled release of Paclitaxel drug (Sahoo et al. 2015). 

12.7.8 Silk-Fibroin 

Naturally silk fibroin is produced by some spiders (Nephila clavipes and Araneus 
diadematus) and silkworms (Bombyx mori). It is a very large glycoprotein, composed 
of 5507 amino acids. This is a prominent problem in manufacturing silk fibroin 
nanoparticles. It is a rich source of Glycine, Alanine and Serine. Though it has many 
other disadvantages along with the high molecular weight, i.e., it is highly sensi-
tive towards high temperature, varied pH, & different enzymes; it possesses many 
advantages. For example, fibroin has robust mechanical properties & high cellular 
compatibility, surface mediated biodegradation and so on. When introduced to heat 
and salt, silk fibroin self-assembles into gels or fibers. In desolvation or nanopre-
cipitation process DMSO (Dimethyl Sulfoxide) is used as a desolvating agent in 
case of fibroin nanoparticles formation. Seven steps are performed to form Fibroin 
nanoparticles through this process: centrifugation, purification, sonication, filtra-
tion and lyo-philisation. Also micro emulsion or self-assembly processes can be 
performed to obtain silk fibroin nanoparticles. Silk fibroin nanoparticles are benefi-
cial for (i) increased biocompatibility of the drug, (ii) reduced hematotoxicity, (iii) 
enhanced anti-inflammatory properties of the intestine (iv) increased cellular uptake 
of the drug (Quérette et al. 2019) (Fig. 12.3).
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Fig. 12.3 Advantages of using nanobiocarriers in drug delivery 

12.8 Conclusion 

Polysaccharide and Protein based nano-biopolymers are excellent carrier of various 
bioactive components, nutraceuticals and other therapeutics. More importantly these 
polymers are nontoxic and most of them are Generally Recognized as Safe (GRAS) 
to consume. Also, the production procedures for both the types of polymers are 
quite convincing. Using these biocarriers effectively reduce wastage of the drug, 
provide more sustainable release and reduced cytotoxicity. Currently, large scale 
industrial production of these polymer-drug molecules is on. Which is in fact a 
great growth. Though more clinical trials of these nano-carrier-drug compounds are 
needed for different types of diseases. In present days, Abraxane (Albumin bound 
drug compound use in chemotherapy) is discontinued from cancer treatment. So, 
more clinical trials and experiments can only unfold the various possibilities or 
advantages of these nanocarriers.
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Chapter 13 
Recent Advancements in the Application 
of Nanomaterial in Modern Drug 
Delivery and Future Perspective 

Pitambar Patel and Sachin Rameshrao Geed 

Abstract Recently, nanomaterials are widely employed in the medical sector for 
sensitively detecting biological molecules, imaging of diseased tissues, therapeu-
tics, and drug delivery. Nanomaterials with various biological characteristics and 
compositions have widely explored for drug delivery uses. It’s critical to compre-
hend the interactions while using drugs for delivery of the nanomaterials with the 
bio-system, therapeutic agent’s stability, surface of target receptors, and release of the 
drug. Different organic and inorganic based nanomaterials have designed, and their 
application as nanocarriers was widely investigated. The present chapter focuses on 
the recent updates of nanomaterial-based drug delivery methods and nanomedicine, 
along with complete scrutiny of nanomaterial’s design, synthesis, and application for 
improving drug delivery and efficacy. The advantages and challenges of nanomate-
rials in drug delivery in their clinical applications are also addressed. Additionally, 
the future opportunities and perspectives of these nanomaterials are discussed. 

Keywords Nanomaterials · Nanocarriers · Drug delivery · Nanomedicine · Drug 
targeting 

13.1 Introduction 

Human beings have traditionally utilized natural remedies derived from plants/ 
herbsfor the treatment of many different illnesses/disease. Most contemporary 
medicines are derived from plants/herbs using conventional knowledge. About 25% 
of the most relevant pharmaceutical active compounds and their metabolites derived
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from nature (Baker 2009). A recent approach in the development of drugs from 
natural products has synthetically feasible active ingredients which resemble the 
same structure and properties (Patra et al. 2018). Natural products show remarkable 
chemical, biological characteristics with macromolecular specificity, and lower toxi-
city, among other noteworthy traits. Nanomedicine and nano-based delivery systems 
are newlyemergingtechnologies because of the nanoscale range of size are used as 
a diagnostic tool or therapeutic agents to specified targeted sites (Fais et al. 2016; 
Sahu et al. 2021). Nevertheless, Eric Drexler’s conception of new molecular altering 
nanoparticles has transformed the traditional science and broadened the scope of its 
applications. Due to advancements in modern science, research on nanoparticles is 
gaining speed and progressing more rapidly among specialists globally. Nanotech-
nology provides a platform for manipulating and enhancing the essential properties of 
metals-based nanomedicine in the form of nanoparticles, which have promising appli-
cations in diagnostics and treatments (Sowjanya 2015; Mitchell et al. 2021). Nanopar-
ticles’ achievement can be attributed to their distinctive biotechnology, which has 
developed a variety of potent drugs yet many of them have challenges during delivery 
of biological systems. Due to its contraindications and unique chemical constitution, 
their therapeutic potential is significantly reduced (Patra et al. 2018; Sahu et al. 
2021). Awide range multidisciplinary approach has recently given special focus 
on nanotechnology to produce nanoparticles. The development of nanoparticles has 
affected the formulation and medicines delivery (Sahu et al. 2021). Nanomaterials’ 
discovery and application help improve the selectivity of diagnostic tests utilizing 
disease-related markers to use both new and conventional plant-based drugs (Patra 
et al. 2018; Sahu et al. 2021). 

The application of nanotechnology for drug delivery systems improves perfor-
mance, effectiveness, safety and reduces health care costs. Additionally, it might 
improve the performance of medicine that failed to go beyond the clinical trial 
phases with the use of different approaches, such as targeting trans membranes, 
transferring chemicals to specific organelles, and reducing delivery, nanotechnology 
can make these technologies more practical and accessible. As a substitute approach, 
nanotechnology-based therapeutic agents are being developed to improve therapeutic 
efficacy and alter the physicochemical characteristics of antiviral treatment (Sahu 
et al. 2021; Mitchell et al. 2021). Nanotechnology delivers nanomedicine safely 
and effectively for treating diseases as diabetes, cancer, HIV, asthma, and hyper-
tension etc. Before application, there are many crucial elements, namely immuno-
genicity, target selectivity, and bio-compatibility (Mitchell et al. 2021). Overview of 
drug delivery system is given in the Fig. 13.1. In the initial phase small interfering 
RNA (siRNA) delivery via a target-basednanoparticle approach was conducted in 
conducted in 2010 on patients with solid tumors (Sahu et al. 2021; Davis et al. 2010). 
A different clinical investigation revealed a better tumor, effectiveness of a dynam-
ically targeted polymeric nanoparticle as a therapy Contains docetaxel (DTXL), a 
chemotherapy agent to a DTXL formulation based on solvents (Hrkach et al. 2012). 
Nanobiotechnology is a part of biomedicine; nanoparticles have been utilized in drug 
delivery, tissue engineering, and biosensors.
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Fig. 13.1 Overview of drug delivery system the major components are safety, effectiveness, 
classification and synthesis of nanomaterials 

Nanoparticles are typically small nanospheres as they are composed of materials 
manufactured employing atomic or molecular building blocks. As a result, they 
can move within the human body with greater freedom than more giant molecules. 
Due to the ability of nanoparticles, the structural, chemical, mechanical, magnetic, 
electrical, and biological characteristics of nanoscale-sized particles are different to 
be used in drug delivery by encapsulating therapeutic medicines and transporting 
allowing them to more accurately target tissues with a controlled release (Patra et al. 
2018; Mitchell et al. 2021). 

Nanomedicine integrates nanoscience techniques and knowledge to medical 
biology, disease treatment, and disease prevention. It suggests using nanomaterial-
based nanosensors and nanorobots for drug delivery, diagnosis, sensory functions, 
and actuating materials in living cells (Patra et al. 2018; Mottaghitalab et al. 
2019). When it came to material design, execution strategies, and clinical applica-
tion, experts understood engineering concepts. The primary considerations in drug 
designing are diffusion, erosion, deterioration, shearing, swelling, binding, surface 
and the rates of both active and passive cell absorption. Self-emulsifying system and 
regulated drug delivery are part of the material design. The different controlled drug 
release systems are osmotic pump, hydrogel, matrix, reservoir, and erodible material. 
Drugs are released in the matrix system through interconnected pores. Drug perme-
ates through the selectively permeable membrane of the reservoir system. When 
a substance is degradable, it develops a porous structure that allows a drug to be 
extruded. The drug is released in an osmotic pump system through hole(s) in an
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impermeable membrane whenever the osmotic pressure changes. An erodible the 
drug is released as substance dissolves. Oil, surfactants, and co-surfactants, which 
are utilized when combined with water and drugs to create micro- or nanoemulsions, 
are indeed the components of self-emulsifying drug delivery systems (Holowka and 
Bhatia 2016; Sultana et al. 2022).Clinical application entails evaluating a drug’s 
efficiency from the medical point of view. 

Nanomaterial based nanomedicine also offer platforms for medication cocktail 
therapy, such as by blocking the action of various medicine resistance pathways, to 
the cell membrane, for instance (Zhou et al. 2020). Utilizing nanomedicine in the 
present day has beenpromising to beat Multiple Drug Resistant (MDR) in cancer 
treatment (Wang et al. 2018; Zhang et al. 2019). New stage strategy for cancer 
cure management has emerged nonomedicines and has a greater attention thorough 
multidisciplinary research. There are many conventional methods for delivering the 
drug to the target tissue, but each of these approaches has some drawbacks. This 
led to the creation of smart medication delivery systems that can counteract the 
drawbacks of traditional methods. The fundamental ideas of this chapter are the 
recent updates in nanomedicine and drug delivery systems based on nanomaterials, 
synthesis, and application for improving drug delivery and efficacy. Advantages and 
difficulties of using nanomaterials for medication administration in clinical settings 
are also discussed. Additionally, the future opportunities and perspectives of these 
nanomaterials are discussed. 

13.2 Nanomaterial Based Drug Delivery System 

Numerous treatment methods have invented for nanomedicine development and 
drug delivery systems. Traditional clinical analytic techniques have been exam-
ined to increase medicine selectivity and diagnostic precision. For instance, novel 
drug delivery systems are being investigated to ensure that they act precisely where 
they are needed, increasing their availability while reducing their toxicity when 
ingested (Wang et al. 2018). Polymer based, dendrimers, dextrans, poly (lactic-
coglycolic acid) (PLGA) and liposomes and are a few examples of synthetic and 
natural polymers that have employed to construct a number of nanocarriers for deliv-
ering therapeutic and imaging substances. Similar to carbon nanotubes, metal-based 
nanoparticles (Ag/Au), nanoparticles based on metal oxide (superparamagnetic), and 
semiconductor-based nanoparticles (quantum dots) are also employed in medical 
applications (Naresh and Lee 2021; Rabbani et al. 2020; Hirsch et al.  2003). To 
discuss physicochemical factors contributing to toxicity and approaches for evalu-
ating toxicity related to nanoparticles, initiatives have been attempted to examine 
the effectiveness and safety of drugs based on nanotechnology for diagnosing and 
treating cancers. Nanoparticles’ physicochemical characteristics are caused by their 
highly reactive surfaces, chemical composition, solubility, size, shape, etc. Zhou et al. 
(2020), Wang et al. (2018), Zhang et al. (2019), Naresh and Lee (2021), Rabbani 
et al. (2020), Nagpal et al. (2010).
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Drug delivery systems with the use of in nanomedicine are mostly lipid-
based, polymer-based, non-metallic-based, and metal oxide-based nanomaterials 
are utilized. When it comes to non-biological lipid-based carriers, liposomes are 
a popular alternative for delivering drugs that enhance the prognosis of kidney, 
skin, liver, lung, and prostate tumors. Liposomes are preferable to many other nanode-
livery systems in a number of ways because of their lower toxicity and significant 
therapeutic index (Rabbani et al. 2020). Liposomes are classified into neutral, anionic 
and cationic, nanoparticles based on their net charge. Cationic liposomes gener-
ally have included amphipathic cationic lipid, dioleyolphosphatidylethanolamine 
(DOPE). Once liposome is absorbed into cells, the DOPE concentration ranges (0– 
50%), and its elastic response DNA by disrupting the endosome. Low transfection 
efficiencies were explained by liposomes lacking DOPE being discovered entrapped 
in endosomes and lysosomes. Furthermore, DOPE is a crucial factor that influences 
a liposomal formulation’s capability to transfect cells. Low transmission efficiencies 
were explained by the finding of Liposomes deficient of DOPE entrapped in lyso-
somes and endosomes (Wang et al. 2018; Zhang et al. 2019; Naresh and Lee 2021; 
Rabbani et al. 2020). 

Glucose polymers classified as dextrans are utilized in a number of pharmacolog-
ical activities. High percentage of a-1,6-glucopyranosidic linkages (95%) opposed 
to 1,3-linkages (5%), which is a characteristic of dextrans. Pharmaceutical agents 
have been supplied utilizing dextrans of 40–70 kDa molecular weight. Dextrans 
are synthesized by partial depolymerization utilising acid hydrolysis and separation 
from native, high-molecular-weight dextrans(107–108).Hormones, growth factors, 
enzymes, and imaging compounds can all be conjugated to dextrans by reversible or 
irreversible processes. Drug and enzyme conjugation to dextrans improves physico-
chemical qualities including the solubility and stability and assists in drug discovery 
at the site of action (Mottaghitalab et al. 2019; Holowka and Bhatia 2016; Sultana 
et al. 2022; Zhou et al. 2020). 

To prepare systems for drug loading, poly(amino acids), polyamides, poly 
orthoesters, polyurethanes, poly(alkyl-a-cyano acrylates), polyacrylamides and 
polyesters have been used extensively. Since the 1970s, the copolymerpoly (lactic-
coglycolic acid) PLGA has been used and is the most well-known biodegradable 
polymer regarded as a biomaterial that is compatible with humans (Wang et al. 2018; 
Rabbani et al. 2020).The properties that are biological and biomechanical of indi-
geneous vascular tissue have been mimicked using PLGA. To extend the period 
that paclitaxel is delivered, Paclitaxel has been enclosed in PLGA nanomaterial to 
deliver controlled release drug to the both the luminal surface and interior of extended 
polytetrafluoroethylene tissue engineering. Dendrimers have multiple branches that 
resemble large, spherical formations. A dendrimer typically has a spherical three-
dimensional structure and is symmetric around a core. Dendrimers have an external 
surface, an interior shell, and a seat. Each region has a different functionality that can 
be synthesized to regulate compounds’ dispersion, thermal stability, and attachment 
for a range of diverse applications (Wang et al. 2018; Zhang et al. 2019). 

A carbon nanotube is most constituents of graphite. The technique wherein 
graphite is formed into a tube influences the nanotubes structure. Though carbon
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nanotubes are insoluble in all liquids, functionalization and no covalent supramolec-
ular sorption can improve its solubility. Nanotubes are characterize having an aspect 
ratio >100, sizes between 0.7 and for 1.5 nm single-walled carbon nanotubes; multi-
wall range in size from 2 to 50 nm and lengths of several millimeters. The tech-
nique wherein graphite is formed into a tube influences the nanotubes structure. 
Though carbon nanotubes are insoluble in all liquids, functionalization and nonco-
valent supramolecular sorption can improve its solubility. Various biomedical appli-
cations are facilitated with use of carbon nanotubes. Applications for both cancer 
treatment and diagnostic tools can be developed with carbon nanotubes that can 
be supplied with small-molecule inhibitor and/or imaging agents owing to their 
enormous surface area conjugated with a variety of compounds (Zhou et al. 2020; 
Felgner et al. 1987).Metallic nanoparticles typically contain a metal core, which is 
often surrounded by a shell made of metal oxide or another inorganic substance. 
The core itself is composed of an inorganic metal or metal oxide. Biocompatible 
and stable metal oxide nanoparticles can serve as carriers for drugs and diagnostic 
agents. Additionally, the fluorescence and photo-stability of fluorophores and metals 
in metal-based nanoparticles may be amplified through interactions with one another 
(Hrkach et al. 2012; Farokhzad et al. 2006; Nagpal et al. 2010; Felgner et al. 1987; 
Hirsch et al. 2003; Hainfeld et al. 2004). 

The drug design aspects for the purification and characterization of peptides, 
protein, and biological compounds as well as technological advancements in 
computer science are necessary for the growth and development of pharmaceutical 
industry. Finding novel leading medicines based on an understanding of a target 
tissue has been a promising feature of such a scenario. There are numerous studies 
emphasize the design of various types of molecules and significanceof looking into 
diverse medicines release mechanisms. Additionally, natural products development 
can give practical and fascinating solutions to issues concerning drug design by 
encouraging the discovery of novel drugs with desired physicochemical character-
istics. The main targets for development in nano biotechnologies in drug delivery: 
reducing toxicity even while utilizing therapeutic drugs, improving both biocompat-
ibility and safety, delivering drugs with more precision, faster development of new 
safe medicine (Mottaghitalab et al. 2019; Holowka and Bhatia 2016; Sultana et al. 
2022; Farokhzad et al. 2006; Nagpal et al. 2010; Felgner et al. 1987; Hirsch et al. 
2003). 

Systems for drugs delivering have become increasingly important. These systems 
are easy to build and could promote the body’s customized delivery of the active 
ingredients. It’s interesting to note that different drug polarities can be delivered by a 
variety of methods using chemical or physical contacts, including such electrostatic, 
Van der Waals forces of attraction, covalent bonds, and hydrogen bond. Superpara-
magnetic iron oxide nanoparticles (SPION) are organic substances like fatty acids, 
phospholipids, peptides, polysaccharides, polymers and surfactants or that is coated 
with silica or gold on top of iron oxide cores that are inorganic particles. Nanopar-
ticlesmay be heated when an applied alternating magnetic field from the exterior 
because they have magnetic characteristics that allow for collecting in a specific 
region. When coated with antibodies or peptides, nanoparticles can attach to specific
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cells to cure or image diseases. These nanoparticles are appealing due to their property 
for range of application as magnetic hyperthermia, drug delivery, MRI, and magneti-
cally assisted cell transfection. The nanoparticles are between 50 and 160 nm in size. 
Clinical trials now use organic-coated particles as MRI contrast agents to diagnose 
liver cancers and differentiate between inflammatory and metastatic lymph nodes 
(Fais et al. 2016; Sahu et al. 2021; Sowjanya  2015; Mitchell et al. 2021; Davis et al. 
2010; Hirsch et al. 2003). 

Nanomaterials are also used as nanocarriers that interact with biological systems 
and how quickly the active ingredient is released into the body. Although there are 
many different nanocarriers with unique drug release mechanisms, profiles are being 
created to strengthen the distinctiveness of the nanostructures focus on selected places 
of the organism, to reduce their chemical functionalization or coating with various 
compounds, like polymers, to increase their immunogenicity natural polysaccha-
rides, a cell’s membrane, antibodies, as well as tunable surfactants, peptides, etc. In 
rare circumstances, medicines do not show binding and alignment with a particular 
target or avoid crossing. A number of barriers, including the blood–brain barrier and 
ligand-modified proteins, crossed the cerebrospinal fluid. Table 13.1 gives insight 
into Nanomaterial based drug delivery systems (Farhood et al. 1994; Farokhzad 
et al. 2006).

Nanocarriers were used to enter the cell and enable the distribution of a specific 
drug in a membrane-specific environment. Numerous nanocarriers have included 
hyaluronic acid as a ligand with encouraging findings for intra-vitreal delivery. An 
extracellular matrix polymer called hyaluronic acid boosts the anticancer activity of 
cancer stem-like cells, breast cancer cells, and lung adenocarcinoma cells. Although 
time-consuming, the creation of ligand-appended drug delivery systems necessitates 
a variety of targeted designs that consider physiological aspects, involving tissue 
structure, blood flow, and disease severity. The lesson in such situations is that we 
need to examine what the body actually requires; possibly working in conjunction 
with the body’s natural processes is preferable to working against them (Hirsch et al. 
2003; Hainfeld et al. 2004; Meng et al. 2009). 

The important factors to be considered for the nanomaterial-based drug delivery 
system.

● Increased blood flow and accumulation with passive or active targeting
● Increased depth of penetration in target tissue
● Delivery of the payload into the cytoplasm under control
● Conquering drug resistance in target tissue
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13.3 Basic Principle and Mechanism of Nanotechnology 
in Drug Delivery 

Drugs with low solubility have a number of biopharmaceutical issues, including 
accessibility and bioavailability after intake through mouth, require high dose intake 
and creates unwanted side effects. However, by incorporating nanotechnology into 
the drug delivery process, all of these issues might be resolved. Numerous research 
organizations worldwide have researched the use of nanoparticles as medication 
carriers extensively since it is the most cutting-edge technology. Solubility, diffu-
sivity, bioavailability, drug release patterns, and immunogenicity are some of these 
properties of the nano carriers are easily tunable. This makes them a conve-
nient route of drug administration with a prolonged pharmacological life cycle, 
lower toxicity, and less adverse effects with improved biodistribution (Mirza and 
Siddiqui 2014).The formation of nanoparticle basically involves the spontaneous 
self-assembly of building blocks in to well-defined patterns or structure (Lu et al. 
2016). The therapeutic agents may be attached to the nanoparticle surface or stored 
inside the spherical shape of the nanoparticle. The therapeutic chemicals may release 
from the nanoparticle through swelling, erosion, diffusion, or disintegration once they 
reach the target site. 

13.3.1 Drug Delivery Strategies Using Nanostructures 

The designed drugs delivery systems are either target to deliver the drug to a targeted 
sites are planned for controlled drug molecule release. Usually, nano carrier delivers 
the drugs via two ways: (i) passive and (ii) self-delivery (Patra et al. 2018; Lu et al.  
2016). 

13.3.1.1 Passive Delivery 

In passive delivery drugs are integrated into the inner chamber of self-assembled nano 
structures through covalent interactions (mainly the hydrophobic effect) between the 
carrier and drug molecule, medicines. Many nanocarriers, including porous nanopar-
ticles, nanomicelles, and nanocapsules, have a hydrophobicity to stabilize the medic-
inal molecules they are encapsulating (Chung et al. 2014). Drugs will be released at 
the target site after the nano carrier is disassembled. However, very less drug loading 
inside the hydrophobic compartments of the nano carrier is observed in physical 
encapsulation, mostly weight range from 2 to 5% (Lin et al. 2013).



328 P. Patel and S. R. Geed

13.3.1.2 Self-delivery 

The drugs are effectively linked to the nanocarrier during self-delivery. The conjuga-
tion between the carrier and drug molecule should be easily cleavable at target sites. 
In this process, the releasing time of drug molecule from the carrier is very crucial. 
If the medicine is released before it reaches the intended place, its activity and effec-
tiveness will be reduced. This procedure, called “burst release,” will cause the body 
to immediately remove the drugs (Keith and Cui 2014). Therefore, it’s essential to 
design the drug’s and its nanocarrier’s conjugation in a balanced way. 

Notably, each drug delivery systems have their unique physical, chemical and 
morphological features. Depending upon their chemical interactions or physical 
interactions with drug molecules they may have their own affinity for different drugs. 
Addition to this, various other parameters, like the nanocarriers’ chemical composi-
tion and the mode of association of drug with them are also important parameters for 
understanding the drug delivery system (Siepmann et al. 2008; Mattos et al. 2017). 
Further, numerous investigations were done to determine how these nanocarriers 
release drugs. Solvent, diffusion, and chemical reactions are a few examples of the 
mechanisms that might indicate the release of drugs from nanocarriers (Fig. 13.2) 
(Lee et al. 2010; Ding and Li 2017). For instance, neem bark extract loaded biogenic 
silica has a greater drug release profile than neem bark extract encapsulated silica 
nanoparticle (Mattos et al. 2017).

Another illustration is the cancer treatment’s pH-sensitive medication release from 
polymeric nanomicelles. In this instance, the polymeric nanocarriers distribute the 
medication selectively into the tumour cell’s acidic pH environment. When polymers 
with ionizable functional groups are exposed to pH changes, their structure changes, 
releasing the medicines through structural breakdown. In some cases, acid-labile 
linker is used between drug and copolymer to accomplishregulated drug release in 
tumours with an acidic pH. In controlled drug release, acid-labile bonds such oxime, 
hydrazone, orthoester, imine, and vinyl ether bonds were examined (Wang et al. 
2018; Salim et al. 2014). 

13.4 Nanomaterials Used in Drug Delivery 

Owing to the importance of nanoparticle in drug delivery system, wide libraries of 
nanoparticles, composed of various size, shape and materials having unique chem-
ical and surface properties have been synthesized already (Yan and Chen 2014; 
Mudshinge et al. 2011; Lombardo et al. 2019). The nanoparticle can be classified in 
two broad categories as mentioned below.
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Fig. 13.2 Drug release mechanisms operated in nanocarriers

13.4.1 Organic and Polymer Based Nanocarrier 

Recently, interest on organic and polymer-based nanoparticles in drug delivery 
systems has increased. They include chitosan, cellulose, liposomes, dendrimers, 
polymeric micelles, protein aggregates etc. The important advantage of organic 
nanoparticles over inorganic is they are biodegradable, which canovercome the 
chronic toxicity to cells or tissues. In addition, use of phospholipids in nanoparticles 
synthesis will improve the biocompatibility and ability to penetrate cell membrane 
(Fricker et al. 2010). 

13.4.1.1 Chitosan Based Nanocarrier 

A biocompatible and biodegradable polymer with surface functional groups, chitosan 
may readily be changed to fulfil certain tasks. Nanocarrier based on chitosan have 
received extensive research for use in medication delivery applications with different 
mode of administrations for the treatment of pulmonary diseases, drug delivery
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to the brain, gastrointestinal and dermatological disorders (Yoo and Park 2001). 
Recently, amphiphilic chitosan derived polymeric micelle nanoparticles were synthe-
sized by the grafting of long, hydrophobic acyl chains via self-aggregation in water 
(KoopaeiM et al. 2014). Self-aggregated amphiphilic micelles of chitosan and poly-
caprolactone were synthesized and were used as paclitaxel carriers to enhance its 
pharmacokinetic profile in the gut (KoopaeiM et al. 2014). 

In order to increase the amount of medicine in the brain and increase treatment 
effectiveness, nanoparticles of carboxymethyl chitosan were created and employed 
as a nanocarrier for the intra-nasal release of carbamazepine (Liu et al. 2018). The 
nanoparticles have an average diameter of 218.76 ± 2.41 nm, 35% drug loading 
capacity and 80% encapsulationefficiency. Study indicates that concentrations of 
carbamazepine in the brain were higher (P < 0.05) for an additional 240 min compared 
to those in the plasma. Another illustration is the oral delivery of 5-fluorouracil (5-
FU), which was explored in terms of the drug release profile into the gut from 
hyaluronic acid-coated chitosan nanoparticles (Fricker et al. 2010; Yoo and Park 
2001; KoopaeiM et al. 2014). The 5-FU release profile indicates that the medicine 
was shielded from discharge in the stomach and small intestine as it travelled from the 
stomach to the colon. Additionally, the high concentration of drugs at the tumour site 
might be able to improve antitumor effectiveness while lowering systemic toxicity. 
Experimental studies show that targeting and bioavailability of drug by chitosan 
nanocarrier can be improved by chemical modification of nanoparticles. 

13.4.1.2 Cellulose Based Nanocarrier 

In drug delivery systems, cellulose and its derivatives are frequently utilized as nano 
carriers, primarily to change the solubility and gelation of the pharmaceuticals that 
result in the control drug release profile (Sun et al. 2019). Release of repaglinide orally 
(an anti-hyperglycemic-RPG) was investigated by using cellulose nanocrystals and 
chitosan nanoparticles (Elseoud et al. 2018). Chitosan nanoparticles had a mean size 
distribution of 197 nm, whereas hybrid chitosan nanoparticles and oxidized cellulose 
nanocrystals containing repaglinide had mean diameters of 251–310 nm. Because 
of the drug’s hydrogen bonds with the cellulose nanocrystals, the drug was continu-
ously released. In contrast to nanoparticles derived from native cellulose nanocrys-
tals, those based on oxidized cellulose nanocrystals had a reduced release profile. 
Acyclovir was used as the drug molecule to study the drug release into the nasal 
mucosa utilizing nanoparticles of hydroxypropyl methylcellulose, cationic hydrox-
yethyl cellulose, methylcellulose, and sodium carboxymethyl cellulose (Hansen et al. 
2015). The polymers’ suitability as excipients for nasal release applications was also 
evaluated with regard to the frequency of their ciliary beats and their infusion into the 
tissue system of the nasal passages. It was observed that, thermally induced viscosity 
was increased by polymer grafted copolymer with the cellulose derivatives. Addi-
tionally, the permeability of acyclovir into the nasal mucosa was seen to be enhanced 
when combined with cationic hydroxyethyl cellulose. As evaluated by ciliary beat
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frequency, negative effects on tissues were not observed all the cellulose derivatives 
(Elseoud et al. 2018; Hansen et al. 2015). 

13.4.1.3 Liposomes 

Liposomes are spherical vesicles made up of phospholipids and steroids that are 
generally between 50 and 450 nm in size. Phospholipids are generallyrecognized as 
safe components and thus minimize the chance of potential side effects. Liposomes 
are used for the transportation of various molecules in the cosmetics and pharma-
ceutical industry and one of the most extensively studied methods for delivering 
drugs. Liposomes are thought to be a superior medication carrier because of how 
close their membrane structure is to that of the cell membrane. They also make it 
easier for drugs to be incorporated into them (Bozzuto and Molinari 2015). Experi-
mental studies have shown that liposomes make drug molecule stable, enhance their 
biodistribution, are also biocompatible and biodegradable and can be used for both 
hydrophilic and hydrophobic drugs. Additionally, the in vivo stability or the targeting 
ligand can be increased by functionalization of the liposome surface with ‘stealth’ 
material, which also allow liposomes to be delivered preferentially. Liposomes have 
been effectively employed as effective carriers for several medications, including 
antivirals, antineoplastics, antibacterial, insulin, and plasmid DNA, thanks to their 
multifunctional properties. Table 13.2 lists a few of the chosen biomedical uses for 
liposome nanocarriers. 

Table 13.2 Liposomes biomedical application 

Liposome Composition Drug application References 

Hydrogenated soya, 
phosphatidylcholine and 
distearoylphosphatidylglycerol 
(DSPG) 

Amphotericin B Aspergillus 
fumigatus 

Takemoto et al. 
(2004) 

Dipalmitoyl-phosphatidylcholine 
(DPPC),cholesterol and 
dimethylammonium ethane 
carbamoyl cholesterol (DC-chol) 

Benzyl penicillin Staphylococcus 
aureus 

Kim and Jones 
(2004) 

Stearylamine (SA) and dicetyl 
phosphate 

Zidovudine HIV Kaur et al. (2008) 

Liposome Daunorubicin and 
doxorubicin 

Breast cancer Park (2002) 

DC-Chol liposome Plasmid DNA Gene transfer 
insubcutaneous 
tumor 

Whitemore et al. 
(2001)
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13.4.1.4 Dendrimers 

Dendrimers are three-dimensional globular formations that are well defined, 
monodisperse, and extremely divergent. These structures provide ideal drug delivery 
systems because their surface may be readily and precisely functionalized (White-
more et al. 2001; Kesharwani et al. 2015). There are two methods for producing 
dendrimers: the first is a divergent technique, where the synthesis begins in the 
core and is subsequently extended outward. The other one is convergentwhich starts 
from the synthesis of outside of the dendrimer followed by extended to words the 
inside core (Madaan et al. 2014). The presence of amine group in dendrimers limits 
its clinical use, because the amine groups are either cationic or positively charged, 
making them toxic. Normally, modified dendrimers are used in order to reduced or 
eliminate the toxicity. Dendrimers are categorised based on their functionalization 
moiety such aspolyamidoamine (PAMAM), polyethyleneimine (PEI), polyethylene 
glycol (PEG), melamine, polypropyleneimine(PPI), poly L-glutamic acid (PG). The 
mechanisms are used to load drugs into dendrimers: electrostatic interaction, simple 
encapsulation, and covalent conjugationare some of the mechanisms via which drug 
is loaded in the dendrimers (Cheng et al. 2008).Basically, dendrimers delivered the 
drug via two different path ways, (i) in vivo release of drug from dendrimer is 
possible in presence of suitable enzyme which can cleave the drug dendrimer’s cova-
lent bonding; (ii) change in physical environment like pH, temperatureetc.,will also 
lead to the release of drug (Tripathy and Das 2013). Dendrimers have successfully 
applied in ocular, oral, transdermal, pulmonary and targeteddrug delivery (Cheng 
et al. 2008). Few applications of dendrimers in biomedicals are given in Table 13.3. 

Table 13.3 Biomedical application of dendrimers 

Dendrimer Composition Drug application Refs. 

PAMAM 
(polyamidoamine) 

Nadifloxacin, 
prulifloxacin 

Various bacteria Madaan et al. (2014), 
Cheng et al. (2008) 

PAMAM 
(polyamidoamine) 

Propranolol Hypertension D’Emanuele et al. 
(2004) 

Polylysine dendrimer VivaGel 
(SPL7013 Gel) 

HIV, HSV and 
sexuallytransmitted 
infections 

Rupp et al. (2007) 

PAMAM 5-Fluorouracil Tumor Zhuo et al. (1999) 

Dendrimer Isotope of boron 
(10B) 

Cancer Hawthorne (1993) 

Poly(L-glutamic 
acid),polyamidoamine 
andpoly(ethyleneimine) 

Folic acid Breast cancer Kukowska-Latallo et al. 
(2005)
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13.4.1.5 Polymeric Micelles 

Amphiphilic copolymers are used to produce polymeric micelles, which self-
assemble in aqueous solutions to form a core shell structure. Drugs that are 
hydrophobic can be loaded into the micelle’s hydrophobic core, but the hydrophilic 
shell renders the system water soluble and remains stable the core. To prevent rapid 
renal excretion, polymeric micelles typically have a size under 100 nm and a narrow 
dispersion. Given that these drugs can be accommodated by the micelles’ internal 
core structure, they have a significant potential for hydrophobic drug delivery. As 
a result, drug stability and bioavailability are increased (Xu et al. 2013). Formation 
of micelles was affected by many factorssuch asconcentration of amphiphiles, size 
of the hydrophobic chain in the system of the molecule, temperature, and solvent 
(Bhushan et al. 2016). The crucial micelle concentration is the lowest concentration 
at which micelle assembly creation begins (Kulthe et al. 2012). The amphiphilic 
moleculesremain independent at lower concentration. Drugs can be loaded onto 
polymeric micelles via the solvent evaporation technique, direct dissolving process, 
and dialysis procedure (Bhushan et al. 2016; Kulthe et al. 2012).The drug targeting 
properties of polymericmicelles can be established by different mechanism of action. 
A few examples of this are the clustering of monoclonal antibodies to the micelle 
crown, the complexing of a particular ligand to the micelle surface, or enhanced 
penetrability and holding effect stimuli. 

13.4.1.6 Protein and Polysaccharides Nanoparticles 

Natural biopolymers such as proteins and polysaccharides are derived from a variety 
of biological sources, including microbes, animals, plants, and marine sources (Balaji 
et al. 2017). The majority of protein-derived nanoparticles are biodegradable, metab-
olizable, and functionalized for attachment to certain drugs and other targeted ligands. 
Bovine and human serum albumin, as well as gliadin, are examples of water-soluble 
proteins that can be used to make protein nanoparticles (Bassas-Galia et al. 2017). 
To deliver the drug at exact cells and tissues, the protein nanoparticles are combined 
with targeting ligand via chemical alteration of the nanoparticle (Balaji et al. 2017; 
Bassas-Galia et al. 2017). Likewise, the polysaccharides are composedof monosac-
charides bonded throughO-glycosidic link. The significant disadvantage of polysac-
charide nanoparticles for drug administration is their oxidative destruction at high 
temperatures (beyond their melting point), which is frequently required in indus-
trial procedures. The polysaccharides’ inability to be used in any way since they are 
all soluble in water is another issue (Lohcharoenkal et al. 2014). However, various 
technique has been established the stability of the polysaccharide chains must be 
ensured.



334 P. Patel and S. R. Geed

13.4.2 Inorganic Nanoparticle as Drug Carrier 

Various inorganic nanoparticles, such as metal nanoparticles, Mesoporoussili-
cananoparticles, quantum dots, and nanotubes possesses unique properties which 
used for differentbiomedical applications. Some of them are discussed below. 

13.4.2.1 Metal Nanoparticle 

In recent years, biomedical application of metal nanoparticle in target/sustained drug 
delivery, biosensors, bio-imaging and photo ablation therapy has been growing dras-
tically (McNamara and Tofail 2017). Further, functionalization and modification 
of these nanoparticle improve their binding capacity with drugs, other ligands and 
antibodies, thus making them more promising candidate for biomedical applica-
tions (Kudr et al. 2017). Most extensive studies have been carried out with some 
metal nano particle like gold, iron, silver and copper for their ability as drug carrier. 
In numerous cases, the stability of polymeric nanoparticles has been increased by 
covalently bounded them with goldnanoparticles (Aryal et al. 2009). 

13.4.2.2 Mesoporous Silica Nanoparticle 

Over the last two-decade, application of mesoporous silica for drug delivery have 
been studied extensively. The diverse properties of mesoporous silica such as tenable 
pore size, high surface area, monodispersity and diverse functionalization makes 
them more suitable for drug delivery system. A diverse range of drugs such as pacli-
taxel, telmisartan, camptothecin, chlorambucil and doxorubicin have been either 
loaded in mesoporous silica or covalently grafter to it. In order to get enhance drug 
delivery capacity, functionalized silica nanoparticles are usually used. Forexample, 
silica nanoparticle functionalized with galactose or mannose shows higher cytotoxi-
city and efficient target profile to cancer cellsthan unfunctionalized ones (Bharti et al. 
2015; Baeza et al. 2016). 

13.4.2.3 Quantum Dot 

The quantum dots are coreshellnanocrystalscontaining interface amongvarious semi-
conductor. Usually, the size of quantum dots ranges from 2 to 10 nmin diameterand 
increases to 5–20 nm after polymer encapsulation (Choi et al. 2007a, b). Hydrophilic 
therapeuticagents can be immobilized via covalentor non-covalent bondsontothe 
hydrophilic side of the amphiphilic polymer. This fully designed nano structure will 
identify the diseased cells and treat it. As Quantum dot nanoparticle emit detectable 
signals, it helps for real-time monitoring of its trajectory (Qi and Gao 2008).
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13.5 Clinical Development and Approved Nano Medicines 

13.5.1 Cancer Therapy 

Cancer can be viewed as a sickness of many diseases because it is a very complex 
biological phenomenon. Many patients’ lives have been saved by the medicine that 
is now used to treat cancer. Still, the treatment’s severe side effects, which affect 
every part of the body because of the non-specificity of chemotherapeutics, are also 
responsible for a huge number of fatalities. Among the qualities of cancerous cells 
is their ability for replication, which allows them to spread quickly and uncontrolled 
(Hanahan and Weinberg 2011). The primary goal of the available chemotherapy is to 
prevent all rapid cell growth. The drawback of this therapy is that it also destroys other 
quickly dividing cells in the body, such as intestinal epithelial cells and hair follicles, 
which might have life-altering side effects for the patient (Baudino 2015). Another 
technique for the delivery of chemotherapeutic drugs is via micelles and liposomes. 
Moreover, micelles are fantastic how in overcoming the hydrophobic core of insol-
uble medications and making them soluble shell that is hydrophilic. Suppose the 
micelle’s surface is PEGylated once more through passive diffusion. In that case, 
it improves the nanocarriers’ capacity to penetrate the fenestrated vasculature of 
malignancies and inflammatory tissue, a greater drug concentration in tumors due to 
improved medication delivery. There are numerous polymeric micelles on the market 
now that contain anticancer drugs. The NK105, NK012, NC-6004, NK911, SP1049C 
and NC-6004 studies are examples of clinical trials and Genexol-PM is one such 
system (Varela-Moreira et al. 2017).Patients with breast cancer are permitted to take 
(paclitaxel) there are other types of nanoparticles as well, carbon nanotubes are one 
of the newest systems that has demonstrated potential when used to treat cancer 
(Varela-Moreira et al. 2017; Rahamathulla et al. 2021). Carbon nanotubes (CNTs) 
that fit into the category of a type of carbon with a cylinder-shaped structure that 
deepens on several sheets in cylinder-shaped concentric circlesfor instance, single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) 
(Rahamathulla et al. 2021).Because the hollow interior of carbon nanotubes is 
extremely hydrophobic, drugs that are not soluble in water can be simply added. The 
expansive area makes it possible to functionalize the outside of objects, particularly 
for a specific cancer receptor and contrast agents (Hahn et al. 2011). 

