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Preface

The era of Nanotechnology is evolving at a very rapid pace due to its precise
development, manipulation and application of nanomaterials. Evidently,
nanoscience in medical field has touched many areas such as drug development,
nano-tags for detecting infectious agents, nano-sensors for detection of bioterrorism
agents, cantilever technology, bio-conjugated nanoparticle-based bioassay for in situ
pathogen, quantification of pathogen etc. In Particular, the combination of Microbi-
ology and Nanotechnology has strengthened the field of Science and Technology,
since this combination is the most successful in providing novel solutions for
protecting the health of the human and environment. Several areas of Microbiology
are impacted by Nanoscience, such as visualization at the molecular-assembly levels
of a process, identification of molecular recognition and self-assembly motifs as well
as the assessment of these processes. Recent advances of nanotechnology in the
medical microbiology includes emergence of nanoscopic vectors for presenting
promising diagnostic effects, precise targeting of diseased tissues by therapeutic
substances, development of nanomedicine for early detection, cure and diagnosis of
cancer, disorders of central nerve system (e.g. Parkinson’s and Alzheimer’s dis-
eases) lungs (e.g. Tuberculosis). The main aim of this volume is to provide recent
updates in nanoscience towards medical microbiology. It can serve as a “handbook”
dealing with nano techniques that evolved recently. Therefore, the present book has
been designed to cover the topics related to implications of nano-strategies to combat
bacterial pathogens, applications of nano techniques in Microbiology, and innova-
tive advances in the area of Medical Microbiology. Likewise, we would like to
justify the title of the proposed Volume i.e. “Nanotechnology for Advances in
Medical Microbiology”.

The chief target audience for this book are the professors and researchers who are
associated with Nanoscience in Medical Microbiology. Graduate students of the
aforesaid area too can be beneficiated by this book. In order to meet our objectives,
we paid special attention while inviting the chapter contributors. Key contributors
that have participated in this book have a solid research background, most of them
are Research Professors, Scientists, Postdoctoral Research Scholars and Doctoral

v



students, which have proven track-record internationally. Overall, the book portrays
a very clear idea about the emerging nano techniques and also to direct young minds
in the same path. This volume will also serve as a ready reference by practicing
students, researchers of medical microbiology and medical professionals. Distinctive
features of this book are lucid language, updated information, discussion on modern
technologies related to the persisting field which is absent in available books in the
market and clear figures and illustrations.

In order to justify the title of this volume, a wide range of topics have been
included, and the details are as follows. Controlling of pathogen biofilms using green
synthesized nanoparticles, present and future of visual health nanocomposites,
prospective of nanomaterials in biomedical engineering, medical microbiology,
and therapeutic use. Detailed information included on the preparation, characteriza-
tion, and biomedical applications of Chitosan nanoparticles. Chapters have also been
incorporated related to the impact of nanomaterials on HeLa cell lines, and the
therapeutic role of nanoparticles in the bacteria mediated cancer. Additionally, this
volume provides information on epidemiology of COVID-19 and possible role of
nano techniques in dealing the coronavirus, application of nanoparticles for water
disinfection, enhanced production of prodigiosin (antimicrobial, immunosuppres-
sive drug) by nanobiotechnological approach.

Portoviejo, Manabí, Ecuador Naga Raju Maddela
Zhenjiang, Jiangsu, China Sagnik Chakraborty
Motihari, Bihar, India Ram Prasad
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Chapter 1
Green Synthesized Nanoparticles
as a Promising Strategy for Controlling
Microbial Biofilm

Gabrielle Messias Souza, Karolinny Cristiny de Oliveira Vieira,
Lauren Vila Naldi, Valéria Cataneli Pereira, and
Lizziane Kretli Winkelstroter

Abstract Microbial biofilms are communities of cells adhered to a surface embed-
ded with a matrix of polymeric extracellular substances. The biofilm can present one
or more species of microorganisms, depending on its duration and location. It may
involve Gram-positive, Gram-negative bacteria and yeast such as Candida albicans,
Coagulase negative Staphylococcus, Enterococcus spp., Klebsiela pneumoniae,
Pseudomonas aeruginosa and Staphylococccus aureus. In addition to bacteria,
other cellular elements may be aggregated in the biofilm, such as platelets, for
example, when the biofilm is installed on a surface bathed in blood. In the health
area, there are a variety of possible situations that allow biofilm formation in medical
devices directly connected to the patient or indirectly by contamination of the
machines or pipes of that environment. Biofilm formation has been linked to 60%
of hospital infections. In this way, components and methods that can inhibit the
biofilm formation or even dissolve it have been investigated. Nanobiotechnology is
an area of nanotechnology related to the creation, use and improvement of
nanostructures in biotechnological processes. Among the various research fields in
this area is the synthesis, characterization and application of nanoparticles with
different sizes, shapes and chemical compositions. The traditional methods used
for the synthesis of these nanoparticles are generally chemical methods in which
toxic solvents are used and the generation of dangerous by-products can occur and
involve high energy consumption. Due to these factors, there is an increasing need to
develop non-toxic and environmentally friendly procedures; but with a high yield
and low cost. In this context, the routes of synthesis of nanoparticles by biological

G. M. Souza · L. V. Naldi
Health Sciences Faculty, University of Western Sao Paulo, Sao Paulo, Brazil

K. C. de Oliveira Vieira
Master in Health Science, University of Western Sao Paulo, Sao Paulo, Brazil

V. C. Pereira · L. K. Winkelstroter (*)
Health Sciences Faculty and Master in Health Science, University of Western Sao Paulo, Sao
Paulo, Brazil

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
N. R. Maddela et al. (eds.), Nanotechnology for Advances in Medical Microbiology,
Environmental and Microbial Biotechnology,
https://doi.org/10.1007/978-981-15-9916-3_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9916-3_1&domain=pdf
https://doi.org/10.1007/978-981-15-9916-3_1#DOI


systems, also known as green synthesis or biosynthesis, become quite relevant. This
chapter addresses the perspectives by which green synthesis nanoparticles can be
integrated as an effective method of control and prevention of microbial biofilms.

Keywords Infection · Prevention · Control · Nanotechnology

1.1 Introduction

Microbial infections are among the main public health concerns, as various bacteria,
yeasts, fungi, and other pathogenic microorganisms may be resistant to drugs
(Teixeira et al. 2020). Furthermore, the formation of biofilms represents a major
challenge in this sense, as it makes the control of these microorganisms even more
difficult (Winkelströter et al. 2016; Barzegari et al. 2020).

Thus, the development of new and effective antimicrobial agents is required,
especially considering the current scenario. A promising strategy is the application
of nanotechnology. The distinctive properties of the nanoscale confer impressive
antimicrobial capabilities to nanomaterials which should be further explored
(Reshma et al. 2017; Inamuddin et al. 2021).

Nanotechnology can be particularly advantageous in the treatment of bacterial
infections. Examples include the use of nanoparticles (NPs) in antibacterial coatings
for medical implants and devices to prevent infections and promote wound healing,
in antibiotic delivery and bacterial detection systems, and in antibacterial vaccines
(Wang et al. 2017).

The “green” synthesis of nanoparticles is based on the use of plant metabolites
and natural substances. Its use is particularly rewarding as it is considered a clean,
low-cost method, in addition to presenting high safety and stability (Gour and Jain
2019; Prasad 2014; Prasad et al. 2018; Srivastava et al. 2021). However, an
important issue associated with the use of nanomaterials is the concern about side
effects in vivo. Therefore, in-depth knowledge of biocompatible nanostructures
intended for antimicrobial therapy is needed (Reshma et al. 2017). This chapter
addresses the perspectives by which green synthesis NPs can be integrated as an
effective method of control and prevention of microbial biofilms.

1.2 Microbial Biofilms

A biofilm is defined as a group of free microorganisms adhered to a surface and
encrusted in a polymeric matrix produced by themselves (Winkelströter et al. 2016;
Barzegari et al. 2020). Biofilms can be constituted by microorganisms of a single
species or multiple species, with the formation from two or more populations of
bacteria and/or fungi, yeasts, and protozoa being more common in nature (Lohse
et al. 2018; Boltz et al. 2017).

2 G. M. Souza et al.



Among the bacteria most commonly involved in the formation of biofilms are:
Staphylococcus epidermidis, Pseudomonas aeruginosa, Staphylococcus aureus,
Klebsiella pneumoniae, Enterococcus faecalis, Streptococcus viridans, Escherichia
coli, Proteus mirabilis, Methicillin resistant staphylococcus aureus (MRSA), Strep-
tococcus mutans, and Gardnerella vaginalis (Barzegari et al. 2020; Ghosh et al.
2020). Among the fungi, the following are common; Aspergillus fumigatus and
Candida albicans (Sheppard and Howell 2016; Chevalier et al. 2018; Kean and
Ramage 2019).

The presence of the extracellular matrix in the biofilm is a major factor in its
structure, in addition to enabling the survival and protection of these microorganisms
against various adverse conditions (Limoli et al. 2015; Yan and Bassler 2019). The
matrix composed of extracellular polymeric substances (EPS), among which we can
mention polysaccharides, proteins, and extracellular DNA (Dragoš and Kovács
2017; Yan and Bassler 2019).

The synthesis of polysaccharides can be influenced by the environment and
although there are variations in their composition. Polysaccharides are responsible
for the aggregation, protection, nutrition, and architecture of the biofilm (Limoli
et al. 2015; Neu and Lawrence 2017).

Extracellular proteins present in biofilms are classified into secreted extracellular
proteins, extracellular enzymes, and cell surface adhesins (Neu and Lawrence 2017).
An example is the protein associated with biofilm (Bap), an important protein found
on the surface of the film and directly related to the role of binding, migration, and
formation capacity of biofilms (Colagiorgi et al. 2016; Neu and Lawrence 2017).

Extracellular DNA is produced by active secretion or controlled cell lysis. This is
an element of the matrix with a significant role in the maturation of the biofilm, gene
transfer, and when together with the other components, enables construction, struc-
tural integrity, and protection (Colagiorgi et al. 2016; Neu and Lawrence 2017;
Kavanaugh et al. 2019).

The formation of biofilm is carried out in several phases such as initial fixation,
irreversible fixation, initial formation of microcolonies, maturation, and dispersion
of microorganisms, as shown in Fig. 1.1 (Winkelströter et al. 2016; Barzegari
et al. 2020). The cycle of formation of a biofilm begins with the adhesion of single
and/or clustered cells to a surface, where the expression of the planktonic state genes
changes to the sessile state (Winkelströter et al. 2016; Gordon et al. 2017).

The reversible initial fixation is facilitated by the presence of organic residues on
the surface where the biofilm will be installed. This fact is dependent on van der
Waal’s forces that favor interaction with the EPS. On the other hand, irreversible
adhesion occurs through the interaction of extracellular substances in the polymeric
matrix when adhering to microcolonies (Winkelströter et al. 2016; van Wolferen
et al. 2018).

After adhering to the surface, the microorganisms bind to each other and form a
monolayer biofilm composed of single cells or a multilayer biofilm formed by
aggregated cells. At this stage of maturation, the structure is developed and charac-
terized by a complex 3D architecture that favors biofilm nutrition (Winkelströter
et al. 2016; van Wolferen et al. 2018).
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The final stage is characterized by the dispersion process where microbial cells in
an isolated or aggregate form detach themselves from the mature biofilm and
colonize other sites to form a new biofilm. This process is mainly due to nutrient
deprivation, environmental changes, and the quorum-sensing (QS) system between
bacteria (Gordon et al. 2017; van Wolferen et al. 2018).

Some aspects can influence this process, such as environmental factors, microbial
species, temperature, culture medium, the type of adhesion surface, regulation of
genes to guarantee the development and maintenance of cells, architecture, and the
extracellular matrix. In this way, single methods cannot be used to study biofilms
(Winkelströter et al. 2016).

Biofilms can be present in several niches. The presence of microbial biofilms has
been observed on biotic surfaces (natural aquatic, plant and mammalian tissues) and
abiotic surfaces (artificial devices, implanted hospital devices, and biomaterials)
(Boltz et al. 2017; Lohse et al. 2018).

In the clinical context, biofilms are related to contamination and systemic infec-
tions, mainly carried by contaminated implants and catheters. According to the
National Institutes of Health (NIH), approximately 65% to 80% of cases of bacterial
infections in humans may be related to the presence of microbial biofilms (Barzegari
et al. 2020; Ghosh et al. 2020). In addition, they are also present as dental plaque, and
their pathogenesis can cause cavities and gum disease (Tsui et al. 2016; Boltz et al.
2017; Daubert and Weinstein 2019). In the environment, they can be installed on the
internal walls of pipes and tubes, resulting in corrosion and damage, besides

Fig. 1.1 Biofilm formation cycle with the stages of adhesion, maturation, and dispersion
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generating a bad taste and smell in drinking water (Boltz et al. 2017; Di Pippo et al.
2018).

The presence of biofilms also impacts the food sector, as microbial communities
aggregate on surfaces such as plastic, wood, metal, glass, soil fragments, and food
products, which motivates contamination of the raw material, economic loss, short
validity periods of goods, and transmission of diseases through food (Winkelströter
et al. 2014; Winkelströter and Martinis 2015).

Although biofilms are most often considered pathogenic, they can be beneficial.
Many of them are part of plant, animal, and human microbiomes, generating benefits
in agriculture, and biotechnological applications to be used in industries, contribut-
ing to the production of fermented foods and wastewater treatment (Winkelströter
et al. 2014; Velmourougane et al. 2019; Yan and Bassler 2019).

In biofilms, mutations in the genes and reduced diffusion of substances can occur,
increasing their resistance to antimicrobials and making eradication more difficult
(Tsui et al. 2016; Yan and Bassler 2019). Because of this, new alternatives have
emerged to combat and prevent biofilms, such as plant extracts, QS inhibitory
substances, industrial chemical disinfectants, probiotic products, and nanoparticles
(Malafaia et al. 2018; Barzegari et al. 2020).

1.3 Methods to Prevent and Control Biofilms

The damages caused by the presence of biofilms have stimulated the research and
development of new methods of elimination and prevention of this active form of life
of microorganisms. In order to avoid the formation of biofilms, the following critical
points must be taken into account: (1) prevent the initial connection of the microor-
ganisms to the biofilm forming surfaces, (2) interruption of the maturation process,
and (3) interference in the microorganism communication system—the QS system
(Galié et al. 2018; Subhadra et al. 2018).

Some biofilm control methods act directly on these points, such as: modifications
in the surface of biomaterials, such as nanoparticles with different metal oxides,
nanocomposites, antimicrobial polymers, hydrogels, or liposomes; inhibition of cell
signaling with lactic and citric acids; chemical treatments, such as ozone, quaternary
ammonium compounds, NaOCl, and other disinfectants; enzymatic disruption strat-
egies, such as cellulases, proteases, glycosidases, and DNAses; non-thermal plasma
treatments; use of thermal processing; use of bacteriophages, such as P100; bacte-
riocins, such as nisin; biosurfactants, such as lichenisin or surfactin; and essential
oils from plants, such as oils containing citral or carvacrol (Zabielska et al. 2016;
Galié et al. 2018; Subhadra et al. 2018).

A more detailed view of the main methods of control and prevention will be
detailed in the following topics:
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1.3.1 Chemical Treatments

1.3.1.1 Disinfectants and Sanitizers

These components have a wide spectrum and the most commonly used are hydrogen
peroxide, quaternary ammonium compounds, and chlorine-based products. They act
both in the matrix and in the microorganisms present in biofilms, acting as important
anti-biofilm agents. Although some mechanisms of action are suggested, further
investigation is needed on potential toxic effects. Sodium hypochlorite is believed to
act directly on the proteins that make up the biofilm matrix and inhibit the main
enzymatic functions of microorganisms. Hydrogen peroxide is an oxidizing disin-
fectant responsible for producing free radicals that come into contact with the biofilm
structures. The quaternary ammonium compounds are soluble in water and have a
positive charge. Due to these characteristics, they influence the stability of the cell
membrane of microorganisms, which can result in lysis (Strempel et al. 2015; Galié
et al. 2018; Lineback et al. 2018).

1.3.1.2 Essential Oils

Essential oils (EOs) are volatile substances from plants that may have anti-biofilm,
antibacterial, and preservative properties. Studies suggest that the antimicrobial
potential of EOs is related to their action on the cell wall of microorganisms.
These are a safe option compared to chemical antimicrobial agents. Several sub-
stances already have a proven anti-biofilm action against various microorganisms
such as monoterpenoids (borneol, camphor, carvacrol, eucalyptol, limonene, pinene,
thujone), sesquiterpenoids (caryophyllene, humulene), flavonoids
(cinnamaldehyde), and other phenolic compounds. Several EOs are responsible for
the regulation of the QS system, which results in the alteration of the expression of
various virulence factors, including those related to the maintenance of the biofilm.
EOs are recognized for inactivating microorganisms without resistance, in addition
to presenting low toxicity and rapid degradation in the environment. A large number
of essential oils are available (Galié et al. 2018; Correa et al. 2019; Shahid et al.
2019; Wang et al. 2019).

1.3.1.3 Bacteriocins

Bacteriocins are peptides synthesized by bacterial ribosomes in order to inhibit or
eliminate other microorganisms (Strempel et al. 2015).

Bacteriocins have great relevance in the preservation of food and in the fight
against pathogenic microorganisms. The bactericidal actions of bacteriocins involve
the direct death of bacteria by cell membrane lysis and interruption of cellular
processes, such as DNA replication, transcription, protein biosynthesis, and folding
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or impairment of protein functions and immunomodulatory effects, causing the
stimulation of non-inflammatory immune responses in the host. Anti-biofilm effects
have also been reported and include the inhibition of bacterial adhesion to surfaces,
preventing the formation of new biofilms and the interference of pre-existing
biofilms, in addition to great penetration capacity of formed biofilms (Strempel
et al. 2015; Mathur et al. 2018; Chikindas et al. 2020).

1.3.1.4 Phagotherapy

Bacteriophages are viruses that infect bacteria. Their composition is formed by a
protein capsule that surrounds a DNA genome and their structure contains several
devices to contaminate the host cell (Shaffer 2019).

The use of bacteriophages is an alternative to avoid resistance to antimicrobials.
The use of phages can control the biofilm EPS matrix and results in the control of
biofilm proliferation. Although some bacteriophages produce exopolysaccharide
depolymerases, others have low potential for access to the biofilm and demonstrate
difficulty reaching bacterial cells within the biofilm (Galié et al. 2018; Shahid et al.
2019).

1.3.1.5 Enzymes

Enzymes are an important tool for biofilm control, since they have low toxicity and
are biodegradable. Enzymes are currently used in conjunction with detergents (Galié
et al. 2018).

Regarding the composition of the biofilm structure, organic macromolecules
(proteins and polysaccharides) characterize the main target components for the
action of enzymes. Thus, proteases (serine proteases, proteinase K, pepsin, and
trypsin) and glycosides (amylases, dextranase, and pectinase) are the main choices
for biofilm removal. Pectin methylesterase is an enzyme that reduces biofilm for-
mation in bioreactors. Other enzymes, such as amylases, cellulases, lyases, glyco-
sides, and DNAses, are used in industrial detergents to remove biofilms (Wang et al.
2016; Galié et al. 2018).

The association of enzymes with different methods, as with other chemical
(disinfectant) or physical (ultrasound) treatments, improved the removal of biofilm
(Meireles et al. 2016).

1.3.1.6 Quorum-sensing Inhibitors (QS)

Multiple signaling pathways are essential for biofilm formation. Among them, QS
and cyclic di-GMP (cGMP) signaling are the best defined (Galié et al. 2018;
Subhadra et al. 2018; Shahid et al. 2019; Wang et al. 2019).
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The biosynthesis of extracellular polymeric substances and reduction in bacterial
motility are caused by the high intracellular content of cGMP, favoring the formation
of biofilm. Many molecules can disrupt cGMP biosynthesis, such as terpenoid
saponin, compounds generated from nitric oxide, azathioprine, or sRNAs (Galié
et al. 2018).

Quorum-sensing inhibitors (QSI) have been proposed as a new branch of anti-
microbial agents. Several methods are applied to generate interference in bacterial
quorum-sensing through inhibiting cell-to-cell communication, encompassing the
competitive binding of inhibitors to QS receptors, enzymatic degradation of QS
signals, post-transcriptional control of QS genes via sRNAs, and inhibition of
biosynthesis of the QS signals (Galié et al. 2018; Shahid et al. 2019).

1.3.2 Physical Treatments

1.3.2.1 Heat

Thermal treatment of bacterial biofilm can be applied through heating, representing a
non-invasive and non-antibiotic treatment category (Pijls et al. 2020).

Thermal shock is generally used to inactivate bacteria, making it a viable and
efficient approach for inhibiting biofilm at accessible temperatures, such as 80 �C.
This method can reduce the population density of biofilm by 5 orders of magnitude.
The shock significantly inactivates bacteria in biofilms and inhibits the multiplica-
tion of microorganisms, in addition to being responsible for damaging bacterial cell
membranes, making biofilms more vulnerable and significantly decreasing biomass
and biovolume (Pijls et al. 2020).

1.3.2.2 Radiation

In the living organism, ionizing radiation damages the cell’s DNA. Cell death is
predominantly driven by double-stranded DNA breaks, separated by base pairs that
are not repaired by the cell. Regarding biofilm control and prevention, there are
several types of radiation, such as ultraviolet rays, gamma radiation, and ultrasound
irradiation (Marjani and Khadam 2016). It is suggested that gamma irradiation can
weaken the intermolecular interaction of lipopolysaccharide components, disrupt the
biofilm structure, leaving it permeable to antimicrobials (Marjani and Khadam
2016).
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1.3.3 Genetic Manipulation

Methods with molecular biology tools are becoming increasingly used to control
biofilms. CRISPR/Cas9 technology provides modifications in specific locations of
selected genes in a main step, leading to deletions, insertions, or transformations in
the sequence. Gene inactivation is a powerful method for functional studies. When
deletion of genes responsible for structuring the biofilm occurs, the
exopolysaccharide matrix exhibits irregular density and discontinuities, demonstrat-
ing that the biofilm formation is impaired with modified physical properties (Noirot-
Gros et al. 2019; Leonova and Gainetdinov 2020).

Although there are numerous methods for the control and prevention of biofilm,
no method can be considered effective for all forms of existing biofilms. In view of
this, it is essential that new strategies, such as the use of nanoparticles, be researched.
The table below presents the advantages and disadvantages of the main methods of
biofilm control and prevention described in the literature (Table 1.1).