Last but not least, the anticancer effects of the spherical compound Buckminster-
fullerene C60 and its compounds are studied. Fullerene C60 is a potent collector of 
reactive oxygen species due to its capability to bind up to six electrons (Usenko et al. 
2008). Fullerene nanocrystals (Nano-C60) can boost the cytotoxicity of chemother-
apeutic medicines, hence future research into a Nano-C60 adjuvant chemotherapy 
is possible (Zhang et al. 2008). Further research conducted by Prylutska and Skivka 
(2015) using the Fullerene C60 and Doxorubicin combination showed that the tumour 
volumes of the treated rats (C60+ Dox) were 1.4 times lower than those of the control 
group. Additionally, the manner in which the C60 + Dox complex affects tumour 
cells and its implications on immune regulation.
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13.5.2 Diagnostic Testing 

Despite extensive study, it is currently impossible for clinical applications to 
utilize nanoparticles for diagnostic testing (Mitchell et al. 2021; Kolluru and Rizvi 
2013). The limitations of fluorescent light hamper diagnostic testing indicators, 
including color and fluorescence that disappear after usage. Researchers now have 
a means to get around the problems with matching and limiting the usage of 
dyes because of a bleeding effect thanks to fluorescent nanoparticles (Wolfbeis 
2015).Quantum dots, which can be produced in a large variety of distinctly diverse 
hues, were discovered, which was a huge advance. They have an adjustable emission 
spectrum, photo-stability in the visible light spectrum, and an absorption spectrum 
that ranges from UV wavelengths to high quantum yield. The location of a particular 
particle inside the spectrum is determined by the size of the nanodot. The nanodot’s 
size dictates where a specific particle is located in the spectrum (Wolfbeis 2015). The 
advantages of quantum dots are numerous as they may connected to biomolecules 
that can spend a lot of time investigating a biological system while applying white 
light they become agitated (Datta and Jaitawat 2006). Recent advances in thera-
nostic nanoparticles, which employed for diagnosis and therapy have drawn a lot 
of interest. There has been a lot of interest in recent developments in theranostic 
nanoparticles, which are used for both diagnosis and treatment. Janib et al. (2010) 
has been used demonstrated that a variety of nanoparticle types, such as surfactants 
and dendrimers, include drug conjugate aggregates (vesicles and micelles), carbon, 
and core–shell nanotubes. It is possible to track the path and the positioning of these 
nanoparticles at the targeted area in addition to the drug taking steps to evaluate ther-
apeutic response by combining a drug and an imaging agent in one ingenious distinct 
formulation (Bhojani et al. 2010). If the human immunodeficiency virus (HIV) or 
acquired immune deficiency syndrome (AIDS) is not treated, the patient’s immune 
system will be almost completely destroyed, and they will die (Bhojani et al. 2010; 
Vishnu and Aboulafia 2015). Treatment was intentionally developed for this sick-
ness when it started, with most patients taking 30 to 40 pills daily. The previous ten 
years, therapeutic advances have decreased the need for pills, daily countdown to 
a select few (Mamo et al. 2010; Haberer et al. 2011; Khalil et al. 2011; Crabtree-
Ramirez et al. 2010).Research has proven how to create polymeric nanoparticles 
that transport antiretroviral (ARV) medicines to increase the effectiveness of this 
therapy (Mamo et al. 2010; Haberer et al. 2011). In order to prevent HIV infections, 
this nanotechnology based can also be utilized in conjunction with vaccinations 
(Mamo et al. 2010; Khalil et al. 2011). Antiretroviral medicines used to treat HIV 
can be classified according to the stages of the HIV life cycle to which they respond 
best. To avoid the emergence of tolerance and to actively prevent the progression of 
HIV, highly effective antiretroviral therapy (HAART), a mixture of several drugs is 
administered. Using nanotechnology has greatly facilitated the delivery of antiretro-
viral medications and in increasing compliance. When administered orally or through 
other non-parental methods, antiretroviral medications mucosal epithelium barrier 
must be permeable (suppository and patches, etc.) (Crabtree-Ramirez et al. 2010).
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13.5.3 Nutraceuticals Delivery 

Observable health benefits can be found in nutraceuticals, which are standardized 
components. They are frequently eaten in tandem with several allopathic treatments 
to enhance health benefits and lower the risk of particular chronic illnesses (Das et al. 
2012). As with any other medicines, food matrix interactions, water solubility, degra-
dation, and epithelial permeability all affect the bioavailability of oral nutraceuticals, 
and subsequently their effectiveness (Gonçalves et al. 2018). Most supplements are 
made of lipophilic compounds, such as polyunsaturated lipids, phytochemicals, and 
fat-soluble vitamins (vitamin E, A, K, and D). Extensive research has been focused 
on enhancing the nutraceuticals’ dissolving processes utilizing combinations with 
nanoparticles, and nanotechnology once again and offers all-encompassing supports 
(Crabtree-Ramirez et al. 2010; Das et al. 2012; Gonçalves et al. 2018; Acosta 2009; 
McClements 2015; Din et al. 2017; Ravichandran 2010). The most well-known 
and well-researched nutraceutical is curcumin (diferuloylmethane), which has anti-
inflammatory, antioxidant, antiapoptotic, and antiangiogenic properties. Curcumin’s 
oral bioavailability was found to be 9 times greater when taken without piperine, 
an absorption booster (Shaikh et al. 2009). When compared to curcumin powder, 
a different study utilising colloidal nanoparticles of curcumin called theracurmin 
shown inhibitory effects against alcohol intoxication as well as a 40 times more 
surface area under the a 27-fold higher AUCarea under the curve in healthy human 
volunteers compared to rats (Sasaki et al. 2011). 

The Vitis vinifera, Labrusca, and Muscadine grapes are the most prevalent sources 
of resveratrol, a notable non-flavonoid polyphenol present in many plants. It is 
universally acknowledged for its anti-inflammatory, anti-cancer, and antioxidant 
potential (Summerlin et al. 2015). Despite its low solubility and low bioavail-
ability, the body rapidly metabolizes resveratrol and eliminates it (Kapetanovic 
and Muzzio 2011). The more prevalent and biologically active of the geometric 
isomers of resveratrol, trans-resveratrol, is photosensitive and transforms into cis-
resveratrol when exposed to light. Extensive studies have focused on resveratrol nano-
formulations that enhance the pharmacokinetic profile and bioavailability. Bonfanti 
Santos, polymeric nanoparticles, and zein-based nanoparticles are a few of them. 
Recent studies have concentrated on zein-based nanoparticles, nano-emulsions, lipo-
somes, cyclodextrins, and dual nano-encapsulation methods. The neuroprotective 
properties of resveratrol were recently evaluated by developing solid lipid nanoparti-
cles coated with apolipoprotein E (apoE) for low-density lipoprotein (LDL) receptor 
recognition on the blood–brain barrier (Sessa et al. 2013; Penalva et al. 2015; Neves  
et al. 2016).
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13.5.4 Clinical Approvals and Market Status of Nano 
Medicines 

Market-available nanomedicines come in a variety of forms and are based on 
the most cutting-edge liposome technology. The other commercially available 
nanomedicines are based on polymeric micelles, polymeric prodrugs, and nanoparti-
cles. 41 nanocarrier-based formulations are being tested at various stages of clinical 
development and have gone from the lab to the patient’s bedside. Many additional 
formulations based on nanocarriers are now under preclinical research. Unsurpris-
ingly, to avoid the additional manufacturing, regulatory, financial, and polydispersity 
challenges associated with active, ligand-receptor-based targeting, the majority of 
these nanomedicines (37) rely on passive targeting via the increased permeability 
and retention effect. Only 4 actively targeting nanocarriers, 3 of which use TfR as their 
target and one of which uses prostate-specific membrane antigen (PSMA) are now 
being developed clinically. Drugs created at the nanoscale have several physical and 
biological benefits. These benefits may then result in enhanced therapeutic effective-
ness and decreased toxicity. A bigger number of medicines are being researched for a 
variety of disorders in clinical settings, despite the fact that only about 50 nanothera-
peutics have previously reached clinical use (Svenson 2012; Caster et al. 2017). The 
development of nanomedicines due to incorporating nanotechnology in medicine is 
changing how diseases are treated. This is especially true for nanomedicines that 
use lipid nanoparticle (LNP) drug delivery systems because more than the FDA 
has already approved 10 pharmaceuticals that employ LNPs to deliver treatments 
to illness sites. Most of these nanomedicines are cancer therapy formulations that 
function better and have lesser toxicity than the “free” drug (Allen and Cullis 2013). 
We now have a strong grasp of the criteria for the effective clinical translation of 
LNP systems for the delivery of small molecules as a result of the clinical success 
of LNP-based drug delivery systems. Size ranges of 100 nm or below, extremely 
effective encapsulation methods, a low surface charge, reliable, scalable production 
procedures, and appropriate product stability are examples of translational param-
eters (Cullis et al. 1989; Akinc et al. 2019). Table 13.4 gives the details of some 
nanomaterial based drug, its market status and involvement of active ingredient.

13.6 Advantages of Nanomaterial for Drug Delivery 

In general, drugs are taken either through injection or via orally. In this process, the 
drug circulates all over the patient’s body which may causes harmful side effect. 
Additionally, after oral administration, some of the drugs are poorly absorbed due to 
their vulnerability across theintestinal epithelium. As a result, high dose of drug is 
required in conventional drug delivery system to make up the bio-availability of drug
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inside the body. By using nanoparticles as drug carrier, one can able to tune the param-
eters such as biodistribution of drugs, solubility, diffusivity, toxicity and pharmacoki-
netics of the drug molecule inside body (Zhang et al. 2008, 2014). Thus, nanopar-
ticles offer substantial advantages over the conventional drug delivery in terms of 
high specificity, high stability, efficient drug carrying capacity and controlled drug 
release. It also has the ability to deliver both hydrophilic and hydrophobic molecules 
inside the body. These properties of nano carrier offer improved drug bioavailability 
and less dosing frequency. Nanoparticles possess unique physicochemical proper-
ties like functionalizable structure, high reactivity, large surface area to mass ratio 
and manageable and ultra-small size. They can easily enter through the biological 
membranes, tissues and organs, whereas large size particle of conventional medicine 
cannot cross these barriers easily (Yao et al. 2020). The most significant features of 
nanoparticle drug delivery system is their target specific delivery ability. By this they 
only affect the diseased tissue, which results in increase drug concentration at target 
site, improve its efficacy and also reduce the unwanted side effect caused by drug 
molecule. Due to these advantages, targeted nanocarriers are being highly focused 
in therapeutic and research. Overall, using nanoparticles as a drug carrier have the 
following advantages.

● Controlled and target specific release of the therapeutic agent during the 
transportation which increase the drug efficiency and reduces the side effects.

● Drug can be encapsulated in to the system without any chemical reaction.
● There is no drug wastage, and thus increased the drug bioavailability at target site 

for prolonged time period and lower the frequency of drug intake.
● By tuning the ligand of nanocarriers, the solubility of poorly water-soluble drugs 

can easily increase.
● Additionally, it also extends the half-life of drug circulation by decreasing 

immunogenicity. 

13.7 Toxicity and Hazards of Nanoparticles 

If nanotechnology is to be utilized in nanomedicine, safety and toxicological risks 
must be given full attention to resolve. The difference between the doses indicated 
for clinical efficacy and the levels that result in undesirable pharmaceutical side 
effects is known as a therapeutic ratio/index. However, these specific compositions 
also need for a toxicological evaluation. That’s also particularly true when medi-
cations are delivered via nanoparticles. Particles are intentionally injected into the 
environment and human body for a variety of purposes, some of which anticipate 
major improvements in healthcare (Abeer 2012). When toxicologists argued that 
new science, practises, and protocols are required, opinions began to shift (Krewski 
et al. 2020). Unlike bulk materials, which are produced for their distinctive features, 
nanoparticles. These special characteristics need to be looked into from a toxicolog-
ical perspective because surface contact with bodily tissue is crucial in determining



342 P. Patel and S. R. Geed

particle response. When nanoparticles are chosen for their distinct reactive proper-
ties, it stands to reason that these properties would also affect how dangerous these 
particles are. Although there may be several issues related to the usage of these 
nanoparticles that can be found using existing testing and methodologies in medi-
cation and device review, these tests cannot be relied upon to identify all potential 
dangers, both biological and non-biological in nature. 

As compared to micron-sized particles, nanoparticles are fundamentally different 
in their physico-chemical composition, which may enable them to modify body 
distribution, cross the blood–brain barrier, and activate blood coagulation pathways. 
Studies into the (pharmaco) dynamics and dispersion of nanoparticles should get 
further attention in light of these properties. What is currently lacking is a fundamental 
knowledge of how nanoparticles behave biologically in terms of in vivo dispersion at 
the organ and cellular level. Diseased people are primarily affected by combustion-
derivednanoparticles in populations exposed to the environment. Typical pre-clinical 
testing is nearly typically conducted on healthy animals and volunteers, which means 
that particle concerns may not be discovered until much later. Utilizing nanoparticles 
as drug delivery systems may lessen the toxicity of the medicine that is added. It is 
thus impossible to differentiate between the toxicity of pharmaceuticals and that of 
nanoparticles. When using slow- or non-degradable particles to deliver medications, 
this is essential since they may build up and remain eventually, the drug delivery site 
will produce persistent inflammatory reactions (Abeer 2012; Krewski et al. 2020). 

13.7.1 Nanoparticle Toxicity Evidence 

With PM10 particulate matter with a size below 10 mm, the strongest database on 
the toxicity of nanoparticles has been created wherein nanoparticle manufacturing 
has shown to be an influential driving factor for research (Borm et al. 2006). It 
is crucial to talk about these data in the belief that it would help shed light on 
the toxicity of synthetic nanoparticles. Several sources support the hypothesis that 
combustion-derived nanoparticles have a significant role in causing the negative 
consequences of ambient particle air pollution or PM10. The concept that PM10 
contains a component has grown as a result of the assumption that a sizable portion 
of PM10’s mass is non-toxic, with combustion-derived nanoparticles appearing to 
be a plausible option really because many PM10 particles are believed to be non-
toxic, inflammation has developed, and combustion-derived nanoparticle appears to 
be a potential possibility. Since they make up the majority of particles, nanoparticles 
may be significant because they have a large surface area per mass while being tiny. 
According to particle toxicology, a larger particle surface corresponds to a greater 
level of toxicity for hazardous particles in general. The claim that nanoparticles in 
PM10 are significant contributors to negative effects is supported by significant data 
from toxicology and limited information from epidemiology sources (Borm et al. 
2006; Pope et al. 2004).
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Respiratory disease respondents to indicate fatalities, hospitalizations, and deaths 
from cardiovascular and respiratory disease are all indicators of the harmful impact 
of PM on human health (Pope et al. 2004). These negative consequences are linked 
together by inflammation, making nanoparticles capacity to elicit inflammation one 
of their key characteristics. It is unclear which nanoparticles effects require lower 
exposures may have an influence on the consequences of pulmonary inflammation 
as a precursor than those that cause inflammation. Additionally, there is a chance 
that pulmonary inflammation will alter membrane permeability, which could then 
affect the likelihood that particles will spread outside the lung. Some nanoparticles 
may also have the capacity to directly influence cardiovascular disease. Following 
the intake of diesel exhaust particles, vascular function was hampered (Hoet et al. 
2004; Ehsanifar et al. 2021). Several data are still sparse, and not all nanoparticle 
investigations have detected a significant transfer of substance from the lung to the 
blood. Very little translocation has occurred in several studies that are important to 
understand the kinematics of how ambient air nanoparticles are cleaned in order 
to realize the potential for adverse effects of inhaling them (Kreyling et al. 2004; 
Takenaka et al. 2006). 

13.7.2 Toxicological Effects of Nanoparticles 

Nanoparticles have several extremely unique characteristics that are crucial for the 
future design and toxicity testing of artificial nanomaterials. The impacts of tiny 
particles are only quantitatively different in some cases (Fourches et al. 2011). In this 
situation, nanoparticles might have similar effects to “conventional” nanoparticles 
(such as lung cancer or inflammation), but they might be more effective due to their 
large surface area. Nevertheless, nanoparticles may result in new effects that have 
not before been observed with larger particles (e.g., mitochondrial damage, platelet 
aggregation, cardiovascular effects). Ligand-coated based nanoparticles researched 
and used to deliver drugs or for molecular imaging. The ability of nanoparticles to 
penetrate tissue without impairing tissue function has significantly enhanced. Anionic 
nanoparticles are generally non-toxic in nature, in contrast to cationic nanoparticles, 
which have been shown to cause hemolysis and blood coagulation when present, such 
as Au and polystyrene (Fourches et al. 2011; Tang et al. 2012).Additionally, drug-
loaded nanoparticles have been utilized to lengthen half-lives or better understand 
difficulties, and they have demonstrated which features of the particles need to be 
changed to permit delivery while remaining biocompatible (Tang et al. 2012). 

Identification of hazards is the standard procedure for assessing the safety of 
healthcare goods, its advised is to include testing based on the intended use and risk 
classification. Inhalation risks may be associated with some designed nanoparticles 
that become airborne, while continuous exposures may result from using nanopar-
ticles in cosmetics (Fourches et al. 2011; Tang et al. 2012). Parenteral administra-
tion requires careful consideration of systemic distribution, interactions with blood 
components, and kinetics when employing synthetic nanoparticles as instruments
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to deliver drugs to specific target. Each nanoparticle composition needs to be sepa-
rately investigated using the appropriate techniques, paying close attention to their 
route of entry. Empty particles’ possible harmful (toxic) consequences should also 
be considered in this context (Tang et al. 2012). A number of fundamental factors 
must be taken into account when developing testing processes. Although nanoparti-
cles have an effects as “conventional” nanoparticles (such as inflammation and lung 
cancer), their increased surface area may make them more effective. Additionally, 
nanoparticles may have brand-new effects that were not previously observed with 
bulk substances or larger particles. The main issue at hand is whether the testing and 
categorization procedures used today are sufficient or appropriate. These will be able 
to spot specific hazardous consequences, as shown by the studies that have already 
been released. However, it is possible that not all dangers will be found, necessi-
tating more targeted testing. Additionally, nanotechnology encourages the blending 
of technologies; for instance, similar materials may be used in the automobile and 
health sciences industries. Data interchange between sectors is advised to promote 
the manufacturing and marketing of safe nanomaterials (Fourches et al. 2011; Gnach 
et al. 2015). 

13.8 Challenges and Future Scope 

The application of nanotechnology to cancer therapy has brought about a new era 
in cancer treatment. Both organic and inorganic are among the nanoparticles are 
already used in cancervarious types of treatments. Nanoparticles based drug delivery 
systems are superior to customary pharmaceuticals in linked with better biocompat-
ibility, pharmacokinetics, stability, and disease targeting, while also contributing in 
important contribution to lowering systemic toxicity and overcoming resistance to 
drugs. Due to these benefits, Nanoparticlesbased medications can be broadly used in 
radiation, targeted therapy, and chemotherapy, gene therapy and hyperthermia. Better 
platforms are provided by nano material based drug delivery systems for combination 
treatment, it aids in overcoming drug resistance pathways, including over expression 
of the tumour microenvironment under hypoxia, impaired apoptotic pathway, and 
efflux transporter. According to different drugs resistance mechanisms, MDR can be 
overcome by using loaded nanoparticles that have different targeting agents paired 
with cytotoxic agents. 

As it developed, other types of nanoparticles have display superior delivery qual-
ities and sparked additional interest attention. Additional research in biological traits 
of identifying certain cancers will result in more focused in the directions of research 
for these medicines. Additionally, creating hybrid nanoparticles that are designing 
nanoparticles with targeting moieties that more specifically target cancer cells makes 
sense for cancer therapy more investigation particularly, the relationships between 
nanoparticles complicated, as is the immune system (Sailor and Park 2012). In addi-
tion, a variety of considerations must be considered to ensure proper execution of 
a particular drug release and its practical uses in human bodies. For instance, to
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obtain an acceptable encapsulation effect the nanocomposites with multi-stimulatory 
responsive characteristics may be produced as effectively adapted to complicated 
biological systems. The nanoparticles surface, composition, size, and form are all 
the elements that influence how nanoparticles interact with the defense mechanism. 
Although classical immunotherapy has shown greater efficacy than nanovaccines and 
synthetic APCs, the clinical efficacy of this therapy is still inadequate, and further 
research into the safety and tolerance of these novel techniques is required. Nanotech-
nology will undoubtedly continue to progress, and in the near future, non-toxic, 
biocompatible, and hemo-compatible drug delivery systems will successfully trans-
port therapeutic agents to afflicted locations in human bodies to treat cancer. Addi-
tionally, creating nanoparticles laden with immunomodulatory factors may increase 
the potency of immunotherapy vaccines. Therefore, for drug design and exploration, 
a deeper understanding of nanotechnology and additional research into the interac-
tion between nanoparticles in drug delivery systems and target disease immunity are 
required. 
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Chapter 14 
Role of Nanotechnology in Medicine: 
Opportunities and Challenges 

Ikechukwu P. Ejidike , Oluwaferanmi Ogunleye, Mercy O. Bamigboye, 
Obiamaka M. Ejidike, Athar Ata, Michael O. Eze, Hadley S. Clayton, 
Victor U. Nwankwo, and Johnson O. Fatokun 

Abstract Most of the buzz surrounding the word “nanotechnology” has been on over 
the last 15–20 years. The application of nanotechnology in diverse fields is based 
on two motives. Firstly, an increasing surface/volume ratio, nanoparticles become 
more active. Secondly, a smaller particle size results in greater quantum confine-
ment which is responsible for the changes in electron mobility, effective mass, rela-
tive dielectric constant, and optical properties. Application of nanotechnology in 
medicine (nanomedicine) includes Nanodiagnosis, Nano therapy (controlling drug

I. P. Ejidike (B) · O. Ogunleye 
Department of Chemical Sciences, Faculty of Natural, Applied and Health Sciences, Anchor 
University, Lagos, Nigeria 
e-mail: iejidike@aul.edu.ng 

I. P. Ejidike · H. S. Clayton 
Department of Chemistry, College of Science, Engineering and Technology, University of South 
Africa, Florida Campus, South Africa 

I. P. Ejidike · A. Ata · M. O. Eze 
Department of Chemistry, Faculty of Science, The University of Winnipeg, Winnipeg, MB, 
Canada 

M. O. Bamigboye 
Department of Industrial Chemistry, Faculty of Physical Sciences, University of Ilorin, Ilorin, 
Nigeria 

O. M. Ejidike 
Department of Geology, Faculty of Science, University of Benin, Benin, Nigeria 

A. Ata 
Department of Chemistry, College of Sciences and Arts, Michigan Technological University, MI, 
USA 

V. U. Nwankwo 
Department of Physics, Faculty of Natural, Applied and Health Sciences, Anchor University, 
Lagos, Nigeria 

J. O. Fatokun 
Department of Mathematical Sciences, Faculty of Natural, Applied and Health Sciences, Anchor 
University, Lagos, Nigeria 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
M. P. Shah et al. (eds.), Biogenic Nanomaterials for Environmental Sustainability: 
Principles, Practices, and Opportunities, Environmental Science and Engineering, 
https://doi.org/10.1007/978-3-031-45956-6_14 

353

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-45956-6_14&domain=pdf
https://orcid.org/0000-0002-3643-0198
mailto:iejidike@aul.edu.ng
https://doi.org/10.1007/978-3-031-45956-6_14


354 I. P. Ejidike et al.

delivery), and Remedial (renovated) medicine. Nano diagnosis is the evolution of 
nanodevices and image devices to detect and analyze diseased conditions, cellular 
malfunction, and unmoral cells. Nano therapy assigns effective nano-systems by 
performing a more effective therapy while minimizing side effects while renovated 
medicine aims to repair or reproduce deteriorated tissues and organs using nanotech-
nology materials. Although nanotechnology is a rapidly growing field, availability of 
product is far away from reach, this is because of various hurdles at different stages 
of development. Major hurdles needed to be overcomed include toxicity, produc-
tion cost, environmental hazards, and accessibility to unreachable far-off areas. The 
obstacles to growth if overcome can cause ground-breaking modifications in the 
field of health care and medicine. It is hoped that this chapter will provide updated 
information useful for material scientists, biotechnologists, pharmacologists, clini-
cians, researchers in the health sector, or scholars of the allied fields, who have an 
interest in drug discovery and development, nano-diagnosis, nanobiotechnology, and 
nanomedicine. 

Keywords Nanotechnology · Nanomaterials · Nanoparticles · Nanomedicine ·
Medicine · Nanodiagnosis 

14.1 Introduction 

Nanoscience is the study of a solid body of theory that can be used to construct 
nanoscale technology. It involves the study of matter at the nanoscale, as well as 
methods for manipulating it (Ramsden 2005). The word ‘nano’ in nanotechnology 
refers to a billionth (1 × l0−9) (Jackson et al. 2017). Nanotechnology can be char-
acterized as the study and control of matter at scales between 1 to 100 nanometers 
(Hulla et al. 2015). Nanotechnology studies the science and technology of objects at 
the nanoscale, which differ significantly in properties from those of their constituent 
material at the macroscopic or even microscopic scale (Sengupta and Sarkar 2015). 
The essence of nanotechnology is size and control since it involves designing and 
fabricating structures, materials, and systems at nanometer dimensions (Ramsden 
2005). 

Nanomedicine can be described as the repair and control of biological systems 
in the human body using instruments created and designed according to nanotech-
nology level and principles (Radwan 2018). It entails using engineered nanodevices 
and nanostructures to diagnose, prevent, treat, and control disease in human biolog-
ical systems at the molecular level. Natural or man-made nanoparticles (NPs) are 
materials with at least two dimensions between 1 and 100 nm (Khan et al. 2019). 
Manmade or engineered nanoparticles (ENPs) can either be metal-based or carbon-
based. Fullerenes and carbon nanotubes are two types of carbon-based materials, 
whereas metals, metal oxides, and quantum dots are metal-based materials (Peralta-
Videa et al. 2011). Nanomaterials are organic, inorganic, or organometallic mate-
rial with physical, chemical, and electrical properties that changes as a result of
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the material’s size and shape (Hochella et al. 2019). They are materials with an 
internal nanoscale surface structure with at least one dimension between 1 and 100 
nm (Mullard 2017). The mixture of two or more known nanomaterials is called 
nanocomposites. This may include any combinations of metal-based, nanofibers, 
carbon-based, or organic-based nanowires, and ceramic, metal, or polymer bulk 
materials (Khan 2020). 

Nanobiotechnology or bionanotechnology refers to the study of materials and 
processes at the nanometer scale that is focused on biomimetic, biological, and 
nano-technological devices used to monitor or manipulate biological procedures 
like biochips (Ramsden 2005). 

14.1.1 History of Nanotechnology 

Richard Zsigmondy, the Nobel Laureate in Chemistry in 1925, was the first to propose 
the idea of a “nanometer.” He was the first to use the microscope to determine the 
size of particles such as gold colloids, and he invented the term nanometer to describe 
particle size (Hulla et al. 2015). On the evening of 29th December 1959, under the 
title ‘There’s plenty of room at the bottom physicist Richard Feynman outlined the 
fascinating opportunities that would open up if scientists could learn to manipulate 
single atoms, molecules and improve the efficiency of instruments such as electron 
microscopes (Toumey 2009). The possibilities of nano etching texts, storing and 
retrieving data in an atom-size code are described by the phrase “plenty of room.“ 
He imagined using electron beams to etch lines a few atoms deep, basically foreshad-
owing the invention of electron-beam lithography, which is still used to manufacture 
silicon chips today. Using a scanning tunneling microscope, he suggested manip-
ulating individual atoms to create new small structures with very different proper-
ties, which has now been achieved (Jackson et al. 2017). He also envisioned elec-
tronic miniaturization, the challenges of miniaturization, a swallowable mechanical 
surgeon, and a system of “a billion tiny factories” cooperating (Toumey 2009). 

Norio Taniguchi, a Japanese physicist, was the first to use the term “nanotech-
nology” to characterize semiconductor practices in form of a nanometer, almost 
after 15 years Feynman’s lecture. Nanotechnology, he said, was described as the 
processing, consolidation, separation, and deformation of materials by a single atom 
or molecule (Hulla et al. 2015). The golden age of nanotechnology initiated in the 
1980s, with the inventions of scanning tunneling microscopy (STM) and atomic 
force microscopy by Binnig and Rohrer (2009). Kroto et al. discovered Fullerene 
C60 in 1985. Following that, in 1986, Eric Drexler from the Massachusetts Institute 
of Technology followed the foot-step of Feynman’s “There is Plenty of Room at the 
Bottom” and Taniguchi’s term nanotechnology in his book, “Engines of Creation: 
The Coming Era of Nanotechnology.” (Hulla et al. 2015). 

Another Japanese scientist, Saumio Iijima, advanced nanotechnology in 1991 
when he created carbon nanotubes (Hulla et al. 2015; Sumio 1991). By the year 
2000, the U.S. government had launched the National Nanotechnology Initiative
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(NNI). This was a visionary research and development program for nanotechnology-
based investments coordinated by 16 different US departments and independent 
organizations), which paved the way for advancements in nanotechnology research 
and development (Binnig and Rohrer 2009; Miyazaki and Islam 2007). 

14.1.2 Classification of Nanomaterials 

Nanomaterials are classified based on structure, shape, size, chemical synthesis as 
well as a source of origin. 

14.1.2.1 Carbon Nanomaterials 

Carbon nanomaterials are nanomaterials that contain carbon atoms. Carbon nanoma-
terials can be made in a variety of sizes, including hollow tubes and spheres (Kumar 
and Kumbhat 2016). Because of their particular physical properties, nanotubes 
have some distinct advantages over other drug delivery and diagnostic devices 
(Nikalje 2015). Carbon nanomaterials also include graphene, carbon nanotubes, 
carbon onions, carbon nanofibers, carbon black, and fullerenes. 

14.1.2.2 Inorganic Nanomaterials 

Metals and metal oxides, also known as metal and metal oxide nanomaterials or 
inorganic nanomaterials, can be used to make NMs. Silver (Ag) and Gold (Au) 
nanomaterials (major biological use), and metal oxides-based nanomaterials such as 
zinc oxide (ZnO) and titanium dioxide (TiO2) nanomaterials are some of these NMs 
(Khan 2020). Metallic nanoparticles have been used in drug delivery, especially for 
cancer treatment, as well as biosensors (Nikalje 2015). 

14.1.2.3 Quantum Dots 

Quantum dots have a diameter of 2–10 nm and are made of semiconductors that can 
change the color of light, such as cadmium selenide (Sharma et al. 2020). Quantum 
dots absorb white light and reemit it at a certain wavelength a few nanoseconds later. 
QDs have been reported to show a long blood circulation time, exhibit fluoresce for 
a number of months in vivo, and are photo-bleaching resistant (Ballou et al. 2005). 
These features have made Quantum dots (QDs) a subject of high priority in molecular 
profiling and cellular imaging of pathological tissue specimens from cancer patients 
for diagnosis of disease types and phases, prognosis forecast, and handling strategy 
direction (Rahman et al. 2022).
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14.1.2.4 Organic Nanomaterials 

Organic matter is common in these NMs, with no carbon or inorganic-based nano-
materials. One important characteristics of organic nanomaterials is the possession 
of noncovalent bonds (weak- easily broken). These organic materials can easily be 
modified into various nanomaterial shapes such as liposomes, polymers, micelles, 
and dendrimers (Khan 2020). Due to their small scale, liposomes have been exten-
sively investigated for targeted drug delivery (50–200 nm). They are biocompatible, 
flexible, and effective at entrapment. It can be used to deliver genes, proteins, and 
peptides both passively and actively via the circulatory system. Dendrimers (those 
with a diameter of less than a millimeter) are useful in the circulatory system for the 
regulated delivery of bioactive material, the targeted delivery of bioactive particles 
to macrophages, and the targeted delivery of bioactive particles to the liver (Nikalje 
2015). 

14.1.2.5 Nanocomposites 

Nanocomposites are made up of one type of nanomaterial combined with another type 
of nanomaterial. The nanomaterials may be combined with other forms of nanowires, 
nanofibers, or larger-scale materials. Any mixture of metal-based, carbon-based, or 
organic-based nanowires, nanofibers, and ceramic, metal, or polymer bulk materials 
may be used in these nanocomposites (Khan 2020). 

14.1.3 Classification Based on the Source of Origin 

14.1.3.1 Natural Nanomaterial 

Natural nanomaterials are present in biological organisms such as bacteria or plants, 
as well as in human activities. Natural nanomaterials are abundant in the hydrosphere, 
atmosphere, lithosphere, and biosphere, making their production a simple process. 
They are supplementary nanomaterials released to the atmosphere as a result of 
mining activities, forest fires, transportation and factory emissions, and urban and 
anthropogenic processes, as well as nanomaterials naturally formed and present in 
rivers, holding ponds, groundwater oceans, wastewater treatment plants, lakes, rocks, 
soils, landfills, magma, or lava, as well as microbial organisms. These all have an 
effect on the Earth system as a whole (Hochella et al. 2019). Biocompatible and 
biodegradable natural materials facilitate cell adhesion, migration, and differentiation 
(Mishra 2013).
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14.1.3.2 Synthetic or Chemical-Based Nanomaterial 

The synthetic method, which allows for the development of nanomaterials through 
biological, physical, chemical, or hybrid methods, is the most widely used method for 
making nanomaterials. One of the benefits of synthetically generated nanomaterials 
is the ability to make a large number of nanomaterials in various sizes and shapes. 
Other important feature of the synthetic method is the precision with which diverse 
chemicals and reagents can be connected or conjugated with nanomaterials. Among 
synthetically engineered nanomaterials, the main concern is whether current knowl-
edge is sufficient to predict their efficiency. Furthermore, they behave differently in 
different environments than natural nanomaterials. For various biological applica-
tions, various sources of nanomaterials are currently developed (Bundschuh et al. 
2018). Manmade nanoparticles (engineered nanoparticles, ENPs) can be carbon-
based or metal-based. Fullerenes and carbon nanotubes are two types of carbon-based 
materials, while metals, metal oxides, and quantum dots are metal-based materials 
(Peralta-Videa et al. 2011). Among the most produced and used metal-based ENPs 
are zinc oxide (nZnO), silver (nAg), copper oxide (nCuO), cerium oxide (nCeO2), 
titanium dioxide (nTiO2), and gold (nAu) NPs. Other NPs like nMnO, nFe3O4, nCoO,  
and nCoFe2O4 are also widely used (Al-Whaibi and Mohamed 2015). 

Synthetic materials are commonly used in tissue engineering owing to their 
strong mechanical strength, their simple molding characteristics, their relatively easy 
processing, and their ability to control dissolution and degradation. While synthetic 
materials are biocompatible, they lack natural sites for cell adhesion, necessitating the 
modification of surface properties such as topography, structure, and hydrophobicity 
to achieve a good cell-material interaction (Mishra 2013). 

14.2 Synthesis of Nanomaterial 

14.2.1 Synthesis of Nanomaterial 

Nanomaterials are synthesized in a variety of ways, depending on the form and 
nature of the nanomaterial. In a broad sense, the two most common methods for 
synthesizing nanomaterials are “top-down” and “bottom-up.” Bulk materials are 
reduced to nanomaterials in the top-down process, while nanomaterials are synthe-
sized from the elementary level in the bottom-up method. Chemical vapor deposi-
tion, gas phase method, hydrothermal synthesis, microwave synthesis, solvothermal 
synthesis, thermal decomposition, templating process, combustion method, pulsed 
laser ablation, and traditional Sol–Gel method are some of the methods used to 
synthesize nano-materials (Khan 2020).
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14.2.1.1 Production of Nanomaterials by Top-Down Method 

This approach entails breaking or slicing the bulk material into smaller particles 
(nano-sized material) using physical routes like crushing, grinding, and milling. 
In general, this approach is ineffective for producing uniformly formed nanoma-
terials, and it is extremely difficult to obtain very small nanoparticles, even when 
using a lot of energy. The process wastes material and is constrained by the reso-
lution of the resources available. The lack of surface structure, which has a direct 
effect on the physical properties and surface chemistry of n, is one of the method’s 
major challenges. The process wastes material and is constrained by the resolution 
of the resources available. The lack of surface structure, which has a direct effect 
on the physical characteristics and surface chemistry of nanomaterials, is one of 
the method’s major challenges. Furthermore, the processed shapes suffer significant 
crystallographic loss as a result of this system (Khan 2020). The different methods 
of lithographic techniques, the hydrothermal process, and pulsed laser ablation are 
examples of this type of approach. 

Hydrothermal Method 

The hydrothermal method is classically performed in a pressurized container called 
an “Autoclave” allowing temperature and pressure to be well-ordered and regulated. 
The temperature at the boiling point of water can be elevated during nanomaterial 
synthesis, allowing the vapour to become saturated (Yu et al. 2003). This process 
has been widely used in the development of various nanoparticles. The benefit of 
this approach is that it can be used to regulate reaction temperature, strain, solvent 
properties, solution composition, and additives to monitor material size, particle 
morphology, crystalline phase, and surface chemistry (Caep et al. 2004). 

Method of Thermal Decomposition and Pulsed Laser Ablation 

Decomposing metal alkoxides, heat, electricity, or salts can be utilized during doped 
metals preparation. Also, the nanomaterials properties are extremely influenced by 
the precursor concentrations rate in the reactions flow and the environment in which 
they are formed. TiO2 nanoparticles with a diameter of less than 30 nm have been 
confirmed to be synthesized using the titanium alkoxide thermal decomposition at 
1200°C (Kim et al. 2005). In another report, TiO2 nanoparticles with a diameter (3– 
8 nm) were manufactured by pulsed laser ablation technique (Liang et al. 2004). The 
solution combustion method have been used for doped anatase TiO2 nanoparticles 
synthesis (Nagaveni et al. 2004a). However, the high cost, low yield, and difficulty 
in controlling the structure and morphology of the nanomaterials are all drawbacks 
of this process.
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14.2.1.2 Production of Nanomaterials by Bottom-Up Method 

Materials are prepared atom-by-atom or molecule-by-molecule (self-assembling) to 
produce a large number of materials in this process. This process is more commonly 
used to make the majority of nanomaterials. This method can generate nanomaterials 
that are uniform in size, shape, and distribution. It precisely regulates the chemical 
synthesis process to prevent unwanted particle growth. This approach is critical in the 
development and processing of nanomaterials with improved particle size distribution 
and morphology (Khan 2020). Another significant advantage is that it is an environ-
mentally friendly and cost-effective method for producing nanoparticles (much less 
expensive) (Khan 2020). There are many approaches for synthesizing nanomate-
rials using bottom-up techniques like combustion synthesis (Nagaveni et al. 2004b), 
gas-phase methods (Jones and Chalker 2003), sol–gel processing and microwave 
synthesis, described below. 

Chemical Vapor Deposition Method 

High-performance thin nano-films have been fabricated via the chemical vapor depo-
sition (CVD) route. The substrate is treated with volatile precursors that act on the 
substrate surface to create the anticipated films in this process. Gas flow through the 
reaction chamber typically eradicatesvolatile by-products. The consistency of the 
deposited materials on the surface is influenced by several factors, including reac-
tion rate, temperature, and precursor volume (Kim et al. 2005). A report has shown 
that Sn (Sengupta and Sarkar 2015) a doped TiO2 nanoparticle films were fashioned 
by the CVD technique (Cao et al. 2004). Another doped TiO2 nanoparticle was 
manufactured by the CVD pattern where TiO2 is crystallized into rutile structures 
subject to the type and number of cations available in the chemical reactions (Gracia 
et al. 2004). The benefit of this process is that the nanofilm glaze is consistent, but 
it has some drawbacks, comprising the advanced temperatures needed for chemical 
reactions and the trouble of scaling up (Sudarshan 2003). 

The Solvothermal Method 

The solvothermal method has similarity to the hydrothermal technique, with the 
exclusionthat it does not use water as a solvent. Remarkably, when organic solvents 
or chemicals with high boiling points are used, this process is more efficient in 
the synthesis of nanomaterials with good distribution. Additionally, compared to 
the hydrothermal system, this method permits for more accurate control of material 
size and shape. With or without the addition of surfactants, this procedure produces 
nanomaterials or nanorods (Khan 2020).
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Templating Method 

The templating method is a method for generating materials with identical morpholo-
gies. The processing of nanomaterials using the templating scheme has recently 
become extremely common. By combining morphological characteristics with reac-
tive deposition, this approach allows for the preparation of a large number of new 
materials with a consistent and regulated morphology by simply modifying the 
morphology of the template materials. Several models have been developed in recent 
years to synthesize various nanomaterials (Kim et al. 1797; Iwasaki et al. 2004). This 
approach has some drawbacks, such as complicated synthetic procedures where 
models must be extracted, usually by calcination, thus, raising the engineering costs 
and upsurges the risk of contamination (Bavykin et al. 2006). 

Combustion Method 

Rapid heating of a solution containing redox groups is used in the combustion process 
(Nagaveni et al. 2004b). This approach produces highly crystalline nanoparticles with 
wide surface areas. To make the crystalline materials, the temperature is raised to 
about 650 °C for 1–2 min. during processing. 

Gas Phase Method 

This method is good to produce thin film because it can be performed chemically or 
physically. Nanomaterials are produced in the gas phase due to chemical reaction or 
decomposition of a precursor (Jones and Chalker 2003; Lee et al. 2017). Electron 
beam evaporation is the method of producing TiO2 thin films by heating the TiO2 

material with an electron beam and thus, producing electrons. There are several 
benefits of using E-beam evaporation for the deposition of TiO2 over CVD, this 
include smoothness and better conductivity (Krol et al. 1999). 

Microwave Radiation Method 

Microwave radiation can also be used to make nanomaterials, and this process has 
many advantages, including not requiring long periods of high-temperature calci-
nation and being a simple method of producing crystalline nanomaterials (Corradi 
et al. 2005). Consequently, by combining hydrothermal and microwave methods, 
high-quality rutile rods can be generated, and TiO2 hollow open-ended nanotubes 
can be made by reacting anatase and rutile crystals in a solution of NaOH. (Wu et al. 
2005).
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Conventional Sol–Gel Method 

The ability to impregnate or co-precipitate nanomaterials, that can be used to incor-
porate dopants, is one of the advantages of this method. Multiple oxide materials 
have been synthesized using the sol–gel process (Fernández-García et al. 2004), this 
approach also allows for greater monitoring of texture formation, chemical reac-
tion, and morphological properties of solid materials. The ability to scale up with 
high-quality nanomaterials is a big benefit for the Sol–Gel technique (Kolen’ko et al. 
2005). The polymerization and hydrolysis reactions of the precursors yield a colloidal 
suspension in the Sol–Gel technique (Pierre 2020). Besides that, any factor that influ-
ences one or both reactions are likely to alter the gel-forming properties, and these 
factors are termed to as Sol–Gel technique factors. Type of solution, water content, 
acid or base content, and various types of precursors, precursor concentration, and 
temperature are all factors to consider. The composition of the initial gel shape is 
influenced by these influences. The wet gel can then be matured in a diverse solvent 
after this stage. Aging is the period between the formation of a gel and its drying 
(Chen and Mao 2007). 

14.2.2 Application of Nanotechnology in Medicine 

The application of nanotechnology to different areas of medicine is known as 
nanomedicine. It is described as the process of repairing and controlling the biolog-
ical systems of the human body using nanotechnology-based instruments and prin-
ciples (Radwan 2018). Nanomaterials and nanoelectronic biosensors are used in 
nanomedicine (Farjadian et al. 2019). Nanomedicine is a multidisciplinary field of 
research. For a simple project, physicists, mathematicians, engineers, chemists, biol-
ogists, and users such as orthopedic surgeons would all be required (Radwan 2018). 
Nanomedicine involves at least three major fields:

● Nano-diagnosis,
● Nano-therapy (controlling drug delivery) and
● Remedial (renovated) medicine. 

Nano diagnosis is the evolution of nanodevices and image devices to detect and 
interpret diseased conditions, cellular failure, and unmoral cells (Radwan 2018).The 
Nano therapy assigns effectivenano-systems. To perform a more effective therapy 
while minimizing side effects, drugs are transferred and delivered exclusively to 
cells or influenced areas (Radwan 2018; Jin et al. 2020; Filipponi and Sutherland 
2011).Renovated medicine aims to use nanotechnology materials to restore or repro-
duce deteriorated tissues and organs. Tissue engineering uses artificially stimulated 
cells, which could revolutionize organ transplantation and artificial implant place-
ment (Nikalje 2015). Nanoscale devices can interact easily with biomolecules on 
both the surface and inside of cells due to their small size. Drugs can be delivered 
directly to diseased cells in the body using nanoparticles.
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14.2.3 Medical Diagnostics 

In the field of diagnosis, nanotechnology has made significant progress (nano-
diagnostics). It involves using a deliberately built system in at least one dimension 
on the nanoscale to diagnose events that occur at that size. Nano-diagnostics can 
aid in early detection and improved sensitivity. It may also be used in combination 
with other diagnostic and imaging technologies that are more traditional (Alhibshi 
et al. 2020). They can be innovative and authoritative tool for the cancer detection 
system. The traditional diagnostic procedures are incapable to detect tumors in their 
primitive stage and more inaccurate in distinguishing the benign from the malignant 
stage. Therefore, in the conventional methods, innovative nanoparticles (NPs) are 
proficient of yielding discerning imaging of affected areas (Patel et al. 2015). 

This technology is facilitating the creation of platforms for the identification of 
single nucleotide polymorphisms and other disease biomarkers that are not detected 
using traditional methods (Alhibshi et al. 2020). For example, quantum dots, a kind 
of semiconducting nanocrystal, may improve biological imaging for medical diag-
nostics (Maclurcan 2005; Mathuria 2009; Gardner 2015). They emit a broad range of 
bright colors when exposed to ultraviolet radiation, which can be used to detect and 
distinguish particular types of cells and biological activities. These crystals have up 
to 1000 times better optical detection than traditional dyes used in many biological 
experiments, such as MRIs, which provide considerably more information (Ibrahim 
2015). Nanotechnology is being investigated for use in the production of portable 
point-of-care diagnostic kits, which will allow for the quick and precise diagnosis of 
multiple diseases at the same time (Yen et al. 2015).Some nanomaterials have been 
used in medical diagnostics and these activities can be summarized as follows. 

Single-walled Carbon nanotubes (SWNT) was used for the monitoring of blood 
nitric oxide level in inflammatory diseases employing fluorescent signal (Iverson 
et al. 2013). Nanoflares have been utilized to enable live cell detection of intracellular 
mRNA concerning the principle of fluorescence (Halo et al. 2014; Kwong et al. 2013). 
Target-specific magnetic nanoparticles allow for constant bloodstream monitoring 
of glioblastoma multiform microvesicles (Shao et al. 2012). Detection and isolation 
of circulating tumor cells by the principle of laser microdissection (LMD) were 
accomplished using anti-EpCAM antibody-coated silicon nanowires overlaid with 
polydimethylsiloxane to create a nano Velcro chip (Lu et al. 2013). In an experiment 
based on the Surface Enhanced Raman Spectroscopy theory (SERS), Silver nanorod 
array substrate has been used for the separation and identification of biological agents 
such as bacteria and viruses in blood, urine, saliva, and food using on-chip technology 
(Negri and Dluhy 2013). 

Gold nanoparticles coated with influenza A has been used for the deletion of 
influenza virus in samples, based on the principle of dynamic light scattering (DLS) 
(Driskell et al. 2011), while monoclonal antihemagglutinin antibody-modified gold 
nanoparticles (mAb) were reported to have been used to detect influenza A virus in 
the blood, based on the principle of colorimetric immunosensing (Liu et al. 2015).
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In-vitro diagnostic procedure for detecting nanomolar myeloperoxidase concen-
trations (MPO). A low-cost, fast-detecting immunofluorescence sensor known as 
μQLIDA (microfabricated Quantum dot-linked immunodiagnostic assay) has been 
used to detect nanomolar concentrations of nanomolar myeloperoxidase concentra-
tions (MPO) (Rica and Stevens 2012; Yu et al.  2015).Iron-oxide magnetic nanopar-
ticles coated with peptide (polydopamine) which uses near-infrared laser irradiation 
have been reported to detect cancerous cell clusters during photothermal cancer 
therapy and magnetic resonance imaging (MRI) (Montalti et al. 2015; Wu et al.  
2015; Braas et al. 2012). Gold nanoparticle-based molecular diagnostic platform, 
used as a nanosensor was approved by the FDA for use in a genetic test for warfarin 
sensitivity (Lefferts et al. 2010). 

14.2.4 Clinical Therapy and Drug Delivery Systems 

Nanoparticles are ideal carriers for delivering anticancer drugs and other therapeutic 
drugs at the site of target with optimal proficiency and minimal collateral damage 
to bordering healthy tissues (Patel et al. 2015), implying that nanotechnology can 
be used to develop new forms of therapy and drug delivery (2006). Drugs can be 
distributed to specific areas in the body with greater precision using nanotechnology 
through self-assembling nano-scale vesicles with long-lasting encapsulation key 
(Gardner 2015; Mamo et al.  2010). The therapeutic focus has shifted away from 
the cell itself and toward intracellular molecular targets (Patel et al. 2015). The 
drugs are designed such that the active ingredient permeates cell membranes more 
effectively, resulting in a lower dosage requirement (Shetty 2010; Gardner and Dhai 
2014). For example, micelles acquired from block co-polymers, are used for drug 
encapsulation. They are important for the transportation of small drug molecules to 
the target location. Similarly, nano-electromechanical systems have been used for 
the active drug release (Nikalje 2015). Iron nanoparticles or gold shells are finding a 
lot of use in cancer care. As a result, nanotechnology is revolutionizing drug delivery 
by resolving obstacles such as drug toxicity, sustaining drug release in the body, 
and improving bioavailability. Because of its potential to cause a reduction in drug 
administration time and drugs side effects minimization; patient compliance could 
progress, thus contributing to the successful management and treatment of infection 
(Gardner 2015). A targeted medicine decreases drug consumption and treatment 
expenditures, making the handling of patients cost-effective. 

Biocompatible packaging materials may be used to introduce gene-silencing small 
interfering RNAs, gene-encoding DNAs, or recombinant proteins into cells. Lipo-
somes, bacterial toxins, and viral NPs have commonly used packaging scaffolds, but 
they are also degraded and cleared from circulation before reaching the potential 
target site (Patel et al. 2015). Recent advances in reducible polymers have gotten 
a lot of attention because they can be molecularly programmed using sensors that 
can respond to variations in ion concentrations in the microenvironment and thus 
distinguish between intracellular and extracellular sites (Klein and Wagner 2014).



14 Role of Nanotechnology in Medicine: Opportunities and Challenges 365

14.2.5 Tissue Growth and Regenerative Medicine 

Tissue regenerative medicine research aims to create implants or scaffolds that can 
transport medications, growth factors, and hormones for tissue reconstruction. They 
deliver bioactive molecules over time to promote cell survival, infiltration, and prolif-
eration in tissue engineering. Total tissue regeneration and functional rehabilitation 
are expected, as a result of this treatment modality. The use of carbon nanotubes, 
nanowires, and nanoparticles improves the structure of the extracellular matrix (Patel 
et al. 2015). 

14.2.5.1 Biomimetic Hydrogels 

To speed up bone regeneration, biomimetic hydrogels are used as a regulated 
biomolecule delivery system for growth factors (Fong and Wood 2006; Oupický 
and Li 2014; Lienemann et al. 2012). It has been discovered that in the case of 
bone regeneration, the scaffold is known to facilitate osteoblast proliferation (Mishra 
2013). Cells, signals (biochemical factors), and scaffolds are considered to be the 
three major “pillars” that sustain bone tissue engineering (Mishra 2013). These three 
essential components, osteogenesis, osteoinduction, and osteoconduction, all play 
important roles in the processes that promote bone development. 

14.2.5.2 Nano-filled Composites 

As compared to traditional composite microparticles, nano-filled composites have 
greater compressibility, tensile strength, and flexure strength. 

14.2.5.3 Chondroitin Sulfate Nanoparticles 

Chondroitin sulfate nanoparticles (CSnps) within the scaffold of chitin blended with 
poly(butylene succinate) was used for skin repair in wounds (Koushki et al. 2015; 
Deepthi et al. 2014). Since it is biocompatible, biodegradable, and forms a porous 
substrate for improved nutrient exchange, it has a superior aesthetic value. 

14.2.5.4 Polyethylene Glycol-Based Hydrogel Scaffold 

In myocardial infarction, polyethylene glycol-based hydrogel scaffolds help in the 
transplanted cardiac cells retention and growth (Grover et al. 2014).
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14.2.5.5 Graphene Oxide Film 

Human Adipose-Derived Stem Cells’ Adhesion and Osteogenic Differentiation Are 
Stimulated by a Glass Slide Covered with the Graphene Oxide film (Lyu et al. 2015). 

14.2.6 Bioseparation 

Magnetic nanoparticles owing to their distinctive size and physical properties are 
increasingly beingusedin analytical biochemistry, medicine, and biotechnology, to 
immobilize proteins, enzymes, and other bioactive agents. Since these particles are 
superparamagnetic, they can be labelled to the biomaterial of interest and removed 
from a matrix using a magnetic field without agglomerating (Mishra 2013; Cao et al. 
2004). As such, proteins could be immobilized on magnetic nanoparticles for use 
in biological applications, because when proteins are immobilized directly on the 
surface of the particles, environmental factors such as pH, temperature, protease, 
and immunological responses might have an important/significant impact on their 
stability and operation. 

14.3 Opportunities and Challenges of Nanotechnology 

14.3.1 Opportunities 

The nanotechnology revolution has presented scientists and engineers with new 
scientific insights and technological advances which have enabled them to begin to 
fill in a previously missing piece of our understanding of the Earth system (Hochella 
et al. 2019). 

14.3.1.1 Antibiotic Resistance 

The use of nanoparticles in combination therapy has helped to reduce antibiotic resis-
tance (Nikalje 2015). By meddling with various proteins that are involved in antibi-
otic resistance or pharmacological pathways of drugs, zinc oxide (ZnO) nanoparticles 
may reduce antibiotic resistance and enhance the antibacterial action of Ciprofloxacin 
against microorganisms (Nikalje 2015). The integration of antibiotics into nanoparti-
cles such as hydro-dispersible magnetite nanoparticles (HMNPs) allows for improved 
tissue penetration, and the drugs can be released at a regulated and predetermined 
pace for a long enough time to reach the target location. That could potentially 
increase the therapeutic index and the efficacy of treatment against Gram-negative 
(Ellis et al. 2013; Bolocan et al. 2015; Keskinbora and Jameel 2018).
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Antibiotics such as Ciprofloxacin and Kanamycin were prepared with Nanopar-
ticles of crystalline size (8–16 nm) in self-assembling principles, resulting in more 
potent antibiotics (Hasanova et al. 2015). The conjugation of gold nanoparticles 
(AuNPs) with antibiotics like streptomycin and kanamycin results in a type of these 
antibiotics that has a lower minimum inhibitory concentration (MIC), a higher bacte-
ricidal ability, and is more effective in remote areas where proper storage conditions 
are unavailable (Keskinbora and Jameel 2018; Saha et al. 2007). 

14.3.1.2 Human Implantable Nanodevices (HINDs) 

Nanosensors are built based on optical fibers or minute electrodes, in which the phys-
iologically relevant molecules concentrations in the blood and other biofluids and 
tissues can be quantified. The heartbeat, blood pressure, and blood oxygenation of 
patients in intensive care are all monitored with this implantable sensor (Ramsden 
2005; Keskinbora and Jameel 2018). The powerful computing devices enabled by 
nanotechnology are used for more sophisticated design recognition-based analysis 
of the data collected wirelessly by those sensors. The working ideologies of these 
sensors are well known. Example include the glucose sensor, already in use commer-
cially as off-line devices. Miniaturization of the sensor, as well as its power supply 
and data transmission capability, is needed for implanting these sensors in the body. 
If such sensors are successfully created, they can be used not only in hospitals but 
also in everyday situations where a person is thought to be at risk of succumbing 
to any abnormality by himself or his physician. The sensors must be able to do the 
following for this strategy to be truly functional. To be truly effective, the sensors must 
be able to detect the early stages of the disease, which would necessitate develop-
ments in medical knowledge especially the detection of novel biomarkers for various 
physiological states (Ramsden 2005). 

14.3.2 Challenges for Nanotechnology 

Nanotechnology is a swiftly growing field, product availability remains a long way 
off due to numerous barriers at various stages of growth. The following hurdles to 
progress, once solved, will result in revolutionary changes in the field of health care 
and medicine. 

14.3.2.1 Inadequate Knowledge of Nanoparticle Components 

Nanostructures come in a variety of shapes, sizes, and compositions. The physico-
chemical phenomena of these NPs both in vitro and in vivo are not well known. As a 
result, finding the appropriate nanomaterial for the intended action is critical (Patel
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et al. 2015). Polyethylenimine(PEI) has been identified as a good cargo for intracel-
lular nucleic acid targeting. Despite this, it is known as a potent cytotoxic mediator. 
Methods have been invented to mitigate its toxicity by low molecular weight PEI 
crosslinking to dithiodipropionic acid di (N-succinimidyl ester) and thus improving 
its availability and proficiency (Patel et al. 2015; Klein and Wagner 2014). 

14.3.2.2 Problem of Standardization in Model Systems and Test Assay 

To expound the chemical, physical, and biological behavior of nanomaterials accu-
rately, the use of in vivo model must be in place and this is lacking. It is also chal-
lenging to verify the effects of nanoparticle interactions with cells because the results 
differed between different cell types, even though the test assay conditions were the 
same (Patel et al. 2015). 

14.3.2.3 There is No Uniformity in Nanotoxicity 

Different structures, proportions, and shapes of nanomaterials can be toxic to different 
types of cells under different exposure conditions. The structure, size, form, charge, 
aggregation, coating, and solubility of nanoparticles affect the target cell and target 
moieties for toxicity (Patel et al. 2015). Carbon nanotubes are cytotoxic to human 
T-cells at 400 μg/ml, 3.06 μg/cm (Jackson et al. 2017) on alveolar macrophages 
whereas, at 3.8 μg/ml, exposed cell cultures showed no cytotoxicity (Klein and 
Wagner 2014). Also, human keratinocytes exposed to the insoluble single-walled 
carbon nanotubes revealed apoptosis and oxidative stress. CdTe quantum dots was 
observed to have exhibited genotoxic and cytotoxic effects on HUVECs. Quantum 
dots-induced DNA damage time stress may be associated with reactive oxygen 
species (ROS) generation (Wang et al. 2010; Abdal Dayem et al. 2017). 

14.3.2.4 Incomplete Understanding of the Impact on the Biological 
System 

In terms of cellular or tissue toxicity, and genotoxic or carcinogenic effects, the impact 
on health and safety concerns is still unknown. These compounds are small enough 
to be inhaled, and the fragments build up in the alveoli of the lungs, causing inflam-
mation or carcinogenesis. This is a major problem as employees may be exposed to 
occupational hazards (Patel et al. 2015). 

14.3.2.5 Inadequate Analytical Tools 

With the fact that nanotechnology deals with nanoscale structures, new analytical 
techniques are required for accurately determining the surface charge, particle size,



14 Role of Nanotechnology in Medicine: Opportunities and Challenges 369

surface chemistry, aggregation state, crystalline state, and size distribution of nano-
materials. Technological advancements in metrology are needed to forecast the action 
of nanoparticles/ nanomaterials in biological media (Patel et al. 2015). 

14.3.2.6 Lack of In-Vivo Monitoring Systems 

The lack of a substantial infrastructure for in-vivo nanomedicine research, the failure 
to track many probes, and the need for patients to be admitted for analysis are all 
major factors that prevent biological activities from being optimized (Patel et al. 
2015; Klein and Wagner 2014). 

14.3.2.7 Lack of Standard Synthesis Procedure 

Nanomaterials are synthesized via a variety of synthetic reagents, many of which are 
toxic or carcinogens. It is necessary to create an effective synthetic pathway that is 
devoidof the use of hazardous contaminants. High purity and improved biocompat-
ible nanoparticles are permeated by careful use of synthetic materials and compliance 
with safety standards (Patel et al. 2015; Klein and Wagner 2014). 

14.3.2.8 Inadequate Standardized Safety Guidelines 

It is difficult to define a specific safety guideline for a specific nanoparticle due to 
the complex nature of nanomedicine and its multiform toxicity. Empirical research 
and rigorous pre-clinical tests are needed to envisage a safety protocol (Patel et al. 
2015; Klein and Wagner 2014). 

14.4 Conclusion 

Nanotechnology provides the capability to build large products that are extremely 
influential. Nanotechnology has a promising future, its integration with other tech-
nologies and the consequent appearance of complex and innovative hybrid tech-
nologies. Nanomaterials have distinct physicochemical and biological properties. 
These factors including surface-to-volume ratio; gravitational forces; the proportion 
of atoms that come in contact with surrounding objects; electromagnetic forces; 
quantum mechanics laws; the strong Brownian motion of nanoparticles has major 
consequences and importance for the successful generation of well-defined nanoma-
terials, and this can greatly influence their interactions with biomolecules and cells. 
Nanomedicine has aided drug absorption into cancerous cells, protected drugs from 
degradation in the body, and increased specificity when attacking the diseased cell 
with minimal collateral damage to the surrounding tissue. Nanoparticles also can
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be used to create excellent single-walled carbon; images of tumor sites. Nanotubes 
have been used as high-efficiency biomolecule delivery transporters into cells. The 
toxicity, environmental hazards, manufacturing expense, and connectivity to the 
unreachable in far-flung areas are the main obstacles that are yet to be overcome. 
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Chapter 15 
Smart Targeted-Nanocarriers for Cancer 
Therapeutics 

Débora Ferreira, Renata Silva, Laura Figueiredo, and Ligia Rodrigues 

Abstract The main hindrance in modern nanomedicine includes drug non-specific 
tissue biodistribution. This is particularly important for cancer, which is the second 
leading cause of death worldwide. Conventional chemotherapy is a beneficial therapy, 
however serious adverse events, as well as multidrug resistance, hampers the success 
of this treatment option. Innumerous research efforts have been conducted over the 
years aiming to create novel and more effective treatments, including the development 
of novel smart drug delivery systems (DDS) as an alternative to chemotherapy. Smart 
DDS should specifically target pathologic tissues with reduced dosage frequency in 
a spatially controlled manner, minimizing off-target effects of the active therapeutic 
agents on healthy tissues. Nanoparticle (NP) surfaces functionalization with targeting 
moieties specific to cell surface components, that are exclusive or upregulated in 
tumor tissues, has been a good strategy to enhance NP targeting. This chapter high-
lights the most recent advances in NP targeting over the last years. Ligand-NP conju-
gation chemistries are covered along with the various moieties’ classes, including 
aptamers, peptides, small molecules, antibodies and/or proteins. Each ligand class 
exhibits advantages, drawbacks and unique features that are discussed in detail. The 
current challenges and future research scope in the field are also presented. 
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DDS drug delivery systems 
DNA single-stranded deoxyribonucleic acid 
Dox doxorubicin 
dsDNA double stranded DNA 
EGFR epidermal growth factor receptor 
EphA2 ephrin receptor A2 
EPR enhanced permeability and retention 
FA folic acid 
Fc fragment crystallizable 
Fab fragment antibody binding 
FDA Food and Drug Administration 
HA hyaluronic acid 
HAS human serum albumin 
HER2 human epidermal growth factor receptor 2 
Kd dissociation constant 
Lf lactoferrin 
mAbs monoclonal antibodies 
MUC1 mucin-1 
NPs nanoparticles 
OBOC one-bead one-compound 
PAM peptide amphiphile micelles 
PEG polyethylene glycol 
PLGA poly(lactic-co-glycolic acid) 
PSMA prostate-specific membrane antigen 
RGD arginine-glycine-aspartic acid 
RNA ribonucleic acid 
RRM2 M2 subunit of ribonucleotide reductase 
scFv single-chain variable fragment 
SELEX Systematic Evolution of Binding by Exponential Enrichment 
siRNA small interference RNA 
SPIO super paramagnetic iron oxide 
ssDNA single-stranded deoxyribonucleic acid 
SSTR2 somatostatin receptor 2 
Tf transferrin 
VEGFR vascular endothelial growth factor receptor 

15.1 Nanoparticles 

Since the last century, when the Nobel laureate Richard Feynman introduced the 
concept of nanotechnology, the field has fully expanded into an active research 
area, undergoing revolutionary developments (Fig. 15.1) (Cypriyana et al. 2021). 
Nanotechnology have gained relevance as a tailor platform of shape, size, design, and
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chemical, physical and surface properties of materials at a nanoscale level. Nanopar-
ticles (NPs), in particular, are clusters of atoms with a size of 100 nm or less in at 
least one dimension (Cypriyana et al. 2021; Selmani et al. 2022). Undetectable to the 
human eye, they display unique characteristics in comparison to the bulk materials 
from which they originate, being composed by three distinct layers: the surface, the 
shell layer and the core portion (Selmani et al. 2022). 

Overtime, NPs were organized by different classifications, considering, for 
example, the core source material and chemical composition (Selmani et al. 2022; 
Mitchell et al. 2021; Jeevanandam et al. 2018). NPs can be labelled as inorganic when 
synthesized from gold, iron and silica, offering unique qualities for their application 
in diagnostic, imaging and photothermal therapies (Mitchell et al. 2021; Jeevanandam 
et al. 2018). Organic NPs, such as liposomes, micelles, dendrimers and polymeric-
derived NPs, present a highly biocompatible profile with improved drug loading 
capacity, colloidal stability and tunable properties (Jeevanandam et al. 2018). NPs 
are commonly subdivided in a third group, the carbon-based, that has attracted interest 
due to their strength, structure, electron affinity and versatility (Selmani et al. 2022). 
Every time any of these NPs are combined with a larger or bulk-type material, 
such as any form of metal, ceramic or polymer, they are designated as composites 
(Jeevanandam et al. 2018). 

NPs increased prominence is due to their small size, stability and their specifi-
cally tailored physicochemical properties, such as shape, wettability, hydrophilicity 
and surface charge. Beyond this, one of the most attractive NPs features is their 
surface area to volume ratio, since these entities offer, with a very limited volume, an 
enormous surface area for transport, interaction and chemical reactions with biolog-
ical systems (Selmani et al. 2022; Jeevanandam et al. 2018; Nikzamir et al. 2021). 
Moreover, NPs can improve bioavailability, stability and solubility of encapsulated 
cargos, enhance the plasma half-life and also the circulation time (Mitchell et al. 2021; 
Greish et al. 2014). Nevertheless, the cornerstone of traditional NPs application is the 
enhanced permeability and retention (EPR) effect. The EPR effect exploitation takes 
advantage from the blood vasculature leakiness and defective lymphatic drainage

Fig. 15.1 Chronological landmarks of nanoparticle development. AuNPs: gold nanoparticles; EPR: 
enhanced permeability and retention effect; FDA: Food and Drug administration; NNI: national 
nanotechnology initiative; NPs: nanoparticles 
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system of tissues undergoing certain pathologies. As a result, NPs accumulate at the 
tumor site and can access distant and close cellular populations due to the improved 
permeability (Greish et al. 2014; Shinde et al. 2022). Overall, NPs offer an increased 
efficacy while retaining a safe profile and reduced toxicity (Selmani et al. 2022; 
Mitchell et al. 2021; Greish et al. 2014). 

Owing to all these exceptional characteristics, NPs gained increased interest and 
a great investment as therapeutic, diagnostic and delivery agents in biomedicine 
applications, resulting in several Food and Drug Administration (FDA) approved 
nanomedicines for inflammatory-related, hematological and oncological pathologies 
(Mitchell et al. 2021; Nikzamir et al. 2021). 

Notwithstanding the promising outcomes, the number of nanomedicine strate-
gies approved are critically below the projections outlined in 2000 by the National 
Nanotechnology Initiative (Mitchell et al. 2021). The productivity has been tempered 
by requirements like biocompatibility, non-toxicity and non-immunogenicity and 
by defensive elimination mechanisms such as the host immune system and liver or 
kidneys clearance. Additionally, the NPs efficacy is dependent on factors like cellular 
cycle, intracellular location and particularly by cellular binding and internalization 
actions. Given the lack of cellular precision of the NPs, active agents are released 
early, without criteria and extravasate to organs, such as liver and spleen (Greish 
et al. 2014; Shinde et al. 2022). In addition, the NPs accumulation in patholog-
ical tissues also leads to long-term retention which hampers further penetration and 
significantly limits the therapeutic outcome (Shinde et al. 2022). Some researchers 
have also started to question the reliability of the EPR effect, since factors such as 
tumor location and type, blood perfusion, vascular architecture and pore dimensions 
are highly heterogeneous. Moreover, the EPR effect is well-characterized in primary 
environments, however the knowledge on secondary and metastatic sites is premature 
and limited (Greish et al. 2014; Shinde et al. 2022). 

Considering this, the field is now withdrawing from these passive techniques 
and researchers are engineering NPs to target specific sites of interest, mitigate 
adverse side effects on the surrounding tissue and enhance the therapeutic effect 
(Mitchell et al. 2021; Shinde et al. 2022). Therefore, while passive targeting relies 
on NP’s intrinsic properties and the EPR effect, an active targeting approach conju-
gates ligands on the surface of NPs, which binds to overexpressed receptors on the 
pathological tissues (Fig. 15.2) (Shinde et al. 2022; Molavipordanjani and Hossein-
imehr 2019). In this way, the NPs firstly accumulate on tumor site and then are 
internalized through receptor-mediated endocytosis, enhancing the NPs uptake at the 
desired location and the optimal delivery of the cytotoxic agent (Molavipordanjani 
and Hosseinimehr 2019).

The production of smart NPs by altering surface charge or inactivating reactive 
chemical groups can also reduce toxicity, in particular of inorganic NPs, and stabilize 
their presence in biological fluids. Besides the biocompatibility increment, modifying 
NPs can possibly overcome conventional delivery limitations, such as low bioavail-
ability, rapid clearance, and several biological hindrances like the blood brain barrier 
(BBB). In particular, smart NPs can modulate the host immune response and expand
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Fig. 15.2 Schematic representation of active and passive targeting at tumor site. EPR: enhanced 
permeability and retention effect

their plasma half-life, by promoting an escape of the macrophages from the retic-
uloendothelial system (Barbero et al. 2017). On another hand, this ability can be 
exploited to promote immune responses against antigens for the next generation of 
vaccines (Cappellano et al. 2019). Undoubtedly, as mentioned above, the most influ-
ential asset is the high precision of these smart NPs dwindling the uncontrollable 
release of agents and enhancing their uptake. 

In this chapter, we describe a wide range of ligands that have been used in smart 
NPs and highlight the distinct conjugation strategies available to graft them onto the 
NP’s surface. In addition, we provide a brief state-of-the-art on the existing smart 
NPs on clinical trials, as well as discuss possible future challenges and next steps. 

15.2 Surface Ligands 

As previously mentioned, NPs undergo passive targeting, preferentially accumu-
lating in cancer tissues. However, the outcome of the EPR effect is uncertain, and 
NPs perse have no specificity for cancer cells. 

Therefore, to achieve active targeting, it could be necessary to use NPs function-
alized with recognition moieties, such as antibodies, aptamers, peptides, proteins,
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Fig. 15.3 Design of a 
nanoparticle-based drug 
delivery platform, according 
to the composition and the 
different targeting ligands 
commonly used to 
functionalize nanoparticles. 
NP: nanoparticle 

and/or small molecules (Fig. 15.3; Jiang et al. 2019). The implementation of surface-
functionalized nanocarriers will improve tumor selectivity, reducing off-target effects 
and toxicity, thus increasing the therapeutic efficiency of DDS (Zhao et al. 2020). 

The current section covers various classes of moieties, highlighting their advan-
tages and drawbacks, showing the most recent literature where smart DDS were 
applied. 

15.2.1 Proteins 

Proteins are large biomolecules formed by the reaction of polymerization by conden-
sation of amino acid residues (Silva et al. 2018). There are many naturally occurring 
proteins, with three-dimensional structures that present a sharp affinity for specific 
endogenous targets and, for this reason, have the potential to be used for targeted 
delivery purposes (Sousa et al. 2019). 

Transferrin (Tf) is a polypeptide glycoprotein found in blood, with approximately 
80 kDa, responsible for iron transport in the body (Salahpour Anarjan 2019; Mao  
et al. 2021; Yoo et al. 2019). Tf-conjugated NPs have been explored due to the 
overexpression of Tf receptors in tumor cells and tissues, including breast, lung, 
and brain cancer. Therefore, by using Tf as a targeting moiety against cancer cells, 
the entry of NPs will be facilitated by the receptor-mediated endocytosis pathway 
(Salahpour Anarjan 2019). In a recent study, Tf was combined with a protein-lipid 
hybrid NP loaded with two different drugs to achieve active targeting in non-small 
cells lung cancer (Mao et al. 2021). Authors noticed that NPs conjugated with this 
glycoprotein had a higher uptake efficiency than unconjugated NPs.
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Similarly, lactoferrin (Lf) is also a low molecular iron-binding glycoprotein 
belonging to the Tf family that is present in many tissues and secretory biolog-
ical fluids (Silva et al. 2018; Sousa et al. 2019; Kapoor et al. 2019). This protein 
is associated with several physiological functions, such as anticancer effect, anti-
inflammatory properties and, of course, regulation of iron absorption (Sousa et al. 
2019; Santos-Pereira et al. 2022). Moreover, Lf receptors have been reported to 
be highly expressed in BBB-representative cells (Huang et al. 2007). Due to this 
evidence, in 2017, a group of researchers used Lf to functionalize poly (lactic-co-
glycolic acid) (PLGA)- polyethylene glycol (PEG) NPs loaded with shikonin to 
improve and facilitate the transport of this drug through the BBB up to glioma cells 
via receptor-mediated pathways (Li et al. 2018). 

Furthermore, synthetic proteins, such as affibodies, can also be conjugated to NPs 
to allow a targeted delivery. Their main advantage is that they do not compete with 
proteins of natural origin that are extremely abundant (Sousa et al. 2019). Affibodies 
are engineered high-affinity synthetic proteins that can be obtained by ribosomal or 
phage display methodologies. These proteins have low immunogenicity and lower 
molecular weight than antibodies (around 8 kDa) (Shipunova et al. 2021). Recently, 
Shipunova et al. (2021) successfully used the anti-human epidermal growth factor 
receptor 2 (HER2) affibody to functionalize PLGA-based NPs to achieve targeted 
delivery and thus obtain selective interaction with HER2-overexpressing cancer cells. 
In addition, Zhang and co-workers (Zhang et al. 2020) also took advantage of an 
affibody against HER2 to achieve targeted delivery to HER2-positive breast cancer 
cells. 

Although non-antibody proteins, like the ones mentioned above, are seen as attrac-
tive ligands, they have some limitations, including their large size, which causes the 
increase of the nanocarrier size and the possibility of immune system activation 
(Sousa et al. 2019). 

15.2.2 Antibodies and Antibodies Fragments 

An antibody, also known as immunoglobulin, is a Y-shaped glycoprotein expressed 
on the surface of B lymphocytes used in the recognition and neutralization of external 
and unknown substances, like viruses or bacteria (Sousa et al. 2019; Marques et al. 
2020). This large protein, around 150 kDa and 10 nm can be abundantly found 
in body fluids and is composed of four polypeptide chains: two identical heavy 
chains connected between them and linked to two identical light chains by disulfide 
bonds (Sousa et al. 2019; Marques et al. 2020). So far, there are five known classes 
of antibodies, also known as isotypes: IgA, IgE, IgD, IgG, and IgM, which can be 
structurally distinguished by their heavy chains and their distinct functions (Marques 
et al. 2020). 

Antibodies can be synthesized through different strategies, namely the use of 
transgenic mice and in vitro selection technologies, like phage or ribosome display 
technologies (Sousa et al. 2019; Marques et al. 2020). Generally, antibodies differ
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from animal to animal, and can be differentiated into three categories according to 
human and non-human parts in their constitution: humanized antibodies, fully human 
antibodies and chimeric antibodies (Sousa et al. 2019; Salahpour Anarjan 2019). 

The antibody-cell interaction is a result of the antibody binding to the antigen 
present on the surface of the target cell, through a weak interaction between comple-
mentary three-dimensional structures (Salahpour Anarjan 2019). The binding of 
the antibody to its complementary antigen serves as an inducing mechanism for 
suppression of protein expression and interference with the ligand-receptor binding, 
for example (Sousa et al. 2019). 

Because of their strong affinity, with a dissociation constant (Kd) in the sub-
nanomolar range (Zhao et al. 2020), and the high specificity of the antibody-antigen 
interaction, this type of ligand as a whole, or its fragments, is widely used (Zhao et al. 
2020; Silva et al. 2018). Furthermore, the antibodies can be used to functionalize 
NPs as a strategy to overcome challenges present when using non-targeted NPs. 
A directional conjugation leading to an ideal orientation should be accomplished, 
leaving the fragment crystallizable (Fc) region linked to the NP surface and the 
fragment antibody-binding (Fab) section free to interact properly with the antigen 
(Silva et al. 2018; Marques et al. 2020). 

One of the exceptional features of antibodies is that they, among other ligands, 
can be used both for therapeutic and targeting purposes. Nevertheless, despite the 
high specificity and target affinity of antibodies, these entities hold some intrinsic 
disadvantages (Sousa et al. 2019; Yoo et al. 2019; Friedman et al. 2013). Their struc-
ture, as previously stated, restricts their correct orientation at the NPs surface and 
their large size makes the penetration of the functionalized nanocarriers challenging, 
hampering the conjugation with NPs since it restricts the antibody surface density 
(Friedman et al. 2013). In addition, specific monoclonal antibodies (mAbs) have 
high manufacturing costs, as their production requires the use of large quantities of 
mammalian cells and undergoes extensive purification processes (Silva et al. 2018; 
Sousa et al. 2019). Besides, mAbs and antibody fragments may present immuno-
genicity problems, which can be a major obstacle for their usein clinical applications 
(Silva et al. 2018). Other challenges that may arise when developing antibody-NP 
conjugates include the conjugation itself, which must be specific and efficient, not 
disrupting the specificity of the antibodies; the circulation time may be also affected 
by the linker used to build the conjugate (Marques et al. 2020). 

The first evidence of the so-called active targeting was observed using an antibody 
as a ligand, in 1980, where small liposomes were functionalized with mAbs through 
covalent binding (Leserman et al. 1980). In addition, the use of mAbs for disease 
therapeutic dates back to 1986 when the first mAb (Orthoclone OKT3; Janssen-Cilag) 
was approved by the FDA as a medicine in the treatment of acute transplant rejection. 
It was later, in 1997, that mAbs entered the field of oncology as drugs for anti-
tumor therapy, through the FDA approval of Rituximab (an anti-CD20 monoclonal 
antibody) (Arruebo et al. 2009). 

More recently, Comparetti et al. (2020) developed multi-walled carbon nanotubes 
loaded with the widely used chemotherapeutic agent paclitaxel, and surface-
functionalized with antibodies targeting the prostate-specific membrane antigen



15 Smart Targeted-Nanocarriers for Cancer Therapeutics 385

(PSMA), a cell surface marker found at high levels in serum when metastatic cells are 
present. It was found that these functionalized carbon nanotubes induced a greater 
internalization and higher early apoptosis when compared with non-functionalized 
NPs (containing only paclitaxel), demonstrating a successful uptake by prostate 
cancer cells. Moreover, Liszbinski et al. (2009) produced gold NPs loaded with 5-
fluorouracil and functionalized with anti-epidermal growth factor receptors (EGFR) 
antibodies, commonly upregulated in a wide range of tumors. The authors pointed 
out that the functionalization of gold NPs with mAbs improved the cytotoxicity and 
the apoptosis rate in cells as the antibody directs NPs towards target cells. 

Antibody fragments, such as Fab or single-chain variable fragment (scFv), can 
overcome some of the mAbs limitations, for example, the risk of inactivation when 
applying full antibody. A Fab can be obtained by enzymatic cleavage using papain or 
pepsin combined with a reducing agent and it is composed of one constant and one 
variable portion of the heavy and the light chain (Marques et al. 2020; Seidu et al. 
2022). High-affinity scFv is a fusion of the variable regions of the heavy and light 
chains of immunoglobulins, connected with a peptide linker, and can be screened 
and isolated using, for instance, in vitro selection technologies (Marques et al. 2020). 

The use of such fragments offers several advantages, such as their lower molec-
ular weight, thus allowing a greater penetration in tumor tissues and, consequently, 
greater efficiency. However, this property and the lack of Fc region may lead to 
a higher clearance and therefore to less tumor accumulation. This drawback can 
be circumvented by, for example, conjugating these fragments with PEG moieties. 
Moreover, as opposed to full-length antibodies, antibody fragments do not trigger 
Fc-mediated cytotoxic immune mechanisms that may lead to the development of 
major adverse effects (Marques et al. 2020). 

A popular antibody is the anti-HER2, an antibody that aims to target the HER2 
receptor, a receptor highly expressed by cancer cells. In a recent study, HER2-targeted 
NPs were developed using anti-HER2 Fab fragments for active targeted drug delivery 
to breast cancer cells. It was found that NPs functionalized with Fab fragments 
exhibited higher tumor accumulation than when the intact antibody was used, thus 
proving the potential of antibody fragments to overcome the disadvantage of the 
higher molecular weight of the antibodies that limits their targeting application (Duan 
et al. 2018). 

15.2.3 Aptamers 

Aptamers, first introduced in 1990 (Ellington and Szostak 1990; Tuerk and Gold 
1990), are peptide or oligonucleotide molecules that can bind to various targets, 
such as cells, bacteria, proteins, and small organic or inorganic molecules (Byun 
2021; Fu and Xiang 2020). 

Nucleic acid aptamers, a class of aptamers, are short single-stranded deoxyribonu-
cleic acid (ssDNA) or ribonucleic acid (RNA) structures, usually 20 to 80 nucleotide 
residues long, that can present multiple secondary structures and further fold into
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single three-dimensional structures (Fu and Xiang 2020). These relatively small 
molecules (about 15 kDa) bind with high affinity and specificity to their targets 
through spatial complementarity mediated by hydrogen bonding, Van der Waals 
forces, and electrostatic/ionic interaction (Byun 2021; Fu and Xiang 2020). The 
aptamer-target binding affinity can be characterized by their Kd, which typically lies 
between pico- to nanomolar (Byun 2021). 

Systematic Evolution of Binding by Exponential Enrichment (SELEX) is an iter-
ative in vitro method that through the application of repeated cycles with steps such 
as binding, washing and amplification allows the obtention of aptamers from random 
oligonucleotide libraries (Silva et al. 2018; Byun 2021; Ferreira et al. 2021). This 
process is usually divided in three steps: incubation of the library with the desired 
target; partitioning (discarding the unbound sequences followed by the recovery/ 
collection of the bound sequences); and amplification by polymerase chain reaction 
(PCR) (Fu and Xiang 2020). Subsequent studies have led to the development of 
several variations of conventional SELEX, such as counter SELEX or cell-SELEX 
(Sousa et al. 2019). For example, cell-SELEX allows the production of aptamers 
with the ability to bind to target proteins on the surface of living cells that are used 
as targets during the process. This allows the screening of aptamers that are specific 
to a given cell line, without any prior knowledge of biomarkers of this target cell 
(Ferreira et al. 2021). 

Aptamers exhibit several advantages over other types of commonly used ligands. 
Firstly, they are more versatile, since they can be developed, unlike other moieties, 
against numerous targets and have low-to-no inherent immunogenicity and therefore 
present no problems of immune rejection. Moreover, the aptamers small molecular 
weight provides higher permeability and easiness to penetrate tissues, they have a 
long shelf-life and are not temperature sensitive, even if denaturation takes place this 
can be easily reversed, returning to their original three-dimensional structure. Finally, 
because they are chemically synthesized aptamers, they exhibit low batch-to-batch 
variation and are easier and cheaper to produce than antibodies (Zhao et al. 2020; Fu  
and Xiang 2020). 

Despite the aptamers assets as ligands, this strategy is limited by rapid renal excre-
tion, mainly associated with their low molecular weight and susceptibility to degra-
dation by nucleases. To avoid degradation of nucleases during in vivo applications, 
that is particularly common when using RNA aptamers, mirror imaging aptamers 
(Spiegelmers) can be produced and the phosphate-sugar backbone can be modified 
by replacing the 2’-hydroxyl with 2’-fluorine, 2’-amino or 2’-methoxy, chemically 
modifying bases, among other strategies (Byun 2021; Fu and Xiang 2020). The 
conjugation of aptamers with high molecular mass molecules (e.g., PEG and choles-
terol) to the 5' or the 3' ends of the RNA aptamer, works in two ways as it is a method 
that increases the renal retention time and, at the same time, decreases degradation 
by nucleases (Fu and Xiang 2020). 