1.4 Anti-biofilm Effect of Nanoparticles

Nanoparticles (NPs) are atomic aggregates with a diameter between 1 and 100 nm, a
characteristic that guarantees a large surface area and high reactivity. Currently, NPs
play an important role in the production of materials from different areas, with
emphasis on the pharmaceutical and medical industry (Prasad 2014; Prasad et al.
2016). Their wide application is the result of properties related to their size, which
provides a large surface area, favoring their access. Their chemical and physical
properties can be improved through combination with biomolecules, a fact that
provides greater stability and improves biological properties compared to their
native state (Baudrimont et al. 2018; Iriarte-Mesa et al. 2020; Mylona et al. 2020).

Currently, NPs play an important role in the medical field, mainly in oncology. In
addition, their potential use in combating microbial infections has been investigated.
The antimicrobial effect of NPs and their ability to inhibit the formation of biofilms
enables greater therapeutic efficacy, less side effects, and greater adherence to
treatment (Meeker et al. 2018; Sengan et al. 2019; de Mélo Silva et al. 2020; Prasad
et al. 2020).

1.4.1 Classification of Nanoparticles

NPs can be classified according to their dimensions, shapes, sizes, and the material
used in their development. Their dimension is considered to be zero when the length,
width, and height are fixed in a single point. They can take on a cylindrical,
spherical, tubular, or spiral shape, among others, and may even be irregular. Sizes
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Table 1.1 Advantages and disadvantages of the main methods of control and prevention of
biofilms

Types of
biofilm
prevention

Methods of
biofilm
prevention Advantages Disadvantages References

Disinfectants High efficiency in
premature biofilms;
no side or toxic
effects

Resistance, limited
effectiveness; high
dose

Strempel et al.
(2015), Galié
et al. (2018) and
Lineback et al.
(2018)

Chemical
treatment

Phagotherapy One of the most
useful anti-biofilm
agents; simple and
fast isolation; low
cost; ecologically
friendly; does not
disturb the normal
microbiota

Low effectiveness;
release of a consid-
erable amount of
endotoxins; reduced
number of phages
encoding toxins;
insufficient pharma-
cokinetic data;
resistance

Galié et al.
(2018), Shaffer
(2019) and
Shahid et al.
(2019)

Bacteriocins High efficacy in
inhibiting biofilm
formation; alterna-
tive route to antimi-
crobials; low
toxicity; ease of
penetration into the
biofilm; more effec-
tive than
antimicrobials

Reduced efficacy in
biofilms already
formed; high cost; it
can become ineffec-
tive as it is of protein
nature; lack of
information on
mechanism of action

Strempel et al.
(2015), Mathur
et al. (2018) and
Chikindas et al.
(2020)

Essential oil Good efficacy in
inhibiting biofilm
formation; low cost;
low toxicity; rapid
degradation in the
environment; high
availability; low risk
of resistance

Little or no ability to
inhibit pre-formed
biofilm

Galié et al.
(2018), Correa
et al. (2019),
Shahid et al.
(2019) and Wang
et al. (2019)

Enzymes Biodegradable; low
toxicity

High cost due to
patent protection

Wang et al.
(2016), Meireles
et al. (2016) and
Galié et al.
(2018)

Quorum-
sensing
inhibitors

No resistance;
decreased resistance
to multiple drugs;
high effectiveness;
obtained from natu-
ral sources

Varying potential Galié et al.
(2018), Subhadra
et al. (2018),
Shahid et al.
(2019) and Wang
et al. (2019)

Physical
treatment

Heat Easy to perform;
low cost; does not
damage the

Risk of resistance Pijls et al. (2020)

(continued)
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can vary from 1 nm to 100 nm, and the constituent material will determine the
characteristic of an inorganic or organic nanoparticle (Ealia and Saravanakumar
2017).

1.4.1.1 Organic Nanoparticles

Organic NPs are biodegradable and non-toxic, and can be composed of biopolymers,
liposomes, micelles, chitosan, lignin, among other biocomponents. These
nanoparticles are widely used in the biomedical area, mainly in medication admin-
istration systems for ensuring their targeted distribution. There is currently a wide
variety of edible organic NPs prepared from food-derived ingredients such as poly-
saccharides, lipids, and proteins (Ealia and Saravanakumar 2017; Azeredo et al.
2019).

1.4.1.2 Inorganic Nanoparticles

Inorganic NPs are made up of metals or metal oxides such as gold (Au), silver (Ag),
copper (Cu), and zinc (Zn). All metallic components can be used to form a nano-
particle, using destructive or constructive methods. Therefore, metallic NPs can have
different properties in relation to their size, high surface to volume ratio, and shape
that varies from spherical to cylindrical. Metal oxide nanoparticles demonstrate
greater reactivity and efficiency when compared to metallic nanoparticles, with
aluminum oxide (Al2O3), iron oxide (Fe2O3), titanium oxide (TiO2), and zinc
(ZnO) being the most commonly used (Ealia and Saravanakumar 2017; Kumari
et al. 2020).

Table 1.1 (continued)

Types of
biofilm
prevention

Methods of
biofilm
prevention Advantages Disadvantages References

environment; high
effectiveness;
greater vulnerabil-
ity; non-invasive
technique

Radiation Inhibition of biofilm
formation; molecule
passage facilitated;
innovative method

Gene expression
does not present a
significant decrease;
low effectiveness

Marjani and
Khadam (2016)

Genetic
manipulation

CRISPR
Technique

EPS formation dras-
tically affected;
structure of the bio-
film compromised

A lot of work; lim-
ited; high cost

Noirot-Gros et al.
(2019) and
Leonova and
Gainetdinov
(2020)
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Silver Nanoparticles

Silver nanoparticles (AgNPs) are the most commonly applied; it is estimated that
their global production is greater than 500 t. They have wide applications, ranging
from electronic food products to health-related products. However, the fact that they
can be released into the environment and the possibility of having a great impact on
ecosystems and especially on human health are some of their disadvantages. Silver
can induce fibrosis of the bronchial epithelial cells in addition to resulting in
disorders of the intestinal microbiota (Azeredo et al. 2019; Liang et al. 2020;
Mylona et al. 2020).

The Ag + ions present in nanoparticles larger than 10 nm have an antimicrobial
function through electrostatic interaction with negatively charged bacterial mem-
branes. However, those smaller than 10 nm, demonstrate activity through their
internalization by bacterial cells resulting in the oxidation of Ag to Ag+. It is also
believed that AgNPs lead to gene expression disorders, damage to mitochondrial
function, destabilization of the bacterial cell membrane, and formation of reactive
oxygen species. In biofilms, the inhibition is due to its high penetrating power,
however, some elements of this structure such as genetic elements, membrane
proteins, and an efflux pump are able to confer resistance to silver, resulting in
inhibition failure (Gholamrezazadeh et al. 2018; Azeredo et al. 2019; Meza-
Villezcas et al. 2019; Meier et al. 2020; Zou et al. 2020).

Copper Nanoparticles

Copper nanoparticles (CuNPs) are used in several applications such as household,
medical, industrial, and environmental products (Yadav et al. 2017). Copper is
widely used in the synthesis of nanoparticles due to its natural abundance and free
elemental form. CuNPs are more potent than other metal oxide nanoparticles as they
induce greater cytotoxicity resulting from DNA damage. The antimicrobial activity
of CuNPs is also related to the damage to the bacterial cell wall, which generates
high Cu++ efflux and creates a localized ionic effect (Sengan et al. 2019; Padmavathi
et al. 2020). However, its synthesis is more complex, since copper is prone to rapid
oxidation, a fact that reduces the effectiveness of its production (Lotha et al. 2019;
Miao et al. 2019; Sengan et al. 2019).

Regarding the anti-biofilm activity, studies suggest that copper nanoparticles
have the ability to remove established biofilms through the interaction of electrical
charges with the exopolysaccharide matrix. Anti-biofilm activity may also be related
to inhibition of QS and genes involved in biofilm formation as seen for the species
Methyl bacterium spp. (Seo et al. 2018).
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Gold Nanoparticles

Gold nanoparticles (AuNPs) have widespread use due to their optical-electronic
properties, bio-stability, and catalytic and antimicrobial activity. This nanomaterial
provides a versatile surface and can easily function as a binder for the surface
receptors of target cells. It can also act in biomarking, nano diagnosis, vectorization
of drug molecules, radiotherapy, and transmission electron microscopy (Boda et al.
2015; Ahmed et al. 2016; Feurtet-Mazel et al. 2016; Baudrimont et al. 2018; Khan
et al. 2019).

Compared to other nanomaterials, AuNPs are highly inert, being considered
non-toxic due to their low chemical reactivity. However, their toxicity may change
according to their oxidation state, the composition of the nanomaterial, as well as the
location or type of cell exposed to AuNPs (Boda et al. 2015).

The anti-biofilm effect of AuNPs is related to strong electrostatic interactions
with negatively charged bacterial membranes and by the photothermal action,
capable of inhibiting the proliferation and formation of biofilms. In addition,
AuNPs have a low propensity to develop microbial resistance compared to antibi-
otics (Ahmed et al. 2016; Habimana et al. 2018; Lu et al. 2018).

Zinc Nanoparticles

Zinc nanoparticles (ZnONPs), have low synthesis cost, excellent biocompatibility,
robustness, and resistance to both corrosion and oxidation, allowing wide use in
products. Although, in low concentrations, ZnONPs have no toxicity to eukaryotic
cells, in the environment their interaction with natural organic materials can alter
their toxicity, stabilization, agglomeration, and dissolution (Vijayakumar et al. 2015;
Al-Shabib et al. 2016; Khan et al. 2016; Ouyang et al. 2017).

ZnONPs exhibit strong protein adsorption properties, which modulate cytotoxic-
ity, metabolism, and cellular responses. Thus, this nanocomponent has a potential
inhibitory effect on cancer cells and Gram-positive bacteria and fungi (Al-Shabib
et al. 2016; Mehta et al. 2019).

The antimicrobial effects of ZnONPs are associated with the size of the nanopar-
ticle, since smaller ones can more easily penetrate the cell membrane and have a
large surface area, increasing the degree of antimicrobial activity. Studies suggest
that upon entering the cell, ZnONPs generate reactive oxygen species, inducing
apoptosis through lipid peroxidation, in addition to deactivating proteins and causing
structural changes in membranes and nucleic acids (Bhuyan et al. 2015). Their anti-
biofilm potential is limited when faced with mature biofilms, being potentially
insufficient to eradicate them (Abdulkareem et al. 2015; Gong et al. 2019; Lim
et al. 2018; Mehta et al. 2019).
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1.4.1.3 Carbon-based Nanoparticles

Carbon-based nanoparticles are used in various applications in everyday life, in
industry, and in technologies with multiple-walled or single-walled nanotubes, being
advantageous mainly in the electronic and optical areas. Fluorescent carbon
nanoparticles are used as carbonaceous emitters with superior photoluminescence
properties, and have been applied in areas such as bioimaging (Gorrochategui et al.
2017; Hu et al. 2020).

These NPs have the ability to interact with cell membranes, being able to
penetrate them and thus interact with the internal components of the cell. Carbon
nanotubes present properties that favor the antimicrobial effect, related to the ability
to generate reactive oxygen species (Li et al. 2016; Gorrochategui et al. 2017; Seo
et al. 2018).

1.4.2 Methods to Synthesize Nanoparticles

1.4.2.1 Conventional

NPs synthesized conventionally come from physical and chemical methods that
involve chemical reduction, electrochemistry, laser waves, and lithography, respon-
sible for generating monodisperse particles of homogeneous composition and mor-
phology. Conventional syntheses require several preparation steps that interfere with
large-scale production, requiring the use, in most cases, of potentially hazardous
materials that may remain on the surface of the nanoparticle even after its purifica-
tion process (Starsich et al. 2019; Foroohimanjili et al. 2020).

For conventional synthesis of metallic NPs, for example, chemical reducing
agents such as sodium hydrochloride and hydrazine are used, which have the ability
to reduce metal ions. Conventional synthesis of gold nanoparticles can be performed
using the Turkevich or Brust-Schifrin method. In the Turkevich technique, AuNPs
are obtained by reducing hydrogen tetrachloroaurate (HAuCl4) by the agent
trisodium citrate, generating nanoparticles that vary between 10 and 150 nm. In
the Brust-Schifrin method, particles smaller than 10 nm are obtained, using sodium
borohydride (NaHB4) as the reducing agent and tetraoctylammonium bromide
(TOAB) as a catalyst phase transfer, thus, the anion of the gold complex (AuCl4�)
is transferred from the aqueous to organic phase through electrostatic interactions
with the positively charged TOAB (Iriarte-Mesa et al. 2020).

With the progressive influence of nanoparticles in the most diverse fields of
application, they began to be produced on a large scale, thus, the production method
became the focus of attention. Conventional synthesis techniques are no longer
widely used owing to their high cost, use of toxic substances, and that large-scale
production is impaired by the low stability and monodispersion of the produced
nanoparticles (Ali et al. 2019; Yew et al. 2020).
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1.4.2.2 Green Synthesis of Nanoparticles Using Plants, Microorganisms,
and Biopolymers

The “green” synthesis of nanoparticles is an alternative method to conventional
chemical and physical methods and is based on the use of biological systems, plant
extracts, and biomass. Green synthesis does not require elaborate processes for ion
reduction, as occurs, for example, in the development of silver and gold
nanoparticles, since in this type of synthesis biomolecules are used. The biological
components that line the surface of NPs during their green synthesis, act as ecolog-
ically correct precursors for their formation, this being an important differential for
their application (Islam et al. 2019).

Biological methods for synthesis of NPs provide several benefits, since they are
clean, low cost methods, in addition to presenting high safety, stability, and speed
during the synthesis process. In this way, there is a reduction in the potential risks for
both human health and the environment, in addition to presenting better properties in
terms of size, shape, biocompatibility, and stability of the nano material (Al-Shabib
et al. 2016; Khan et al. 2019; Mellinas et al. 2019).

There are several biological systems for “green” synthesis of NPs such as the use
of biomolecules: enzymes, amino acids, vitamins, proteins, phenolic compounds,
and alkaloids (Al-Shabib et al. 2016).

Plant extracts, rich in biomolecules, can be used for the development of metallic
NPs, and act as reducing and stabilizing agents during the process (Prasad 2014,
2019a, b; Prasad et al. 2018). Bacteria can also be involved in biological synthesis,
such as Pseudomonas spp. which allows the preparation of colloidal silver
(Foroohimanjili et al. 2020; Iriarte-Mesa et al. 2020; Silveira et al. 2020). Bio-
polymers such as Levan have promising properties due to their ability to form
nanostructures in water through self-assembly, resulting in a biodegradable poly-
meric micelle with high biocompatibility (González-Garcinuño et al. 2019).

The great challenge in the application of this nanomaterial in in vivo systems is
related to the concentration of administered NPs. The large volume of blood reduces
the concentration of nanoparticles and disintegrates their chains, releasing the
encapsulated drug in an uncontrolled manner (González-Garcinuño et al. 2019).

1.4.3 Characterization Techniques and Properties

After the synthesis of the NPs, characterization aims to verify their morphology,
surface area, size, distribution, and other important parameters of nanomaterial
compliance. Knowledge of these characteristics is essential for the application of
the nanoparticle, in addition to ensuring better efficiency in its synthesis. Some
techniques can be used for this purpose such as: UV absorption spectroscopy
(UV-vis), powder X-ray diffraction (XRD), dynamic light scattering (DLS), Fourier
infrared transmission spectroscopy (FTIR), dispersive energy x-ray examination
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(EDAX), scanning electron microscopy (SEM), and transmission electron micros-
copy (TEM) (Khade et al. 2015; Muthukrishnan et al. 2015; Chaudhuri and Malodia
2017).

Spectroscopic and diffractographic techniques are indirect methods used to
analyze the composition, structure, and crystalline phase of NPs. UV-vis enables
the study of the arrangement of NPs by measuring optical absorption, transmittance,
and reflectance, which assist in calculating band intervals and determining the
photoactivity and conductance of the material. The FTIR technique identifies func-
tional or metabolic groups present on the surface of the NPs, responsible for their
reduction and stabilization. DLS analysis can estimate the size distribution in
addition to quantifying the surface loads of the nanoparticles. The purity, crystalline
size, geometry, and phase orientation are determined by the XRD technique with the
use of diffraction patterns present in crystallographic databases. The EDX technique
separates characteristic x-rays from different elements in a given energy spectrum,
being used to identify the elemental composition of, for example, metallic NPs
(Santhoshkumar et al. 2017; Gour and Jain 2019; Khanna et al. 2019).

To determine the size, morphological characteristics, and topography of the NPs
surface, advanced electron microscopy techniques are used. The SEM technique
provides three-dimensional information for direct visualization of the product, with
spatial resolution of 10 to 5 nm. In this technique, the sample is digitized by electron
beams and its surface characteristics are obtained from secondary electrons, thus
allowing data to be obtained regarding the surface morphology as well as the
dispersion of the NPs in the mass or matrix. On the other hand, the TEM technique
presents a two-dimensional image resulting from the interaction of an electron beam
with the sample, with a resolution higher than SEM. Thus, this technique is widely
used in determining the size, shape, and number of layers. The possible combination
of the SEM technique with EDX enables important elementary analysis of the
nanoparticle, this being important to provide information about the metals present
(Yedurkar et al. 2016; Khanna et al. 2019).

1.4.4 Application of Green Synthesis of Nanoparticles
in Microbial Biofilm

Several studies have reported the use of NPs produced by biological synthesis as an
alternative for the control of biofilms, due not only to their ability to eliminate
microorganisms present in the structure, but also to promote the inhibition of EPS
secretion by biofilm-forming bacteria (Rajkumari et al. 2017; Hasan et al. 2019;
Shanmuganathan et al. 2019).

It is believed that the use of biosynthesized NPs facilitates electrostatic interac-
tions that result in the structural rupture of the biofilm matrix. Their reduced size
allows penetration into microbial cell walls leading to loss of cell viability and
alteration in the biofilm cell physiology. The use of NPs also ensures controlled
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release of the antimicrobial agent, presenting reduced toxicity and greater stability,
thus also providing greater antimicrobial effects on the biofilm (Fig. 1.2) (Habimana
et al. 2018; Singh et al. 2018a; Banerjee et al. 2019; Prasad et al. 2020).

The possibility of using medicinal plants and phytochemicals with antimicrobial
effects on the synthesis of NPs contributes to the biofilm eradication. Many phyto-
chemicals have the ability to alter the cell membrane and compromise the respiratory
activity of cells, in addition to causing lipid peroxidation and the production of free
radicals that cause deleterious effects on biofilms (Rajkumari et al. 2017; Rodríguez-
Serrano et al. 2020; Ruddaraju et al. 2020).

Nanoparticles biosynthesized with polystyrene interact with polysaccharides
from the biofilm matrix and through hydrophobic complexation lead to the rupture
of the biofilm. Nanoparticles of biodegradable hydrogels are capable of reducing cell
viability and act in the elimination of biomass, removing planktonic and sessile
forms. NPs synthesized with biopolymers also act effectively in the eradication of
biofilms since their polycationic groups have the ability to interact and break with the
bacterial membrane resulting in the inhibition of biofilm formation. The mature
biofilm can also undergo alterations caused by nanoparticles due to their elevated
degree of penetration and high relationship between surface and volume (Liu et al.
2017; Banerjee et al. 2019).

In the studies of Rajkumari et al. (2017), dextrin was used for biological synthesis
of silver particles, demonstrating a remarkable reduction of approximately 70% in
the formation of biofilms by the pathogens K. pneumoniae, P. aeruginosa,
C. albicans, and S. aureus MRSA. The study also evaluated a positive effect on the
inhibition of EPS secretion, guaranteeing an important role of biosynthesized NPs in
the face of infection by multi-resistant microorganisms that form biofilms.
Ramalingam et al. (2019) used avicennia marina for biosynthesis of Fe2O3NPs,
obtaining a percentage of 65% in the inhibition of biofilm formation at a concentra-
tion of 2 ppm for species of P. aeruginosa and 5 ppm for the pathogen S. aureus,
while complete anti-biofilm activity was achieved in doses of 28 μg/mL for E. coli
and 52 μg/mL for P. aeruginosa.

Fig. 1.2 Effects of the application of green synthesis of nanoparticles on microbial biofilms
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The great demand for innovative strategies to control and prevent the formation of
biofilms has stimulated studies regarding the application of nanoparticles. The
effective action of nanocomponents is remarkable due to their physical and chemical
characteristics. However, improvement in some techniques is necessary, mainly in
relation to large-scale production and knowledge of their mechanism of action
(Zacchino et al. 2017; Wolferen et al. 2018; Shanmuganathan et al. 2019).

1.5 Other Applications of Green Synthesis of Nanoparticles

In addition to the application as an antimicrobial and anti-biofilm agent, the “green”
synthesis of NPs has been directed to other applications, such as antioxidant, anti-
cancer, and anticoagulant, among others (Qais et al. 2020). Rehman et al. (2020)
performed the synthesis of AgNPs and titanium oxide (TiO2) from fungi of the
species Fomes fomentarius, and observed good antibacterial action against S. aureus
and E. coli, in addition to verifying the anti-cancer activity of these particles. In
human colorectal carcinoma cells, strong cytotoxic effects and cell death were
observed after treatment with concentrations below 0.5 μg/mL of both studied
nanoparticles, with no damage observed to the control cells. Although the mecha-
nism that induces the apoptosis of cancer cells by these NPs is not well understood, it
is suggested that AgNPs activate the apoptotic pathway with the production of
oxygen free radicals, which results in anti-tumor and anti-proliferative effects
(Barabadi et al. 2017; Aziz et al. 2019).

Hosseinzadeh et al. (2020), synthesized AuNPs from essential oil of ferula
persica, which showed greater cytotoxic, apoptotic, and antiproliferative effects in
colon cancer CT26 cells when compared to Vero cells. The morphological difference
between cancerous and normal cell membranes, in terms of pore size, can result in a
noticeable difference in the toxicity of NPs in cancer and normal cells, underscoring
the importance of studying NPs in anti-cancer applications (Basavaraja et al. 2008).

AuNPs and AgNPs from Olax nana extract also presented anti-cancer activity,
and the authors emphasize that the use of these same nanoparticles in imaging is
promising, as it allows better visualization and outlining of the tumor design (Ovais
et al. 2018). Nanoparticles can be phagocyted by cells of the liver, spleen, lungs, and
bone marrow, in addition to being detected in the blood or lymphatic circulation,
which can improve the diagnosis of the tumor (Brigger et al. 2012).

The NPs obtained by Ovais et al. (2018) also presented significant antibacterial
and anti-leishmania activity, by presenting inhibition of amastigotes and
promastigotes of Leishmania tropica. The use of nanotechnology in patients with
leishmaniasis is promising, both in treatment and in prevention with the use of
vaccines.