The 1990 studies published by Ellington and Szostak (Ellington and Szostak 1990) 
and Tuerk and Gold (Tuerk and Gold 1990), in which RNA aptamers were identified, 
signaled the ‘birth of aptamers’ and their use as ligands. Since then, and due to the 
ability of aptamers to bind with specificity and affinity to the tumor biomarkers for
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which they are specifically selected, they have been selected against cell surface 
receptors that are overexpressed in tumors (Fu and Xiang 2020; Pereira et al. 2022). 
For example, Tsogtbaatar et al. (2014) identified the OS-7.9 ssDNA aptamer, which 
has been shown to bind specifically to an osteosarcoma cell line. Moreover, Ferreira 
and co-workers (2017) using cell-SELEX, identified two ssDNA aptamer candidates 
that specifically bind to a triple negative breast cancer cell line (MDA-MB-231). 

Additionally, aptamers can be easily modified with functional groups at their ends 
and conjugated with chemotherapeutics agents, therapeutic RNAs, and NPs, to make 
a targeted delivery to tumorigenic cells. The resulting NP-aptamer conjugates do not 
have an increase in size compared to free NPs, thus being able to easily penetrate the 
tumor tissue (Fu and Xiang 2020). 

The first proof-of-concept study, in which a conjugated aptamer-NP was tested to 
ensure an active drug delivery, was carried out in 2004. The authors synthesized poly 
(lactic acid)-PEG copolymer NPs and covalently bound the specific RNA aptamer 
targeting an overexpressed protein in the prostate cancer epithelium (Farokhzad et al. 
2004). Other examples include the work by Peng et al. (2004) that report the use of 
gold NPs conjugated with a deoxyribonucleic acid (DNA) aptamer that effectively 
targets the EGFR variant III, and by Xiao and co-workers (Xiao et al. 2022) that 
designed NPs with an EGFR aptamer to specifically target the rare malignant bone 
tumor cells called chordomas cells that highly express this receptor. 

Despite the potential of aptamers, to date, no cancer therapy takes advantage of 
conjugated NP-aptamers approved by the FDA or other agencies, and neither are any 
conjugated NP-aptamers in clinical trials (Sousa et al. 2019). 

15.2.4 Peptides 

Peptides are molecules that consist of chains of amino acids (usually 2 to 50) 
connected by chemical bonds called peptide bonds. These moieties can be seen 
as a compromise between large molecules, such as antibodies, and small molecules, 
offering advantages over the ligands herein mentioned (Jiang et al. 2019; Yoo et al. 
2019). Their relatively small size allows a high-density decoration of the NPs (Silva 
et al. 2018; Yoo et al. 2019), and due to the abundance of functional groups in 
peptides, they are easily manipulated and modified (Jiang et al. 2019). Furthermore, 
peptide-based ligands have less immunogenicity, present easy and low-cost produc-
tion compared to protein-based ligands for instance, and have much higher binding 
specificity and affinity than small molecule ligands (Jiang et al. 2019; Silva et al. 
2018; Yoo et al. 2019). 

Due to the facility to chemically modify this class of ligands, these can be used 
to generate various types of decorated nanocarriers. Peptides can be conjugated with 
drugs, grafted onto NPs and even lead to the generation of self-assembled nanocar-
riers. These moieties can be categorized into two classes: cell-penetrating peptides 
that are non-specific, and cell-targeting peptides with receptor specificity (Zhao et al. 
2020; Marques et al. 2020). Such strategies take advantage of the functional groups
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present on the cysteine and lysine residues, as well as the C- and N- terminus of 
peptides (Zhao et al. 2020). 

Peptides that are used in active DDS are usually identified through large-scale 
screening of peptide libraries (Jiang et al. 2019). Phage display is a widely used 
method, consisting of a cyclic selection process, in which a peptide library (up to 
1011 different sequences) is displayed on the surface of bacteriophages (Silva et al. 
2018; Rodrigues et al. 2017; Ferreira and Martins 2017). This randomized library 
can be incubated with an already known purified target molecule or with specific cell 
types whose receptors are unknown, which allows the identification of peptides that 
exhibit affinity for the given target (Jiang et al. 2019; Zhao et al. 2020; Sousa et al. 
2019). This screening tool can be applied to in vitro and in vivo conditions (Sousa 
et al. 2019). In addition, peptides can also be identified using chemical libraries, with 
the one-bead one-compound (OBOC) library being the most prevalent, where each 
bead displays a different peptide. Unlike phage display libraries, which contain only 
natural L-amino acid sequences with simple configurations, OBOC libraries grant 
more structural possibilities and offer the opportunity to employ non-natural amino 
acids, however, they can only be used for in vitro screenings (Jiang et al. 2019). 

Several peptides have been identified using phage display (Ferreira et al. 2019; 
Silva et al. 2016; Nobrega et al. 2016; Pereira et al. 2021). For instance, Ferreira and 
co-workers (Ferreira et al. 2019) identified and characterized peptides specific to the 
colorectal cancer cell line RKO. A synthetic peptide, RKO pep, demonstrated an 
excellent binding ability to several colorectal cancer cell lines, showing no affinity 
for non-cancerous cells. 

The most well-known peptides are the arginine-glycine-aspartic acid (RGD) 
peptides, that rely on the sequence of these three amino acids (Silva et al. 2018). 
Given that, RGD peptides have a high capacity to selectively bind to cell surface 
receptors, often overexpressed on the surface of tumor cells, known as integrins, 
namely avβ3 and avβ5, which are frequently used as tumor-targeting ligands, both in 
diagnosis and therapy (Zhao et al. 2020; Silva et al. 2018). For instance, Gong et al. 
(2014) designed RGD peptide self-assembled NPs to obtain active targeting towards 
liver cancer cells. The authors found that NPs carrying Dox showed greater cellular 
uptake than free Dox. 

Despite their many advantages, the application of peptides for targeted drug 
delivery is hampered by their sensitivity and predisposition to enzymatic microenvi-
ronments, such as blood circulation and cleavage. In order to overcome proteolysis, 
peptide cyclization can be achieved through the formation of chemical bonds, as well 
as the modification of the peptide sequence through the introduction of unnatural 
amino acids, as is the case of the D-amino acids (Jiang et al. 2019). 

15.2.5 Small Molecules 

Small molecules are small entities that have shown great potential as target moieties 
(Zhao et al. 2020; Silva et al. 2018). These molecules, such as vitamins and sugars,
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were among the first ligands to be explored due to their simple chemistry, thus easy 
to combine with other entities, such as NPs (Zhao et al. 2020). They present low 
production costs, ease of manufacturability and modification, low immunogenicity, 
improved stability and low molecular weight (Jiang et al. 2019; Zhao et al. 2020; 
Sousa et al. 2019). Furthermore, small molecules exhibit very high selectivity towards 
their receptors, making them appealing tools for targeting cells which express their 
targets (Sousa et al. 2019). 

One of the most widely employed small molecules is folic acid (FA), a water-
soluble vitamin, whose receptors are highly expressed in tumor cells compared to 
non-tumorigenic cells. Thus, FA-modified NPs can selectively target folate receptors 
on the cell membrane of tumor cells. For example, Ren et al. ( 2021) formulated gold 
NPs that carried paclitaxel and were functionalized with FA as an active DDS to 
selectively target cancer cells that overexpress the folatereceptor (Ren et al. 2021). 

Somatostatin receptor 2 (SSTR2) is one of the subtypes of the somatostatin 
receptor and has been abundantly detected in tumor cells, such as leukemic cells. 
Because of this, somatostatin and its analogues have been identified as promising 
targeting moieties for the treatment of leukemia. Abdellatif and co-workers (Abdel-
latif et al. 2020) formulated an NPs-octreotide conjugate thought the functionaliza-
tion of amino-PEGylated quantum dots with a somatostatin analogue (octreotide), 
able to target blood cells overexpressing SSTR2 (Abdellatif et al. 2020). 

Other small molecules that display specific and tight binding to uniquely expressed 
or overexpressed receptors in cancer can also be used as surface ligands to target 
cancer cells. For example, sigma receptors are membrane proteins that are overex-
pressed in some human tumors to which a few benzamide derivatives bind with high 
affinity. Bearing this in mind, Jalilian et al. (2021) developed lipid NPs containing 
docetaxel and functionalized with a low molecular weight benzamide derivative, 
anisamide, to be applied in prostate cancer therapy, whose cells are sigma receptor 
positive. 

15.2.5.1 Polysaccharides 

Hyaluronic acid (HA) is a natural anionic polysaccharide that is composed of alter-
nating repeats of D-glucuronic acid and N-acetyl-D-glucosamine (Silva et al. 2018; 
Jia et al. 2022). This linear mucopolysaccharide is a large molecule and is a extracel-
lular matrix major component (Yoo et al. 2019). Given its composition with carboxyl 
and hydroxyl groups, HA can undergo unlimited modifications, for easier conju-
gation with nanocarriers, (Jia et al. 2022). Other than that, HA is biocompatible, 
biodegradable, non-immunogenic and non-toxic (Meng et al. 2022). As a ligand, 
HA presents some advantages, namely the fact that it can be used as a hydrophilic 
backbone polymer of NPs and at the same time as a targeting moiety (Yoo et al. 2019). 
Moreover, the hydrophilic nature of HA allows lower adsorption and permeation of 
proteins, avoiding the formation of a protein corona, thus favoring the circulation
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and stability of the HA-engineered DDS invivo (Jia et al. 2022). However, NPs func-
tionalized with HA tend to accumulate in the liver, due to the high expression of the 
receptors of this polysaccharide in the hepatic tissue (Yoo et al. 2019). 

HA binds to the cluster determinant 44 (CD44) receptor, which is a transmembrane 
glycoprotein that holds potential for use as a target in active targeting therapy. CD44 
receptor has low expression in healthy cells yet, in contrast, is overexpressed on the 
surface of various cancer cells (Silva et al. 2018; Jia et al. 2022). Therefore, due to 
its excellent characteristics and the ability to be used in active targeting, HA and its 
derivatives have been used as targeting ligands in nanocarrier systems for the delivery 
of various therapeutic agents (Silva et al. 2018; Meng et al. 2022). 

Recently, Meng et al. [52] reported the use of HA as a targeting moiety. In this 
study, HA-coated liposomes loaded with shikon in were developed to achieve an 
active targeting to triple negative breast cancer cells that overexpress the CD44 
receptor. In the present study, the authors observed that both the internalization ability 
and retention time were significantly higher for the HA functionalized liposomes. 

15.2.5.2 Sugar Molecules 

Sugar molecules, such as glucose, galactose, and mannose, are relatively small 
molecules and represent another class of target molecules of interest to be applied 
in DDS. These carbohydrates have the ability to selectively recognize cell surface 
receptors, like lectins (Silva et al. 2018; Sousa et al. 2019). As the cell surface is 
rich in carbohydrates bound to both glycolipids and glycoproteins, sugar molecules 
present a great potential to be used as recognition ligands (Silva et al. 2018). 

Lectin-like receptors, such as mannose, are carbohydrate-responsive receptors 
(Zhao et al. 2020). Mannose is a highly expressed sugar in cells of the immune system 
and, as so, has the potential to be used to functionalize DDS (Sousa et al. 2019). 
Moreover, mannose receptors have recently been found to be abundantly present on 
the cell surface of the MDA-MB-231 cell line, and for that reason, Li et al.[54]have 
functionalized branched gold NPs with a modified mannoside molecule as an active 
targeting strategy against triple negative breast cancer cells. 

Galactose is a simple sugar molecule that has the ability to target asialo glyco-
protein (ASGP) receptors, which are abundantly expressed on liver cell surfaces and 
in many cancer cells. ASGP receptors can recognize both glycoproteins and glyco-
conjugates that have galactose termination, so for example galactose functionalized 
nanocarriers can be used to target the liver (Zheng et al. 2018). Therefore, Zheng et al. 
(2018) designed a lactobionic acid functionalized nanocarrier (with galactose in its 
constitution) as an approach for hepatocellular carcinoma treatment. Furthermore, 
galactose in its monosaccharide form can be directly conjugated to nanocarriers and 
used as a tumor-targeting moiety (Xia et al. 2019). 

In addition, mannan, a natural polysaccharide with repeated carbohydrate units 
produced by yeast, can be recognized by mannose receptors. Therefore, mannan-
decorated NPs have been used as protein vaccine carriers for targeting dendritic cells 
via mannose-binding lectin-mediated active transportation (Xu et al. 2022).
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15.3 Strategies for Conjugating Functional Ligands 
into NPs 

Targeting a moiety without losing its functionality after attachment to a NP is the 
main goal of a targeted ligand conjugation. For instance, the binding of targeting 
ligands to NPs without considering the recognition site can shield the functional 
groups leading to decreased targeting abilities. Therefore, a deep understanding on 
the chemical structure and nature of both ligand and NP is of utmost relevance. The 
functionalization process can take place through covalent and non-covalent binding 
of a moiety onto the surface of NPs. This process of covalently or non-covalently 
connecting ligands to NPs to create novel functionalized NPs encompasses various 
chemical, as well as molecular biology procedures. The following sections survey 
various conjugation chemistries used to link the aforementioned targeting ligands 
into a wide range of functional NPs. 

15.3.1 Covalent Conjugation 

Covalent conjugation strategies are the most usual binding methods between atoms. 
The reaction of one functional group with another leads to the establishment of a 
covalent bond through the sharing of electrons between atoms (Sunasee and Narain 
2014). Some of the most dominant covalent reactions that are used in the conjugation 
of the above-listed targeting ligands onto various types of NPs include amide linkage 
(carboxylic acid and amine reaction), Schiff base linkage (aldehyde reaction with 
amine or hydrazide) and reactions known as click-chemistry (Molavipordanjani and 
Hosseinimehr 2019). 

Amide linkage of moieties and NP’s surface occurs through the condensation 
of carboxylic acid and amine reactive groups. Theoretically, targeting ligands can 
possess amine functional groups and NPs can have carboxylic groups and vice 
versa; great part of the published reports state that targeting ligands hold amine 
groups (Molavipordanjani and Hosseinimehr 2019). As activation of carboxylic acid 
reactive groups by turning it to an active ester form is required before the reac-
tion, different reagents have been used to synthetize active ester forms from the 
carboxylic acid, including 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDC), 
N-hydroxysuccinimide (NHS) and N-Hydroxysulfosuccinimide (sulfo-NHS). Tan 
and collaborators (Tan et al. 2016) described a simple strategy to detect leukemia 
cells, where carboxyl-labelled fluorescent silica NPs were conjugated with the amine-
modified Sgc8 aptamer, which binds tightly to T acute lymphocytic leukemia cells, 
through amide coupling between carboxyl and amine reactive groups. Moreover, 
a broad range of peptides were described to be functionalized onto the surface of 
NPs using this amide linkage strategy (Su et al. 2017; Okur et al. 2016; Gao et al. 
2015). In particular, Gao and co-workers (Gao et al. 2015) performed the successful
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anchoring of the cell-penetrating peptide RLW onto the surface of the carboxyl units 
of PEG-poly (e-caprolactone) NPs for lung cancer targeting. 

The reaction between an aldehyde and an amine produces a Schiff base linkage 
(Molavipordanjani and Hosseinimehr 2019). As, normally, targeting ligands do not 
possess aldehyde functional groups, mild oxidation of such molecules can provide 
such reactive groups. The reaction of this reactive group with hydrazide or amine-
functionalized NPs can lead to the successful decoration of NPs with this modified 
targeting ligand (Joshi et al. 2013; Kumar et al. 2008). Aldehyde-functionalized 
NPs can also react directly with functional moieties containing hydrazide or amine 
reactive groups (Yu et al. 2010; Brunel et al. 2010). In a particular study, the viral 
NP cowpea mosaic virus (CPMV) was covalently modified to yield a benzaldehyde-
labeled CPMV (Brunel et al. 2010). The hydrazide group on the vascular endothelial 
growth factor receptor (VEGFR-1) specific peptide, F56, reacted specifically with 
the benzaldehydes on CPMV and the F56-modified CPMV recognized VEGFR-1 
on endothelial cells and VEGFR-1-expressing tumor xenografts in mice. 

Click reactions can provide a broad spectrum of ligand-functionalized NPs. 
Copper-catalyzed azide-alkyne cycloaddition (CuAAC) is recognized as one of the 
best click reactions to date and one of its main features includes the ability to proceed 
under mild reaction conditions in aqueous solutions with high yield (Molavipordan-
jani and Hosseinimehr 2019; Yu et al.  2012). For instance, Chen and collaborators 
(Chen et al. 2018) described a high-efficient capping of azide-modified mesoporous 
silica NPs by alkyne-labelled double stranded DNA (dsDNA) containing thrombin 
aptamer through CuAAC. The developed system was successfully applied to detect 
thrombin in serum samples with high selectivity. In another report, it was demon-
strated the fruitful incorporation of the alkyne-containing cyclic tumor-targeting 
peptide LyP-1, which binds to p32 mitochondrial protein-overexpressing tumor cells, 
to azide-PEG-iron oxide NPs (Maltzahn et al. 2008). These LyP-1 “click” NPs were 
able to stably circulate in vivo and specifically bind to p32-expressing cells in tumors. 

The thiol-ene click reaction of thiol reactive groups with maleimide and acrylic 
derivatives can enable the linking of various targeting moieties onto NP’s surface 
via thioether linkage (Molavipordanjani and Hosseinimehr 2019). Maleimide-
functionalized polyethylene glycol-functionalized nanographene oxide (PEGylated 
n-GO) was successfully conjugated with mucin-1 receptor immunoglobulin G anti-
body (anti-MUC1 IgG) by taking advantage of the thiol-ene reaction between the 
thiol reactive groups of cysteines residues in anti-MUC1 and maleimide groups in 
the NP’s surface (Rubio et al. 2015). Breast cancer targeting was confirmed in vitro 
using various techniques, including flow cytometry and confocal laser scanning 
microscopy. Liu and collaborators (Liu et al. 2017) also reported the functional-
ization of colloidal NPs with N- (3,4-dihydroxyphenethyl) acrylamide. Using this 
thiol-ene strategy, the thiol-modified Sgc8 aptamer was conjugated onto the colloidal 
NP’s surface. The resulting Sgc8-nanoconjugate demonstrated an excellent target 
binding capability. Thiol-ene “click” chemistry was also employed with success for 
the modification of different NPs with diverse peptides (Choi et al. 2017; Kuang et al. 
2016).
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Diels–alder “click” chemistry includes a cycloaddition process between an 
electron-poor dienophile (alkene) and an electron-rich diene to generate a cyclo-
hexene derivative (Molavipordanjani and Hosseinimehr 2019; Sunasee and Narain 
2014). In one particular study, Logie and co-workers (Logie et al. 2017) reported 
the development of novel polymeric micelles targeted with the incorporation of the 
anti-HER2 fragment antibody, Fab 73 J. The terminal furan groups of polymeric 
micelles enabled the facile antibody Fab 73 J conjugation via Diels–Alder chemistry 
for targeted delivery. 

15.3.2 Non-Covalent Conjugation 

In addition to the broad range of covalent reactions that can be applied to conjugate 
targeting ligands onto NPs, non-covalent bonds are commonly used as well. Non-
covalent interactions rely profoundly on physical interactions through intermolecular 
non-covalent forces, encompassing affinity interactions, electrostatic, hydrophobic 
and hydrogen bonding and hybridization methods (Sunasee and Narain 2014). 

Various bioconjugation approaches use biological recognition motifs, being the 
strongest known non-covalent interaction biotin- (strept)avidin a classical example 
(Friedman et al. 2013). An RNA–DNA hybrid A10-3-J1 biotinylated aptamer, which 
recognizes the PSMA extracellular domain was incorporated onto streptavidin-
modified super paramagnetic iron oxide (SPIO) NPs (Leach et al. 2016). This SPIO-
Apt bioconjugate showed improved specificity to PSMA−positive prostate cancer 
cells. In one recent study, Cathcart et al. (2022) incorporated a biotinylated peptide 
(ISV4), which decreases MMP-14-mediated cell invasion, into polysaccharide-based 
NPs via the biotin-avidin binding. ISV4-conjugated NPs competently prevented 
MMP-14 mediated cell invasion leading to an enhanced uptake in comparison to 
control peptides. In another novel report, Marshall and collaborators (Marshall et al. 
2022) developed a biotin-modified epithelial cell adhesion molecule (EpCAM) anti-
body targeted biomimetic coated nanocarrier, which successfully accomplished the 
delivery of a radiotherapeutic agent to breast cancer cells. 

Base-pairing hybridization has emerged as powerful tool for the generation of 
NP-aptamer bioconjugates (Javier et al. 2008; Lee et al. 2011). Recently, Smith and 
collaborators (Smith et al. 2018) described the design of peptide amphiphile micelles 
(PAM) co-assembled with a DNA oligonucleotide (anti-tail amphiphile) to form A/ 
PAMs. A human B cell leukemia and lymphoma targeting DNA aptamer containing 
a tail sequence complementary to the anti-tail amphiphile was annealed to the A/ 
PAM forming the aptamer ~ A/PAMs, which was found to be stable in biofluids and 
able of selective binding. 

Over the years, researchers from different fields of science, including chemistry, 
biochemistry, nanotechnology and biotechnology, have largely relied in traditional 
covalent and non-covalent bioconjugation chemistries for the generation of novel 
bioconjugates for application in cancer diagnosis and/or treatment. While great part 
of the bioconjugation strategies relies in the robust approach of covalent chemistry,
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non-covalent strategies have also led to excellent results due to its ability to generate 
complex structures from simple building blocks. As these bioconjugation method-
ologies are active areas of research, the design of novel powerful covalent, as well 
as non-covalent reactions to expand the toolkit of bioconjugation approaches will 
unquestionably continue to be developed in the next years. 

15.4 Overview of Smart Nanoparticles on Clinical Context 

Currently, NPs are seen as the forefront of health research, granting investment from 
several companies. Researchers explore the NPs capacity to perform high precision 
tasks, such as safely encapsulate several cytotoxic agents and effectively delivery 
it to the intended site by overcoming physiological barriers. Moreover, these new 
technologies not only rely on the EPR effect, that allows NPs accumulation on tumor 
sites, but are improved with regard to their targeting capacity through the use of NPs 
conjugated with engineered ligands. 

As cancer remains one of the leading causes of death in the world, there is a 
demand to design more effective and safer strategies for both therapeutic and diag-
nostic applications. Therefore, the majority of articles published about targeted drug 
delivery aims to treat solid malignant neoplasms. Up to date, 17 ligand-targeted 
NPs with oncological therapeutic ends have entered clinical trials (Table 15.1). The 
proposed nanomedicines include lipid and polymer-based NPs, as well as a retroviral 
vector and bacterially derived minicells, all ranging from 20 to 400 nm. Moreover, 
these proposed strategies rely on the application of antibodies, proteins and small 
molecules.

The first generation of smart NPs were engineered with antibodies. Two 
nanomedicines, SGT-53 and SGT-94, display at their surface a scFv that targets the 
Tf receptor present on tumor cells (Leung et al. 2021; Siefker-Radtke et al. 2016). 
SGT-53, a liposome loaded with DNA plasmid encoding a wild type p53 tumor 
suppressor protein, was particularly developed as a coadjuvant agent of chemo and 
radiotherapy. Recently, a phase II trial (NCT02340156) employed, simultaneously, 
SGT-53 and temozolomide, a chemotherapy agent, for the treatment of recurrent 
glioblastomas (Leung et al. 2021). Similarly, the liposomal nanodelivery complex 
SGT-94 carries a gene encoding the tumor suppressor protein RB94. The phase I 
trial (NCT01517464) concluded in 2017 proved that systemically delivered SGT-94 
was well tolerated and induced clinical activity against a group of patients with solid 
tumors, while showing evidence of selective tumor targeting (Siefker-Radtke et al. 
2016). 

HER2, paramount in hormonal tumors, such as breast cancer, activates tumori-
genic cells, stimulating their proliferation. The in vitro and in vivo findings of 
several researchers allowed the development of MM-302, HER2-targeted antibody-
liposomes conjugates loaded with Dox applied in the treatment of HER2-positive 
advanced breast cancers. While the phase I trial (NCT01304797) showed promising
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efficacy and safety, MM-302 has recently missed the endpoint of the phase II trial 
(Munster et al. 2018). 

EGFR overexpressing tumors can be targeted via engraftment of Fab fragments of 
an anti-EGFR monoclonal antibody, such as cetuximab. Cetuximab, first approved by 
FDA in 2004, is the active targeting moiety in 2 active trials: Anti-EGFR ILs-Dox and 
C225-ILS-Dox (NCT01702129 and NCT03603379). Both exploit the application of 
liposomes as NPs and Dox as an active cargo and are part of phase I clinical trials. 
Anti-EGFR ILs-Dox were administered in 26 patients with EGFR-overexpressing 
solid tumors from which one showed complete response, another a partial response 
and ten individuals exhibited stable disease for up until a year (Mamot et al. 2012). 
C225-ILS-Dox preliminary phase I trial data was recently published which demon-
strated that these anti-EGFR immunoliposomes can target EGFR-amplified glioblas-
tomas, successfully delivering Dox. However, they were not able to cross the intact 
BBB (Kasenda et al. 2022). In addition, Erbitux-EVDs PAC, currently undergoing 
a phase II clinical trial, targets EGFR by modifying a new nanocarrier platform, 
the bacterially derived mini cells. These large and promising NPs were produced 
by mutants that inactivated the genes responsible for cellular division, were loaded 
with paclitaxel and surface engineered with bispecific antibodies that recognize an O-
polysaccharide component of the EFGR receptor. This approach presented promising 
in vivo data, showing a reverse multidrug resistance effect in several solid tumors. 
The phase I results granted the safety and determined the optimal dosage to pursue 
phase II trials (Solomon et al. 2015). 

Antibodies are still the chosen ligand of three other clinical trials, MM-310, 
lipovaxin-MM and MCC-465, all relying on liposomes as NPs. Aiming to treat a 
range of solid tumors, MM-310 displays an Ephrin receptor A2 (EphA2)-targeting 
antibody at the NPs surface, delivering the cytotoxic drug Docetaxel with higher 
specificity. However, in 2019, the phase I study (NCT03076372) was discontinued 
due to the cumulative toxicity observed in patients (Ernstoff et al. 2018). Lipovaxin-
MM is a lipid-based vaccine that does not directly target malignant melanoma cells 
but delivers melanoma antigens to dendritic cells that then activate tumor-specific 
cytotoxic T cells. The targeting of dendritic cells is achieved via coupling of a domain 
antibody (DMS5000). Twelve patients with metastatic cutaneous melanoma were 
selected for a phase I study (NCT01052142) that promoted, with high tolerance, a 
partial response and stable disease in one and two individuals, respectively (Gargett 
et al. 2018). MCC-465 conjugates a Dox-loaded pegylated liposome with a Fab frag-
ment of the human GAH selected antibody. After an enthusiastic in vivo outcome, 
with an increased efficacy and diminished cytotoxicity, this approach enrolled in a 
phase I trial that promoted the disease (metastatic stomach cancer) stability in 10 
of 18 patients (Ura et al. 2004). However, since its conclusion, no updates were 
published, and it remains uncertain the reasons for the discontinuity of the work. 

Besides antibodies, that represent more than half of the existent proposals, 
researchers also explored the engraftment of proteins and small molecules. 

MBP-426 is an oxaliplatin-loaded liposome conjugated to the Tf protein devel-
oped to target gastric, gastroesophageal, and esophageal adenocarcinomas as a
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second line of treatment. Phase Ib trial (NCT00964080) data shows that throm-
bocytopenia was the main dose-limiting toxicity event, but MBP-426 still showed 
a favorable safety profile and the recommended dose of 170 mg/m2 was calculated 
for the next steps (Alavi et al. 2022). Another clinical trial relies on Tf to promote 
selective cellular internalization; however, it resorts to another type of NP and is the 
vehicle of a nucleic acid. CALAA-01 is a polymeric NP that induces the knockdown 
of the M2 subunit of ribonucleotide reductase (RRM2) through small interference 
(siRNA) technology. Phase Ia-Ib trials (NCT00689065) concluded that RNAi was 
able to occur in humans, affecting mRNA and protein levels, due to the systemic 
delivery of siRNA contained in CALAA-01 (Zuckerman et al. 2014). 

Two more proteins engrafted onto NPs joined in clinical trials: glutathione and 
human serum albumin (HAS), for 2B3-101 and TENPA nanomedicines, respectively. 
Applied for solid tumors and glioma therapy, 2B3-101 is a Dox-loaded liposome with 
glutathione as a targeting ligand, aiming to cross the BBB via glutathione transporters. 
2B3-101 entered a phase I/IIA trial (NCT01386580) to determine its safety as a single 
agent or in combination with trastuzumab (Brandsma et al. 2014). TENPA, on the 
other hand, is a polymeric NP engineered with HAS and loaded with paclitaxel. 
In 2016, enrolled on a phase I clinical trial (NCT02979392), however preliminary 
results are not available (Chung et al. 2020). 

BIND-014 is a polymeric NP studied in patients with metastatic castration resis-
tant prostate cancer. This NP is decorated with a small molecule, S,S-2-[3-[5-
amino-1-carboxypentyl]-ureido]-pentanedioic acid (ACUPA), that specifically binds 
to prostate-specific membrane antigen (PSMA) and allows an effective delivery of 
Docetaxel. In a phase II clinical trial (NCT01812746), promising outcomes deter-
mined that the median progression-free survival of 42 patients was 9.9 months, while 
granting the nanomedicine safety (Autio et al. 2018). 

Very recently, two other NPs displaying small molecules as ligands have entered 
clinical trials: Qdots-SST and ELU001. Qdots-SST were created to target the somato-
statin receptors commonly found in colorectal cancer cells. The oral polymeric NPs 
decorated with somatostatin analogue and loaded with cetuximab were approved to 
enter a phase I clinical trial in 2018 (NCT03774680) (Hafez Abdellatif et al. 2018). 
Nevertheless, the current status of the study in unknown. Moreover, ELU001 is a 
new chemical entity described as a CDot drug conjugate that combines payloads of 
exatecans and FA analogs as targeting moieties. In 2021, it became the first engi-
neered NP to employ FA tested in clinical conditions (NCT05001282), focusing on 
adults with advanced folate receptor alpha (FRα) overexpressing tumors (Ma et al. 
2022). 

Retroviral vectors efficiently integrate their payload in the DNA of the target cells, 
however these NPs are hindered by the lack of tissue specificity. Rexin-G, developed 
for the treatment of osteosarcoma, sarcoma, and pancreatic tumors, aims to solve 
this limitation by engrafting a high-affinity collagen binding motif on the surface of 
a retroviral vector. This popular nanomedicine has already enrolled in five different 
clinical trials (NCT00505713, NCT00504998, NCT00505271, NCT00572130 and 
NCT00121745). In a phase I/II trial, carried out in the Philippines, Rexin-G was 
well tolerated, exhibited anti-tumor activity against metastatic pancreatic cancer and
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did not induce organ damage (Gordon et al. 2006). In the USA, phase I/II trials 
for the treatment of all three abovementioned types of cancer successfully estab-
lished a correlation between Rexin-G administration and overall survival, while no 
dose-limiting toxicity was discovered, as well as no organ related toxicity, antibody 
response and off-target transfection (Chawla et al. 2009, 2019). Moreover, in all 
clinical trials, Rexin-G also improved physiological conditions, namely liver func-
tion, blood chemistry and wound healing. Based on these outcomes, Rexin-G gained 
orphan drug status in the U.S.A. for the treatment of all three proposed pathologies. 

15.5 Challenges and Future Steps 

Although several engineered NPs have been formulated, evaluated, and submitted 
to in vivo studies, only a small part has progressed into clinical trials and none of 
them have yet been approved. To date, there are still many hurdles hindering the 
therapeutic and clinical applications, including the expensiveness and the toxicity 
of smart NPs, the reproducibility of large-scale production, and the complexity of 
biological barriers and environment. 

A major drawback for the success of smart NPs in terms of enhanced tissue speci-
ficity, cellular uptake and ligand-receptor interactions is the NPs toxicity. In order 
to overcome this limitation, researchers must define appropriate physicochemical 
properties, including size, shape, surface charge and rigidity, and should not under-
estimate the optimization of surface ligand density (Kiio and Park 2021). This is 
a crucial aspect, since the engrafted moieties need to guarantee the tumor uptake 
and consequent accumulation, but not exceeding the saturation point. Another major 
bottleneck is the large-scale production that commonly results in aggregation and 
alters NPs characteristics and stability. Given that the production of the existent NPs 
and the conjugation techniques to obtain functionalized NPs were outlined for labo-
ratorial scale, improvements to these methodologies to apply them on a large scale 
and the implementation of innovative low-energy-input methods are devised (Zhao 
et al. 2022). All this development pipeline, including the NPs design and the ligand, 
particularly antibodies, production and conjugation, are very costly processes. There-
fore, pursuing these strategies remains an economically unsustainable investment, 
associated with increased financial risks and potential clinical translation fail (Cheng 
et al. 2012). 

Despite the attractiveness of exploiting smart NPs as DDS, the inherent complexity 
and dynamic of biological environments hampers these nanomedicines’ effective-
ness. Broadly, smart DDS have to circulate through the body, identify the targeted 
tissue, accumulate in tumor-site, penetrate into deeper regions, be internalized into the 
cells, and finally release the active agents. In order to achieve the therapeutic goal, the 
first step is to study the best administration route to improve the biodistribution and 
face the need for multiple dosing, already reported in NPs application (Xu et al. 2021). 
Then, smart NPs must escape from lymphatic drainage and penetrate two barriers, 
the tumoral, and possibly the BBB (if the intention is to reach the brain). Afterwards,
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at tumor site, smart NPs face the heterogeneity of the EPR effect and the surface 
variations between tumor types and disease stages. More importantly, it is essential 
to understand tumor cells interaction and behavior since the therapeutic outcomes 
relies on pharmacokinetic, tissue distribution, tumor accumulation, and penetration. 
However, these aspects are highly heterogeneous between cellular cultures, animal 
model species and humans, culminating in a translational gap between preclinical 
studies and clinical trials. In addition, the development pipeline does not consider 
the heterogeneity amongst patients by not promoting studies on the NPs interaction 
with stratified patient populations (Mitchell et al. 2021; Seidu et al. 2022). 

Therefore, in order to keep pace with pre-clinical studies, several topics must be 
addressed. First and foremost, researchers must exploit the influence of tumor size, 
stage, location, and grade and standardize aspects of clinical research, such as patient 
screening, drug selection, and combination with existent therapies. In addition, new 
strategies must be employed to improve the NPs performance, either therapeutically 
or diagnostically, such as the development of fusogenic NPs and NPs multifunction-
alization (Friedman et al. 2013; Seidu et al. 2022). With the purpose of decreasing 
adverse side effects, resistance and immune responses, authors pursued the produc-
tion of hybrid NPs. These fusogenic NPs are constructed from at least two distinct 
classes of NPs taking advantage from their different properties, overcoming limi-
tations of single-component NPs, and gathering multiple functionalities (Wu et al. 
2015; Gao et al. 2017). Following the same line of thought, NPs multifunctional-
ization, either by multifunctional targeting or chimeric targeting approach, is now 
trending in the field. Both strategies attach more than one type of ligands on the 
NPs surface in order to target distinct individual targets, but while multifunctional 
targeting relies on ligands from the same class, chimeric targeting uses moieties 
across categories (Kluza et al. 2012; Ko et al.  2011). Both strategies aim to expand 
multiple-targeting specificity, enhance cellular uptake and increase the benefit against 
pathological tissues while sustaining the healthy ones. 

As a result, given all the advantages of using smart NPs in cancer therapies and 
the extensive work that researchers all over the worldare developing to overcome the 
disadvantages and problems that still exist, it can be expected that in the next couple 
of years more functionalized NPs will enter clinical trials and that eventually some 
of these will be approved for use in cancer therapy. 
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Chapter 16 
Biogenic Nanomaterials as a Catalyst 
for Photocatalytic Dye Degradation 

Parvindar M. Sah, Smita Ganpat Gite, Ratnamala Sonawane, 
and Rajesh W. Raut 

Abstract The demand for dyes is increasing across a variety of industries, including 
food, rubber, leather, and plastics. Due to their low cost, stability, and performance, 
people prefer synthetic and semi-synthetic dyes over natural dyes. However, as these 
dyes are resistant to biological oxidation they are therefore harmful to the environ-
ment. More than 1 lakh dyes are available commercially, of which around 10–15% 
end up in the environment without being treated and it causes adverse effects on 
the environment. Nowadays these problems are tackled with the help of nanotech-
nology. The nanoparticles act as a catalyst for the degradation of dyes in the presence 
of sunlight. In the process of photocatalysis irradiation of light generates electron– 
hole pair that reacts with water molecules which produces hydroxyl radicals. If the 
dye reacts with hydroxyl radical it starts decomposing. At the end of the process, H2O 
and CO2 get released. the biogenic nanoparticle used in these process such as TiO2, 
ZnO, Fe2O3, Ag NPs, AgO NPs, Au NPs etc. This chapter discusses photocatalytic 
dye degradation using biogenic nanomaterials. 
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16.1 Introduction of Biogenic Nanomaterials as a Catalyst 
for Photocatalytic Dye Degradation 

In the textile industry, dyes are one of the largest groups of organic compounds that 
are widely used. Although natural and synthetic dye products have played an instru-
mental role in making our world spectacular, their abandoned discharge over the last 
decade has contributed to non-aesthetic pollution which has led to ecosystem destruc-
tion (Kumar 2021). There are many different types of dyes, including azo, basic, 
acidic, anthraquinone, and metal complexes. Among the most significant synthetic 
organic compounds released by industries such as plastic, paper, food, tanneries, 
pharmaceuticals, cosmetics, and textiles are dyes (Wu et al. 2008). Out of the indus-
tries mentioned, the textile industry produces the most wastewater containing high 
concentrations of dyes in the range of 10–200 mg L−1. In this industry, 15–20% of 
consumer paint is estimated to enter the sewage system. Colour content in dye adsorbs 
at a wavelength of 350–700 nm (visible light region) and reflects sunlight entering 
polluted water, which hinders photosynthesis and interferes with aquatic species 
development (Chokalingam et al. 2019). In humans and animals, these organic pollu-
tants can cause skin irritation, blood disorders, liver and kidney damage, mutagenic 
and carcinogenic effects, and poisoning of the central nervous system. The removal 
of such carcinogenic compounds from water is therefore critical from a biological 
and environmental perspective. The degradation of such compounds results in a less 
toxic product. This is because the compounds are highly soluble in water and other 
solvents with high stability. Conventional methods for removing toxic dyes include 
activated carbon sorption, flocculation, ultrafiltration, and chemical, photochemical, 
electrochemical, and biological methods. Chemically stable dyes and dye pollutants 
often resist degradation by physicochemical processes. Despite being cost-effective, 
biodegradation methods are slow and are not adequate to degrade dyes because they 
are harmful to microorganisms (Anjana et al. 2021). These methods, while perhaps 
effective, may also generate new compounds that need further treatment. 

In recent years, Nanocatalysts has become an alternative to conventional wastew-
ater treatment methods for efficient degradation and adsorption of toxic dyes. 

Nano biotechnology is the intersection of nanotechnology and biotechnology, 
which focuses on building, improving, and using nanoscale structures for advanced 
biotechnology (Bandala et al. 2020). The application of nanotechnology in remedia-
tion involves the use of reactive nanomaterials for the transformation and detoxifica-
tion of chemicals through chemical reduction or catalysis. Metal nanoparticles have 
finite sizes and large surface-to-volume ratios, making them excellent catalysts. Dye 
degradation by chemical reduction is thermodynamically favorable, but kinetically 
unfavorable. By reducing the activating energy at the nanoscale, gold, silver and 
copper provide an alternative path for the reaction, thus reducing the kinetic barrier, 
making the reaction thermodynamically and kinetically feasible (Kumar 2021). 

In the past, nanomaterials were synthesized using a variety of physical and chem-
ical techniques. Traditionally, nanoparticles are produced using capping agents, toxic 
solvents, harsh chemicals, and other additives, which limit their use in biomedical
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and clinical applications. In most cases, these methods require a significant amount of 
energy and capital. Researchers focused on developing an eco-friendly protocol for 
chemical synthesis so that solvents and toxic reagents are avoided, waste by-products 
are avoided, and renewable, affordable, biodegradable resources are used, which is a 
need of the industry (Bandala et al. 2020). By synthesizing at physiological temper-
atures and pH levels at relatively low costs, bio-based approaches eliminate harsh 
processing conditions. There is no hazardous waste generated by these biological 
methods, and the products usually do not need to be purified. A biological method 
reduces metal ions by using natural reducing agents found in prokaryotes and plant 
extracts (Ahluwalia et al. 2016). In comparison to conventional production, green 
synthesis improves the steric stability of nanoparticles by preventing aggregation. 
It also eliminates the problem of using sodium borohydride as a reduction agent 
because it is corrosive and flammable (Kulkarni and Bhanage 2014). 

Recently, bacterial species such as Pseudomonas aeruginosa,Rhizopus 
oryzae,Zoogloearamigera, and many others have been explored for their ability to 
produce metallic nanoparticles (Srivastava 2019). Silver, selenium, titanium dioxide, 
and gold (metal) nanoparticles (AuNPs) have been synthesized using different bacte-
rial strains, including Bacillus amyloliquefaciens, B. clausii, and Azoarcus species 
(Nadaf and Kanase 2019). In comparison with other microorganisms, fungi are 
considered to be a better resource for producing AuNPs due to their high yields, 
short synthesis time, and high ion concentration tolerance (Dhillon et al. 2012). 