In addition to the antiparasitic action, the insecticidal potential of nanoparticles
has also been studied (Kumar et al. 2020; Bhattacharyya et al. 2016). Chitra et al.
(2015) used AgNPs synthesized from leaf extracts of Mukia maderaspatana
and verified effective larvicidal activity against Aedes aegypti and Culex

18 G. M. Souza et al.



quinquefasciatus (Buhroo et al. 2017). Hajra et al. (2016) found a high mortality rate
of Aedes albopictus when subjected to concentrations of cadmium NPs (CdNPs)
synthesized from clove petal extract. A study developed by Arokiyaraj et al. (2015)
presented insecticidal potential against A. albopictusde AgNPs obtained from
Chryasanthemum indicum L. extract, emphasizing the importance of nanoparticles
in the elimination of mosquitoes that are vectors of viruses and parasites that cause
diseases in humans.

The catalytic properties of NPs are currently well described (Wang et al. 2020;
Kumar et al. 2020). 4-Nitrophenol and its derivatives are considered compounds of
great risk to the environment, since their use in the production of herbicides,
insecticides, and synthetic dyes can harm the ecosystem as a wastewater pollutant,
so that a reduction is necessary (Singh et al. 2018b). Knowing that sodium borohy-
dride (NaBH4) is used as a reducer of 4-Nitrophenol to 4-Aminophenol, Nayan et al.
(2018) demonstrated a high catalytic capacity of these substances using AuNPs
synthesized from Mangifera indica.

Another industrial pollutant of great importance is methylene blue dye, since, if
ingested it can restrict oxidase enzymes, leading to central nervous system toxicity,
gastrointestinal infections, and discoloration of the brain parenchyma (Kumar et al.
2020). Varadavenkatesan et al. (2019) verified the catalytic activity of AgNPs
synthesized from Ipomoea digitata flower extract in reducing methylene blue dye,
using NaBH4 as a reducing agent. The results confirmed the catalytic activity of the
nanoparticles, with a reduction of methylene blue in 15 minutes, indicating good
perspectives of AgNPs for environmental remediation (Kumar et al. 2020).

The green synthesis of NPs is also being studied for application in food preser-
vation. Lignocellulose is one of the most commonly used materials for packaging
food products and beverages and many studies aim to modify the surface of this
material for better food preservation. In studies by Bumbudsanpharoke and Ko
(2018), the unbleached “kraft” (UBK) pulp of lignin and hemicellulose was used
for the “green” synthesis of AuNPs, which were deposited on the surface of the UBK
fiber, promoting the elimination of radicals and an antioxidant effect.

Other models of “green” nanoparticle synthesis and their applications are shown
in Table 1.2. Given the various applications of NPs, the green synthesis approach
opens alternative paths to the use of chemicals that are toxic to man and harmful to
the environment, representing a field of study that has been extensively explored in
the last decade and with a promising future.

1.6 Conclusion

The “green” synthesis of nanoparticles has been a highly attractive area of research
for the past decade. Nanoparticles have been applied extensively in important areas,
such as the pharmaceutical, food, and cosmetic industries. In this chapter, several
applications were demonstrated, including as antimicrobial and anti-biofilm agents.
However, research should be encouraged in order to observe the action of
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nanoparticles on an industrial scale and their effects on the environment. Concerns
have also been raised about their safety and side effects for humans during therapy.
Although the promising results of research in this area are increasing, it is necessary
to establish guidelines to ensure the safe use of green synthesized nanomaterials to
turn these new formulations into reality as anti-biofilm agents.
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Chapter 2
Visual Health Nanocomposites: Present
and Future

Patricia Durán, Andrea Villegas, and Gusdanis Campos

Abstract Background: In recent years, the therapeutics for eye diseases as reti-
nopathy diabetic, dry eye, glaucoma and contact lenses fabrication are including
nanocompounds as ocular drug delivery systems, biomarkers for detection of eye
diseases, copper and silver ions that has been incorporated by means of the nano-
technology for the production of less toxic and more effective alternatives. Several
compounds such as silver nanoparticles, turmeric-based nanocomposites,
neovascularization blockers and nanoparticles extracted from the plant Costus pictus
among others have been researched for this purpose. Those compounds are some of
the promising research efforts that are studying and will contribute to preventing
vitreous hemorrhages and ocular manifestations that affect large populations, being
one of the main causes of blindness in the world. Although, nanotechnology has a lot
of contributions which are advantageous for several medicinal areas.

Objective: To carry out a bibliographic review of the latest advances and clinical
or toxics findings in nanotechnology for the therapeutic treatment for visual health.

Method: The review was undertaken in the next databases: Google Scholar,
Science Direct, Scopus, Elsevier, Springer and PubMed using the keywords: nano-
technology in diabetic retinopathy, nanotechnology and visual health. 75 papers
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were reviewed with the keywords “nanotechnology”, “visual health”, “diabetic
retinopathy”, “glaucoma” and “dry eye”. The Boolean Connector used was “and”.

Results: The advantage of nanotechnology at the ocular level is that it allows in
the treatment and pharmacology to create nanocomposites that allow them to pass
through the delicate ocular tissues and reach the posterior segment of the eye, where
many traditional drugs fail. The first nanocomposites were the anti-
neovascularization agents such as bevacizumab, atorvastatin, and recently they are
producing longer release compounds based on nanotechnology as curcumin silver
nanoparticles, extract of insulin Plant (Costus pictus) leaves and its silver nanopar-
ticle are some of those nano compounds that promise to be an alternative way to treat
diabetic retinopathy.

Conclusion: Many nanotechnology-based drugs have been obtained from plant
extracts although they are used in treatment applications at the systemic level,
recently some have begun to be used at the ocular level in nanocomposite pre-
sentations. Nanotechnology is an alternative to the control of diabetic retinopathy,
which affects a large part of the population. The use of drug delivery systems based
on nanoparticles as liposomes, dendrimers, cationic nanoemulsions, polymeric
nanoparticles pointing out the advantages of the proposed nanomedicines to target
this ocular disease.

Keywords Nanocomposites and diabetic retinopathy · Liposomes · Ophthalmic
drugs · Diabetes mellitus · Nanoparticles · Nanotechnology · Ocular drug delivery ·
Retinal neovascularization · Toxicology

2.1 Introduction

In recent years, nanotechnology offers new alternatives for the diagnosis and
treatment of diabetic retinopathy, dry eye, glaucoma, and retina diseases (Jo et al.
2011; Raju and Goldberg 2008). The first nano compounds was applied for ocular
drugs, nanoparticles for avoid ocular infections and recently for diabetes as anti-
neovascularization agents such as bevacizumab, atorvastatin, the curcumin silver
nanoparticles, and the extract of insulin plant (Costus pictus) leaves and its silver
nanoparticle are some of those nano compounds that promise to be an alternative
way to treat diabetic retinopathy and other ocular alterations (Aruna et al. 2014).
Some studies have shown that curcumin reduces the inflammation and delays or
prevents obesity-induced insulin resistance and associated complications, including
atherosclerosis and immune mediated liver disease. Unfortunately, dietary curcumin
is poorly absorbed by the digestive system and undergoes glucuronidation and
excretion rather than being released into the serum and systemically distributed.
New improved methods developed with nanoparticles and lipid/liposome formula-
tions that increase absorption and bioavailability of curcumin. Development and
refinement of these technologies will enable cell-directed targeting of curcumin and
improved therapeutic outcome (Maradana et al. 2013).
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The nanocomposites reduce the side effects of traditional drugs and have been
used for more than two decades in pharmaceutical formulations, making them more
hydrophilic. Drugs at the ocular level can be absorbed in the conjunctiva through the
blood vessels and from there go to the choroid and the vitreous, therefore very small
particles are required for better absorption and distribution in the tissues (Card and
Magnuson 2011; Rupenthal 2020).

When there is an alteration in the retina, the product of a systemic damage caused
by diabetes diagnosed in a patient, there is a reduction in the retinal vascular flow
which produces ischemia and leads to a decrease in oxygenation at the cellular level
in the retina. The retina is the tissue that consumes more oxygen in relation to weight,
throughout the human body. Causing a breaking the hemato/retinal barrier and
producing plasma exudates and lipids in retinal cells which ends up producing an
edema in the whole tissue affected. In diabetic retinopathy the small capillaries of the
retina present rupture and obstruction so hemorrhages appear, edema (accumulation
abnormal fluid) and important areas of ischemia (total lack of blood) retinal that will
carry over time and if they are not treated well, to the loss progressive vision
(Campos et al. 2017). The dependence type of diabetes suffered by the patient, the
age of the same, the time of evolution since the diagnosis of the disease for the first
time base, metabolic controls, and other pathologies such as arterial hypertension or
hyperlipidemias, impact directly on the degree of severity of diabetic retinopathy
(Farkaš and De Leeuw 2020; Ghafoorianfar et al. 2020).

A complete assessment of the fundus of the eye, supported in addition to
complementary exams such as fluorescein angiography and/or tomography of opti-
cal coherence is important for the early detection. The diabetic retinopathy does not
produce symptoms in the early stages of its evolution and when it manifests, it is
usually in a phase advanced. Hence the importance of its early detection with the
background examination of the eye, under pupillary dilation. Among the clinical
manifestations, the changes are mild, with the presence of microaneurysms,
microhemorrhages or subclinical macular edema. Once the pathology starts its
progression, it is common to observe abnormal vessels, with irregular calibers, the
greater amount of microaneurysms and exudates in the posterior pole. Macular
edema is the initial cause of the progressive decrease in central visual acuity. In
the phase of proliferative diabetic detinopathy, ischemia is evidenced, the retina
compensates for its hypoxia by forming new vessels. These new vessels (neovessels)
are abnormal, fragile so they break easily producing hemorrhages (intraretinal,
subhyaloid or vitreous), which ends up being the main cause of central and periph-
eral retinal detachments. Traditional treatment, as photocoagulation laser, can be
initially indicated (Samuel et al. 2011). In cases where there is an extensive hemor-
rhage inside the eye, by bleeding from the retinal vessels, is performed a surgical
procedure called vitrectomy, eliminating the blood that is located in the sub vitreous
spaces, allowing the use of laser in the retina, minimizing the risk of continuing with
visual loss. Other treatments alternatives, include therapy with stem cells, where
their effectiveness is not highly proven, and is also found antiangiogenic therapy,
which its main objective is to attack the endothelial growth factor, decreasing the
likelihood of new vessel formation (Xu et al. 2011).
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2.2 State of Art of Nanotechnology Applied to Visual Health

The nanotechnology and the artificial intelligence (AI), also called computational
intelligence, at the early stages was displayed by machines, and at these time health
technologies are based on it. In computer science, an ideal “intelligent” device is a
flexible rational agent that perceives its environment and performs actions that
maximize its chances of success in some objective or task. The term artificial
intelligence applies when a machine imitates the “cognitive” functions that humans
associate with other human minds, such as “learning” and “solving problems”. As
devices become increasingly capable, a technology that was once thought to require
intelligence is removed from the definition (Samuel et al. 2011). For example,
optical character recognition is no longer perceived as an example of “artificial
intelligence” becoming a conventional technology. Technological advances still
classified as artificial intelligence are systems capable of playing chess and self-
handling. It is to improve it at the surgical room or to avoid malpractices for ethical
and moral purposes (Rhoads 2020).