AuNPs synthesized by Trichoderma viridae were found to be effective catalysts 
for the complete reduction of 4-nitrophenol in water. Meanwhile, (Narayanan and 
Park 2015) found that the AuNPs intracellularly synthesized by Flammulinavelu-
tipes could be used as a heterogeneous catalyst for reducing organic pollutants, 
such as methylene blue and 4-nitrophenol. Silver nanoparticles (AgNPs) have been 
prepared from silver salt by infusing potato (Solanum tuberosum) tubers that are 
readily available in common markets and cheaper than other vegetables. Glucose, 
fructose, polyphenols, tannin, Gallic acid, amino acids, citric acid, and alkaloids 
are active chemical constituents that form stable metal nanoparticles (Edison et al. 
2016). Nanoparticles synthesized with plant extracts are more stable over a prolonged 
period. They do not require stabilizing agents. This is due to the presence of inte-
gral components that serve as both capping and stabilizing agents. According to 
(Bogireddy et al. 2016), AgNPs were employed as a catalyst to reduce/degrade 
phenol red, methyl orange, methylene blue, 4-nitrophenol, and dark blue. Another 
study reported the green synthesis of AuNPs using polysaccharides, including 
Acacia niloticaleaf extract, xanthan gum, and gellan gum. Green-synthesized AuNPs 
containing Salmaliamalabaricagum were shown to be efficient catalysts for the 
reduction of Methylene blue (MB) and Crystal red (CR) dyes (Ganapuram et al. 
2015). The biological synthesis of nanoparticles provides a feasible and non-
toxic method for removing aromatic pollutants from the environment. Hence these 
synthesis processes can be used to replace both chemical and other physical methods 
used in industry for the large-scale production of nanoparticles (NPs) that are used 
for dye reduction or degradation.
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Today, developed and developing countries share problems related to pollution 
and scarcity of energy due to climate change, rapid population growth, and new 
21st-century problems such as COVID-19. The second problem is that global energy 
demand is expected to increase by 35% (pessimistic variant) or 45–60% (optimistic 
variant) by 2030. According to the International Energy Agency (IEA), in 2000, 205 
million barrels of oil were consumed (Tvaronavičienė et al.  2020); however, this 
number increased in 2030 to 334 million barrels. This is a troublesome worldwide 
issue with a need for renewable and environmentally sound solutions. The two major 
issues facing our planet are pollution (air pollution, and water pollution) and an 
increase in the cost of energy supply. Without a solution for these critical problems, 
people’s well-being will be seriously compromised. In addition, if the world faces 
an increasing shortage of energy resources in the future, it will be hard to meet 
demand with the current methods. Compared with all these issues, pollution is one 
of the largest problems which the WHO estimates kills 9 million people every year 
compared with war violence statistics of 50%. What are the solutions to all? Has any 
groundbreaking treatments and methods been known? One possible solution is using 
a photocatalytic technique. Tahir et al. (2021) discussed the need for a renewable 
energy resource that can meet our needs while being ecologically safe, low-cost, and 
long-lasting. In the energy sector, photocatalytic techniques can meet all of our needs 
by providing us with a clean hydrogen production solution. And on top of that, it’s 
environmentally safe and free from side effects. 

16.2 Dye Generated by Various Industries 

Dye is a synthetic aromatic compound that is used to develop color and sometimes 
to change the color of substances. A wide variety of industrial sectors use dyes 
for various purposes, including coloring fibers and cloths, biological and biochem-
ical stains, food and cosmetics, color photography, electronics and lasers, solar 
cells, display panels, pigments in modern paint, printer inks, and leather products, 
among others. The majority of dyes are composed of organic compounds with cova-
lently attached unsaturated or saturated functional groups, such as chromophore and 
auxochrome groups. They are responsible for absorbing light in the visible zone, 
approximately (350–750 nm), where they only show colour. 

The chromophore group is an electron acceptor which is responsible for the 
colorization of the dye while the auxosome represents the electron donor which 
has the capacity of enhancing the color of the dye. Dye is considered to be soluble in 
solvents occurring naturally and synthetic in nature. All the color compounds are not 
considered to be a dye. Dye is applied for various purposes such as it is used in art 
supplies, beverages, glass wax, construction, biomedicine, soap, and plastic products. 
Safranin and crystal violet are the most commonly used dye for the microbiological 
experiment to identify the two bacterial strains Gram-positive and Gram-negative 
bacteria. A dye has excellent shine power, suitable color, and a good resistant ability



16 Biogenic Nanomaterials as a Catalyst for Photocatalytic Dye Degradation 413

to the action of light, water, soap, detergents, sweat, and other chemical substances 
during the washing or dry-cleaning process (Kishor et al. 2019). 

Classification of dyes on the basis of their physical properties and application is 
given in Table 16.1. 

Table 16.1 Types of dye 

Class Principal substrates Method of application References 

Acid dye Nylon, wool, silk, 
paper, inks and 
leather 

Usually from neutral to acidic 
dye baths 

Kishor et al. (2019) 

Basic dye Paper, polyacrylonitrile, 
modified nylon, 
polyester, and inks 

Applied from acidic dye baths Kishor et al. (2019) 

Direct dye Cotton, rayon, paper, 
leather, and nylon 

Applied from neutral or 
slightly alkaline baths 
containing additional 
electrolyte 

Disperse dye Polyester, polyamide, 
acetate, acrylic, and 
plastics 

Fine aqueous dispersions often 
applied by high temperature/  
pressure or lower emperature 
carrier methods; dye may be 
padded on cloth and baked on 
or Thermo fixed 

Reactive Cotton, wool, silk, 
and nylon 

Reactive site on dye reacts 
with a functional group on 
fibre 

Vat dyes Cotton, rayon and 
Wool 

Water-insoluble dyes 
solubilized by reducing with 
sodium hydrogen sulfite, 

Azoic 
components 
and 
composition 

Cotton, rayon, 
cellulose acetate and 
polyester 

Fibre impregnated with 
coupling component and 
treated with a solution of 
stabilized diazonium salt 

Fluorescent 
brighteners 

Soaps and detergents 
and all fibres, oils, 
paints and plastics 

From solution, dispersion or 
suspension in a mass 

Mordent Wool, leather and 
anodized aluminium 

Applied in conjunction with Cr 
salts 

Oxidation 
bases 

Hair, fur and cotton Aromatic amines and phenols 
oxidized on the substrate 

Sulphur Cotton and rayon Aromatic substrate vatted with 
sodium sulphide and 
reoxidized to insoluble 
sulphur-containing products on 
fibre
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16.3 Drawbacks 

Synthetic dyes are not all harmful, for instance, fiber-reactive dyes bind covalently 
to fibres such as cotton, rayon, and soy. There is no need to use harmful mordants 
on them. The toxicity of a dye is determined by its structure rather than its dyeing 
process. There is a great deal of impact caused by dyes containing heavy metals and 
dyes that cause cancer. Low-impact dyes are not those that cause allergic reactions. 
Dyes that have passed eco-standards such as a blue sign, Global Organic Textile 
Standard (GOTS), OekoTex 100, and Cradle to Cradle have been thoroughly tested 
for toxicity and should be chosen overdyes those that have not. As a result of oral 
ingestion and inhalation, acute toxicity is mainly associated with skin irritation and 
sensitization. This is mainly triggered by reactive dyes for cotton and viscose, some 
acid dyes for polyamide fibers, and dispersible dyes for polyester, polyamide, and 
acetate rayon. 

16.4 Biogenic Versus Conventional Nanomaterials 

In Table 16.2, the major advantages and drawbacks of traditional and biogenic nano-
materials are outlined. A major concern in recent years has been the unknown toxic 
effects of conventional nanomaterials after they are released into the environment. 
These effects have been demonstrated to negatively affect plants, soil biodiversity, or 
even consumers of agricultural products that are exposed to conventional nanomate-
rials. A biogenic nanomaterial’s large surface/volume ratio provides many reactive 
sites and requires lower NM loads. This reduces the need for water treatment and 
minimizes waste generation, and they cause less pollution. Green, eco-friendly, and 
biogenic syntheses have precedence over traditional methods that often use hazardous 
and organic materials and solutions that can cause cytotoxicity, carcinogenicity, and 
environmental toxicity. Biological processes are easy to scale up, low cost, and envi-
ronmentally friendly for synthesizing nanoparticles. Agricultural crop waste and 
food industry waste are inexpensive sources of active ingredients for NM synthesis. 
However, the potentially toxic nature of BNMs after release into the environment is 
less understood. Several reports have found that even naturally occurring nanomate-
rials—generally considered part of the soil, and therefore not toxic—may have toxic 
properties that have not been fully assessed. Several studies have documented BNMs’ 
toxic evolution (Wypij et al. 2020), but none have used photocatalytic materials in 
other applications.

It has been suggested that biogenic-derived capping agents may stabilize BNM 
behavior in a physiological environment, but they also found that the mechanisms 
underlying that stabilization and the role of biomolecules and amino acid moieties 
in BNMs remain unclear. The lack of information on the toxicity of BNMs with 
photocatalytic activity is also a significant knowledge gap that requires attention when 
BNM use is considered for environmental applications such as water treatment. In
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Table 16.2 Major advantages and drawbacks of conventional and biogenic compound 

Materials type Major advantage Major drawbacks 

Conventional 
NMs 

Smaller and simpler in 
chemical composition 
Reliable sizes, shapes, 
surface characteristics, and 
photocatalytic ability 
Standardized synthetic 
procedure 
Known production costs and 
yields 
Replicable production 
conditions 
Full-scale application feasible 

It is unknown what will happen to this substance 
after it has been released into the environment 
Highly reactive and unstable 
Toxicity is known and concerning unknown 
effects on human health and ecosystems 
life cycle is relatively known 

Biogenic NMs Synthesis process that is 
environmentally friendly 
Avoid the use of toxic/ 
organic solvents 
waste feedstock can be used 
as raw material 
BNMs stabilized by capping 
agents 
Recyclable biogenic source 

After releasing into the environment, unknown 
fate/toxicity 
larger and chemically more complex 
Variable synthetic procedure 
Unknown production mechanisms 
High variability of size, shapes, surface 
characteristics, photocatalytic ability, and 
capping agents 
life cycle unknown

addition to the fact that the nature of molecules covering biogenic materials remains 
unclear, the wide variety of biogenic sources that may be used to produce BNMs 
highlights the need for further investigation. 

As compared to conventional NMs, biogenic NMs are generally larger and chem-
ically more complex due to the composition of their stabilizing agents.There are a 
large number of chemically different stabilizers attached to BNM surfaces, ranging 
from proteins and cellulose to small organic molecules (e.g., flavones). The produc-
tion costs and ecological gains of BNMs make them far superior to synthetic NMs 
once stabilized and using one polymer or other chemicals. 

Nevertheless, Navia-Mendoza et al. (2021) have found that a better, fairer compar-
ison needs to be developed between the performance of conventional and biogenic 
NMs to determine the best option and the Considering one material over another based 
on certain conditions.In particular, very few studies have reported using BNMs with 
photocatalytic capabilities to degrade organic contaminants or inactivate pathogens 
in water. However, there is no mention in the available studies of how the BNMs 
compare with their conventional counterparts or whether it is possible to compare 
their performance with other studies that used conventional NMs a very interesting 
direction for further research because of the lack of information about a system-
atic, fair comparison of the performance of conventional and biogenic NMs as 
photocatalysts for water treatment. 

The variety of particle sizes, shapes, surface characteristics, and photocatalytic 
abilities of conventional nanomaterials in the different studies currently available
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provide interesting opportunities for comparison with the variety of particle sizes, 
shapes, capping agents, and biogenic origins of BNMs and their feasibility for use 
in water treatment. Once the basic comparison is completed, other highly interesting 
options will emerge, such as comparing the production costs, environmental foot-
print, reuse potential, environmental pathways, toxicity, and side effects that may 
lead to a real assessment of the advantages and disadvantages of each material. 

The European Union’s Scientific Committee on Emerging and Newly Identi-
fied Health Risks (SCENIHR) defines nanomaterials as objects whose extension 
lies between 1 and 100 nm in all three dimensions. Material extending in just two 
dimensions on the nm scale is termed nanotube or particulate objects, whereas mate-
rial showing just one dimension under 100 nm is termed Nano pellets. Materials 
within the nanometer range have been known and produced for many decades. These 
materials are classified according to production methods into synthetic nanomate-
rials obtained through physical or chemical synthesis and biogenic nanomaterials 
(BNMs) obtained using biological synthetic approaches. The natures of BNMs can 
be very different from biomolecules, metals, and metal oxide micelles. Therefore, 
synthesizing and characterizing these BNMs can be very challenging and it is not 
uncommon to obtain different physical–chemical data on the same BNM. Herein, 
biogenic nanomaterials in the classical three-dimensional definition are discussed and 
their production using biogenic synthetic processes is considered (Navia-Mendoza 
et al. 2021). 

16.5 The General Process for the Synthesis of Biogenic 
Nanoparticles 

16.6 Gold Nanoparticles 

Figure 16.1 Demonstrates the synthesis of various biogenic metal nanoparticles. 
These days, numerous research works have been done in connection with gold 
nanoparticles and have attracted increasing interest in their unique properties. It is 
evident that their morphology-dependent optical, chemical and electronic properties 
offer promising applications in many areas, including catalysis. In organic chem-
istry, photocatalysis involves the use of solar light to drive physicochemical reac-
tions. Gold nanoparticles can be biosynthesized using a minimal amount of resources 
and are regarded as a more environmentally friendly and cost-effective alternative to 
chemical synthesis. Recently, extracellular biosynthesis methods employing various 
plant extracts, including Cinnamomum zeylanicum leaf, Zingiber officinale root, 
Aloe vera,Plukenetiavolubilis oil, Rambutan peel, sugar beet pulp, edible mush-
room, and Lantana camara berry have emerged as non-hazardous alternatives to 
chemical synthesis procedures for the bulk production of nanoparticles. A. nigra 
leaves synthesis gold nanoparticle showed very efficient photocatalytic degradation
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of methyl orange (83.25%) and Rhodamine B (87.64%), respectively in the pres-
ence of direct sunlight. In another study by Desai et al. (2018), green synthesis of 
photo luminescent gold nanoparticles using Kokum fruit (Garcinia indica Choisy) 
extract with enhanced photocatalytic properties of gold nanoparticles for the degra-
dation of methylene violet dye in the presence of visible light (89.17%,) was slightly 
faster than UV light (86.02%,). By using an environmentally friendly aqueous extract 
of Angelica gigasstem, (Kumar et al. 2018) fabricated gold nanoparticles that had 
significant applications in environmental remediation. In this study, the synthesized 
gold nanoparticles exhibited photocatalytic degradation activity on eosin Y (83%) 
and malachite green (65%) dyes under UV irradiation (Vinay et al. 2020). 

16.7 Silver Nanoparticles 

One of the most exciting aspects of modern nanoscience and nanotechnology is the 
fabrication of silver nanoparticles from scratch. By exposing silver nanoparticles to 
light under the UV–visible region, they exhibit remarkable photocatalytic activity. 
Patil and Sastry (1997) reported green synthesized spheres of silver nanoparticles 
using onion (Allium cepa) extract that varies in particle size from 50 to 100 nm 
have an excellent The degradation of dyes such as methylene blue, methyl red, eosin 
yellow, and safranin has been achieved by this catalyst. 

The biosynthesized silver nanoparticles reported by Vanaja et al. (2014) were  
spherical, showed SPR at 414 nm, and also exhibited photocatalytic degradation 
of eosin Y (67%) and malachite green (64%), respectively. The rapid microwave-
assisted fabrication of silver nanoparticles using leaf extract (aq) of Mussaenda 
glabrata was studied by Abbasi et al. (2016). A spherical shape of silver nanoparticles 
with an average size of 51.32 nm was found in the SPR peak at 415 nm, indicating 
that rhodamine degradation was lower at this wavelength. (k = 0.4464 min−1) and 
methyl orange (k = 0.7910 m−1) with respect to the synthesized gold nanoparticles. 

16.8 Iron and Iron Oxide Nanoparticles 

It has been reported that synthesized Fe3O4NPs with an average size of 54.5 ± 
24.6 nm exhibited photocatalytic degradation activity of organic dyes such as MB 
(k = 0.0105475 min−1), CR (k = 0.0043240 min−1), and Methyl orange (MO) (k 
= 0.0028930 min−1), efficiently. Desalegn et al. (2019) synthesized iron nanopar-
ticles (FeNPs) using green, Oolong, and black tea extracts (caffeine/polyphenols) 
as reducing and capping agents, instead of using environmentally toxic sodium 
borohydride. They concluded that the most effective method of degrading mala-
chite green dye was FeNPs synthesized with green tea extracts. Recently, Fe3O4 

nanoparticles were prepared from Cynara cardunculus leaf extract, presenting a 
novel, environmentally benign, and eco-friendly synthetic route for producing iron
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oxide nanoparticles (Ruíz-Baltazar et al. 2019). They synthesized Fe3O4 NPs that 
showed a catalytic degradation activity against methylene blue dye. Another study 
by Tahir et al. (2020) successfully synthesized FeNPs via an eco-friendly method 
using aqueous leaf extract of Plantago major and evaluated their ability to remove 
dyes (Wu et al. 2008). 

16.9 Mechanism for Degradation of Organic Dyes Using 
Nanoparticles 

A photocatalytic material creates electron–hole pairs when exposed to solar radi-
ation. The photocatalytic activity of phytochemicals-modified metal nanoparticles 
has been studied extensively because of its potential use in sterilization, sanitation, 
and remediation under exposure to solar/visible/ultraviolet. Furthermore, it can also 
be used as a cleaning agent, an anti-soiling agent, an antifungal, an antibacterial, 
and an antiviral agent. It is also used for air purification and deodorization, as well 
as wastewater treatment. It has been extensively studied how gold, silver, and iron/ 
iron oxide nanoparticles can be used to remediate organic dyes and treat wastew-
ater (Kumar 2021). The mechanism of catalysis in the presence of NaBH4 and metal 
nanoparticles (MNPs)/Au/Ag/FeNPs can be described as an electron transfer process 
from donor NaBH4 to an acceptor dye. MNPs acts as an electron relay and trigger the 
movement of the electron from the BH4 - ion (donor B2H4/BH4

−) to the organic dye 
(acceptor) and thus cause a reduction of the dye. The BH4 − ion was simultaneously 
adsorbed on the surface of NPs, and thus, electron transfer occurs from the BH4

− ion 
to the organic dye through NPs. Solar energy is an interesting aspect of photocatalytic 
technologies. Solar photocatalysis has become an active area of research in which 
sunlight is the source of illumination to perform various photocatalytic reactions 
to different kinds of dyes. In the literature, research on photocatalysis reveals that 
photocatalytic activity can be strongly dependent on the crystallographic structure, 
morphology, and particle size (Ramkumar et al. 2017). 

The photocatalytic mechanism of nanomaterials for dye degradation is schemati-
cally illustrated in Fig. 16.2. The process of photocatalysis is also explained by indi-
rect photocatalysis, which is thermodynamically feasible but less common. In this 
approach, the excitons formed do not react directly with the dye molecules. Instead, 
they react with the exciton-trapping molecules adsorbed on the catalyst surface to 
form free radicals, which then interact with the dye molecules. During the photocat-
alytic process, the absorption of photons by the Nanocatalysts leads to the excitation 
of electrons from the valence band (VB) to the conduction band (CB), generating elec-
tron (e−)/hole (h+) pairs. The holes can react with the H2O molecule and transform 
to hydroxyl radical (·OH) as shown in Fig. 16.2. Although direct photocatalysis is 
thermodynamically feasible, indirect photocatalysis is another way to explain photo-
catalysis. As a result of this approach, the excitons formed do not react directly with 
the dye molecules. As a result, the dye molecules react with free radicals that are
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Fig. 16.1 Biogenic 
synthesis of nanomaterials

formed by their reaction with the exciton-trapping molecules adsorbed on the surface 
of the catalyst. During the photocatalytic process, the absorption of photons by the 
Nanocatalysts leads to the excitations of electrons from the valence band (VB) to the 
conduction band (CB), generating electron (e−)/hole (h+) pairs. The holes can react 
with the H2O molecule and transform to hydroxyl radical (·OH) and hydronium ions 
(H+), as depicted in Eq. (16.1); the holes may also react with the surface-adsorbed 
hydroxide ions to form hydroxyl radicals as in Eq. (16.2). The excited electrons react 
with oxygen molecules and hydronium ions to generate hydrogen peroxide, which 
can further dissociate in the presence of oxygen to form hydroxyl ions, as depicted 
in Eqs. (16.3)–(16.5). After transforming the active species, the organic dye could 
be effectively reacted with H+. The electrons in the conduction band are captured by 
oxygen molecules dissolved in the suspension and in the valence band captured by 
OH− or H2O species absorbed This produces hydroxyl radicals (·OH) on the catalyst 
surface. Bhattacharjee and Ahmaruzzaman (2015) report that these hydroxyl radi-
cals also oxidize chemicals to produce small inorganic molecules (Bhattacharjee and 
Ahmaruzzaman 2015). Additionally, MNPs may cause the colorless final product to 
desorb due to their large surface area. 

The photocatalytic degradation process may be represented by the following 
reaction: 

MN  Ps  + h → h++e−(photogenerationof  exci tons̃) (1) 

H2O + h+ → ·  H− + H+ (2) 

OH− + h+ → ·  OH (3) 

e− + O2 → ·  O2 (4) 

O− 
2 + H+ → ·  OOH/H2O2 (5)
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Fig. 16.2 Mechanism of dye degradation using biogenic nanomaterials

Dye + hν → Dye∗ (6) 

Dye ∗ +  O− 
2 → (unstable intermediate) → degradation products

(
CO+ 

2 H2O
)

(7) 

16.10 Photocatalytic Application Biogenic Nanomaterials: 
Degradation of Organic Contaminant 

As the world experiences shortages of clean water, it becomes even more critical 
to find efficient ways to treat wastewater. Groundwater, surface water, and drinking 
water all contain organic contaminants. The environment, animals, and humans are 
all affected by these contaminants. Organic contaminants must be removed from 
wastewater with low-cost, high-efficiency treatments. Current water treatment tech-
nologies are able to adsorb or concentrate pollutants from one phase to another but 
are not able to destroy or eliminate pollutants completely. Filtration, sedimentation, 
and chemical oxidation are other methods of treating water, but they lack the capa-
bility to completely remove pollutants, are costly, and take a long time to complete. 
It is necessary to develop new methods in order to improve the quality of water. One 
such method is photocatalysis, which can be used for solar water splitting and puri-
fying pollutants in the air and water. Fujishima et al. (2007) studied heterogeneous
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photocatalysis in 1972 and discovered the photochemical splitting of water in the 
presence of a titanium dioxide (TiO2) catalyst. 

Photolysis uses chemical compounds and generates radicals that accomplish 
photochemical reactions due to the absorption of radiation energy that elevates 
them to an excited state. The radiation is solar energy from mercury lamps. When 
water splits, hydroxyl compounds are generated, which further react with pollu-
tants. Metallic salts are used as catalysts to accelerate the process that generates the 
oxidation method. 

16.11 Organic Effluent 

Since it cannot decompose in aqueous solutions, its presence in sewage, seawater, 
and sludge presents significant environmental and health risks. A large portion of 
global warming can be attributed to volatile organic compounds (VOCs). In addition 
to being carcinogenic and toxic, VOCs are also mutagenic, which means they are 
resistant to antibiotics. Organic matter (NOM) creates a more harmful effect since it 
reacts with chloramines, which are toxic and carcinogenic to water. 

16.12 Rhodamine B: Triphenylmethane 

Rhodamine B dyes are the most common type of Rhodamine B used in textiles, 
photographic processing, printing, and cosmetics. It remains in the environment for 
a long time because it has resistance to bacterial attacks. Rhodamine B is a common 
phosphorescent dye that consists of four N-ethyl groups flanked by xanthene rings 
(Tahir et al. 2020). It is worth pointing out that relatively few studies have been 
done to explore the photocatalytic activity of BNMs, perhaps because photocatal-
ysis involves the surface of the materials, which may pose a significant impediment 
for BNMs containing capping agents. As a result of interaction with radiation of 
the appropriate wavelength, charge carriers are formed in the photocatalyst, which 
triggers photocatalytic processes. In the BNM synthesis process, layers of proteins, 
amino acids, or other chemical structures may reduce their potential for photocat-
alytic applications because they participate in redox processes or control particle 
size. 

Despite this, no study was found in which the authors included a control that 
performed the synthesis without the plant extract to demonstrate the importance of the 
biogenic material. It is fundamental to demonstrate the significance of the synthetic 
process that proper quality control/assurance is included in the experimental design. 
Biogenic synthesis has also been reported using alternative methods. Gopinath et al. 
(2017) investigated the use of electrochemically active biofilms to narrow the band 
gap energy in Degussa P25 TiO2. Shkrob et al. (2004) found that adding the Ti4 + salt 
solution to proteins, lipids, polyphenols, or carbohydrates shaped the Ti4 + ions into
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specific patterns that eventually led to the formation of anatase-TiO2 crystals. These 
authors, however, failed to provide any experimental evidence or reference to back 
up their claim in their paper. According to another study (Gautam et al. 2019) Ag  
nanoparticles were deposited into ZnO through a deposition/precipitation procedure 
involving fennel seed extract. An important research avenue worth exploring is the 
systematic phytochemical study of plant extracts used for biogenetic nanomaterial 
synthesis. 

To significantly reduce the perception of empiricism caused by the lack of proper 
characterization in several of the currently available studies, it is necessary to identify 
biogenic sources that are successfully used to synthesize NMs and determine the 
extract partition and identify the compounds that are major players in the synthetic 
process. 

A majority of the organic compounds tested were dyed, with a few other pollu-
tants (e.g. 4-nitrophenol and chlorpyrifos) also included. The lack of information 
about the efficacy of BNMs for photocatalytic degradation of organic contaminants 
is another significant knowledge gap, even though it is clear that dyes are particu-
larly easy to follow during discoloration processes because a UV–Vis spectropho-
tometer is required for analysis. Many organic contaminants other than dyes have 
been identified as public health concerns due to their biological activity, persis-
tence, or bioaccumulation. The recent study by Gautam et al. (2019) suggesting 
the use of BNMs for removing drug compounds from water is a good example 
of this. In sewage water, they used biogenic manganese oxides and bio-palladium 
(bio-Pd) to remove recalcitrant pharmaceuticals, and in contrast mediums, they used 
bio-Pd via catalytic reduction. Photocatalytic degradation was not reported for any 
of the BNMs, but they were used as adsorbents, sequestrants, oxidants/reducers, 
catalysts, or electro catalysts. Research avenues that need to be explored include 
testing BNMs’ ability to produce photocatalytic processes using either UV or visible 
radiation to remove antibiotics, pharmaceuticals, pesticides, and poly-fluoroalkyl 
substances (PFAS), as well as identifying reaction mechanisms, by-products, reaction 
kinetics, or mineralization (Rodriguez-Narvaez et al. 2017). 

16.13 Photocatalytic Application Biogenic Nanomaterials: 
Inactivation of Microorganism 

Antimicrobial agents have been developed in the past using some non-biogenic nano-
materials. For wound dressings, silver nanoparticles are considered potent antibac-
terial agents, while iron nanoparticles have been reported to be great antimicrobial 
agents. A particle’s antibacterial activity is determined by its size and shape, but 
mostly by its ability to produce ROS, which is responsible for the oxidation of 
cellular components in all cases. BNMs have been widely studied as antibacterial, 
antifungal, and even anticancer agents (Chatzimitakos and Stalikas 2016). It is notice-
able that AgNPs or their derivatives are the BNM group that is most commonly tested
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for antibacterial activity against a wide variety of Gram-positive and Gram-negative 
species. 

Other BNMs, such as copper, titanium, zinc, iron, and manganese, have also been 
reported to produce oxidative stress, metal ion release, and non-oxidative stress, 
which are the most common mechanisms for antibacterial activity (Singh et al. 2018). 

16.14 Types of Nanomaterials Used as Catalysts 
for Photocatalytic Dye Degradation 

16.14.1 Catalysts in AOPs for Removal of Dye from the Food 
and Chemicals Industry 

In recent years the use of catalysts has been increased for the degradation of 
organic and inorganic pollutants released in the environment. Many catalysts are 
used for dye degradation, including metals, metal oxides, semiconductors, metal– 
organic frameworks (MOF), even quantum dots, and dendrimers with magnetic core 
(Garrido-Cardenas et al. 2020). 

For their synthesis, a variety of strategies have been developed, including precipi-
tation, flame hydrolysis, microwave radiation, impregnation, sol–gel, hydrothermal, 
solvothermal, chemical vapour deposition, electrodeposition, and electrospinning 
(Azimi 2013). As a semiconductor material, titanium dioxide (TiO2) is widely used  
for photocatalysis. Its abundance, chemical stability, good optical transparency, high 
refractive index, non-toxic nature, and low cost make it the catalyst of choice for 
decomposing dyes into mineralized products (Opinion 2010). By adding TiO2 under 
UV irradiation, the photodegradation process of Brilliant Blue was analysed. 

Nevertheless, more recent studies have shown that TiO2 can be harmful to human 
health, leading researchers to explore alternatives to TiO2 in AOPs. Furthermore, the 
simplest compounds were mineralized within a shorter period of time with relatively 
high doses. Other semiconductors, such as ZnO, CdS, WO3, and Fe2O3, have also  
been used in studies, but to a lesser extent since they are heavy metals. By thermal 
decomposition of the zirconium hydroxide-urea complex, King et al. (2018) devel-
oped and characterized an N-doped ZrO2photocatalyst (N-ZrO2). In a study using 
amaranth dye under visible or UV light irradiation, this photocatalyst showed an 
improved catalytic activity (decolourization of 67.2%) than pure ZrO2. In addition, 
UVA light at 3.5 Wm2 was demonstrated to be a highly effective alternative to elimi-
nate the amaranth dye completely without generating toxic compounds. Doping with 
transition metals has been used to extend the adsorption band to the visible region, 
as they exhibit excellent photocatalytic activity (Castro-León et al. 2020). Mean-
while, photocatalytic processes are increasingly being combined with electrochem-
ical advanced oxidation processes (EAOPs) to improve degradation performance 
through reactive species formation. The disadvantage of electro-oxidation, however, 
is that in certain cases, recalcitrant by-products could develop. As a result of the
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release of metal particles or microparticles and the production of by-products that are 
more toxic than the primary pollutant, this process can cause poisoning effects. Since 
the objective is not to achieve complete mineralization, it is necessary to evaluate the 
toxicity of the treated effluent. In order to improve the efficiency of advanced oxida-
tive processes, it is necessary to use new economical and environmentally-friendly 
methods, such as green catalysts, or nanocatalyst, such as nanoparticles, nanotubes, 
Nano spheres, and nanofibers. 

16.15 Nanocatalysts 

In recent decades, nanometer-sized materials (<100 nm) have been considered 
promising options, as they can adopt different shapes, sizes, and structures, and 
improve the catalytic activity, selectivity, and stability of the system (Aoudjit et al. 
2018). Unlike catalysts, nanocatalyst, due to their nano size, have a larger surface 
area, allowing for better surface–volume interaction and, therefore, greater diffusion 
of reagents and products. 

It is sometimes necessary to spread these nanoparticles on support, couple them 
with an adsorbent, or dope them with metals or adsorbents with high porosities in 
order to increase the efficiency of the process. As far as support materials go, zeolites, 
activated carbon, silicon films, and hybrid materials are the most commonly usedIn 
order to ensure the stability of the nanoparticles, their synthesis must be carried out 
correctly, since, when they bind ineffectively to the support, they are easily detached 
after the first use and washing (Aoudjit et al. 2018). 

In addition to low sludge production, they are also able to be reused through 
regeneration methods integrated into the system. In aqueous solutions, there are a 
variety of nanocatalyst available, including electro catalysts, Fenton-based catalysts, 
and antimicrobial catalysts. As an example, Thakur et al. (2017) synthesized gelatin-
Zr (IV) phosphate nanocomposites (GT/ZPNC) to degrade Fast Green dye, achieving 
an 89.91% degradation rate over 5 h; even antimicrobial activity against E. coli was 
demonstrated (Korkmaz et al. 2004). 

Sol–gel auto-combustion was used to synthesize cadmium vanadate nanostruc-
tures with a 67% photocatalytic degradation of erythrosine. As a result, Li et al. 
(2020) produced, for the first time, Gd2ZnMnO6/ZnO nanocomposites (GZMO/ 
ZnO NC) by using a sol–gel auto combustion technique using grape or coffee syrup 
as green fuel, resulting in a product with a forbidden band of around 3.27 eV that 
was effective at removing dyes. According to this study, the photocatalytic activity 
of the catalyst was superior to that of the control group by 73.8% towards anionic 
dye degradation (erythrosine). 

In contrast to spherical nanostructures, nanocatalyst with complex morphologies, 
such as cubes, prisms, stars, or rods, exhibit enhanced adsorption due to their multi-
polar resonances. Ion exchange catalyzed photo-Fenton reaction in the aqueous phase 
for the degradation of tartrazine by Palas et al. (2017). During tests, both nanotubes 
effectively degrade the food dye, even tartrazine mineralization is achieved with
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nanotubes containing 0.70 wt.%. Darwish et al. (2016) synthesized PVP-coated 
cadmium sulphide (CdS) nanoparticles using polyol with ethylene glycol, a facile 
method that decreased photo corrosion. As a result of rapid electron–hole pair’s 
generation by photoexcitation, CdS exhibits better photocatalytic functions than 
TiO2. A 21.92 eV optical energy band gap enabled it to degrade the food dye Allura 
Red AC by 96.99% in six minutes, resulting in excellent photocatalytic efficiency. 

16.16 Metal Oxide-Based Nanocatalysts 

A wide range of hazardous pollutants can be removed from wastewater using oxide-
based nanocatalyst, which are inorganic catalysts that are generally prepared with 
metals or non-metals. High Brunauer–Emmett–Teller (BET) surface areas, low solu-
bility, minimal environmental impact, and absence of secondary pollutants distin-
guish them. There are three generations of metal oxide nanocatalyst: the first gener-
ation consists of a single component, such as TiO2 and ZnO; the second generation 
contains multiple components suspended in suspension, such as WO3/NiWO4, BiOI/ 
ZnTiO2. Finally, the third generation consists of photocatalysts immobilized on solid 
substrates (FTO/WO3 -ZnO, Steel/TiO2 -WO3). Nanocatalysts have three natural 
states, anatase, rutile, and brookite, with anatase being the best nano-photocatalyst 
for degrading anionic and cationic dyes, and dyes with different chromophore groups 
(Navia-Mendoza et al. 2021). A To improve the surface area and structural porosity 
of TiO2 anatase, and to achieve higher photocatalytic performance without using 
support material. This research obtained excellent results, exceeding the efficiency 
of other TiO2 catalysts, in 15 min, degrading 95.6% of Amaranth dye (30 ppm) 
using 0.3 g of the catalyst under UV irradiation. Furthermore, this nanocatalyst 
showed good stability for 5 cycle. Lamba et al. (2017) synthesized and characterized 
heterostructures of Ag2O-decorated ZnO nanowires using the ultrasound-assisted 
precipitation method. Through photocatalytic reaction processes, photogenerated 
electron/hole pairs actively participate in the chemical reactions for the generation 
of superoxide radicals and oxidizing agents, which are responsible for the degradation 
of the dye. The photocatalytic activity was measured by the degradation of Amaranth 
dye under visible light irradiation, exhibiting a photocatalytic yield of about 94% in 
30 min. These heterostructures showed a synergistic effect, which was more efficient 
than pure ZnO nanowires and Ag2ONPs separately, even presenting higher activity 
under visible light irradiation than commercially available photocatalysts, such as 
Merck ZnO, TiO2-P25, and TiO2-PC-50 (Aoudjitet al. 2018). 

on the other hand, evaluated the feasibility of using PVDF-TrFE photocatalytic 
membranes with immobilized TiO2 nanoparticles as a catalyst to degrade tartrazine 
in a solar photo reactor. A high removal performance of the pollutant (78%) was 
obtained, but a second use under the same experimental conditions showed a reduc-
tion of approximately 10% in degradation efficiency. A major reason for the loss 
of efficiency is that not all nanoparticles are effectively bound to the polymeric 
matrix. They tend to detach after the first use and subsequent washing, and they are
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also affected by a large amount of dye retained on the membrane surface. Both of 
these factors become the major limitations of immobilized systems because specific 
photocatalytic active sites decrease, resulting in an overall reduction in efficiency. 
Alcantara-Cobos et al. (2020) prepared zeolite–ZnO nanoparticles (Ze–nano ZnO) 
for a coupled adsorption–photocatalysis process. The coupling of pure ZnO nanopar-
ticles and nanoZnO nanoparticles produced lower degradation percentages; neverthe-
less, nannanoZnO is more expensive because it is more difficult to separate, making 
the process more expensive. As a final step, Türkylmaz et al. (2017) synthesized 
and analysedZnO nanostructures doped with Ni, Mn, Fe, and Ag, resulting in a 
tartrazine degradation mechanism. Maximum Metal–organic frameworks (MOFs) 
are defined as compounds formed by the interaction of metal ions or metal clusters 
(secondary building units, SBUs) and organic ligands ideal (usually carboxylic acid or 
nitrogen-containing ligands) for the fabrication of high-performance multifunctional 
compounds. They are characterized by very good surface areas and high porosity 
(porous crystalline materials), as well as by dispersed active sites and functionalities 
within this porosity. Due to their ability to act as chemical Nano reactors, they can 
synthesize and stabilize a catalytically active species that would otherwise be difficult 
to access. The band gap and the light energy differ in photodegradation processes. 
Using MOFs in this case, the electrons in the valence band gain energy when the light 
source emits more energy than the forbidden band’s energy, and are excited to the 
conduction band, creating a positive hole in the valence band, which in turn generates 
electrons and holes undergoing reduction and oxidation half-reactions. The photo-
catalytic degradation mechanism, where MOFs considered potential photocatalysis 
degradation of 98.2% was achieved with Ni/ZnO in 60 min. As a result of multivalent 
ions coexisting in the ZnO host and their highly agglomerated structures, Mn and Fe 
did not give good results. 

16.17 Metals Organic Frameworks Synthesized 
with Nanocomposite 

MOFs (metal–organic frameworks) are compounds fabricated by the interaction of 
metal ions or metal clusters (secondary building units, SBUs) with organic ligands 
(usually carboxylic acids or nitrogen-containing ligands) for the fabrication of high 
performance multifunctional compounds. They have very good surface areas and 
high porosity (porous crystalline materials), as well as dispersed active sites and func-
tionalities within the porosity. By acting as chemical nanoreactors, they are capable 
of synthesizing and stabilizing catalytically active species that would otherwise be 
difficult to obtain (Alcantara-Cobos et al. 2020). Photodegradation processes involve 
a difference between the energy of light and the band gap. As a result, MOFs work 
by generating positive holes in the valence band when the light source produces 
more energy than the forbidden band’s energy. The electrons gain energy in the 
valence band and are excited into the conduction band, thus generating reduction and
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oxidation half-reactions involving electrons and holes, respectively. As a potential 
photocatalyst, MOFs behaving as semiconductors could be used in this degradation 
mechanism. For example, iron-based MOF materials, such as MIL-88A, MIL-53, 
and MIL-68, are presented as potential photocatalytic tools for dye degradation. 
Zhang et al. (2018) developed for the first time a Fe nanoparticle-containing MOF, 
MIL-101 as a support to immobilize ferrocene (Fc) chemically. There have been few 
studies examining the use of Fe-based catalysts to activate Oxone in amaranth degra-
dation (Zhang et al. 2018) demonstrated that Oxone catalyzed by MIL-101-NH2 can 
completely degrade amaranth dye within 30 min of visible light irradiation in Fe 
nanoparticle-based MOF. 

However, the micro porosity of the MOFs prevents the complete adsorption of 
larger dye molecules due to the difficulty of entering the internal pores or voids of the 
MOFs. In addition, there would be a selectivity of charge and/or size, since MOF-
based nanocatalyst would be designed for a specific type of dye, which is unfavorable 
for the treatment of wastewater with complex dye mixtures with this method (Balu 
et al. 2020). 

16.18 Nanomaterials Materials Synthesized by Green 
Technologies 

The nanomaterials synthesized by using chemical and physical methods are consid-
ered to be efficient systems but not all the nanomaterials are economical and environ-
mentally friendly, because the nanomaterials synthesized by conventional routes are 
hazardous and volatile which lead to the formation of secondary pollutants. There-
fore it is very important to find out new and efficient methods, which have high 
catalytic activity, are easy to handle, and are most eco-friendly in the environment. 
The development and application of green chemistry concepts are the most recent 
alternative studies of nanomaterials synthesized by green technologies or biogenic 
nanoparticles (BNPs). Nowadays biogenic nanomaterials are considered to be a new 
tool for photocatalytic water remediation. With their large surface area, ion exchange 
mechanism, unique morphology, high biocatalytic reactivity, efficient regeneration, 
and colloidal properties, these biogenic nanomaterials can be separated from efflu-
ents by gravity filtration, sedimentation, or coagulation-flocculation. Several studies 
have demonstrated the efficacy of these processes in removing various food contam-
inants. Deepika et al. (2017) identified bioactive compounds in the bark and leaves 
of Ailanthus excelsaRoxb to remove synthetic food dyes. The researchers observed 
that A. excelsa bark extract exhibits better photocatalytic activity by degrading 55% 
of sunset yellow dye FCF. In the same way, Hassanien et al. (2019) synthesized sele-
nium BNPs from drumstick leaf extracts and evaluated their photocatalytic activity 
against sunset yellow FCF (for coloring food) under solar and UV illumination. A 
dye degradation rate of 83.8 and 76.6% was achieved in the two reactions. (Navia-
Mendoza et al. 2021b) proposed the synthesis of silver BNPs (AgNP) by using
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Viburnum opulus L. fruit extract, which acts as a reducing agent of silver ions and 
stabilizer of the obtained nanoparticles. 