In 1956, John McCarthy coined the term “artificial intelligence”, and defined it
as: “the science and ingenuity of making intelligent machines, especially intelligent
computer programs”(Durán Ospina et al. 2014). For Nils John Nilsson, there are four
fundamental pillars on which artificial intelligence is based on:

A search of the required state in the set of rules produced by the possible actions.
Genetic algorithms (analogous to the process of evolution of DNA strings). The
nanotechnology and the artificial neural networks (comparable to the physical
functioning of the brain of animals and humans). Reasoning through a formal
logic similar to human thought (Zerfass et al. 2020). There are also different types
of perceptions and actions that can be obtained and produced, respectively, by
physical sensors and mechanical sensors in machines, electrical or optical pulses
in computers, as well as by inputs and outputs of software and its software environ-
ment. Several examples are in the area of systems control, automatic planning, the
ability to respond to diagnostics and consumer queries, writing recognition, speech
recognition, and pattern recognition. The systems based on artificial intelligence are
currently part of the routine in fields such as economics, medicine, engineering, and
the military, and have been used in a variety of software applications, strategy
games, such as computer chess, and other video games (Ting et al. 2020).

Ophthalmology, within medicine, has always been characterized as one of the
fields that uses the most significant technology for diagnosis of pathologies and
innovation in new surgical techniques. For decades, the incursion of refractive
surgery, assessment of optical coherence tomography, new designs of sophisticated
surgical microscopes and the incorporation of intraocular lenses with multifocal
designs have allowed improving the quality of life of patients. However, some of
these advances still have very high costs and are not accessible to all users. Recently,
artificial intelligence has been incorporated into ophthalmology operating rooms to
provide the surgeon with new diagnostic and treatment alternatives for different
surgeries. At first glance, stem cells, the implementation of artificial corneas in
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biopolymers and new retinal implants that in one look like science fiction, but today
they have become tools for ophthalmologists and visual health professionals (Durán
Ospina 2013). Nanotechnology and its applications in medicine require
multidisciplinary teams among ophthalmologists, researchers, biomedical engineers,
molecular biologists, robotics engineers, research managers and even financial and
marketing experts to make these developments go beyond an operating room and
patents can be achieved to improve patients life quality (Fangueiro et al. 2015).

Otherwise, in the recent years, the stem cell technology has recently become an
ally of nanotechnology many advances have been made in the stem cells field for eye
surgery purposes, especially at the level of minor conditions, such as myopia (Sheng
et al. 2016). However, getting back those who do not have it, either from birth or
from a later problem, remains a difficult obstacle to overcome. Stem cells have much
to offer in these investigations, as they can transform into different cell types, so it is
not unreasonable to regenerate damaged eye tissues with their help. Precisely this is
what a group of scientists, who have used “Isogenic pairs of wild type and mutant
induced pluripotent stem cell (iPSC),” based on one of the most recent advances in
stem cells, have thought to obtain all components of the ocular tissues. Although at
the moment they have only done so in rabbits, the results are very hopeful for the
extrapolation to humans (Chichagova et al. 2020). Although they can be obtained
from many sources, the most common are embryonic stem cells, and therefore have a
large number of ethical disadvantages by those who oppose the use of research
embryos (Prasad et al. 2019).

Two hundred fifty genes to date have been identified or associated with the
development of retinal diseases, and numerous more have been implicated in diverse
corneal genetic dystrophies. A genetic condition affects vision and also can signif-
icantly impact the patient quality of life. Gene therapy seeks to slow the progression
of these diseases by treating the underlying etiology at the level of the genome (Lane
et al. 2020). The Table 2.1 summarize the applications of nanotechnology in visual
health.

Table 2.1 Applications of nanotechnology in visual health

Applied Nanotechnology in visual Health

Glaucoma • Nanocompounds for new ocular drug delivery
• Implant to detect PIO early

Ocular Antibiotics • Copper, cobalt, gold, polyethilenglicol (PEG), graphene and silver
nanoparticles
• Nanocarriers

Retina
Conjunctiva
Ocular Pharmacol-
ogy
Diagnosis and
treatment

• Retina implants
• Pharmacology Nanocompounds
• Intravitreal injections as liposomes encapsulating an angiogenesis inhib-
itor to avoid neovascularization
• Nanocompounds against COVID-19 on eye surface
•Develop new molecules as nanosuspensions, nanospheres, liposomes, and
microemulsions
• New biomarkers for detect deseases and improve treatments
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This shows that nanotechnology will not only be an application science in the
fields of engineering, agriculture and medicine and more specifically in ophthalmol-
ogy and visual health.

People affected with ocular diseases will significantly increase over the next
decades, and, consequently, a substantial increase in health costs is expected.
Diabetic retinopathy is the most common chronic complication of diabetes. The
treatment of eye diseases affecting the posterior segment, such as diabetic retinop-
athy, is quite challenging due to the anatomy, physiology, and biochemistry of the
eye. Therefore, the development of new therapeutics for posterior eye diseases has
been a major focus of pharmaceutical research in the area of vision sciences. Several
nanosystems already offer efficient solutions for ophthalmological conditions,
targeting internal eye tissues, as the retina, and many novel products are expected
to appear hereafter (Weng et al. 2017), and Syed (2017) developed fluocinolone
acetonide intravitreal implant 0.19 mg is a useful option for the treatment of DME in
these patients. This review provides an insight into nanoparticle-based solutions for
therapies directed to the posterior segment of the eye diseases, particularly diabetic
retinopathy, the present scenarios, and the demands and expectations for the future
or toxic effects (Jo et al. 2011).

Therefore, it is important to carry out a good review and vigilance strategy
regarding not only the benefits but also the possible toxic effects or interactions
with other drugs. Nanotoxicology represents a new and growing research area in
toxicology. It deals with the assessment of the toxicological properties of
nanoparticles (NPs) with the intention of determining whether (and to what extent)
they pose an environmental or societal threat (Jo et al. 2011). Inherent properties of
NPs (including size, shape, surface area, surface charge, crystal structure, coating,
and solubility/dissolution), as well as environmental factors (such as temperature,
pH, ionic strength, salinity, and organic matter), collectively influence NP behavior,
fate and transport, and ultimately toxicity (Durán Ospina and Zapata 2016; Prasad et
al. 2019). The mechanisms underlying the toxicity of nanomaterials (NMs) have
recently been studied extensively (Prasad 2019). Reactive oxygen species (ROS)
toxicity represents one such mechanism. An overproduction of ROS induces oxida-
tive stress, resulting in an inability of the cells to maintain normal physiological
redox-regulated functions. In context, this chapter includes topics pertaining to
chemical and physical properties of NMs and characterization for proper toxicolog-
ical evaluation, exposure, and environmental fate and transport and ecological and
genotoxic effects (Campos et al. 2017). The purpose of this chapter is to review the
available research pertaining specifically to NMs in the aquatic environment
(implants, aquatic invertebrates, and fish) and their use in biomarker studies. Arti-
ficial intelligence and nanotechnology are closely intertwined to allow image visu-
alization and simulated models required for the construction of the nanocarriers and
nano compounds (Xu et al. 2011).

Those Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR-
Cas) therapies in ophthalmology must be incorporated in the targeting of autosomal
dominant pathogenic alleles as well as the knockdown of specific wild-type genes
that produce pathogenic phenotypes in particular locations, such as vascular
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endothelial growth factor (VEGF) in causing neovascularization of the choroid. Do
not require a donor DNA sequence for homologous recombination, reducing the size
requirements of the delivery vector. Further development to differentiate
CRISPR-Cas modified iPSCs into retinal, corneal and other cell types, as well as
methods for autologous transplantation, could make sight-saving advances in
numerous genetic diseases of the eye possible (DiCarlo et al. 2017).

Genome surgery: the process of selection of somatic cells from patients,
reprogramming to iPSC and implanting through autologous transplantation. The
generation of embryonic stem cells by a selection of inner cell mass from a
blastocyst, culture, and then reprogramming/genome editing for different purposes.
See Fig. 2.1.

The CRISPR and CRISPR-associated systems(Cas) represent one of the powerful
tools for studying diseases through the creation of model organisms generated by
targeted modification and by the correction of disease mutations for therapeutic
purposes. CRISPR-Cas systems have been applied successfully to the visual sci-
ences and study of ophthalmic disease. As a modification of zebrafish and mamma-
lian models of eye development and disease, to the correction of pathogenic
mutations in patient-derived stem cells. Recent advances in CRISPR-Cas delivery
and optimization boast improved functionality that continues to enhance genome-
engineering applications in the eye. This review provides a synopsis of the latest
implementations of CRISPR-Cas tools in the field of ophthalmology. It meant for
many years, the search for a way to obtain large quantities of these cells without
having to use human embryos. Finally, in 2006, this process was successful with the
discovery of induced pluripotency stem cells known as iPS, Takahashi and
Yamanaka obtained those cells, and to generate iPS, those researchers took cells
from adult tissues, which induced the expression of four genes capable of
de-differentiating and transforming them into stem cells, similar to those found in
embryos (Chichagova et al. 2020). It marked the beginning of a new era in the field

Fig. 2.1 Schematic of the steam cells culture
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of regenerative medicine, since they offered a range of immense possibilities and,
also, successfully surpassed the barrier of ethics (Peng et al. 2017).

The surgical procedures and some techniques currently used for ocular surgery
are described below, which has been coming in for decades to benefit patients. Some
of them are already used, and others are still in the experimental phase before they
can be marketed or approved by bioethics committees and implemented. The
progress has been classified according to the most used eye surgery.

2.2.1 Laser Eye Surgery

Of the ocular surgical techniques that have incorporated nanotechnologies and
artificial intelligence techniques, is Laser assisted in Situ Keratomileusis (LASIK)
computerized surgery has been describing as one of the eldest, with the incorporation
of mathematical algorithms for the postoperative prediction and although not known
as artificial intelligence, have been the most accurate calculations involving mathe-
matical formulas. The recent inclusion of robotic surgery and monitors inside
operating rooms are some of the challenges for eye surgery shortly. A group of
equations that have contributed mainly concerning the previous ones is the inclusion
of more predictive values. Olsen was the one that in addition to predictive values of
axial length and keratometry, added the preoperative anterior camera deep (ACD)
and the crystalline thickness. Later, Holladay developed a new formula, Holladay II,
increasing the number of predictive values to seven (axial length, keratometry, ACD,
white- white, crystalline thickness, preoperative refraction, and patient age)
(Srivannaboon et al. 2013).

Although the author before the development of the formula Holladay II, devel-
oped strategies to improve clinical results by adding diopters to the power of the lens
calculated with the formula Holladay I, the publication of his new formula was a
before and after in terms of said formula, especially in short eyes, offering the
possibility to improve refractive results. Indeed, authors such as Fenzl (Fenzl et al.
1998) state that with this formula 90% of patients can be achieved within a range of
(positive and negative Dioptrias)�1D of the desired refraction and 100% in the field
of �2D.