16.19 Advanced Method for Dye Degradation Using 
Biogenic Nanoparticle 

The latest type of nanoparticle such as CuO nanoparticles are synthesized from Ficus 
Carica fruit extract are able degradation of toxic hazardous Alizarian Yellow R dye. 
For synthesized of nanoparticle phytochemical present in fruit extract are responsible. 
These biologically synthesized nanoparticle almost 89.71% dye degradation. 

In most of type of nanoparticles are synthesized from single metal ions and 
used in dye degradation but recently bimetallic metal oxide nanoparticle such as 
ZnOSnO2 are used for photocatalytic degradation of dye. The bimetallic nanoparticle 
synthesized from plant Sutherlandia frutescens (S. frutescens) shows degradation of 
Methylene Blue and it also capable for degradation of antibiotic sulfisoxazole and 
sulfamethoxazole. The highest 88% efficiency of methylene blue degradation was 
achieved in bimetallic nanoparticle. 

Other than for the full-scale application of BNMs. The study suggests using 
living cells to produce compounds of interest avoids extraction and purification 
steps, ensures structural integrity, and allows continuous cell culture and down-
stream processing. However, controlling BNMs properties remains a major chal-
lenge because while some biomolecules such as glycolipids and proteins have been 
shown to control the size and shape of the nanomaterials, a better understanding of 
the biochemical pathways and biomolecules involved remains a pending research 
problem. Scalability is also heavily influenced by the nature of the biogenic process. 
According to Ramkumar et al. (2017), extracellular biogenic processes have the 
greatest potential for scaling up as compared to intracellular biogenic processes, 
since the biological entity used to produce BNMs is usually recyclable. Separating 
the produced BNMs will be easier than with intracellular biogenic processes, which 
prevents disrupting/killing the biological entity by tearing it apart. In order to deter-
mine if a biogenic process is suited to scale up to industrial production, these authors 
identified the following basic conditions: (i) the availability and abundance of raw 
materials; (ii) well-defined process variables that can be automatically controlled; 
(iii) raw materials, products, and by-products that are environmentally friendly; and 
(iv) processes that are economically feasible. 

The nanotechnology field has experienced a significant lack of straightforward 
and reproducible synthetic protocols to prepare large amounts of nanomaterials for 
industrial applications. Due to slow production rates, as well as a lack of specific 
biological strains that are required for their synthesis, the full-scale application of 
BNMs may be at risk, as well as a lack of control and ability to fine tune the reaction 
kinetics and continue flow synthesis, which may lead to consistent, reproducible, and
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scalable production (Trojanowicz 2020). They can identify this lack of information 
as another highly significant knowledge gap that is worth exploring. 

16.20 Conclusion and Prospects 

The use of biogenic nanomaterials promote the photocatalytic degradation of organic 
contaminants and inactivates pathogenic microorganisms in water. The BNMs have 
higher potential environmental applications for the treatment of wastewater. A 
detailed analysis of BNMs for photocatalytic applications was conducted in this 
chapter, as well as a detailed comparison of the advantages and disadvantages of 
BNMs with conventional nanomaterials. As well as analyzing the main challenges 
facing BNMs in full-scale production and application, a topic for which very little 
research has been conducted. 

In most cases, bottom-up approaches were used for BNMs synthesis, while top-
down approaches were used for conventional NMs. A large number of studies 
reported different advantages and drawbacks for extracellular and intracellular 
processes in the bottom-up approach, which should be kept in mind for those inter-
ested in getting involved in BNMs preparation and testing. As compared with extra-
cellular BNMs synthesis, intracellular BNMs synthesis is the most suitable method 
for producing small, uniform nanoparticles. However, in both cases, significant chal-
lenges were observed along with a need for additional information on the biological 
and biochemical mechanisms involved. Using this information.They can increase 
production yields and homogenize the material quality at the end of the process. 

BNMs were mostly characterized using the same conventional characterization 
techniques reported for conventional NMs. The varied nature of many BNMs as 
well as the widely accepted capping layer generation on their surface necessitated 
additional specific characterization approaches. BNMs have been evaluated mainly 
for the photocatalytic degradation of dyes in synthetic water rather than for the 
photocatalytic degradation of organic contaminants. 

In addition to a lack of control over the synthesis processes used to generate the 
BNMs tested as photocatalysts, some apparent flaws in preparation methods might 
result in artifacts and overstatement of the photocatalytic capabilities of the tested 
materials. A need for accurate quality assurance/quality control (QA/QC) has been 
identified for many studies already reported in the literature in order to generate 
comparable results that allow fair comparisons among BNMs and their performance 
against conventional NMs. BNMs have been studied extensively for their antimicro-
bial activity, but using them to inactivate microorganism’s photo catalytically has 
more limitations than their capacity for photocatalytic degradation or their presence 
in the water. There was a lack of understanding of the mechanisms of either antimi-
crobial or photocatalytic activity, which was related to the role played by biogenic 
materials and/or the types of components in BNMs.
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Lastly, the challenges of engineering BNMs for engineered use were revised.It 
is found that, at the current state of the art, there are still a lot of significant chal-
lenges that need to be addressed, including achieving uniformity in the material char-
acteristics, improving material characterization, and enhancing BNMs purification 
processes, as well as standardizing synthetic processes, production costs, and yields. 
BNMs production scaling up and final quality standardization has been considered 
and reported in very few studies, which limits their ability to be applied on a large 
scale. 
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Chapter 17 
Biogenic Metal Based Nanomaterials 
as Antimicrobial Agents 

Samuel S. Mgiba, Vimbai Mhuka, Nomso C. Hintsho-Mbita, 
and Nomvano Mketo 

Abstract Recently, there has been a significant interest on biogenic nanomaterials 
as part of nanotechnology which is a new branch of science that has a potential to 
solve many problems in medical sciences, drug delivery, electronics, agriculture, 
etc. This can be attributed to simple, eco-friendly and low-cost synthetic routes of 
these biogenic nanomaterials amongst other reasons. Greener nanomaterial synthesis 
includes the use biogenic materials such as extracts from plants to produce biogenic 
nanomaterials that have been employed for different used including as an antimicro-
bial agent in biomedical application. These biogenic nanomaterials include copper, 
silver, gold and titanium. Properties such as surface and size of the biogenic nanoma-
terials makes them very dependable for antimicrobial activities. This chapter focuses 
on the current trends on synthetic routes of different biogenic nanomaterials and 
their antimicrobial activity. The properties of the nanomaterials in relation to their 
antimicrobial activity are also correlated on this chapter. 
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17.1 Introduction 

Nanoscience is one important scientific research branch that has gained much 
attention over the past 20 years. This research branch is important in field such 
as computer industry, sensors, drug delivery, nanobots, medical application, etc. 
(Phanjom et al. 2012). In recent times, the global economy has been burdened 
by infectious diseases such human immunodeficiency virus (HIV), H5N1, chronic 
obstructive dieses (COPD) which may cause death to millions of people worldwide. 
Antibiotics are the first preference for the treatment of these kind of dieses because it 
inhibits the presence of microbes (Yu et al. 2009). Different types of nanomaterials 
have been applied previously for medical applications. Copper, Zinc, Silver, Gold, 
Magnesium, Titanium, etc. has been used as antimicrobial agents. One important 
property about nanoparticles in drug delivery as antimicrobial agent is the surface 
and volume ratio, their chemical and physical composition (Rai et al. 2009). There 
has been development of high- microbial infections and antibiotic resistance which 
is considered as the biggest threat to global heath by World Health Organisation 
(WHO) that can also lead medical conditions and/or even death (Davis et al. 2018). 
For example, pathogenic bacteria has gained resistance towards chemically synthe-
sized antibiotics hence the need of novel antimicrobials agents such as biogenic 
nanomaterials which can be effective on a wide range of bacteria (Mahmud et al. 
2022). 

There are commonly used chemical synthetic routes for nanomaterials which 
includes chemical reduction (Zhang et al. 2021), electrochemical techniques (Li 
et al. 2013) and photochemical reaction (Sakamoto et al. 2009). Physical methods 
have been employed also for the synthesis of metallic nanomaterials, these includes 
melt-mixing, laser ablation, physical vapour deposition and sputtering (Singh et al. 
2018). Toxic compounds are produced by some nanoparticles when certain chemical 
synthetic routes are followed. The toxic compounds can be adsorbed on the surface 
of the nanoparticles and can lead to unexpected medical complications on humans 
(Khan and Jamil Khan 2017). The chemical synthetic routes of some nanoparticles 
use high energy, pressure and temperature. They are costly and uses toxic compounds 
such as thiophenol (Khorrami et al. 2018). 

Due to the aforementioned challenges, different synthetic routes have been devel-
oped to circumvent the challenges by decorating the conventional antimicrobial 
agents. The use of biogenic materials is one green synthetic routes currently followed 
in order to minimize the bottlenecks and to produce nanoparticles that are more 
stable with more control of the size and shapes (Ingle et al. 2014). The deco-
ration of the surface of the nanoparticles with biological molecules makes them 
biocompatible when compared with chemically prepared nanoparticles (Sharma 
et al. 2019). Biogenic materials are natural products such as vitamins, amino acids, 
polyphenol, biopolymers and surfactants (Bandala et al. 2020). The production of 
biogenic nanomaterials makes them compatible with biomedical application since 
no toxic compounds are involved. Furthermore, biogenic synthesis of nanomaterials 
is deemed eco-friendly, cost effective and rapid (Suganthy et al. 2018). Synthesized
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biogenic nanomaterials tend to have high catalytic reactivity (Li et al. 2011) and 
biogenic materials can be used as reducing, capping, and stabilizing agents during the 
synthesis of nanomaterials (Shaheen and Ahmad 2020). Biogenic approach towards 
the synthesis is also preferred due to majority of enzymes that abide in ambient 
conditions of different pressure, pH and temperature (Li et al. 2011). The biogenic 
materials also produces a substantial amount of proteins which has an effect in 
metal ions reduction thus allowing the control of morphology of the nanomaterials 
produced (Patil et al. 2021). 

17.2 Synthesis of Biogenic Nanomaterials 

The synthesis of nanomaterials follows two classical approaches, i.e. the top-down 
approach and the bottom-approach (Gwo et al. 2016). Although the two methods 
follow different approaches, the final product of desired characteristics is obtained. 
The top-down approach involves the grinding of bulk materials to small pieces with 
the view of yielding fine nanoparticles in large quantity. In essence, nanomaterials are 
removed from bulk materials. Surface imperfection and damage of nanomaterials are 
some of the disadvantages this approach possesses (Thakkar et al. 2010). The bottom-
up approach involves the assembling of atoms to generate nanomaterials. Sol–gel 
processing, self-assembly of polymer or monomer molecules and chemical vapour 
deposition are some of the processes that this approach follows. This approach does 
not produce homogeneous nanoparticles at most, thus broad particle size distribution 
with average size varying from one batch to another. This approach is mostly used 
for industrial purposes (Decarolis et al. 2020). 

Biological synthesis of nanomaterials follows the bottom-up approach which uses 
unicellular to multicellular biological products such as algae, fungi and plant prod-
ucts. Fungi, bacteria, yeast, etc., are metal ion permissive and they able to prosper on 
environmental conditions. These enable them to convert metals into their respective 
metal ions  (Li et al.  2011). This spectacle of reducing metals into their respective 
metal ions is through redox reaction. Figure 17.1, shows a general representation of 
biogenic nanomaterials synthesis. The process involves metal being brought together 
with biogenic materials and reduced to form their respective metal ions. (Khandel 
et al. 2018). There are three main elements involved in the production of biogenic 
nanomaterials, this are solvent, environmentally friendly reducing agent and also a 
stabilizing agent. During the synthesis, different parameters play an important role 
on the reaction. Incubation time, pH and temperature have an effect on the synthe-
sized nanomaterials. For example, the average size of the nanomaterials are reduced 
at lower temperatures whilst at higher temperature the rate of synthesis is increased 
(Gericke and Pinches 2006).
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Fig. 17.1 General representation for biogenic nanomaterials synthesis 

17.3 Biogenic Nanomaterials as Anti-microbial Agents 
and Their Morphology 

Biogenic nanomaterials exhibit a range of biocidal activities against Gram-positive 
and Gram-negative bacterium and eukaryotes due to the presence of peptidoglycan 
layer which acts as barrier for the prevention of nanoparticles. Biogenic nanomate-
rials functions by releasing metal ions, interaction with cell membrane this resulting 
on the cell membrane being damaged and gaps being formed on the cell membrane 
leading to fragmentation of cell membrane (Rajkuberan et al. 2015). Nanoparticles 
such as silver nanoparticles tend to interfere with thiol group of the bacterial cell 
causing inhibition of the respiratory chain reaction andcell division (Rajkuberan 
et al. 2017). Figure 17.2 shows some other antimicrobial activities of biogenic nano-
materials which includes enzyme deactivation, DNA damage etc. The production of 
reactive oxygen species (ROS) is caused by the bactericidal activity of nanoparticles 
which leads to cell wall damage and the collapse of internal proteins or DNA or RNA 
(Karakoti et al. 2006).

17.3.1 Silver Nanoparticles 

Antibacterial activity of silver nanoparticles has been previously explored on 
multidrug delivery resistance bacteria. These includes, Escherichia coli, Strepto-
coccus pyogenes, Pseudomonas aeruginosa. The silver nanoparticles also showed 
antimicrobial activity of antibiotics such as penicillin G, amoxicillin, vancomycin, 
clindamycin and Escherichia coli (Vu et al. 2018). Different synthetic routes have 
been followed for silver nanoparticles production. These includes heat decomposition 
in organic solvents, reduction of silver ions in a aqueous solution, photo reduction,
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Fig. 17.2 General antimicrobial mechanism for biogenic nanomaterials

chemical reduction in reverse micelles (Pileni 2000). Most of these synthetic routes 
uses poisonous substances and some are costly, thus there’s a need to develop an envi-
ronmentally synthetic routes, i.e., biological approaches to nanoparticles formation. 
Biogenic nanomaterials are synthesized using different biological extracts which 
includes plants extracts, fungus, plant biomass, etc., due to rapid growth rate and 
increased protein expression, bacteria, plants extracts and fungi are the most used 
candidates used as biological products for biogenic nanomaterials (Khambhaty et al. 
2009). 

A study by Ahmed and co-workers focused on the preparation of biogenic nano-
materials by mixing Skimmia laureola which is a leaf extract together with silver 
nitrate at a ratio of 3:7. The prepared nanomaterials were confirmed using XRD 
and SEM analysis and then evaluated for antibacterial activity towards five bacterial 
strains i.e. Escherichia coli, Klebsiella. pneumoia, Staphylococcus aureus, Pseu-
domonas aeuruginose and Proteus vulgaris. The leaf extract served as reducing 
and capping agent of silver nitrate nanoparticles. The antimicrobial activity of 
the nanoparticles shows maximum growth inhibition affect against Staphylococcus 
Aureus strain with low affect against the Escherichia Coli strain. The mechanism for 
the whole process of antimicrobial activity is yet to be studied (Jamil et al. 2015). 
Another green synthesis of silver nanoparticles involved the use of plant product in 
a form of root hair extract. Escherichia coli and Candida Albicans were the bacte-
rial strain which were evaluated against the biogenic nanomaterial. It showed 100%
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potency for the strain with only 40 μg/mL concentration of the silver nanoparticles. 
The study also finds that the zone inhibition against the strains increased with the 
increase on the concentration of the nanoparticles. The antimicrobial mechanism of 
these nanoparticles was found to be consistent that of Amro and co-workers (Oves, 
et al. 2017; Amro et al. 2000). Table 17.1, summarizes projects embarked on for the 
synthesis and antimicrobial activities of the biogenic silver nanoparticles.

17.3.2 Gold Nanoparticles 

Gold is regarded as one of the rarest metals on earth. Due to distinct photoelectric 
properties of the gold nanoparticles, they are considered to be noble metal nanopar-
ticles. It used in different fields such as biotechnology and chemical spheres (Bala-
subramanian et al. 2019). Plants extracts are the most widely used biogenic material 
as a capping and reducing agents for different nanoparticles synthesis due to bio 
capability and less labour involved for extraction (Li et al. 2016). 

Plants leave extracts were used by Sanderam and co-workers to prepare the gold 
nanoparticles. This green synthetic method showed a good antibacterial activity 
against Escherichia and Bacillus subtilis with 100 μg/mL concentration. The bacte-
rial strains were chosen based on their association on previously with food borne 
disease, urinary tract infection and other illness. The mechanism for the antibacterial 
activity is summarized on Table 17.2 (Sunderam et al. 2019).

Vegetable waste was also used for the synthesis of biogenic nanoparticles which 
includes fresh skin of vegetables, fresh and damaged leaves. Klebsiella sp and Staphy-
lococcus sp are the two pathogenic bacteria that were assessed for antimicrobial 
activity using a well diffusion method. The antibacterial activity was evaluated at 
four different concentration of gold nanoparticles which showed an improved inhi-
bition as the concentration of the nanoparticles increased (Mythili et al. 2018). This 
study paved a way for other researchers to explore biological waste for the synthesis of 
gold nanoparticles. Waste water melon was also used to synthesis the gold nanopar-
ticles and evaluated against two bacterial strains, Escherichia. coli and Staphylo-
coccus epidermidis (Chums-ard et al. 2019). Ganoderma lucidum mushroom was 
used for the synthesis of biogenic gold nanoparticles. Bacillus subtilis, Staphylo-
coccus.aureus, Bacillus cereus, Escherichia coli and Pseudomonas aeruginosa are 
the bacterial strains that it was evaluated against through the agar disk diffusion 
method. The gold nanoparticles showed a multi-shaped structure including hexag-
onal, pentagonal, rhombus, spherical and Nano rods shape. The concentration ranges 
of the gold nanoparticles (20–160 μg/mL). The nanoparticles did show some antibac-
terial activity but not all strains that were tested. Currently no particular reason could 
be deduced in order to substantiate the phenomena (Nguyen et al. 2022). Table 17.2, 
give summary of other studies on biogenic gold nanoparticles.
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17.3.3 Metal Oxide Nanomaterials 

Metal oxides has also attracted attention from researchers as nanoparticles. Nanopar-
ticles like zinc oxide exhibits some wide range of significant applications including 
as antimicrobial agents. Biogenic zinc oxide nanoparticles are also synthesized from 
different biological species such as fungi and bacteria with common substrate being 
plants extracts (Sharma et al. 2020). The plant extracts of waste pees which are 
the extracts of Prunus domestica L for the synthesis of metallic oxide form. FTIR, 
XRD and SEM were used to confirm the synthesised nanoparticles and their antimi-
crobial activity evaluated thereafter. Four bacterial strains were used for evaluation 
with different concentration of the biogenic zinc oxide nanoparticles and the study 
reported high effectivity towards Staphylococcus aureus (Ajmal and Saraswat 2017). 
Another plant extract used for biogenic synthesis is a leaf. Hexagonal structured 
nanoparticles with diameter of 11–25 nm were synthesized and also evaluated for 
their antimicrobial activity on six pathogens using an agar diffusion method. It was 
found that as the concentration of nanoparticles increases, the inhibition was also 
increased. The mechanism for the antimicrobial activity was not discussed on the 
study (Suresh et al. 2018). Magnesium oxide (Essien et al. 2020), titanium oxide 
(Anbumani et al. 2022) and Iron oxide (Ezealigo et al. 2021) nanoparticles are some 
of the metal oxides that were synthesized using biogenic materials and evaluated 
for their antimicrobial activities. Some of the metal oxide nanoparticles synthesized 
through this process, paved a way for a significant clinical process. 

17.4 Conclusion 

The green synthesis of metal and metal oxide nanoparticles using biogenic material 
has proven to be a safe and environmentally friendly method when compared to other 
methods (physical and chemical methods). These biogenic extracts act as reducing 
and capping agents for the respective nanoparticles. The application of the biogenic 
nanoparticles as antimicrobial agents shows a wide range of effects including inhi-
bition and bacterial cell damage which can be a breakthrough on subjects such as 
MDR and toxicity. Furthermore, optimization of the parameters such as temperature 
and pH control the shape and the size of the nanoparticles which on turn has an effect 
on antimicrobial activity. This method is the cost-effective method as it does not use 
many chemicals and less hazardous method for nanomaterials synthesis.
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Chapter 18 
Biogenic Nanomaterials as Adsorbents 
for Mercury Remediation 

Mxolisi Junior Kiwanuka, Philiswa N. Nomngongo, and Nomvano Mketo 

Abstract Mercury has been in the environment since the beginning of time. Natural 
and anthropogenic activities are the main sources of mercury. The latter is in the top 
list of most toxic contaminants worldwide. The elimination of mercury from environ-
mental matrices remains a burning issue in research. The traditional physiochemical 
treatments are considered expensive, and biogenic nanomaterials have gained an 
increasing attention. Plant extracts have been widely used as reducing and capping 
agents for the green synthesis of magnetic and metal oxide nanoparticles for the 
adsorptive removal of mercury in aqueous matrices. The synthesized metal oxide 
nanoparticles can be reused for at least five consecutive cycles without significant 
loss of removal efficiency. Additionally, microorganisms such as bacterial biofilms 
are used for the synthesis of nanoparticles such as bio selenium nanoparticles (SeNPs) 
for the immobilization of mercury. The synthesized SeNPs significantly reduces Hg0 

concentration in groundwater due to the reaction between S0 and Hg0 resulting in 
the formation of HgSe. Therefore, this book chapter will critically investigate the 
current and future developments of biologically synthesised nanoparticles for the 
remediation of mercury from environmental samples. 

Keywords Biogenic nanoparticles ·Mercury remediation · Plant extract ·
Microorganism

M. J. Kiwanuka · N. Mketo (B) 
Department of Chemistry, College of Science and Engineering and Technology, Florida Science 
Campus, University of South Africa, Roodepoort, Johannesburg 1710, South Africa 
e-mail: nomvano.mketo@gmail.com; mketon@unisa.ac.za 

P. N. Nomngongo 
Department of Chemical Sciences, University of Johannesburg, Doornfontein 2028, 17011, 
Johannesburg, South Africa 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
M. P. Shah et al. (eds.), Biogenic Nanomaterials for Environmental Sustainability: 
Principles, Practices, and Opportunities, Environmental Science and Engineering, 
https://doi.org/10.1007/978-3-031-45956-6_18 

455

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-45956-6_18&domain=pdf
mailto:nomvano.mketo@gmail.com
mailto:mketon@unisa.ac.za
https://doi.org/10.1007/978-3-031-45956-6_18


456 M. J. Kiwanuka et al.

18.1 Introduction 

18.1.1 Background Information 

Mercury (Hg) is a naturally occurring element (Kulikova et al. 2019). The former 
is mostly present in cinnabar and is trace-level present in all environmental media. 
Since 1500, cinnabar and other ores have yielded about a million tons of metallic 
mercury (Chen and Yang 2012). There are three distinct species of mercury: elemental 
mercury, inorganic mercury, and organic mercury. Every mercury species has a 
unique set of behaviours and toxicity (Kulikova et al. 2019; Wilcox et al. 2012). 
Hg occurs as a liquid metal in its elemental state and can be transformed into a 
vapor at ambient temperature and pressure. Dental amalgams, batteries, barometers, 
thermometers, sphygmomanometers, and other devices mostly utilise this form of 
mercury. Mercuric and mercurous are the two different forms of inorganic mercury. 
Similar to oxidized elemental mercury, mercury salts are more lethal and water 
soluble than elemental mercury (Rice et al. 2014). Numerous goods, including phar-
maceutical and cosmetic ones, use inorganic mercury. Alkyl mercury and phenyl 
mercury are two examples of the organic mercury compounds that are thought 
to be extremely hazardous. In contrast, alkyl mercury compounds are primarily 
found in the environment while the former is utilized as a preservative in medicine 
(Saturday 2018). Nevertheless, the presence of this element in the environment is 
not favourable due to its toxicity. Hitherto, a lot of research has been done for the 
accurate quantification of this toxic analyte in various environmental media. 

18.1.2 Toxicity of Mercury 

A wide range of negative consequences on human health, plant, and animal life, 
as well as the ecosystem, result from the presence of mercury in the environment. 
The chemical form of mercury affects its toxicity. Mercury toxicity in people is 
affected by a number of variables, including chemical form, food, age, concentration 
levels, state of health, and length of exposure (Bernhoft 2012). In addition, mercury 
plays no physiological role in people, and the body has no efficient way to eliminate it 
(Saturday 2018; Ferreira et al. 2015). The kidneys are where inorganic mercury builds 
up the most, followed by the liver. After acute mercuric mercury poisoning, the intes-
tine and kidneys are the organs that are most damaged. Although renal failure may 
occur within 24 h due to necrosis of the tubular epithelium in the kidneys, the corro-
sive effects will mostly affect the colon. On the other hand, prolonged exposure to 
elemental mercury can result in neurological issues such tremors, delusions, memory 
loss, and anomalies of the central nervous system’s neuro-cognitive processes (CNS). 
Finally, the most harmful kind of organic mercury is methyl mercury. The former
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has numerous adverse effects such as neurotoxicity, genotoxicity, and endocrine 
disruption (Azevedo and Rodriguez 2012; Zulaikhah et al. 2020; Annibaldi et al. 
2019). 

Hg mostly impacts the roots, seeds, flowers, and leaves of plants. The former 
has a strong affinity to react with sulfhydryl (SH) groups, an affinity to react with 
phosphate groups, and the capacity to substitute critical ions. It can also alter the 
permeability of cell membranes (Lima et al. 2019). 

18.1.3 Occurrence and Fate of Hg in the Environment 

Both anthropogenic and natural processes are responsible for the genesis of mercury 
in environmental matrices (Geneti et al. 2022). Volcanoes, forest fires, cinnabar (ore), 
and weathering of geologic reservoirs into the biosphere are examples of natural 
sources of mercury (Liu et al. 2021; Suvarapu and Baek 2017a). Since the begin-
ning of industry, human activities have been a major cause of mercury pollution in 
the environment. Some of these activities include expanded mining, medical waste 
incinerators, municipal waste combustion, high rates of burning fossil fuels, and 
extensive use of raw materials containing mercury. Additionally, the production of 
metals, alkali, and cement contributes to the release of mercury into the environment 
(Suvarapu and Baek 2017b). 

Mercury is easily converted into organomercury molecules like methylmercury 
(MeHg) in aquatic medium by chemical and biological mechanisms, which has a 
significant impact on its solubility, volatility, bioavailability, and toxicity. The most 
hazardous form of mercury is methylmercury, which can bioaccumulate more quickly 
than other trace metals along the food chain (Martins et al. 2013; Cegolon et al. 2023 
). To sum up, the biogeochemical cycle allows for the recycling of mercury in the 
environment. First, in the former, mercury is transformed into inorganic mercury by 
the evaporation of mercury from natural and anthropogenic sources. Rain aids in the 
spread of this chemical. Bacteria can transform mercury into organic compounds 
once it has entered the soil and water bodies (Ma et al. 2021). 

18.1.4 Mercury Remediation Strategies 

Due to its long-term tenacity, danger, and non-biodegradability, this poisonous 
element’s build-up in the environment is a global problem. To date, numerous tech-
niques and remediation plans have been created to clean up soil, sediments, and 
water that contain mercury. The former comprises roasting, solvent extraction, photo-
catalysis, ion exchange flotation, membrane separation, precipitation, coagulation, 
distillation, ultrafiltration, and adsorption (Geneti et al. 2022; Liu et al. 2021). Adsor-
bent materials, however, are receiving a lot more and more attention. Now, a variety 
of adsorbent materials are used, including activated carbons, compounds supported
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on silica gel, nanocellulose materials, and metal oxides. The unique properties of 
magnetite nanoparticles (Fe3O4), such as their high surface area to volume ratio 
and magnetite composition, have made them stand out among the adsorbents listed 
above. Numerous conventional physical and chemical methods for the synthesis 
of nanoparticles have been developed as a result of the research carried out by 
academic and industry experts over the years. However, most technologies are unsus-
tainable because to the need for hazardous or expensive chemicals, high industrial 
temperatures, and pressures, growing risks to the environment and public health, 
excessive energy use, and waste creation. Alternative green methods that use eco-
friendly precursors and processes under low-stress circumstances include biotech-
nological pathways including the utilization of bacteria, fungus, and plant extracts 
for nanoparticle synthesis (Boedicker et al. 2021; Kim et al. 2018). 

18.1.5 Conventional Adsorbents Used for Mercury 
Remediation 

Adsorption techniques have been and continue to be the most widely used in industry, 
and as a result, the most extensively researched methods for mercury clean up. 
Different conventional adsorbents have been used for mercury clean up. These consist 
of carbon nanotubes, biochar, mesoporous carbons, graphene oxide, activated carbon 
fibres, and zeolites, among others. There are various restrictions, including high 
cost and environmental impact, despite the fact that standard physical and chemical 
procedures were created for the large-scale manufacture of these nanomaterials (Kim 
et al. 2018). 

18.2 Biogenic Nanomaterials 

18.2.1 Synthesis 

Nanomaterials that are produced by biological processes are known as “biogenic” 
materials. These nanoparticles have a wide range of applications in the biomed-
ical, agricultural, electronics, and environmental remediation industries because of 
their exceptional biocompatibility and sensitivity (Forruque et al. 2022). Metal ions 
are reduced by organisms or their metabolites to stable nanomaterials in biological 
or “green” synthesis through redox processes. They accomplish this through the 
electron shuttle enzymatic metal reduction method and their Nicotinamide adenine 
dinucleotide phosphate hydrogen (NADPH) dependent reductase enzymes (El-Seedi 
et al. 2019). Although the production of nanomaterials using plant extracts has also 
been investigated, the utilization of microbes like bacteria, viruses, and fungus has
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received the most attention. Bacteria are thoroughly investigated for metal ion reduc-
tion to nanoparticles (Boedicker et al. 2021). By using their defense and protection 
mechanism against soluble metal ions, bacterial cells can produce metallic nanopar-
ticles (Gautam et al. 2018). Bacteria can use either an external or an intracellular 
method to produce nanoparticles. The metal ions on the exterior of the microbial 
cells are declined extracellularly. However, when metal ions are contained within 
microbial cells, varied pH, oxygenation incubation times, and temperature state are 
inhibited. The fundamental benefit of employing bacteria for nanoparticle biosyn-
thesis is that they are heavy metal resistant. In addition, bacteria are abundant in 
nature and can adapt to harsh environments. 

According to Johnston et al. (2018), the bacteria Delftia acidovorans produces 
pure gold nanoparticles (AuNPs). A little amount of non-ribosomal delfibactin was 
used in their approach to monitor the resistance to harmful gold ion concentra-
tions. By transforming gold ions into inert AuNPs that are harmless to bacterial 
organisms, delftibactin removes gold ions from solutions. Sintubin et al. (2021) 
reported on another intriguing work in which they looked at how lactic acid bacteria 
produce silver nanoparticles (AgNPs). Only four of the several examined bacterial 
species produced AgNPs: Pediococcus pentosaceus, Lactococcus garvieae, Entero-
coccus faecium, and other species of Lactobacillus. NPs acquired through bacteria 
are brought about within the cells after covering the produced supernatant with Ag+ 

or Au3+.Ag ions are first biosorbed onto the cell wall during the biosynthesis of 
AgNPs, and then they are reduced to produce metallic nanoparicles. They went on to 
say that the cell wall may react as a capping agent for the nanoparticles, stregthning 
them and stop aggregation. 

On the other hand, nanoparticles are also biosynthesized using viruses. A nucleic 
acid molecule enclosed in a protein sheath makes up a virus, an infectious bacterium. 
The most typical icosahedron and rod shapes for viruses are among several distinc-
tive shapes. The highly dense and reactive surface made up of capsid proteins on 
viruses is the primary cause of their efficiency in interacting with metallic ions to 
produce nanoparticles. Recently, various projects have been carried out to create 
nanomaterials with the topological structures of viruses, which were inspired by the 
distinctive surface morphology of viruses (Niu et al. 2013). Tobacco mosaic virus, a 
plant virus, was utilized to examine how the presence of the virus affected the size 
and quantity of manufactured silver and gold nanoparticles. It was discovered that 
low viral concentration in combination with silver and gold salts and plant extracts 
produced smaller and more of them compared to the solution without the virus. On 
the other hand, less free nanomaterial was produced when there were more viruses 
present in the combination (Zhang et al. 2018). 

18.2.1.1 Synthesis of Biogenic Nanoparticles by Fungi 

Fungi have the ability to produce nanoparticles. In the former, metal ions are 
converted into nanoparticles by enzymes found in the cytoplasm and cell wall. The 
positive charge of the metal ions attracts the fungus and starts the biosynthetic process.
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Additionally, several proteins that are stimulated by metal ions hydrolyze the ions. 
Because they can release large amounts of protein, fungi are able to produce more 
nanoparticles (Mughal et al. 2021). The former is able to produce both intracellularly 
and extracellularly. The cell wall is used in intracellular synthesis to transport metal 
ions, where the positive-charged ions interact with the negative-charged wall. These 
ions are converted to metal NPs in the cells by enzymes. These ions are converted to 
metal NPs in the cells by enzymes. It is anticipated that niacinamide adenine dinu-
cleotide (NADH)-dependent enzymes, primarily nitrate reductases, will be involved 
in the extracellular process. These enzymes are released into the reaction vessel along 
with electron transporters like hydroxyquinoline (Basavaraja et al. 2008). In order to 
produce NADPH, which is converted into NADP+ when the metal ions are reduced, 
nanoparticles (El-Seedi et al. 2019). 

When it comes to creating nanoparticles, fungi offer a number of advantages over 
bacteria, which is why their application in the production of metallic nanoparticles 
has attracted a great deal of attention. Considerable advantages include the simplicity 
of scaling up and downstream processing, the economic viability, and the existence of 
mycelia, which provides a larger surface area. It was demonstrated that nanoparticles 
produced by fungi were more stable and monodisperse than those produced by other 
microorganisms (Pantidos 2014). The production of silver nanoparticles by several 
strains of Fusarium oxysporum was also examined, and the results demonstrated that 
a shuttle quinine and a nitrate-dependent reductase are in charge of the metal ions’ 
extracellular reduction. In 2008, Basavaraja et al. (2001) investigated how the fungus 
Fusarium semitectum may be used to produce silver nanoparticles. Highly stable 
and crystalline silver nanoparticles are produced in solution by treating the fungal 
filtrate with an aqueous silver nitrate solution. The UV–vis and X-ray diffraction 
investigations might be used to infer how nanoparticles were formed. The size of the 
silver particles, which ranged from 10 to 60 nm, was typically spherical and was seen 
using transmission electron microscopy. In a study conducted by Mukherjee et al. 
(2009), the biological reduction of AuCl resulted in the formation of intracellular 
AuNPs that were localized on the surface of the mycelia of the fungus Verticillium 
sp. 

18.2.1.2 Synthesis of Biogenic Nanoparticles Using Plant Extracts 
and Algae 

Plants may be the finest potential candidates for the biosynthesis of nanoparticlesdue 
to their abundance, diversity, and accessibility. Plant extracts have been effectively 
used to reduce metallic salts and create Fe, Zn, Au, Ag, Pd, and Cu, Mn NPs in 
a range of shapes and sizes. Metal nanoparticles are bio-reduced in three primary 
ways using plant extracts. Metal ions are reduced and crystallized during the first 
step of activation. The second phase’s characteristic is the enlargement of the local 
nanoparticles, commonly referred to as the “growth phase.“ The thermodynamic 
strength of the nanoparticles then increases. Not the least of which is that the termi-
nation phase gives the nanoparticles their ultimate structure (Mukherjee et al. 2001).
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A wide variety of secondary metabolites are present in the cultures and extracts 
used to generate metallic nanoparticles, helping to reduce metal ions and stabilize 
thenanoparticles. Polysaccharides, enzymes, amino acids, vitamins, proteins, and 
organic acids are a few examples of the bioactive compounds. 

18.2.1.3 Flavonoids and Terpenoids 

Anthocyanins, isoflavonoids, flavonols, chalcones, flavones, and flavanones are only 
a few of the countless polyphenolic chemical substances known as flavonoids. 
These chemicals have the power to aggressively reduce metal ions to nanoparti-
cles by chelating them. Nanoparticles can be created by flavonoids with different 
functional groups. One hypothesis states that the enol to keto tautomeric conver-
sion of flavonoids produces a reactive hydrogen atom that can decrease metal ions 
and produce nanoparticles. For instance, it is thought that the production of silver 
nanoparticles from extracts of Ocimum basilicum (sweet basil) depends on the 
conversion of the flavonoids luteolin and rosmarinic acid from the enol- to the 
keto-form (Balaji et al. 2009). The ability of certain flavonoids to chelate metal 
ions with carbonyl groups or -electrons is an intriguing observation. Terpenoids and 
biosynthetic metallic nanoparticles frequently coexist, according to FTIR studies. It 
is believed that the hydroxyl group in eugenol undergoes deprotonation to produce an 
anion, which can then undergo further oxidation by metal ions to produce reduction 
and NPs. Additionally demonstrated to function as a capping and reducing agent 
when AgNPs are generated is the steroidal saponin diosgenin (El-Seedi et al. 2019). 

18.2.1.4 Proteins and Sugars 

Proteins can aid in the creation and reinforcement of metallic nanoparticles. A protein 
is a large biomolecule or macromolecule made composed of several long chains of 
amino acids. Numerous carbonyl groups on various nanoparticles may be clearly 
recognized in FTIR spectra, and carbonyl groups present in amino acid residues 
frequently serve as supportive ligands for nanoparticles, preventing them from aggre-
gating and bolstering them in liquid environments. Studies similar to those on the 
synthesis of nanoparticles show that proteins can act as reducing agents and protec-
tive surface coats. However, free amino groups in proteins and peptides can also 
attach to silver nanoparticles. Over polymers and surfactants, capping proteins offer 
significant advantages in terms of cost efficiency, safety, and environmental friend-
liness for the generation of nanoparticles. Furthermore, they don’t require certain 
circumstances for reactions (Gole et al. 2001; Balaji et al. 2009). 

Plant sugar extracts may have an impact on the production and durability of 
metallic nanoparticles. Recent research has shown that non-soluble carbs, such 
as starch, affect how well sugar removes cap. For instance, soluble starch and b-
Dglucose were used as structure-directing and strengthening agents in the produc-
tion of silver and gold nanowires and spherical nanoparticles. It was discovered that
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the unusual stability of the silver nanoparticles generated in a plant extract (Rumex 
dentatus) was probably caused by the extract’s high starch content. This prevented 
the nanoparticles from aggregating (Shervani and Yamamoto 2011). 

18.2.1.5 Enzymes 

Numerous investigations have shown that various enzymes are necessary for the 
production of distinctive metallic nanoparticles. Proteins that are naturally occurring 
and generated in great quantities by living things are known as enzymes. Since 
enzymes have a wide range of catalytic activity and may make NPs in a wide range of 
shapes and sizes, it is crucial to carefully choose the appropriate enzyme for a specific 
synthesis. For instance, the production of nanoparticles was carried out by the sulfate 
reductase enzymes produced by Fusarium oxysporum during the synthesis of CdS 
nanoparticles from an aqueous CdSO4 solution. These enzymes converted sulfates 
from sulfate ions to very stable CdS nanoparticleswhen combined with water Cd2+ 

ions. The well-known coenzyme NADH could function as a reducing agent during 
the formation of nanoparticles (Ahmad et al. 2002; Palomo and Filice 2016). 

18.2.1.6 Algae 

Algae are single- or multicellular autotrophic aquatic photosynthetic creatures and 
constitute a subclass of the kingdom Protista. They lack the plant’s multicellular struc-
tures yet are nevertheless eukaryotic creatures. The size of algae can vary widely, 
from tiny microalgae to enormous macroalgae. The majority of aquatic life relies on 
them as a food supply and they are recognized for creating oxygen. The presence of 
active chemicals in algae’s cell walls is thought to be the cause of their capacity to 
synthesize nanoparticles. A common procedure for creating algae-assisted nanopar-
ticles entails the following steps: (1) making algae extracts in solution at a high 
temperature; (2) making reagents; and (3) gestating the algae and reagent solutions 
before stirring for a certain amount of time. The metal precursor is combined with 
the algal extract to start the reaction. A shift in color indicates the start of a process 
that depicts nucleations, followed by the formation of nanoparticles where the nearby 
nucleonic particles combine to produce thermodynamically stable NPs with different 
geometries. The driving parameters at play include pH, temperature, concentration, 
and time, and the extract biocompounds enhance the production of nanoparticles 
(Mughal et al. 2021; Guilger-Casagrande and Lima 2019). 

18.2.2 Characterization 

Nanoparticle characterization is done specifically to evaluate the surface area 
and porosity, pore size, solubility, particle size distribution, aggregation, hydrated
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surface analysis, zeta potential, wettability, adsorption potential and shape, size of 
the interactive surface, crystallinity, fractal dimensions, orientation, and interca-
lation and dispersion of nanoparticles and nanotubes in nanocomposite materials. 
Indeed, characterisation has a major role in how nanoparticles behave (Kumar and 
Yadav 2009). Atomic force microscopy (AFM), transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS), 
X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and 
powder X-ray diffraction are some of the methods that can be used to deter-
mine nanoparticle parameters. Furthermore, (XRD),Fourier transform infrared spec-
troscopy (FT-IR), matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF), dual polarization interferometry, nuclear magnetic 
resonance (NMR), nanoparticle tracking analysis (NTA) for evaluation of Brownian 
motion, and particle size analysis (Baer et al. 2013). 

18.2.3 Mechanism of Adsorption 

Adsorption is a surface phenomena that only happens on the sorbent’s surface. In this 
case, the material that is adsorbed onto the surface is known as the sorbent, and the 
substance that is adsorbed is known as the sorbate. The sorbate molecules bind to the 
surface of the sorbents by molecular interactions, and they diffuse from the surface 
into the core of the sorbent materials, either in a monolayer or multilayer fashion. 
Although the primary documented mechanism for trace elements adsorption is the 
direct chemical binding of the metal to the mineral surface, reduction of metal ions 
to form immobilized secondary minerals is mostly described with biogenic nanopar-
ticles (Villalobos et al. 2005). In 2012, Jiang et al. (2012), revealed that mercury 
may be immobilized by forming Hg-Se utilizing Se nanoparticles that were biogen-
erated. In their research, they reduced both Se (IV) and Hg (II) to create stable Hg-Se 
using the Hg-resistant bacterium Shewanella putrefaciens 200. Moreover, biogenic 
nanoparticles can serve as electron donors for the breakdown of trace elements by 
providing hydrogen gas or formate (Ali et al. 2018). Wiatrowski et al. (2006) demon-
strated how Shewanella oneidensis MR-1 reduced mercury (II) to mercury (Hg0), 
which required the presence of both electron donors and acceptors. Fumerate caused 
reduction, but the rate was at its maximum when ferric oxyhydroxide was utilized 
as the terminal electron acceptor.. 

18.2.4 Factors Affecting Synthesis and Adsorption 

The synthesis, characterisation, and use of nanoparticles are all impacted by a number 
of variables. The pH of the solution, time, temperature, the concentration of the 
extracts utilized, the concentration of the raw material used, size, surface shape, and 
precoursor are some of the variables that impact the synthesis and adsorption of
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biogenic nanoparticles (Patra and Baek 2014; Pennycook et al. 2012). Hence, the 
final size and form will be produced by optimizing these characteristics. The impact 
of each component on the production and adsorption of biogenic nanoparticles is 
discussed below. 

Particle size and shape: The characteristics of nanoparticles are significantly influ-
enced by the particle size. For instance, it has been shown that as nanoparticle size 
increased, the melting point of the particles decreased. Similar energy properties 
across nanoparticles of various configurations make it simple to change their shape. 
The chemical characteristics of produced nanoparticles are significantly influenced 
by their dynamic nature and form (Baer et al. 2013; Yacamán et al. 1091). 

pH: Both the size and the surface shape of the particle are impacted by pH’s function 
in the production of biogenic NPs. According to Yang and Li, the form was less 
regular and tended to agglomerate at lower pH levels. The size of particles may be 
evenly created while synthesizing nanoparticles under various pH settings with the 
appropriate size and shape (Baker et al. 2013). 

Time: The length of time at which the reaction medium is incubated also determines 
the quality of biogenic nanoparticles to be produced. The variations in the time may 
occur in many ways such as aggregation of particles due to long time storage; particles 
may shrink or grow during long storage; they may have shelf life, and so forth, that 
affects their potential (Baer 2011). 

Temperature: One of the most important details regarding nanoparticle biosynthesis 
is that it happens at room temperature or at temperatures lower than 100 °C. Yet, a 
key element that affects the type of nanoparticles generated is the reaction medium’s 
temperature. The percentage of gold nanotriangles compared to spherical particles 
was considerably reduced when Cymbopogon flexuosus was tested to manufac-
ture gold nanoparticles at higher temperatures, whereas low temperature primarily 
encouraged nano triangle production (Rai et al. 2006). 

Concentration: The size of the generated nanoparticles is also influenced by the 
concentration of reactants like precursors and reducing agents. This phenomenon 
could be brought on by the surface of prepared nuclei being bound by an exces-
sive number of reducing agents, which accelerates the secondary reduction of metal 
ions. Because of this, nanoparticles are growing faster and becoming bigger. On the 
other hand, using an excessive amount of reducing agents may increase the bridging 
effect between the nanoparticles that are generated, leading to the aggregation of 
nanoparticles. This could be because too many metal ions were taken up on the 
surface of the produced nuclei, where a secondary reduction process took place and 
bigger nanoparticles were created. Apart from size, nanoparticles form will also be 
impacted.
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18.2.5 Application of Biogenic Nanoparticles for Mercury 
Remediation 

As we mentioned in our opening, mercury contamination is a worldwide issue 
because of its ecotoxicity and health hazards. The first stage in examining the possible 
effects of mercury on the environment is precise determination. However, mercury 
may be found in a wide variety of forms in the soil, water, and air, including elemental 
mercury, inorganic mercury, and methyl mercury (MeHg). These elements make 
determining mercury levels and determining environmental hazards extremely diffi-
cult (Chandrasoma et al. 2012). There are various analytical techniques used to 
detect mercury inductively coupled plasma mass spectrometry (ICP-MS), induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES), cold vapor tech-
nique with atomic absorption spectrometry (CV-AAS), and cold vapor technique 
with atomic fluorescence spectrometry (CV-AFS) (Jiang et al. 2012) (Table 18.1).

The apparent downsides, limits, or limitations of these approaches in terms of 
determining mercury, however, include the necessity for large sample quantities, high 
prices, labor-intensive testing processes, protracted testing timeframes, and specifica-
tions for bulky gear. As a result, their usefulness for immediate on-the-spot and in-the-
moment evaluations is severely limited. Therefore, it is crucial to develop new analyt-
ical techniques and find out how to boost the sensitivity of low mercury detection. It 
has been demonstrated that biogenic nanoparticles can effectively remove mercury 
from a range of environmental matrices. In Hg cleaning, biological nanoparticles 
are frequently utilized as adsorbents. As was already said, biogenic nanoparticles 
are produced using biological components such as plant extracts and microorgan-
isms. The production of nanoparticles by biological processes has been suggested 
as a potential replacement, providing a method that is energy-efficient, favorable 
economically, and safe for the environment (Khan et al. 2021). Several studies have 
reported the removal of mercury from various matrices using biogenic nanoparticles. 
The application of biogenic nanoparticles for mercury remediation are summarised 
in Table 18.2.

18.2.6 Challenges and Opportunities of Biogenic 
Nanomaterials 

Although biogenic nanoparticles offer several advantages over conventional nano-
materials, there have also been some documented difficulties with these substances. 
Biogenic production of nanomaterials is a sluggish process compared to chemical 
and physical techniques. The use of biogenic nanoparticles to remove environmental 
contaminants has also been shown to result in the development of harmful inter-
mediate complexes. Thus, it is crucial to keep track of how these complexes form 
and develop during the course of the treatment (Kumari et al. 2019). Moreover, the 
existence of uniformity, homogeneity, and mono nanoparticles in biologically based
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Table 18.1 Advantages and disadvantages of conventional adsorbents for mercury remediation 

Adsorbent Principle Advantage Disadvantage Refs. 

Activated 
carbon 

• Porous carbonaceous 
materials 

• Functional groups like 
carbonyl, carboxyl, 
phenol, lactone, and 
quinone are found in 
carbon structures 

• Primarily made from 
cattle, agricultural waste, 
and industrial waste 

• Low  cost  
• Increased 
accessible 
porosity 
relative to 
Green 
Analytical 
Chemistry 
(GAC) 

• Slow kinetics 
• Bad selectivity 
• Limited design 
flexibility 

• Working 
capacity < 100% 

Heidarinejad 
et al. (2020) 

Activated 
carbon 
fibres 

• The highly porous 
material known as 
“activated carbon fibers” 
(ACF) has a limited pore 
size distribution, a 
well-defined porous 
structure, and an aspect 
ratio of at least 10 µm 

• Higher rates of 
adsorption 

• High  
availability of 
porosity 

• Elevated 
surface area 

• Increased 
media 
interaction 
effectiveness 

• Sufficient 
design 
flexibility 

• Simple  
regeneration, 
especially 
thermal) 

• Expensive. 
• Extra processing 
steps 

• Difficult  
regeneration 

• When  
regenerated, a 
secondary 
pollution source 

Hassan et al. 
(2019) 

Carbon 
nanotubes 

• Carbon nanotubes are 
one-nanometer-diameter 
cylinders made of 
graphene sheets that have 
been wrapped up 

• Carbon atoms are 
arranged in a hexagonal 
network 

• Outstanding 
mechanical 
strength 

• Very little and 
challenging to 
deal with 

• Extremely  
pricey to make 

Ibrahim 
(2013) 

Graphene 
oxides 

• It  is  a  
single-atomic-layered 
material that is formed by 
the oxidation of graphite 

• Low  
production 
cost 

• Large-scale 
production 

• Easy  
processing 

• Generation of 
harmful gases 
such as ClO2, 
NO2 and N2O4 

Yu et al. 
(2020)

(continued)
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Table 18.1 (continued)

Adsorbent Principle Advantage Disadvantage Refs.

Biochar • Solid carbon-rich residue 
produced from pyrolysis 
of plant derived biomass 

• Cost-effective 
•  Easy to apply  
• Efficient 

• Requires 
modification 
using chemicals 

• Extremely high 
temperature is 
required and can 
lead to activation 
of other reactive 
compounds 

Sohi et al. 
(2010) 

Zeolites • Natural substances with 
set pore widths and active 
sites in the crystal lattice 
that enable them to 
exchange ions, absorb 
gases and vapours, operate 
as molecular-scale sieves, 
and catalyze processes 

• Flexible 
frameworks 
and 
compositions 

• Hydrothermal 
and physical 
stability 

• Non-toxicity 
• Exchangeable 
cations with 
large surface 
areas 

• Excellent 
cost–benefit 
ratio 

• Zeolites that 
occur in nature 
are rarely pure 
and can vary in 
their 
contamination 
levels with other 
minerals, metals, 
and quartz 

Koohsaryan 
and Anbia 
(2016)

nanoparticles is still debatable. To build green nanoparticles employing plant enti-
ties, there is a dearth of comprehensive understanding. The fundamental problem to 
be solved is the conversion of salt to ions, as well. The highest possible salt to ion 
conversion should be attained during plant-mediated synthesis. The final step is to 
adopt technology transfer techniques to manufacture nanoparticles at the industrial 
level (Patil and Chandrasekaran 2020). For the production of biogenic nanomate-
rials for many applications, particularly for heavy metal cleanup, there are several 
research oportunities. We will thus have greater room for discoveries and applications 
provided we adopt the right strategy. 

18.3 Conclusion and Future Recommendation 

The use of microorganisms, plant, and fungi for the synthesis of nanomaterials for 
the removal of mercury can successfully solve the challenges of water, soil and 
air pollution. Furthermore, the challenges of secondary wastes are eliminated when 
synthesising and applying these biogenic nanomaterials on environmental matrices. 
Nevertheless, it can be observed that there are more studies that are reported for the 
removal of mercury from environmental matrices using plant extracts than the other
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Table 18.2 Application of biogenic nanoparticles for Hg remediation 

Nanomaterial Synthesis Matrix Analytical 
technique 

Detection 
limit 

Accuracy Precision Refs. 

Magnetite 
(Fe3O4) NPs 

Leaf 
extract 

Aqueous 
solutions 

Colorimetry ND 90 ND Geneti 
et al. 
(2022) 

Gold (Au)-NPs Leaf 
extract 

Aqueous 
solutions 

Sensor 0.49 100 3 Zohora 
et al. 
(2017) 

Ag-NPs Seeds 
extracts 

SPR 
fluorescence 

0.24 ND ND Jiang et al. 
(2012) 

Ag-NPs Bean 
extracts 

Aqueous 
solutions 

Colorimetry 0.13 ND ND Choudhary 
et al. 
(2019) 

Se-NPs Bacteria Aqueous 
solutions 

CVAFS ND ND ND Jiang et al. 
(2012) 

Se-NPs Bacteria Soil LC-HGAFS ND ND ND Wang et al. 
(2017) 

Ag@AgCl-NPs Algae Water ND 4.19 97–102.52 < 3.12 Karimi and 
Samimi 
(2019) 

AuNPs Enzyme Fruits ICP-MS 1.6–1.9 ND ND Hasan 
et al. 
(2019) 

Se-NPs Enzymes Aqueous 
solution 

Colorimetry 0.12 ND ND Cao et al. 
(2019) 

DNA-Cu oxide 
NPs 

Enzymes Fish ICP-MS 3.3 91–108 5.6–6.1 Lien et al. 
(2019) 

Se-NPs Fungi Aqueous 
solutions 

CVAFS/ 
ICP-MS 

0.1 ND ND Jiang et al. 
(2012) 

Se-NPs Sponge Aqueous 
solutions 

CV-AAS 0.2 ND ND Ahmed 
et al. 
(2017) 

Ag-NPs Green 
sunlight 

Aqueous 
solutions 

Colorimetry ND ND ND Ahmed 
et al. 
(2015)

biological materials. Selenium nanoparticles were the most synthesised nanoparticles 
for mercury removal than the other metal-based nanoparticles. Aqueous matrices 
were the most examined matrices as compared to the other matrices. Therefore, 
there is a need for more research to be carried out for the removal of mercury using 
biogenic materials made from fungi, algae, bacteria and enzymes. Additionally, more 
investigations need to be conducted for the removal of mercury from other matrices 
such as food, soil, sediments, and fossil fuels using biogenic nanomaterials.
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Chapter 19 
The Occurrence, Effect 
and Biodegradation of Antibiotics Using 
Metallic Biogenic Nanomaterials 
in Water 

Njabulo S. Mdluli, Philiswa N. Nomngongo, and Nomvano Mketo 

Abstract Antibiotic resistance is one of the most serious risks to human health 
today, requiring the use of more toxic, expensive, and ineffective medications. Antibi-
otic resistance can be caused by several factors, including overuse of antibiotics in 
humans and cattle. In this scenario, experts are looking for innovative ways to combat 
this alarming condition. Nanoparticles have emerged as new tools that can be used 
to combat deadly bacterial infections directly or indirectly to overcome antibiotic 
resistance. Despite the fact that nanoparticles are used in the pharmaceutical sector, 
there is ongoing concern regarding their potential damage to human health. This 
book chapter therefore addresses the use of more environmentally friendly, cheap, 
biodegradable and harmless biogenic nanoparticles in biodegradation of antibiotics 
in waste water. This book chapter will also address the limitations that were associ-
ated with the old nanoparticles that were not biogenic. Proper recommendations on 
how to improve the already present biogenic nanomaterial will be proposed. 
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19.1 Introduction 

Antibiotics can either kill or inhibit microorganisms, since ancient times, antibiotics 
have been used to cure and prevent infections as well as support a wide range of 
medical interventions, from chemical therapy to organ donation. The well-known 
antimicrobial routes of antibiotics include inhibition of enzymes, DNA interference, 
RNA and protein production, and degradation of membrane structure (Wang et al. 
2021). Antibiotics can be categorized based on their chemical makeup, range of 
action, or manner of action. For instance, there are two types of antibiotics: bacterio-
static and bactericidal (causing growth inhibition of bacteria) (Duarte et al. 2022). 
Narrow spectrum antibiotics only target one of the two types of bacteria, target both 
Gram-negative and Gram-positive bacteria (Wang et al. 2021). Antibiotics can be 
categorized into β-lactams, macrolides, tetracyclines, quinolones, aminoglycosides, 
sulphonamides, glycopeptides, and oxazolidinones based on their molecular struc-
tures. By adhering to penicillin binding protein, the β-lactam antibiotics prevent 
bacteria from synthesizing their cell walls (Japareng et al. 2015). The peptide units 
in the peptidoglycan layer are cross-linked by penicillin binding proteins. When β-
lactams bind to penicillin binding proteins, the latter are inhibited, which results in 
cell lysis (Mubeen et al. 2021). There are several classes of antibiotics that have been 
reported in literature which include; sulfomanides, tetracyclines, fluoroquinolones, 
macrolides, trimethoprim, lincomycin, and others. 

(a) Sulfonamides—these are a significant class of broad-spectrum antibiotics that 
have been widely utilized (Li et al. 2020). Sulfonamides structurally resemble 
para-aminobenzoic acid (PABA), a substrate used in bacterial cells to synthesize 
folic acid. Folic acid is required for the production of nucleic acids (DNA), 
hence sulfonamides prevent cell division and slow bacterial development by 
competing with PABA and preventing folic acid synthesis (Zhang and Li 2011). 
Unfortunately, it has been discovered that some bacteria are resistant to these 
common antibiotics, making it challenging to treat infections brought on by 
these germs (Yang et al. 2020). In wastewater treatment facilities in Europe, 
North America, East Asia, and Australia, sulfonamides have been discovered (Li 
et al. 2021). Additionally, under sulfonamides, the sulfamethoxazole antibiotic 
was the one that was found the most frequently followed by sulfamethazine, 
sulfapyridine, and sulfadiazine (Yang et al. 2020) (Fig. 19.1).

(b) Quinolones and fluoroquinolones—A family of broad-spectrum antibiotics 
known as quinolones has quinolone moiety as its fundamental structural compo-
nent (Xiao et al. 2008). A subgroup of quinolones known as fluoroquinolones 
has a core ring that has been fluorinated (Jia et al. 2012). Quinolones prevent 
the growth of bacteria by preventing DNA helicases from doing their job, which 
is to unwind the double helical helix of DNA in preparation for replication or 
repair (Zhang and Li 2011). Additionally, topoisomerase II and topoisomerase 
IV in bacteria are affected negatively by quinolones, which has a deleterious 
impact on RNA polymerase and prevents RNA synthesis (Turiel et al. 2005).



19 The Occurrence, Effect and Biodegradation of Antibiotics Using … 475

Fig. 19.1 The structure of Sulfonamide 

Since the discovery of nalidixic acid in the 1960s, four generations of antibiotics 
have been created in this family (Turiel et al. 2005) (Fig. 19.2).

(c) Tetracyclines—These are a class of organic and semi-organic antibiotics that 
prevent the production of bacterial proteins (Saadati et al. 2016). The 30S 
inhibitors, which include tetracyclines and aminoglycosides, bind to the 30S 
ribosomal subunit, preventing aminoacyl -tRNAs from accessing the ribosome 
and so reducing protein synthesis. Tetracyclines and macrolides are frequently 
bacteriostatic, whereas aminoglycoside generally have a bactericidal effect. The 
production of nucleic acid (DNA and RNA) is essential for a cell to survive. 
Tetracyclines have a basic hydronaphthacene backbone structure with four fused 
rings and different replacements at the fifth, sixth, or seventh positions (Balakr-
ishnan et al. 2023). Eight tetracycline antibiotics in all have been created for 
use by humans, animals, and the poultry industry. Tetracyclines were found to

Fig. 19.2 The general structure of quinolone
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Fig. 19.3 The structure of tetracyclines 

be used for veterinary purposes in more than 2500 tons and 1800 tons of tetra-
cycline per year, respectively, in Europe (1998) and the United States (2001) 
(Kim et al. 2013) (Fig. 19.3).

(d) Macrolides—these are typically employed as penicillin substitutes because they 
impede bacterial protein synthesis by having a lactone ring that has been substi-
tuted with hydroxyl (or neutral or amino sugars), alkyl, and ketone groups (Xiao 
et al. 2008; Göbel et al. 2007). Protein synthesis is stopped when macrolides 
attach to the 50S ribosomal subunit and prevent the elongation of mRNA during 
translation. In wastewater effluent, six macrolides antibiotics and one metabo-
lite, erythromycin-H2O, have been found worldwide (Shearer et al. 2022). The 
primary metabolite of erythromycin, erythromycin- H2O, is extremely unstable 
in conditions of severe acidity (Zhang and Li 2011) (Fig. 19.4). 

(e) Trimethoprim—The synthetic antibacterial drug trimethoprim is a member of 
the diaminopyrimidines chemical class (Kraupner et al. 2020). Most often,

Fig. 19.4 The general structure of macrolides
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urinary tract infections are treated with trimethoprim (Huovinen 1987). These 
chemicals prevent dihydrofolate reductase from working. In microbial and 
eucaryotic cells, an enzyme called 1.5.1.3 catalyzes the conversion of dihydrofo-
late to tetrahydrofolate. Unlike todihydrofolate reductase inhibitors aminopterin 
and methotrexate, which are structurally comparable to folate, the diaminopy-
rimidines are smaller than and structurally distinct from folate (Kraupner et al. 
2020). Aminopterin and methotrexate inhibit both mammalian and micro-
bialdihydrofolate reductase, whereas trimethoprim and other diaminopyrim-
idines are more effective at inhibiting microbial dihydrofolate reductase than 
mammalian dihydrofolate reductase (Kovalakova et al. 2020). Studies using X-
ray crystallography have been unable to determine the cause of this discrepancy 
in potency. The substrate-binding site of Escherichia coli dihydrofolate reduc-
tase was found to match well with trimethoprim, but not mammalian dihydro-
folate reductase. According to a global consumption survey conducted between 
2000 and 2010, trimethoprim is one of the top five antibiotics used globally, 
which is what is causing the rise in trimethoprim resistance (Kraupner et al. 
2020). Additionally, since sulfamethoxazole and trimethoprim, a dihydrofolate 
reductase inhibitor, are usually often prescribed together at a fixed ratio of 1:5, 
the detection data in raw influent samples is normally 1:5.4 which resembles 
the common prescription pattern (Zhang and Li 2011) (Fig. 19.5).

(f) Others—several other types of antibiotics have been reported in literature and 
these are lincomycin, clindamycin, chloramphenicol and thiamphenicol. All 
these antibiotics are normally reported in small concentration in water due to 
them being rarely used in human and animals (Japareng et al. 2015). 

However, the overuse of antibiotics, high dosages that result in increased toxicity, 
prolonged hospitalization, and rising fatality, their widespread use in agriculture, and 
the absence of new antibiotic development, all directly contribute to the emergence of 
drug resistance in microorganisms (Mubeen et al. 2021; Nasir et al. 2020). In addition 
to the negative socioeconomic effects, antibiotic resistance to infectious pandemic

Fig. 19.5 The general structure of trimethoprim 
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diseases poses a severe public health concern (Anand 2022; Singh et al. 2018). There 
are several known feasible methods for preventing antibiotic resistance in microbes, 
including reducing the use of antimicrobial drugs, improving drug release, changing 
antibiotic targets, creating drugs to break down or alter microorganism enzymes, 
creating a biofilm coating that contains the bacteria, and avoiding antibiotic exposure 
(Li et al.  2021). Most importantly, no brand-new antibiotic varieties have been created 
in recent years (Jia et al. 2012). Additionally, the creation and promotion of novel 
antibiotics is a pricey and drawn-out process that calls for new chemicals, several 
clinical trials, and licensing (Tahrani et al. 2016). Resistance has emerged against a 
number of commonly used antibiotic types. The likelihood that bacteria may quickly 
acquire resistance to brand-new antibiotics would result in decreased antibiotic usage 
and sales, further deteriorating the public health and economic conditions. As a result, 
an increased risk of infection-related death would eventually result from the failure 
of antibiotic progress (Zhang and Li 2011). 

With the advent of nanotechnology, the most important development in recent 
years, medicine has been updated. The market for nanotechnology products is 
steadily expanding. The revolutionary science of nanotechnology will have an impact 
on our efforts to enhance human health (Anand 2022). The longevity, effectiveness, 
toughness, adaptability, and unique physicochemical properties of nanoparticles have 
all been explored by the medical sector (Yang et al. 2020).  They  are used in a variety  
of therapeutic methods, including the focused administration of drugs, prognosis 
visual monitoring of therapy, and even the detection of tumors (Mubeen et al. 2021). 
Green techniques are used in the manufacture of biogenic nanoparticles. The creation 
of stable nanoparticles, the use of a biomass-based surface coating that increases the 
amount of active surface areas for biological interaction, the avoidance of hazardous 
byproduct formation, and additional stabilizing or reducing factors that eventually 
make the process economical are all benefits of green synthesis (Li et al. 2021; Vena 
et al. 2016; Gunatilake 2015). 

19.2 Effects of Antibiotics on Aquatic Organisms 

The presence of antibiotics in the water system is a result of anthropogenic stress 
brought on by the production of pharmaceuticals, the manufacture of personal care 
products, medical facilities, and agricultural areas (Costanzo et al. 2005). Addition-
ally, the overuse of bactericides and bacteriostatic medications as well as agricultural 
runoff from animal feeding practices encourage the penetration of antibiotics into 
groundwater systems via surface (Kovalakova et al. 2020). Population growth, exces-
sive antibiotic usage, poor medication prescribing, self-medication, excessive use of 
agricultural areas, and faulty wastewater treatment by pharmaceutical companies can 
all exacerbate the discharge of contaminants (Göbel et al. 2007). Drugs (antibiotics) 
have been discovered in pharmaceutical treatment facilities, hospital sewage treat-
ment facilities, sewage treatment facilities, municipal sewage treatment facilities, 
and urban wastewater treatment facilities (UWWTP) (Li et al. 2019). However, these
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antibiotics can build up and undergo biotransformation in water systems because of 
misuse, limits in treatment facilities, and abuse (Costanzo et al. 2005). Due to the 
formation of multi-resistant bacterial genes at micro level, which in turn increases 
the chances of bacterial survival, these bio-accumulated antibiotics may have greater 
harmful consequences (Kümmerer 2009a). Since the twentieth century, antibiotics 
have gained a lot of attention due to the connection between their use and the emer-
gence of resistance (Costanzo et al. 2005). Antibiotics are posing a major threat to the 
ecosystem despite the many benefits they provide for humans (Kümmerer 2009b). It 
has been observed at higher quantities than the disposal requirements, which raises 
the possibility of a concern down the road (Costanzo et al. 2005). Small doses of 
antibiotics in their active state, along with their parent components, have the potential 
to gradually alter the microbial colonies in water bodies (Kim et al. 2013). As basic 
antibiotics lose their effectiveness and functionality owing to microbial resistance, 
this therefore can negatively impact human health due to accumulating negative 
consequences of antibiotics (Liu et al. 2018). 

There are different ways on which microorganisms can build resistance to medi-
cation, the common one is developing a physical habitat to resist the effects of better 
and newer drugs (Carvalho and Santos 2016). These microorganisms are either natu-
rally existing at the site of origin or have the potential to change over time as a 
result of recurrent antibiotic exposure. Various tactics are used at an organizational 
and experimental level to combat the impacts of antibiotics on the environment 
(Yang et al. 2020). The most dependable of these processes, known as the Advanced 
Oxidation Process, is photocatalysis (Morsi et al. 2020; Amiralian et al. 2020). It is 
an efficient invention for the treatment of wastewaters containing organic pollutants 
that cannot be removed properly, such as antibiotics. The photon threshold energy 
affects the effectiveness of photocatalytic reactions (Liao et al. 2021). Superoxide, 
a significant reactive oxygen species, is produced during photocatalysis via a reduc-
tive process, which involves an interaction between electrons and molecular oxygen 
(Liao et al. 2021). Nanoparticles, metal oxides, and semiconductors have all been 
investigated as catalysts to increase superoxide production for pollutant degradation 
(Pan et al. 2020). A sustainable, environmentally acceptable remedial alternative to 
chemical-based remediation is the photocatalytic reaction. 

Chemical-based methods can encourage the creation of halogenated species from 
some contaminants, which may be carcinogenic, by using hypochlorite and chlo-
rine for the breakdown of antibiotics (Göbel et al. 2007). The Advanced Oxidation 
Process have surpassed chemically motivated oxidation approaches in popularity. 
They can oxidize and degrade antibiotic medications based on the concentration of 
the generated hydroxyl radicals and other non-radical species such singlet oxygen. 
The given irradiation settings have an impact on the photocatalysis response of the 
suspended photocatalysts (Xu et al. 2012). Similar to how electrons are excited from 
the valence band to the conduction band, the ground state electrons are stimulated 
to a higher energy level. This less hazardous, highly stable, economical, simple to 
make, and highly photoactive characteristics are desirable in a photocatalyst (Xu 
et al. 2012).
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The widespread use of antibiotics has made their presence in both natural and 
manmade environments omnipresent, and almost everyone in the world is aware of 
this fact (Carvalho and Santos 2016). Surface and groundwater as well as other natural 
water sources have been shown to be contaminated with antimicrobials. Because they 
degrade more slowly, are improperly disposed of, are misused, are produced in large 
quantities, and are wasted, new antibiotics continue to survive in the ecosystem 
(Costanzo et al. 2005). New avenues of research have been opened up to address 
these problems as a result of the rising amounts of emerging contaminants. Due to 
slower rates of degradation, these are still extant in the environment. Human excre-
tion, which is dependent on an individual’s consumption and metabolism, is how 
they are released into water sources. To prevent their accumulating in the discharge, 
these composite materials must be removed promptly. New pollutants are becoming 
more prevalent, necessitating the modification of traditional scientific methods to 
address them because they have unidentified adverse effects on living things and the 
environment (Liu et al. 2018). The allowable threshold of a new pollutant, which is 
less harmful to the current environment when combined with other bio-chemicals and 
manmade chemicals, is unknown (Carvalho and Santos 2016). This class of pollu-
tants affects human life in addition to disrupting the environment’s delicate balance. 
When a medication created to treat a certain condition stops working, other medi-
cations are created to treat the same ailment, but they may also have additional side 
effects or impact other organs (Kümmerer 2009b). Emergence of persisters, antibi-
otic microbial resistance AMR, and antibiotic resistant genes ARGcan be foreseen 
when a chain of new medications is built up using outdated, unused medications 
that are dumped into the environment. Persisters are more common than emerging 
resistant types, according to reports (Costanzo et al. 2005). It takes time to iden-
tify new resistance, and during that time, the microbe may experience a number of 
additional changes (Liao et al. 2021). The last areas of sewage treatment facilities, 
or waste water treatment plant WWTPs, before entering aquatic systems, are where 
antibiotics are handled (Pan et al. 2020). Here, they can mix both horizontally and 
vertically and be transported farther down by weather changes and diffusion mecha-
nisms (Sukri et al. 2019). Due to worries over water quality, it is currently rare to find 
pure, natural, safe drinking water. Antibiotic pollution has affected even tap water, 
which was once believed to be a safe supply of drinking water. The presence of 
macrolides, erythromycin, and clarithromycin in drinking tap water was confirmed 
by a study carried out in Madrid, Spain (Wang et al. 2021). During infusion and trans-
portation through a waste water treatment plant WWTP, the drugs may be adsorbed 
to dispersed particles or may build on residue before returning via resuspension into 
the column (pipelines) (Wang et al. 2018). The remainder will be transferred to the 
sediments in the water body, while antibiotics with an affinity for adsorption can stay 
in the column. The aquatic systems’ equilibrium is further hampered by the perco-
lation of antibiotics, having a detrimental effect that is challenging to reverse (Liao 
et al. 2021). The inherent bio-composition of soil can have antimicrobial proper-
ties, so using sewage water as an alternate removal approach on agricultural regions. 
However, it is currently being questioned if natural pollutants are still present in these 
water sources despite these techniques of removal because human activities have
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boosted antimicrobial resistance and made urban aquatic systems more susceptible 
to antimicrobial pollution (Göbel et al. 2007). Although soil prevents contaminants 
from growing in auxiliary surface water, once they do, it is difficult to remediate the 
water. Natural infiltration and water outlet pipelines are two sources of groundwater 
contamination (Li et al. 2021). Sludge and fertilizer have repeatedly been released 
and accumulated, creating some significant hotspots that may facilitate the spread of 
antibiotics into the soil. The most common ways that contaminants are transferred 
to plants from sludge soils are by grazing by animals, uptake by root surfaces, leaf 
absorption, and root absorption (Ping Tai et al. 2020). 

19.3 Occurrence of Antibiotics in Water 

The destiny of antibiotics and antibiotic resistance genes (ARGs) in natural or 
manmade water environments is causing increasing ecological and health hazards 
(Wang et al. 2018). It has been noted that wastewater treatment plants’ effluent 
is an important environmental source of antibiotics and ARGs (Chen et al. 2014). 
WWTP waste either recycled or released into surface water bodies, both of which 
carry potential risks of exposure. Rarely were the effects of WWTP effluents on 
the concentrations of antibiotics and ARGs in water bodies that received effluent as 
well as the effectiveness of antibiotic and ARG removal in reclaimed wastewater 
treatment plants (RWTPs) jointly examined (Chen et al. 2014). 

Resistance to antibiotics in human pathogenic microorganisms has become more 
prevalent worldwide in recent decades as a result of the misuse of antibiotics in 
healthcare, agriculture, and animal husbandry (Kümmerer 2009b). This has posed a 
serious threat to ecological security and public health. ARGs, or antibiotic resistance 
genes, that are generally durable and accessible to other bacteria, can be released 
or disseminated by antibiotic-resistant bacteria in aquatic environments, increasing 
the population of these organisms. ARGs are also more prevalent in aquatic environ-
ments due to the presence of antibiotics (Wang et al. 2018). The expansion and co-
pollution of antibiotics and ARGs have been recognized as posing a serious hazard to 
people’s health. In municipal wastewater treatment facilities (WWTPs), antibiotics 
and ARGs are frequently found. In general, conventional WWTPs are capable of 
efficiently removing chemical oxygen demand, phosphate, nitrogen, and nitrogen 
from wastewater, but not ARGs and antibiotics. Antibiotic and ARG removal rates 
in WWTPs ranged between 79 and 88% and 1.0 and 2.0 log (Chen et al. 2014). 

In urban secondary effluents, antibiotics have regularly been found in concentra-
tions between 10 and 3000 ng L−1. The commonly used antibiotics trimethoprim, 
quinolones, macrolides, tetracyclines, sulfonamides, and beta-lactams were present 
in the effluents from WWTPs (ECDC Annual epidemiological report for 2016, 2018). 
Quinolone resistance (e.g., qnrD, gyrA, qnrC, qnrS, andparC), macrolide resistance 
(e.g., ereA2, ermA,ereB, ermB„ and mefA), and tetracycline resistance are exam-
ples of ARGs (e.g., tetA). Furthermore, the abundances of ARGs in WWTP effluents 
ranged from 103 to 106 copies mL−1(Tahrani et al. 2016). WWTP effluents, which are
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valuable water sources, are frequently used to replenish water to adjacent bodies of 
water or are reclaimed in reclaimed wastewater treatment plants after going through 
some advanced treatment. In surface water bodies around the world, antibiotics and 
ARGs have been found in a variety of species and abundances. We anticipate that 
WWTPs will serve as significant barriers restricting the discharge of antibiotics and 
ARGs for aquatic systems that receive wastewater (Tahrani et al. 2016). However, 
some evidence indicates that aquatic entities receiving wastewater from WWTPs may 
be significantly exposed to antibiotics and ARGs (Tahrani et al. 2016). Researchers 
discovered that the predominant species of antibiotics in effluents and coastal water-
ways, as well as the distance from WWTP discharge ports, both affected the amounts 
of antibiotics (Wang et al. 2018). 

Different WWTP effluent applications, such as reclaiming or refilling local water 
bodies, could result in various exposures (Bai et al. 2022). ARGs and antibiotic 
hazards Rarely were the effects of WWTP effluents on the concentrations of antibi-
otics and ARGs in water bodies that receive effluent as well as the effectiveness 
of antibiotic and ARG removal in reclaimed wastewater treatment plants (RWTPs) 
jointly examined. A study was conducted investigating how secondary effluents from 
four WWTPs impacted the concentrations of antibiotics and ARGs in their down-
stream effluent-receiving lakes or rivers and RWTPs in three northern Chinese towns 
(Chen and Wang 2021). 

When the ARB and ARG released from the human body return to their natural 
environments (such as food, water, and soil), they may raise the risk of environmental 
harm (Wang et al. 2018). In order to comprehend how clinical antibiotic resistance 
affects the environmental ARB, it is helpful to investigate antibiotic resistance in 
untreated hospital wastewater. Due to various antibiotic administration patterns, 
hospital wastewater may include varying levels of antibiotic resistance than other 
aquatic ecosystems. For instance, vancomycin, piperacillin, and cefotiam are antibi-
otics that are primarily utilized in hospitals (Li et al. 2021). Therefore, effluent from 
hospitals is where these antibiotic-resistant bacteria are most likely to be found (Kim 
et al. 2013). In order to determine the possible dangers associated with the release of 
clinical ARB and ARGs into the environment, this can be investigated by assessing 
the pollution levels of antibiotics, ARB, ARGs, and mobile genetic elements (MGEs) 
in untreated hospital wastewater. In Xinxiang city’s wastewater, for instance, a wide 
variety of antibiotics from various families was selected, and the presence of sulfon-
amides, quinolones, tetracyclines, macrolides, lincomycin, cephalexin, and trimetho-
prim was analyzed (Kovalakova et al. 2020). This investigation involved keeping an 
eye on the amount of antibiotics present in swine farm wastewater. This is due 
to the fact that swine production utilized the most antibiotics when compared to 
other species. Because of their effectiveness, broad spectrum, and low cost, sulfon-
amides, tetracyclines, fluoroquinolones, macrolides, and other antibiotics including 
lincomycin, trimethoprim, bacitracin, and ormetoprim were frequently employed in 
the swine business (Kovalakova et al. 2020). However, after administration, up to 
30% to 90% of the parent components of antibiotics are eliminated through the urine 
or feces (Tahrani et al. 2016). Wastewater, sludge, and manure were all shown to 
contain significant amounts of antibiotic residues.
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There are eleven groups of antibiotics that are mostly reported in literature and 
they include aminoglycosides, macrolides, polymyxins, lactams, oxazolidinones, 
glycopeptides, quinolones(fluoroquinolones), streptogramins, sulfonamides, tetra-
cyclines, and other substances (a class of drugs that includes chloramphenicol, 
trimethoprim, lincomycin, thiamphenicol, and clindamycin) (Göbel et al. 2007). 

19.4 Degradation of Antibiotics in Water 

Public concern has been raised by the widespread use of antibiotics, particularly 
their misuse or abuse (Kong et al. 2015). A substantial amount of wastewater 
containing antibiotics is produced during the creation and usage of antibiotics and 
dumped into the environment, severely contaminating it (Wang and Zhuan 2020). 
The remaining antibiotics are persistent and challenging for traditional biological 
treatment techniques to break down. Long-term antibiotic usage in the environment 
may lead to the emergence of bacteria and genes resistant to antibiotics, hastening the 
spread of antibiotic resistance and jeopardizing ecological and human health systems 
(Kong et al. 2015). Numerous techniques, such as coagulation, membrane separa-
tion, adsorption, and biodegradation, have been used to remove antibiotics from 
water and wastewater. For biodegradation, the advanced oxidation process (AOPs) 
has been used (Wu and Hu 2020). The AOPs have the ability to break down antibi-
otics or transform them into tiny molecules, which could lessen the inhibitory effects 
of antibiotics on microorganisms and increase the rate of biodegradation and elim-
ination. In advanced oxidation techniques, strong oxidation agents including ozone 
(O3), superoxide radical (O2), and hydroxyl radical (OH) are employed to break 
down organic pollutants (Chen and Wang 2021). The AOPs can be categorized as 
Fenton or Fenton like oxidation, photocatalytic oxidation, ozonation/catalytic ozona-
tion, ionizing radiation, non-thermal plasma (NTP) and electrochemical oxidation. 
The following are the different types of AOPs, their advantages and disadvantages 
(Chen and Wang 2021). 

19.4.1 Ozonation or Catalytic Ozonation 

Catalytic ozonation, often known as ozonation, is an environmentally favorable 
wastewater treatment method (Wang et al. 2021). Numerous refractory organic 
contaminants can be oxidized by ozone, which has an oxidation potential of 2.07 V 
(Baker et al. 2017). Organic contaminants can be directly degraded by the ozone 
molecule. Additionally, ozone and water can interact through the use of catalyst to 
produce hydroxyl radicals (OH), which have a greater propensity to oxidize (Wang 
and Zhuan 2020). As a result, both homogeneous and heterogeneous catalytic ozona-
tion can be employed to improve the breakdown efficiency of organic contaminants. 
Liquid catalysts, particularly transition metal ions like Cr3+, Cd2+, Co2+, Cu2+, Ag+,
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Fe2+, Mn2+, Ni2+, and Zn2+ in reaction solution, are utilized in the homogeneous 
catalytic ozonation process. (Chen and Wang 2021). These catalysts can stimulate 
ozone to produce hydroxyl radicals and increase the effectiveness of degradation 
(Chen et al. 2014). Solid catalysts such metal oxide, activated carbon, porous mate-
rials, and their composite materials are added to the reaction fluid in the heterogeneous 
catalytic ozonation process. The degradation of antibiotics by ozonation or catalytic 
ozonation is mostly affected by several factors which include ozone concentration 
and pH value of the matrix (Wang et al. 2021). 

19.4.2 Electrochemical Oxidation 

In the process known as electrochemical oxidation, organic materials are oxidized and 
transformed into non-toxic and harmless substances or degraded. Direct oxidation 
and indirect oxidation are both forms of electrochemical oxidation, and they typi-
cally occur simultaneously. During the direct oxidation process, organic compounds 
in water may directly interact with the anode, losing electrons in the process to create 
tiny molecular molecules (Chen and Wang 2021). In the case of indirect oxidation, 
anions in the water react with the anode to create intermediate products that have a 
significant oxidizing power, and these intermediate products oxidize and breakdown 
organic materials further. Electrolytes are involved in this process. Differing elec-
trolytes will result in varied strong oxidative products and degradation efficiencies 
(Chen and Wang 2021). The hydroxyl radical is a kind of intermediate oxidant gener-
ated by indirect electrochemical oxidation and deposited on the anode surface (OH). 
Additionally, hydroxyl radicals (OH) have the ability to oxidize organic materials, 
producing carbon dioxide and tiny molecular molecules (Chen et al. 2014). 