Another of the fourth generation formulas for LASIK surgery was the one
developed by Haigis et al., which uses the axial length, keratometry, and depth of
the anterior chamber for the calculation of intraocular power. Three constants
characterize the difference of this formula: constant provided by the manufacturer
(a0), associated to the ACD (a1) and constant (a2) associated with the axial length
and calculated by regression methods using data from multiple surgeons (Whang
et al. 2020). Another essential feature of this formula is its usefulness in the
calculation after refractive surgery, since for the estimation of the effective lens
position (ELP), it does not use the keratometry, is the one known with Haigis-L (Kim
et al. 2015). Corneal essential to think about, the conceptions of regulation, around
the world, and know all the new technologies to research is demonstrating that the
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incorporation of exogenous recombinant human stromal cell-derived factor-1 alpha
(SDF-1 alpha) with thermosensitive chitosan-gelatin hydrogel (CHI hydrogel) accel-
erated corneal epithelium reconstruction with more native structural and functional
properties and increased local expression of growth factors that are essential for
corneal epithelium repair. The mechanism by which the exogenous SDF-alpha
promotes corneal repair may involve in inducing proliferation and migration of
chemokine stromal-cell derived factor-1 known as CXCR4-expressing in limbal
epithelial stem cells (LESCs) and mesenchymal stem cells cells (MSCs) to the injury
site via the SDF-1/CXCR4 chemokine axis. Therefore, SDF-1 alpha/CHI hydrogel
complexes could be a benefit to the future application. As a biosecurity way, to
prevent pre and post-surgery infections, novel hydrogels as a chitosan/β-glycerol
phosphate solution can be administered as an eye drop that will form a transparent
dressing on the front of the eye. The dressing will deliver a sustained release of
antibiotics, killing bacteria, but not harming the cells in the cornea (Tang et al. 2017).

For precision surgery, an early detection of ectasia the tomographic and biome-
chanical index, which combines scheimpflug-based corneal tomography and biome-
chanics for enhancing ectasia detection. The detection of mild or subclinical forms of
ecstatic corneal diseases has gained relevance because these cases are at high risk for
developing iatrogenic progressive ectasia (keratectasia) after corneal laser vision
correction. Ectasia progression occurs due to the biomechanical decompensation of
the corneal stroma, which is related to the preoperative predisposition or biome-
chanical status of the cornea and to the structural impact from the surgical procedure
itself and after surgery. The effect from the procedure may be evaluated using
parameters such as the residual stromal bed and the percent of tissue altered.
Although different artificial intelligence methods are available, the random forest
method provided the most efficient strategy for developing the TBI (Ambrósio et al.
2017). As for any machine learning method, it is fundamental to include a cross-
validation method to infer or presume external validity of the model. The current
study chose the leave-one-out cross-validation (LOOCV). This method increases
computational time and complexity, but also significantly increases the reliability or
robustness of the model in classifying new data. A possible study for assessing
ectasia susceptibility involves the analysis of the preoperative state of cases that
developed ectasia after laser vision correction along with the surgical parameters that
represent the impact from surgery on the cornea. Another possible approach is to
integrate finite element simulations with the corneal structural and shape analysis.
Also, adding longitudinal study for a retrospective evaluation of patients who
progressed to clinical ectasia would further improve criteria to define such a group
as simulation models very useful also in nanotechnology for design
nanocompounds.
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2.2.2 Cataract Surgery

As a field of regenerative medicine and nanotechnology, the repair and regeneration
of tissues using endogenous stem cells represent an ultimate goal. Currently, the only
treatment for cataracts, the leading cause of blindness worldwide, is to extract the
cataractous lens and implant an artificial intraocular lens. However, this procedure
poses notable risks of complications; they isolate lens epithelial stem/progenitor
cells (LECs) in mammals and show that Pax6 and Bmi1 are required for LEC
renewal. A new surgical technique of cataract removal that preserves endogenous
LECs and achieves functional lens regeneration in rabbits and macaques, as well as
in human infants with cataracts was proved on China. The method differs concep-
tually from current practice, as it preserves endogenous LECs and their natural
environment maximally, and regenerates lenses with visual function. This approach
demonstrates a novel treatment strategy for cataracts and provides a new paradigm
for tissue regeneration using endogenous stem cells (Sharma et al. 2016).
Researchers have developed a surgical technique with stem cells to eliminate the
cataract. The method developed by scientists at Sun Yat-sen University (China) and
the University of California, San Diego (USA) removes the cataract from the inside
of the lens through a small incision. This structure is coated with epithelial crystal-
line stem cells, which usually repair the damage. Before the tests, scientists estimated
that this procedure would regenerate the lens. The team reported that tests with
rabbits and monkeys were successful, so the method was then tested in 12 children.
Otherwise, the intraoperative optical coherence tomography (iOCT) is a noninvasive
imaging modality that provides real-time dynamic feedback of the various surgical
steps. The use of iOCT as an aid to decision-making has been successfully reported
in cases undergoing keratoplasty, implantable collamer lens (ICL) implantation as
well as cataract surgery. iOCT helps to assess the graft-host relationship in pene-
trating keratoplasty, to detect subclinical big bubbles and guide layer by layer
stromal dissection in cases of deep anterior lamellar keratoplasty. It acts as a guide
during crucial surgical steps in endothelial keratoplasty, right from the scoring of the
descemet membrane to ensuring graft apposition at the end of surgery. The mor-
phological features of the corneal incision in phacoemulsification may be assessed
cells (Ehlers et al. 2014).

The iOCT is a useful tool in assessing the status of the posterior capsule and may
help identify preexisting posterior capsular defects during cataract surgery in various
clinical scenarios such as posterior polar cataract, traumatic cataract, and
vitrectomized eyes. It allows on-table assessment of the Implantable Collamer lens
(ICL) vault and potentially facilitates the exchange of ICL in the same sitting in
extremes of the vault. Ocular surface disorders such as ocular surface squamous
neoplasia, pterygium, and dermoid may find an application for iOCT, wherein an
iOCT-guided stromal dissection will ensure adequate depth of dissection. Further
technological advancements may allow for automatic centration and tracking and
address the present limitation of instrument-induced shadowing. Intraoperative OCT
is a useful tool in assessing the status of the posterior capsule during cataract surgery
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in various clinical scenarios. In cases with posterior polar cataract, it may help detect
cases with an actual posterior capsular defect.

The tools exposed before may allow the surgeon to exercise extra caution in such
cases, thus reducing the incidence of complications. It may also help ascertain the
posterior capsule status in cases with traumatic cataract. Patients with posterior
segment pathology often develop cataract during treatment, which may be associated
with the iatrogenic posterior capsular defect. Intraoperative Optical coherence
tomography (OCT) aids in decision-making in various anterior segment surgeries
and has the potential to decrease surgical time as well as postoperative complica-
tions. Technological advancements have led to the replacement of handheld and
microscope-mounted OCT devices with microscope-integrated iOCT that seam-
lessly integrates image acquisition with the various surgical steps. A prototype
automated stereo vision surgical instrument tracking system developed automati-
cally centers the iOCT scan-field on the surgical instrument tip and allows for
continuous visualization of instrument-tissue interactions over a 2500 mm2

field.
Widespread use of this technology will further enhance the advantages of iOCT. One
of the significant limitations of microscope-integrated iOCT is the shadowing
induced by the surgical instruments, obscuring the underlying cross-sectional
view. Further advances technology may help overcome these obstacles shortly and
enhance the safety of various surgical procedures (Ehlers et al. 2014).

2.2.3 Glaucoma Surgery

Stem cells derived from tissues of healthy adults such as skin, brain, bone marrow,
nasal mucosa and are recently used to glaucoma treatment for their high potential to
protect the optic nerve from further damage and slow the progression of vision loss
due to glaucoma. It can replace the ocular tissues and include regeneration of
trabecular meshwork. Also, it can be implanted inside the eye to be functional and
establish working connections with the brain. The challenge for researchers and
experts in nanotechnology and ophthalmologists now is to reliably differentiate into
the specific ocular tissues that are damaged in glaucoma and following for any side
effect (Squillaro et al. 2018; Fangueiro et al. 2015).

To avoid the fibrosis and hence capsule formation around the glaucoma implants,
two of the main reasons for glaucoma implant failure. To address these issues,
researchers have designed a microfluidic meshwork and tested its biocompatibility
in a rabbit eye model. The amount of fibrosis elicited by the microfluidic meshwork
was compared to the amount obtained by the plate of the conventional glaucoma
drainage device. The microfluidic meshwork got minimal fibrosis and capsule
formation after 3-months implantation in a rabbit model. It provides promising
evidence to aid in the future development of a new glaucoma drainage implant
that will elicit minimal scar formation and provide better long-term surgical out-
comes. The drainage devices were fabricated using photolithography techniques
similar to those presented previously. The fabrication was done on silicon wafers
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with a nickel-releasing layer. Briefly, microchannel walls were patterned with
negative photoresist SU-8, and the microchannels were formed by sacrificial photo-
resist (LOR 5A and AZ1505, Microchem, Westborough, MA). The meshwork had
an overall area of 7 mm � 7 mm and a grid period of 100 μm. The thickness of the
meshwork was four μm. The microfluidic channels had outer diameters of 20 μm and
inner diameters of 8 μm. These parameters were determined according to finite
element simulations to provide sufficient AH outflow (2 μL/min at 10 mmHg).
After being released from the substrate, the meshworks were washed and stored in
a buffer solution before autoclave and implantation (Amoozgar et al. 2017), as
glaucoma drugs, the atorvastatin as a statin based on solid lipid nanoparticles has
been studying as eye drops for the treatment of the age-related macular degeneration
(AMD) (Yadav et al. 2020).

2.2.4 Vitreo Surgery

Since they were first derived more than three decades ago, embryonic stem cells
have been proposed as a source of replacement cells in regenerative medicine, and
this science includes the nanotechnology field. Their plasticity and unlimited capac-
ity for self-renewal raises concerns about their safety, including tumor formation
ability, potential immune rejection, and the risk of differentiating into unwanted cell
types. The authors report the medium-term to the long-term safety of cells derived
from human embryonic stem cells (hESC) transplanted into patients. The human
embryonic stem cells hESC and hESC-derived retinal pigment epithelium cells were
generated as previously described. Briefly, vials of hESC-MA09 were thawed,
expanded, and differentiated into pigmented retinal pigment epithelium patches by
the current good manufacturing practices. The hESC-retinal pigment epithelium
cells were assessed for safety and characterized for retinal-pigment-epithelium-
specific attributes at various times. Vials of cryopreserved hESC-retinal pigment
epithelium cells were thawed, formulated, Gramstained, and delivered to the oper-
ating room. Pars plana vitrectomy, including the surgical induction of posterior
vitreous separation from the optic nerve anteriorly to the posterior border of the
vitreous base, was done in the eye with the worst vision. 150 μL of retinal pigment
epithelium was injected through a MedOne PolyTip Cannula 23/38 or 25/38
(MedOne Surgical, Sarasota, FL, USA) to deliver the targeted dose of viable retinal
pigment epithelium cells into the subretinal space in sites with a preselected transi-
tion zone (the area between atrophic photoreceptor, retinal pigment epithelium, and
choriocapillaris and fairly healthy post-equatorial retina) as the centre is assessed
with autofluorescence and optical coherence tomography imaging. Transplantation
sites were chosen carefully based on the presence of native, albeit compromised,
retinal pigment epithelium and similarly compromised overlying photoreceptors to
optimize the chances of transplant integration and potential for photoreceptor cell
rescue. Three dose cohorts were treated for each disorder: cohort 150,000 cells (three
patients with Stargardt’s macular dystrophy and three with age-related macular
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degeneration); cohort 2, 100,000 cells (three patients with Stargardt’s macular
dystrophy and three with age-related macular degeneration); and cohort 3, 150,000
cells (three patients with Stargardt’s macular dystrophy and three with age-related
macular degeneration). The oral-systemic immunosuppression regimen included
tacrolimus and mycophenolate mofetil 1 week before the surgical procedure and
continued for 12 weeks. Researchers found that hESC-derived cells were well
tolerated for up to 37 months after transplantation in individuals with atrophic
age-related macular degeneration and Stargardt’s macular dystrophy. So far, in the
two clinical trials, there were no serious adverse safety signals attributed to the
transplanted cells. Potential safety concerns about the use of hESC in people,
including the possibility of teratoma formation, immune reactions, and the risk of
cells differentiating into unwanted ectopic cell types were not noted. According to
literature reports, teratoma formation was expected to arise within the first few
months after transplantation, but this was not the case in our patients who have
been followed up for a median of 22 months. To the best of our knowledge, this is
the first report of the results of medium- term to long-term safety and tolerability
after transplantation of cells derived from pluripotent stem cells in individuals with
any disease (Schwartz et al. 2015).