19.4.3 Fenton Oxidation 

Fenton reagent is the name given to the mixture of ferrous salt and hydrogen peroxide 
(Anjum et al. 2019). Methods of Fenton oxidation are frequently employed in 
wastewater treatment. The Fenton reagent (and H2O2) are added to the wastew-
ater in the Fenton oxidation Fe2+ technique, which can react to produce hydroxyl 
radicals (OH). These radicals have the potential to oxidize or degrade antibiotics 
(Wu and Hu 2020). Fenton oxidation has advantages such as improved degradation 
effectiveness and ease of application. Numerous operational parameters, such as pH 
level, temperature, H2O2 concentration, and Fe2+ concentration, have an impact on 
the treatment efficiency (Kong et al. 2015). Fenton oxidation, which is limited to 
acidic conditions, has a number of drawbacks, including the production of a signif-
icant volume of difficult-to-dispose-of iron-containing sludge. Other catalysts are 
utilized to substitute Fe2+ in the Fenton-like oxidation process in order to get around 
these drawbacks (Wu and Hu 2020).
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19.4.4 Ionizing Radiation 

Ionizing radiation, such as gamma rays and electron beams, is a newly developed 
method for the direct or indirect destruction of organic contaminants (Wang and 
Zhuan 2020). Various active species are produced during the radiolytic process of 
water. Organic contaminants can be reduced by solvated electrons and can be oxidized 
by hydroxyl radicals (OH) (Bai et al. 2022). Ionizing radiation can degrade antibiotics 
in different ways depending on the absorbed dose, baseline pH, organic matter, and 
water matrix (Wang et al. 2018). 

19.4.5 Photocatalytic Oxidation 

It has been extensively researched how to degrade organic contaminants via photo-
catalytic oxidation. Photocatalysts are made of semi-conductor materials including 
TiO2, SnO2, WO3, and ZnS (Balakrishnan et al. 2023). Photocatalysts take in energy 
and then excite to create electrons with high reducing power and holes with high 
oxidizing power. The energized electrons can decrease O2 to produce superoxide 
radical (O2) (Balakrishnan et al. 2023). While holes travel to the photocatalysts’ 
surface, H2O will be oxidized to produce hydroxyl radicals. The superoxide radical 
(O2) or the hydroxyl radical may then degrade the organic pollutants (OH) (Bai 
et al. 2022). Due to its high catalytic effectiveness, stability, and lack of secondary 
pollutants, TiO2 is the most often used catalyst (Wang and Zhuan 2020). 

19.4.6 Non-Thermal Plasma (NTP) 

Non-thermal plasma (NTP), which is often produced using electrical energy, is 
thought to be a new AOP technology for contaminant elimination that complements 
the pollutant abatement strategy, particularly with regard to complicated, hazardous, 
and/or persistent organic chemicals (Mirón et al. 2020). It is well known that gas-
phase plasmas and plasmas that ignite in liquids or come into contact with liquids 
can produce chemically varied and reactive species with high oxidation levels, such 
as OH, HO2, O, and  H2O2. without secondary contamination, redox potential (ORP) 
(Zhang et al. 2021). Over the past ten years, successful tests have been conducted 
on the use of a number of NTP discharges, including dielectric barrier discharge, 
pulsed corona discharge, contact glow discharge, and gliding arc discharge, for the 
degradation of antibiotics in wastewater (Anjum et al. 2019). However, there are 
significant challenges to industry’s use of the technology.
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19.5 Biogenic Nanoparticles and Wastewater Treatment 

Due to the use of natural products from plants, bacteria, algae, fungi, or yeast, such as 
polyphenols, vitamins, amino acids, carbohydrates, biopolymers, and natural surfac-
tants, biogenic synthesis requires less time and resources than conventional processes 
(Kong et al. 2015). Rare research have used top-down techniques in biological 
synthesis, which is typically bottom-up and capable of synthesizing medium to tiny 
nanomaterials (NMs) (Wang and Zhuan 2020). NMs have been synthesized from 
a wide range of biogenic sources, many of which offer interesting advantages over 
traditional chemical procedures, such as creating a reduced faulty surface, having a 
greater production rate, and requiring less energy (Zhang et al. 2021). The ability 
of biogenic nanomaterials, such as metallic nanomaterials and semiconductors, to 
function as antioxidants and antibacterial, as well as their activity, stability, afford-
ability, and low toxicity, have garnered a lot of interest (Chen and Wang 2021). 
However, much less is known about the photocatalytic activity of biogenic nanoma-
terials. The use of biogenic nanomaterials as photocatalysts, photo-electrocatalysts, 
and photo-antimicrobials to assist advanced oxidation processes (AOPs) has been the 
subject of recent research (Wu and Hu 2020). Since UV radiation is the only source 
of activity for semiconductors made on biogenic metal oxide (such as, ZnO, SnO2 

and TiO2), their application has been severely constrained (Wang and Zhuan 2020). 
But by utilizing electrochemically active biofilms, which result in a narrowing of the 
semiconductor band gap, the problem has been resolved (Kong et al. 2015). 

High surface-to-volume ratios in biological nanomaterials provide a lot of reactive 
sites and reduced NM loads (Mubeen et al. 2021). As a result, less nanomaterial is 
required for water treatment, less waste is produced, and less environmental pollu-
tion occurs (Mubeen et al. 2021). Syntheses that are green, eco-friendly, and based 
on living things are preferred to traditional ones that frequently involve poisonous 
organic substances and solutions that can be cytotoxic, carcinogenic, and damaging 
to the environment (Abdullahi Ari et al. 2021). The biological methods utilized to 
create nanoparticles are readily accessible. Additionally, when using biogenic nano-
materials for environmental applications like water treatment, there is also a large 
knowledge gap about the necessity to address the toxicity of biogenic nanomaterials 
with photocatalytic activity. The composition of the molecules covering biogenic 
materials is yet unclear, as was previously stated, and the range of biogenic sources 
that can be employed to create biogenic nanomaterial serves to emphasize the need 
for more research(Rozhin et al. 2021). 

Because of the chemical makeup of biogenic NM stabilizing agents, biogenic 
NMs tend to be larger and more complicated than conventional NMs. The surface of 
biogenic NMs has been found to include a variety of stabilizers, from large biopoly-
mers (such proteins and cellulose) to tiny chemical compounds. (Xiao et al. 2008). 
Once stabilized, synthetic NMs frequently only require one polymer or a few addi-
tional compounds and exhibit more consistency; but, when production costs and 
environmental benefits are taken into account, biogenic NMs appear to be by far the 
superior choice(Jia et al. 2012). However, we have discovered that in order to choose
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the optimal alternative and identify the circumstances in which one material should 
be preferred over another, a better, more accurate comparison of the effectiveness 
of traditional and biogenic NMs is necessary. Only a few research, in particular, 
have described the use of biogenic NMs with photocatalytic properties to eliminate 
pathogens in water or decompose organic pollutants (Yang et al. 2020). 

Because it greatly influences their level of environmental friendliness and 
increases their sustainability, production, regulation, control, and remediation, the 
green-synthesis technique is wanted in the “development and research of smart NMs 
(Carvalho and Santos 2016). It’s interesting to synthesize biogenic NMs in a non-
toxic, environmentally friendly manner, particularly when applications for exten-
sive water disinfection and/or potential human exposure are concerned (Kümmerer 
2009b). 

The two primary strategies for NM synthesis are top down and bottom up. Molec-
ular self-assembly, atomic layer deposition, and electrodeposition are examples of 
bottom-up procedures. Top-down techniques include lithography, thermal or laser 
ablation, chemical etching, milling or attrition, thermal or laser ablation, and repeti-
tive quenching (Kong et al. 2015). To the best of our knowledge, top-down methods 
for biogenic NM synthesis have not been used in any recent investigations(Mubeen 
et al. 2021). The majority of biogenic NM synthesis procedures in the literature 
employ bottom-up strategies. The bottom-up approaches examine the development of 
particles from the form metal atoms that are produced from ionic or molecular precur-
sors in a manner comparable to chemical processes as opposed to physical processes, 
which depend on the division of bulk metals (Wu and Hu 2020). The most impor-
tant phase in the extracellular preparative process is managing atom aggregation to 
guarantee the size and consistency of the MNPs, which is challenging to accomplish 
utilizing biogenic synthetic techniques (Mirón et al. 2020). The intracellular prepar-
ative method, on the other hand, is more suitable for producing homogenous, tiny 
nanoparticles. A synthetic biology strategy that results in the intracellular creation 
of several kinds of metallic nanoparticles can also be used to produce biogenic NMs. 
For instance, magnetotactic bacteria create ferromagnetic particles to enable their 
direction and movement within a specific geomagnetic field (Mirón et al. 2020). 

When NMs are formed, the bottom-up synthesis process begins, made from an 
ion of the target substance. The biogenic NMs are synthesized by dissolving a raw 
balk or metal in a proper solvent, and after that, a reducing agent is added to begin the 
reduction process (Wu and Hu 2020). The nanoparticles are stabilized to maintain the 
desired size by surfactants, polymers, or surface stabilizers that are readily available 
(Rozhin et al. 2021). For the production of nanoparticles, bottom-up procedures are 
far more common, and numerous techniques have been developed (Abdullahi Ari 
et al. 2021). For example, spray pyrolysis, laser pyrolysis, aerosol techniques, chem-
ical and electrochemical precipitation, vapor deposition, sol–gel processes, homo-
geneous nucleation from liquid or vapor, or heterogeneous nucleation on substrates, 
can all be used to create nanoparticles (Ahmed et al. 2017). Additionally, phase 
segregation under increased temperatures can be used to prepare nanoparticles.
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19.5.1 Application of Biogenic Nanoparticles in Wastewater 

Due to their antibacterial properties, metallic nanoparticles like silver, iron, copper, 
zinc, and titanium can be employed to treat multidrug resistant (MDR) microor-
ganisms (Wu and Hu 2020). It’s important to note that biogenic nanoparticles are 
mostly used for due to their biocompatibility and long-term stability, antibacte-
rial uses (Ahmed et al. 2017). The combined oxidative stress, metal ion release, 
and non-oxidative stress that these nanoparticles experience are what make them 
antimicrobial. In some instances, green metallic nanoparticles produced by bacteria 
have been investigated for use as antimicrobial agents against a variety of harmful 
pathogens (Rozhin et al. 2021). For instance, the pathogens Salmonella enterica, 
Candida albicans, Bacillus cereus, Escherichia coli, Bacillus anthracis,and Vibrio 
parahaemolyticus, were all sensitive to biogenic AgNPs isolated from the bacteria 
Bhargavaea indica DC1, SporosarcinakoreensisDC4, and Brevibacteriumfrigoritol-
erans DC2. Escherichia coli copper nanoparticles were capable of killing Escherichia 
coli, Proteus vulgaris, and Staphylococcus aureus (CuNPs) (Ahmed et al. 2017). 
These nanoparticles showed enhanced antibacterial action when coupled with various 
antibiotics, including oleandomycin, lincomycin, vancomycin, penicillin G, novo-
biocin, and rifampicin (Rozhin et al. 2021). Additionally, studies on zinc oxide have 
shown that it has antibacterial properties against S. aureus, P. aeruginosa, andE. 
Coli (Mubeen et al. 2021). Therefore, it is of paramount importance to state the 
green metallic nanoparticles that are key in control of the development of resistant 
antibiotic microbes (Satapathy et al. 2017). 

19.5.2 Metallic Nanoparticles Produced Using 
Environmentally Friendly Methods and Their Impact 
on Harmful Microbes 

The resources needed for biogenic synthesis are continuously replenished in nature, 
which acts as a biolaboratory (Satapathy et al. 2017; Asadzadeh et al. 2021). Impor-
tant biomaterials are available to use the difficult and remarkable biocompatible yield 
of nanoparticles, in contrast to the conventional chemical technique (Batterjee et al. 
2022). Comparing green synthesis to conventional methods, there are various benefits 
which includes nonlinear photosensitive, chemical stability, and thermal characteris-
tics as well as a higher surface area to volume ratio, which improves their capacity to 
react with catalysts (Sharma et al. 2019). The greatest significant medical advances in 
human history have been credited to the use of nanoparticles in biomedicine (Phoon 
et al. 2020). Metallic nanoparticles differ physically and chemically from their bulk 
counterparts due to their high surface-to-volume ratio. It can therefore be noted that 
the use of the traditional metallic nanoparticles was limited as it was much costly 
to synthesize the nanoparticles, the use of high volumes of chemicals which results 
to production of secondary waste and mostly the nanoparticles that are not biogenic
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can be much selective compared to the biosynthesized (Satapathy et al. 2017). The 
different functional groups on the biogenic nanoparticle can improve removal of 
wide range of different analytes, depending of the chemical composition of the target 
analyte. Researchers in academia and industry are currently favoring the biocompat-
ible, affordable, and secure method of creating nanoparticles (NPs) from biomass, 
such as plant extracts, bacteria, fungi, and algae, using green technologies (Tahrani 
et al. 2016). In addition, the development of environmentally friendly and green NP 
synthesis has found extensive use in the food, space, consumer healthcare, pharma-
ceutical, and cosmetic industries. Such biogenic NPs have recently been identified 
as important functional agents that contribute to disease prevention and infection 
control in the healthcare setting” (Singh et al. 2018). 

In recent studies, inorganic metal oxides like TiO2, CuO, and ZnO have been 
synthesized and used (Nguyen et al. 2022). The most intriguing of these metal oxides 
are ZnO NPs since they are easy to make in adequate yield using environmentally 
friendly techniques. Zinc oxide (ZnO), an n-type semiconducting metal oxide, retains 
its natural reducing nature and has a wide range of applications in electronics, optics, 
and medical systems (Phoon et al. 2020). The US has designated ZnO as a” generally 
recognized as safe” metal oxide (El-Shahat et al. 2019). The following are some of 
thebiogenic metallic nanoparticles mostly used in prevention of antibiotic resistance. 

(A) Silver nanoparticles (AgNPs)—are used in the pharmaceutical, paint, oint-
ment, food, textile, and packaging sectors for their exceptional bactericidal and 
fungicidal capabilities (Abdullahi Ari et al. 2021). Numerous studies have been 
conducted on the large-scale green synthesis of AgNPs in various sizes and forms 
from yeast, bacteria, fungus, and plants (Azhar et al. 2016). It has been established 
that the main antibacterial effect of AgNPs is either caused by the release of silver 
ions or by the deposition of nanoparticles inside cells (Noor et al. 2022). Damage 
to cell membranes, interference with energy metabolism, production of oxidative 
stress from the development of ROS, and transcriptional suppression are the primary 
components of the detailed mechanism (Bai et al. 2022). It has been shown that 
the protein groups in bacterial cell walls and plasma membranes that contain sulfur 
and phosphorus interact with the silver ions generated by AgNPs (Noor et al. 2022). 
Furthermore, this leads to an electrochemical imbalance in the cells and allows silver 
ions to flow through the plasma membrane of the bacterial cell and into its cyto-
plasm, where they interact with the internal components and permanently injure the 
cell. Additionally, it has been demonstrated that silver ions damage DNA and RNA, 
disrupt and destabilize the outer membrane, inhibit respiratory enzymes that produce 
ROS, and inhibit proteins and enzymes required for the generation of ATP (Wang 
and Zhuan 2020). Due to their tiny size and great surface area, nanoparticles have a 
high chance of passing through the cell membrane and peptidoglycan. The increased 
sensitivity of Gram-negative bacteria to nanoparticles than Gram-positive bacteria 
has been explained in terms of this phenomena (Zhang et al. 2021). 

(B)Zinc Oxide Nanoparticles (ZnO-NPs)—Various biological resources are 
utilized in the synthesis of zinc oxide nanoparticles (ZnO-NPs), including agents 
that reduce. They are transparent, semiconducting, non-toxic materials with effective 
photocatalysis. Plant materials such as leaves, roots, and other components are used
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to create ZnO-NPs (Ezeuko et al. 2021). fruits, flowers, rhizomes, and bark. ZnONPs 
have uses in drug delivery and anticancer therapy and exhibit possible antibacterial 
activity and excellent photo degradation.Metallic nanoparticles ZnO-NPs are also 
extensively studied for their antibacterial properties. Salmonella, E. coli, S. aureus 
and Listeria monocytogenes, are only a few of the many Gram-positive and Gram-
negative bacteria that have shown sensitivity to ZnO-NPs (Abdullahi Ari et al. 2021). 
When bacterial cells are treated with ZnO-NPs, ROS are produced, lipids are perox-
idized, proteins, DNA, and reducing sugars seep through the membrane, and cell 
viability increases the ZnO-NPs (Japareng et al. 2015). 

(C) Copper Nanoparticles (CuO-NPs)—or cupric oxide nanoparticles, have 
become extremely important because of their use in agriculture, pharmaceuticals, 
cosmetics, cosmetic surgery, transportation, and power (Durán-Álvarez et al. 2016). 
It is CuO-NPs are extremely simple to make chemically, but have various drawbacks, 
such as poor potency, high toxicity, unfriendliness to the environment, and expensive 
cost (Phoon et al. 2020). CuO-NPs are created from a variety of biogenic sources, 
including bacteria, pectin, chitosan, alginate, leaf extracts, and other polysaccharides. 
It has proved difficult to create, in contrast to gold, silver, and other nanoparticles 
(Xu et al. 2012). CuO-NPs are unstable because of their propensity to oxidize when 
exposed to an aqueous medium. While there are a few papers describing the manu-
facture of metallic CuO-NPs from copper salts under non inert conditions, there 
are relatively few reports describing the synthesis of metallic CuO-NPs under inert 
conditions (Su et al. 2019). Biological production of CuO-NPs is relatively recent 
compared to other nanoparticles, and strategies are being investigated to make it 
simple and environmentally friendly. The mechanism behind the antibacterial activity 
is assumed to be electrostatic contact between Cu+2 and the plasma membrane of 
CuO-NPs, disrupting the membrane and killing bacteria (Anand 2022). 

(D) Gold nanoparticles—are one of the most extensively investigated biogenic 
nanoparticles (AuNPs) (Ahmed et al. 2017). The AuNPs are mainly spherical, 
triangular, and hexagonal in shape, while rod-shaped nanoparticles have also been 
described in a number of investigations (Satapathy et al. 2017). AuNPs are produced 
using the entire plant or by combining a number of different elements that serve as 
reducing agents (Kaur et al. 2022). It’s interesting to note that the size and form of 
produced nanoparticles are determined by the type of extracts employed as bioreduc-
tants. One significant instance of how AuNPs were produced with a variety of sizes 
(4–77 nm) and shapes (hexagonal, triangular spherical, and rod) is the Galaxaura 
elongate-derived AuNPs (El-Shahat et al. 2019). The impact of pH on the size of 
AuNPs is yet another significant finding. Mango peel extract is pH-sensitive, varying 
from 9 to 2 andwas said to produce nanoparticles with core sizes of 6 nm and 18 nm. 
The biocompatibility of AuNPs to microbial cells is well established, and they lack 
bacteriostatic or bactericidal activity (Singh et al. 2018). 

(E) Titanium Dioxide Nanoparticles (TiO2-NPs)—Titanium dioxide nanoparti-
cles (TiO2- NPs) have intriguing optical, dielectric, antibacterial, and catalytic prop-
erties that make them appealing for use in a range of catalyst industries, sensors, 
biosensors, solar cells, and as image-contrast agents in medical diagnostic procedures
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(Kaur et al. 2022). It is usual practice to produce TiO2 -NPs with various morpholo-
gies, such as nanorods and nanotubes, employing various reducing and stabilizing 
chemicals (Bandala et al. 2020). Another method is hydrothermal processing, which 
is simple and inexpensive. However, green routes must be found to have a consistent 
supply in enough quantities without having any negative environmental consequences 
(Singh et al. 2018). TiO2-NPs also display antibacterial action through a variety of 
pathways, indicating that the likelihood of microbial cells developing resistance to 
these nanoparticles is quite low. TiO2-NPs’ ability to kill bacteria including S. aureus, 
P. aeruginosa, E. faecalisand E. colihas been clearly proven.TiO2-NPs generate reac-
tive oxygen species (ROS) when exposed to ultraviolet light, which is one of the ways 
that it kills bacteria (Kong et al. 2015). By interfering with oxidative phosphoryla-
tion and disrupting the cell membrane, the ROS created cause cell death. In a recent 
study, it was found that exposure to TiO2 photocatalysis significantly lowers the 
coenzyme-independent respiratory chains, the capacity for biosynthesis, the ability to 
transport and take up iron and phosphorus, and the rate at which regulatory signaling 
is inactivated in cells (Bai et al. 2022). 

Additionally, for future purposes, researchers will be able to build safer nanoma-
terials with the aid of the biosynthesis of NPs utilizing waste materials. This will 
also help researches to advance knowledge of NPs’ health and safety considerations. 
Because the biomaterial-based approaches do not require the use of hazardous chem-
icals, useful materials can be manufactured readily even at acceptable scale. Diverse 
capping agents, including biomolecules and polysaccharides, which can function as 
chelating/reducing and capping agents for the production of NPs, are the subject of 
considerable research. The resultant particles are thereby shielded from further reac-
tions and aggregation, so enhancing their stability and lifetime. Single-pot reactions 
without the need of extra surfactants, capping agents, or templates are the norm for 
greener NP synthesis techniques. 

19.6 Conclusion 

Biogenic metallic nanoparticles, either alone or in combination with antibiotics, 
have demonstrated great activity against a variety of MDR pathogens in order to 
solve these issues. It’s critical to consider these nanoparticles’ dispersion, absorption, 
active targeting, and excretion from the body when employing them as medication 
carriers to treat infections at specific places. Self-cleaning coatings for mobile phones, 
washing machines, computer keyboards, water treatment, textiles, food packaging, 
cosmetics, agriculture (nanopesticides and nanofertilizers), and self-cleaning coat-
ings for textiles and food products are just a few examples of applications outside 
of the biomedical field. The biogenic nanoparticles, though, have not yet been made 
available for sale for these uses. The real difficulty in using biogenic nanoparti-
cles is striking the correct balance between the cost of manufacture, scalability, and 
usefulness.
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Chapter 20 
Biogenic Silver Nanoparticle and Their 
Applications 

Lalit Mohan, Raksha Anand, Lakhan Kumar, and Navneeta Bharadvaja 

Abstract Nanoparticles ranges in size between 1 and 100 nm. Nanoparticles can 
be synthesized using physical and chemical processes but these methods pose 
various harmful impact on environment. Now the focus has shifted towards biogenic 
synthesis as these methods are highly sustainable. The characteristics of nanoparti-
cles depends upon various factors such as incubation conditions, molar concentration 
of metal precursor solution, pH and biogenic extract employed for synthesis. Various 
biogenic sources for the production of nanoparticles are bacteria, fungi, plant and 
its parts, and algae. Silver (Ag) has many inherent properties due to which it has 
been used over period of time. Biogenic silver nanoparticles (Ag-NPs) have various 
applications in wide research areas including nanomedicines, biosensing and others. 
Biogenic Ag-NPs have been extensively studied for its antimicrobial action and it has 
been found that Ag-NPs are highly effective against gram negative bacterial species 
as compared to gram positive ones. Ag-NPs have been studied their dye degrading 
and heavy metal removing capabilities and it has been found that biogenic Ag-NPs 
have high potency as an environment remediating agent. 

Keywords Plant-based NPs ·Microbial-based NPs · Antimicrobials ·
Environmental remediation 

20.1 Introduction 

The science of nanotechnology includes materials in nano-scale range usually 
between 1 and 100 nm. Nanotechnology works at nano-scale range and thus, plays 
a major role in various fields like bioengineering, dentistry and medical, pharma-
ceuticals and others (Chaudhary et al. 2020a).There are various physical and chem-
ical methods that are being employed for the synthesis of nanomaterials such as
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microwave mediated, electrochemical method, photochemical methods, laser evap-
oration methods, thermolysis, co-precipitation, sol–gel method and sonochemical 
method (Kolahalam et al. 2019).These methods involve high input of energy, expen-
sive and toxic chemicals such as sodium borohydride or hydrazine as reducing agents 
for synthesis and consequently produces harmful by-products which poses negative 
impact on the environment thus, these methods are non-sustainable and cannot be 
employed for large-scale production basis (Arif and Uddin 2021a; Rauwel et al. 
2015). Thus, to overcome the drawbacks of physical and chemical methods, green 
synthesis approach has gained momentum in the past decades. Green synthesis or the 
biological methods of synthesis has gained attention owing to their economical and 
environment friendly nature and high thermal stability of the produced nanoparti-
cles (Arif and Uddin 2021a).The various solvents and reducing agents employed for 
the synthesis of nanoparticles (NPs) affects the morphology (size, shape), physic-
ochemical properties and the use of synthesized NPs (Gour and Jain 2019). For 
green synthesis, microorganisms such as bacteria, fungi, yeast and algae and higher 
organisms such as plants have been used for the synthesis of metal NPs. Employing 
these organisms reduces the overall production cost, leaves no harmful by-products 
andmakes the overall synthesisenvironment friendly and sustainable (Abdelghany 
et al. 2018). 

Silver (Ag) possesses many fascinating properties due to which it has been exten-
sively used in many fields such as medical, pharmacy, remediation. Green synthesis 
of Ag-NPs has been highly studied over the past decade due to its wide variety of 
applications. The morphology and stability of Ag-NPs can be regulated according 
to their application by regulating the biogenic synthesis parameters such as pH, 
light intensity, incubation temperature, precursor metal salt (AgNO3) concentration, 
concentration of biogenic extract employed for synthesis (Siddiqi et al. 2018). For 
example, Ag-NPs employed for drug delivery are greater than 100 nm in size whereas 
those used as antimicrobial agents have a size ranging between 15 and 80 nm (Liu 
et al. 2021). These unique properties of Ag-NPs enable them to be used in the fields 
of biosensing, nanomedicines, pharmacy and for enhancing fuel efficiency. Some 
of the practical applications of Ag-NPs includes their use as antimicrobial agents, 
anti-cancerous agents, bioremediation candidates, optoelectronics and as a water 
purifying agent (Rout et al. 2018; Kumar et al. 2013; Banerjee et al. 2014; Wang 
et al. 2021). Furthermore, Ag-NPs are cost effective, highly abundant in nature, and 
possess high potential as compared to gold NPs or any other metallic NPs (Abdel-
ghany et al. 2018; Qamer et al. 2020). The current review aims to provide a brief 
account and advancements in the field of green synthesis of Ag-NPs employing 
plants and microbes (bacteria, fungi and algae) and their various applications in 
diverse fields such as healthcare and environmental remediation.
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20.2 Biogenic Ag-Nps Synthesis 

Synthesis of Ag-NPs can take place employing a number of methods including phys-
ical, chemical and biological methods as depicted in Fig. 20.1. Amongst all, biolog-
ical synthesis methods are the most utilized ones for NPs synthesis due to enhanced 
stability and safety of NPs. Biogenic Ag-NPs are highly stable, environment friendly, 
easy to scale up and sustainable as compared to Ag-NPs produced from any other 
method (Gour and Jain 2019). In the recent times, NPs have been synthesized using 
microorganisms, extract of plant parts (leaves, seeds, bark), enzymes and metabolites 
of arthropods and agricultural wastes. Biogenic Ag-NPs due to their low production 
cost, stability and safety find its uses in various fields such as medicine, pharma-
ceuticals, environment remediation and in energy enhancement. The compounds 
like alkaloids, flavonoids, phenolic acids, proteins, enzymes, RNA and DNA present 
in extract of plants and microbes acts as capping and reducing agent responsible 
for the conversion of Ag+ ions into Ag-NPs (Arif and Uddin 2021b). Production 
of biogenic Ag-NPs involves some basic steps: preparation of extract of biolog-
ical material; mixing and incubation of extract with AgNO3 solution of desired or 
optimized concentration; and finally confirming synthesis via visual color change 
of the mixture to brown color or via UV-spectrophotometer. The produced Ag-NPs 
are then characterized using various methods such as scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) (Dotto et al. 2012; Khaleelullah et al. 2012; 
Ramakrishna et al. 2016; Sharma et al. 2016; Selvam and Sivakumar 2012). 

Fig. 20.1 Various physical, chemical and biological methods for synthesis of Ag-NPs



500 L. Mohan et al.

20.2.1 Plant Mediated Ag-NPs Synthesis 

Plants and their parts such as leaves, stems, fruits, roots and flowers have been 
used for green synthesis of Ag-NPs. Plant based production is highly rapid, non-
pathogenic, ecofriendly, economical and a one step process. The various phyto-
compounds involved in reduction, capping and stabilization of nanoparticles are 
amino acids, alkaloids, alcohols, carbohydrates, vitamins, polyphenols, glycosides 
and flavonoids (Abdelghany et al. 2018). For Ag-NPs synthesis, plant extract obtained 
from different plant parts is incubated with precursor metal salt solution (AgNO3) 
for a defined amount of time. The time duration of incubation depends upon nature of 
plant extract (phytocompounds), metal salt concentration, extract concentration, pH 
of extract, contact time, exposure to light and stirring (Arif and Uddin 2021a; Abdel-
ghany et al. 2018). Pirtarighat et al., reported the synthesis of Ag-NPs using Salvia 
spinosa extract with particle size ranging from 19 to 125 nm (Pirtarighat et al. 2019). 
Leaf extract of Ocimum sanctum have been used by Jain and Mehta for the synthesis 
of spherical Ag-NPs whose size ranged from about 12 to 20 nm (Jain and Mehata 
2017a). Studies conducted by Banerjee et al. reported the synthesis of Ag-NPs (size 
up to 200 nm) using 1 mM AgNO3 solution and leaf extract of Musa balbisiana, 
Azadirachta indica and Ocimumtenuiflorum. They also reported synthesis of Ag-
NPs using seeds of Vigan radiata and Cicer arietinum (Banerjee et al. 2014). Garibo 
et al., reported green synthesis of quasi spherical AgNPs of average size 5 nm using 
extracts obtained from Lysilomaacapulcensis (Garibo et al. 2020). Momoridicacha-
rantia have been reported to synthesize spherical AgNPs of size range 11–16 nm 
(Vanlalveni et al. 2021). Pahal et al. reported the synthesis of Ag-NPs employing 
leaflet extracts of Triticum aestivum and Oryza sativa (Pahal et al. 2022). 

20.2.2 Bacterial Mediated Ag-NPs Synthesis 

Bacterial cells have been used for the synthesis of Ag-NPs due to the presence of 
several enzymes, redox proteins, DNA and RNA which act as reducing and capping/ 
stabilizing agents. Bacterial cells have inherent potency to reduce heavy metals due 
to the presence of various functional groups in the cell wall. For the synthesis of Ag-
NPs, bacterial cultures are first grown as cell suspension and then precursor metal salt 
solution is added into the culture medium followed by either stirring or incubation at 
still conditions. The progress in formation of Ag-NPs can be monitored by UV–Vis 
spectrophotometer (Vanlalveni et al. 2021). Pseudomonas aeruginosa, Escherichia 
coli, Bacillus cereus, Klebsiella sp., Arthrobacter gangotriensis and Lactobacillus 
sp., are some of the most commonly employed bacterial species for the synthesis of 
Ag-NPs. Ag-NPs have also been synthesized using actinomycetes. Various enzymes 
secreted by cell wall and membrane aids in reduction of Ag+ to Ag0 (Arif and Uddin 
2021a; Gour and Jain 2019; Sachin and Karn 2021). Yusof et al., synthesized spher-
ical Ag-NPs of size range 14 ± 4.7 nm employing Lactobacillus plantarum TA4 and
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2 mM solution of AgNO3 (Mohd Yusof et al. 2020). Paenarthrobacter nicotinovo-
rans has been used for the synthesis of spherical Ag-NPs within the size range of 
13-27 nm (Huq and Akter 2021). Saleh and Alwan synthesized spherical Ag-NPs 
using Klebsiella pneumoniae culture supernatant of the size range between 26.48 to 
44.42 nm (Saleh and Khoman 2020). Ibrahim et al., reported the synthesis of Ag-
NPs (size range 5–7.06 nm) by using Bacillus cereus and 1 mM AgNO3 (Ibrahim 
et al. 2021). Saeed et al. reported the synthesis of Ag-NPs of size range 5–50 nm 
using the secondary metabolites of Brevundimonas diminuta, Escherichia coli and 
Exiguobacterium aurantiacumm (Saeed et al. 2020). Kathwate et al., demonstrated 
the use of Pseudomonas aeruginosa for the the production of Ag-NPs (Deshmukh 
et al. 2022). 

20.2.3 Fungal Mediated Ag-NPs Synthesis 

Fungi harbors various proteins due to which they are commonly used as reducing and 
stabilizing agents for the synthesis of Ag-NPs. Fungal agents are easy to handle, have 
high yields and produces very low toxic residues. Fungal biomolecules enhance the 
biological activity of nanoparticles and also improves the stability of nanoparticles. 
Fungi and yeasts have high metal tolerance and are easy to manipulate and handle. 
Fungi harbors more than 6,400 bioactive compounds (Firdhouse and Lalitha 2015). 
Fungi secretes large number of extracellular proteins which provides stability of 
nanoparticles (Guilger-Casagrande and Lima 2019). Fungi mediated NP synthesis 
can take place either intracellularly or extracellularly. For intracellular synthesis, 
metal precursor salt solution is added along the mycelial cultures which is then 
internalized by mycelia. In case of intracellular synthesis, extraction of NPs is 
required employing chemical cell lysis, centrifugation followed by filtration. For 
extracellular synthesis, precursor metal solution is incubated with aqueous fungal 
filtrate containing biomolecules. Extracellular synthesis results in free NPs forma-
tion (Abdelghany et al. 2018). Fusariumsp have been reported to be one of the best 
candidates for the production of Ag-NPs (Rai et al. 2021). Feroze et al. reported 
the synthesis of spherical Ag-NPs from Penicillium oxalicum of size ranging from 
60 to 80 nm (Feroze et al. 2020). Ag-NPs have been synthesized extracellularly 
in size range of 1-24 nm by using Aspergillus sydowii (Wang et al. 2021). Velhal 
et al. synthesized Ag-NPs ranging in size from 2 to 13–80 nm employing Aspergillus 
terrerus (Velhal et al. 2016). Liu et al. reported the synthesis of Ag-NPs falling in 
size range of 50-500 nm using Metschnikowia (Liu et al. 2021). 

20.2.4 Algal Mediated Ag-NPs Synthesis 

Algae are the most abundant and easily available organism, this property of algae 
makes them the best candidates for the synthesis of nanoparticles (Agarwal et al.
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2021). Algal mediated Ag-NPs synthesis involves three major steps, (i) algal extract 
preparation in distilled water or in organic solvents by boiling for predetermined dura-
tion, (ii) preparation of molar solution of precursor metal salt and (iii) incubation of 
algal extract along with molar solution of precursor metal solution under controlled 
conditions (Agarwal et al. 2021; Wang et al. 2017). Various biomolecules present in 
algae such as polysaccharides, proteins, cytochromes and other pigments causes the 
reduction and stabilization of metal ions (Sánchez-López et al. 2020). Algal based 
NP synthesis takes short time as compared to any other biogenic synthesis method 
(Meroni et al. 2021). Algal NP synthesis takes place both extracellularly and intra-
cellularly (Chaudhary et al. 2020a). Intracellular synthesis of NPs require additional 
step of recovery of synthesized NPs from within the cells (Peiris et al. 2018). Edison 
et al., synthesized spherical Ag-NPs of size ~ 25 nm employing Caulerpa race-
mose (Edison et al. 2016). Ag-NPs of size range 8–12 nm have been synthesized 
using algal extract of Chlorella pyrenoidosa (Aziz et al. 2015). Spherical NPs have 
been reported to be synthesized from Janiarubins (El-Rafie et al. 2013). Azizi et al. 
reported the synthesis of spherical Ag-NPs in size range 5–15 nm using the algal 
extract of Sargassum muticum (Azizi et al. 2021; Li et al.  2015). 

20.3 Applications of Ag-Nps 

20.3.1 Ag-NPs as Antimicrobial Agents 

Biogenic Ag-NPs are emerging as new age antimicrobials and the research in this 
area has accelerated over the period of time due to the emergence of antimicro-
bial resistance strains (LewisOscar et al. 2016). Nanoparticles are considered as an 
effective antibacterial agents because they interact directly with bacterial cells and 
consequently overcome the antibiotic resistance mechanisms adopted by bacterial 
species (Wang et al. 2017). Biogenic Ag-NPs are advantageous over conventional 
antibacterial agents as they prevent the emergence of antimicrobial resistance strains, 
they are cheap to synthesize, rapid synthesis occurs and environment friendly (Amin 
2020).These NPs are reported to use one of the three mechanisms or a combina-
tion of mechanisms for causing bactericidal effect (i) increased production of reac-
tive oxygen species, (ii) penetration within membrane, and (iii) interaction with 
cellular components like DNA, RNA and cell organelles (Yeh et al. 2020). Dhavale 
et al. demonstrated the synthesis of Ag-NPs using Amphiroa fragilissima and its 
application as an antibacterial agent targeting Bacillus subtilis, Escherichia coli and 
Staphylococcus sp (Dhavale et al. 2020). Chlorella vulgaris extract was used for 
the biosynthesis of Ag-NPs and was used as antibacterial agents against E. coli and 
Pseudomonas aeruginosa (Annamalai and Nallamuthu 2016). Ocimum sanctum was 
used for the synthesis of Ag-NPs and was found effective against E. coli (Jain and 
Mehata 2017b). Yusuf et al. synthesized Ag-NPs employing Lactobacillus plan-
tarum and the synthesized particles were found to be effective against both gram
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positive (S. aureus and S. epidermidis) and negative (E. coli and Salmonella sp) 
(Mohd Yusof et al. 2020). Aspergillus sydowii was used for synthesis of Ag-NPs 
and was found effective against various fungal strains such as Candida albicans, C. 
glabrata, Fusarium solani (Wang et al. 2021). 

20.3.2 Ag-NPs Mediated Heavy Metal Remediation 

Recently, bio-nanobiotechnology has gained a lot of interest in research especially in 
the area of environment. Nanoparticles are considered to be the best material for heavy 
metal remediation as they have high surface activity, large surface-to-volume ratio 
and unique physical as well as chemical characteristics. Type of nanoparticles and 
their physical, chemical and magnetic properties plays a major role in the abatement 
of heavy metal (Thekkudan et al. 2017). Metal-based nanoparticles like Ag, Au, Fe 
and metal-oxide nanoparticle are widely used for remediation of heavy metals like 
Cd, Cu, Cr, Zn, Pb and Hg, etc. Ag-NPs can remediate mercury, cadmium, chromium, 
cobalt, lead, etc. (Al-Qahtani 2017). It is observed that remediation ability of Ag-
NPs is dependent on the reduction potential of heavy metals (Yang et al. 2023). 
Thus, it can be concluded that for every different heavy metal, a different type of 
nanomaterial is required. Attasi and Nsiah reported that 20 nm Ag-NPs is able to 
remediate 92.92% lead and 53.34% cobalt within 14 days (Attatsi and Nsiah 2020). 
On the other hand, El-Tawil et al. observed that Ag-quartz nanocomposite enhances 
the removal  efficiency of mercury to 96%  within 1 h (El-Tawil  et  al.  2019). Many 
algal species like Sargassum muticum, Turbinaria ornate, Sargassum polycystum, 
Turbinaria conoides, Gilidiellaa cerosa, Sargassum wightiigrevilli, Padina pavonica, 
Colpmenia sinusaare able to synthesize different size of Ag-NPs (Chaudhary et al. 
2020b). Ficus benjamina leaf extract has been utilized for the synthesis of Ag-NPs 
which further has been employed for the removal of Cd2+ from the contaminated 
sources (Al-Qahtani 2017). 

20.3.3 Ag-NPs Mediated Dye Degradation 

Biogenic NPs have been studied for their potential use in dyes degradation present 
in contaminated water bodies. NPs help in effective adsorption of these dyes owing 
to large surface area of NPs (Patel et al. 2015). NPs are also known to degrade dyes 
into simpler non-toxic forms. Ag-NPs have been used for the degradation of dyes 
such as Congo Red, Coomassie blue, Malachite green and methyl orange (Husain 
et al. 2022). Ag-NPs derived from Microchaetesp have been reported to demonstrate 
84.6% removal efficiency of Methyl red in contaminated water sources (Husain 
et al. 2021). Aziz et al. reported the synthesis of Ag-NPs using extracts of Chlorella
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pyrenoidosa and demonstrated the degradation of methylene blue from waste water 
(Aziz et al. 2015). Ag-NPs have been synthesized using algal extracts of Ulva lactuca 
and was subsequently used for the degradation of methyl orange from contaminated 
water sources (Kumar et al. 2013). Viburnum opulus fruit extract has been used for the 
synthesis of Ag-NPs which was further used for the degradation of tartrazine, brilliant 
green and carmoisine (David and Moldovan 2020). Raj et al. reported the removal 
or degradation efficiency of 86.68% for methyl orange, 93.60% for methylene blue, 
88.80% for 4- nitrophenol and 92.20% in case of congo red by Ag-NPs synthesized 
using Terminalia arjuna (Raj et al. 2020). Ag-NPs synthesized using Phaseolus 
vulgaris extract was used for removal of reactive red-141 dye with 97% efficiency 
(Rani et al. 2020). Pestalotipsis versicolor has been used for the synthesis of Ag-NPs 
and has been used for the degradation of azo dyes such as Rhodamine B, Congo red 
and Orange G (Rajput et al. 2017). 

20.4 Conclusion 

Research in the field of nanoscience has accelerated over the period of years due 
to various advantages offered by nanoparticles such as large surface area to volume 
ratio, small size and ease of production. There are various methods of synthesis 
of nanoparticles including physical, chemical and biological methods. Biogenic 
methods are widely used due non-toxic and sustainable nature of synthesis. The 
various biological agents used for the synthesis of NPs are plants and parts, fungi, 
bacteria and algae. Biogenic Ag-NPs have wide range of applications such as antimi-
crobial properties, anti-cancerous activities, environmental remediation. Researchers 
have conducted a large number of studies employing Ag-NPs for their antimicrobial 
properties and found out that Ag-NPs are one of the most prominent antimicro-
bial activities as compared to any other metallic and metallic oxide NPs. Ag-NPs 
have been found to be highly effective for environmental remediation strategies 
such as heavy metal removal and dye degradation from waste water. Thus, it can be 
concluded that biogenic Ag-NPs can be a sustainable alternative to the traditionally 
used antimicrobial agents which can also prevent the emergence of antimicrobial 
resistance. Biogenic Ag-NPs are also a cheap and highly effective alternative for dye 
degradation and removal of heavy metals form waste water. 
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