On the other hand, the intravitreal implant of fluocinolone acetonide 0.19 mg
(ILUVIEN) is one of the recent corticosteroids implants for the treatment of diabetic
macular edema (DME).

2.2.5 Retina Surgery

The artificial soft retina developed used rigid and hard material. In 2017, a Colombia
student of Post-Doctoral study at Oxford University at the Chemistry Department
can successfully obtain a biological artificial retina tissue developed in the labora-
tory. It will be a revolutionary innovation for bionic implants and future surgeries
and a new alternative for patients with retinosis pigmentaria. They are using light
into electrical signals that travel through the nervous system, triggering a response
from the brain, ultimately building a picture of the scene on. This new development
of a new synthetic, double-layered retina which closely mimics the natural human
retinal process immerse in soft water droplets (hydrogels) and biological cell mem-
brane proteins. Designed like a camera where the cells act as pixels, detecting, and
reacting to light to create a greyscale image (Schild 2020). See Fig. 2.2.

In 2015, Steven Schwartz and colleagues reported the results of treatment of
18 patients with advanced dry age-related macular degeneration and Stargardt’s
disease (juvenile macular degeneration) using stem cells. Transplantation of stem-
cell derived retinal pigment epithelial cells cannot restore vision but might be able to
prevent further disease progression; low vision is one of the challenges for surgeons
in recent years. With a micro fundus perimeter, which allows visualization of the
retina and where a person fixes a target, they identified that the eyes that improved
were unable to move the fixation target out of the scotoma onto seeing the retina at
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baseline. This improvement of vision in the worse eye inevitably comes into play
when interest focuses on repeated testing or administration of treatment to that eye
pre and postsurgical.

Otherwise, to creating an automatic system to locate and segment the optic nerve
head (ONH) in eye fundus photographic images using genetic algorithms, the
diagnosis and surgical procedures will have more certain pictures of the optical
nerve. It is called “Domain knowledge,” and it is used to create a set of images’
guide. Initially, using an eye fundus color image as input, a collection of hypothesis
points was obtained that exhibited geometric properties and intensity levels similar
to the ONH contour pixels. Next, a genetic algorithm was used to find an ellipse
containing the maximum number of hypothesis points in an offset of its perimeter,
considering some constraints. The curve thus obtained is the approximation to the
ONH. This study was performed with the database belonging to the Ophthalmology
Service at Miguel Servet Hospital, Saragossa (Spain). Researchers report that those
algorithms can reinforce when it is applied to a different image base to predict the
changes in the contour of the papilla and see pixels with geometric characteristics
and intensity levels using MATLAB software (Schwartz et al. 2015).

Fig. 2.2 Schematic retina implant
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2.2.6 Oculoplasty

Various techniques of autologous fat grafting have been described and are becoming
increasingly popular as a primary surgical procedure and as an adjunct to other
processes; for example, the use of periocular fat grafting and fillers in their approach
to rejuvenation of the periocular aesthetic unit and management of cicatricial
ectropion. The surgical techniques suggest a real benefit from combining autologous
fat grafting with traditional lifting techniques as a substitute for using a posterior
spacer graft in the management of the retracted lower eyelid after blepharoplasty.
The method consists of autologous fat harvesting that was performed using a
Coleman-type method. Fat grafting was performed in combination with various
lifting procedures, as a substitute to a posterior spacer graft, to function as a scaffold
that provides additional vertical support to the eyelid. The fat harvesting and
preparation are performed under intravenous propofol anesthesia with supplemental
local anesthesia and nano compounds will be a good alternative for better penetra-
tion. Two percent of Xylocaine with 1:100,000 epinephrine was injected around the
lower eyelids and in the submental area with a 30-gauge needle. The tumescent
anesthetic agent was infiltrated in the outer thigh or suprapubic area where liposuc-
tion was performed. A 2-hole Coleman harvesting cannula with a blunt tip was
attached to a 10-mL Luer- Lok syringe, enabling manual aspiration of the fat. Fatwas
manually filtered and then placed into 3-mL syringes and then placed upright in a
sterile bowl to allow separation of the fat. Once the fat settled, the infra- and
supernatant were decanted out, leaving the pure yellow fat. The purified fat was
transferred to 1-mL syringes via a Luer-Lok connector (Al Fayez 2013).

The principal role of fat grafting in the setting of post blepharoplasty ectropion is
to push/stretch the anterior and middle lamellae up across the entire horizontal length
of the retracted lower eyelid while the posterior lamella is being released. At the
same time, retractor release and lateral tightening necessary to elevate further and
stabilize the retracted eyelid. Fat stem cells may also improve internal scarring and
reduce further cicatrix formation. This technique provides significant improvement
in eyelid position while avoiding the use of a posterior lamellar spacer graft. The
authors have not used posterior lamella spacers in the surgical management of
blepharoplasty-induced lower eyelid retraction for some years. In conclusion, the
authors’ experience suggests that for management of blepharoplasty-induced lower
eyelid retraction, autologous fat grafting plays a useful role in optimizing both the
functional and aesthetic rehabilitation, in combination with standard lifting tech-
niques. It is the first case series demonstrating the use of autologous fat grafting as an
adjunct procedure for the correction of post blepharoplasty lower eyelid retraction.

Otherwise, the use of monoclonal antibodies has been described in the treatment
of orbital vascular lesions, lymphoma, and squamous cell carcinoma. Inflammatory
conditions treated with monoclonal antibodies include thyroid eye disease, IgG4
disease, and granulomatosis with polyangiitis. Immunotherapy with checkpoint
inhibitors has also found applications to orbital disease. Use of small molecule
inhibitors has been described in the treatment of basal cell carcinoma, squamous
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cell carcinoma, and Erdheim–Chester disease. There are many orbital, lacrimal, and
eyelid side effects of molecular target agents (MTAs) with which the oculoplastic
surgeon should be familiar, including hypertrichosis, edema, and orbital and eyelid
inflammation. Small molecule inhibitors (SMIs) block a metabolic or enzymatic step
in the target cell, which halts the growth of the cell. As opposed to monoclonal
antibodies, small molecule inhibitors can often cross the blood–eye, and blood-brain
barrier. The name of the molecule describes the targeted metabolic or enzymatic
step. Ending in -tinib,—zomoib,—ciclib, or -parib denotes a tyrosine kinase,
proteasome, cyclin-dependent kinase, or poly-ADP-ribose polymerase inhibitor,
respectively. Thus, ibrutinib, an inhibitor of Bruton’s tyrosine kinase, (BTK) is a
tyrosine kinase inhibitor (-tinib). Straddling oculoplastic surgery and external dis-
ease and success of the treatment of vernal keratoconjunctivitis and mucous mem-
brane pemphigoid has been investigated with monoclonal antibodies. Omalizumab,
an anti-IgE antibody that binds to circulating IgE has been reported to be effective in
the treatment of severe refractory vernal keratoconjunctivitis. Treating refractory
mucous membrane pemphigoid with nanocomposites of rituximab has also shown
promises for recovery postsurgical inflammation (Allen 2017).

This are recognized companies designing clinical trials for advanced dispositions
to include those new technologies based on nanotechnologies to the surgeons
service: Stargardt disease, including Advanced Cell Technology®, Acucela®,
Alcon (Novartis)®, Alexion®, BioMarin®, Cell Cure®, Genentech (Roche) ®,
Intrexon®, Janssen®, Pfizer®, Stem cells®, and Sucampo® and the new innova-
tions ones which are working on patents and improve new techniques to be
implemented in surgical environments. One of the innovations was “Argus II,”
one of the recently approved retina implants has a miniature video camera located
in the eyeglasses of the patient who captures a scene. The patient carries a mini-
computer that receives and processes the video. These instructions are transmitted
wirelessly to the retinal implant. Once there the chip converts the signals into small
pulses of electricity that bypass the damaged photoreceptors of the macula and
directly stimulate the remaining cells of the retina, which transmit the information
through the optic nerve, to the brain creating the perception of patterns of light. A
micro camera housed in the patient’s glasses captures the images, and these are sent
to a small computer that the patient carries on, where they are processed and
transformed into instructions. These are transmitted wirelessly to the antenna of
the retinal implant. These impulses stimulate healthy cells that remain in the retina
and send information to the brain through the optic nerve to create the perception of
light patterns, which patients learn to interpret (Schaffrath et al. 2019).

In summary, “Argus II” works as a macular implant that is attached to an external
high definition camera and a processor that stimulates the inner retina and ends up
generating a visual stimulus in the visual pathways and improves the patient’s
vision. The user of this chip should wear glasses, which have the camera inserted,
and a mini computer on top, which receives the scenes that the camera captures. The
computer system transmits the information wirelessly to the implant, and the chip
converts the signals into tiny pulses of electricity that stimulate the retina and create
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patterns of light. The dispositive in 2017, cost $US 100.000 approximately. See
Fig. 2.3.

2.3 Present and Future of Eye Surgery: Nanotechnology,
Genomic and Nanorobotics

A recent project named WET: Whole eye transplantation will be the most ambitious.
Blindness afflicts ~39 million people worldwide. Retinal ganglion cells are unable to
regenerate, making this condition irreversible in many cases. Whole-eye transplan-
tation (WET) provides the opportunity to replace diseased retinal ganglion cells, as
well as the entire optical system and surrounding facial tissue, if necessary. Recent
success in face transplantation demonstrates that this may be a promising treatment
for what has been to this time an incurable condition. An animal model for WET
must be established to further enhance our knowledge of nerve regeneration, immu-
nosuppression, and technical aspects of surgery. A systematic review of the literature
was performed to evaluate studies describing animal models for WET. In the
majority of published research, WET can result in the recovery of vision in cold-
blooded vertebrates. There are a few instances in which mammalian WET models
demonstrate survival of the transplanted tissue following neurovascular anastomosis
and the ability to maintain brief electroretinogram activity in the new host. Mam-
malian animal models for WET will be the future research for translation to human
eye transplantation. Human WET holds promise to restore vision to patients who
have blindness. Significant research has been conducted to achieve this goal. How-
ever, it was seen as science fiction some decades ago, the first mention of eye
transplantation in humans occurred as early as 1885 Revue Générale
d’Ophthalmology. Dr. Chibret removed the staphylomatous and buphthalmic eye
of a 17-year-old girl and placed a rabbit. But what if it is true is that science and
advances are promising for these patients. Table 2.2, Summarize the recent innova-
tion of nanotechnology and artificial intelligence for eye surgery.

Fig. 2.3 Functional process of Argus II retinal implant
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2.4 Conclusions

Advances in nanotechnology, stem cells and the incorporation of robotics and
nanotechnology continue to revolutionize surgical techniques and present a chal-
lenge to surgeons and institutions that train future visual health professionals to
incorporate these new technologies, create protocols and establish mechanisms so
that the transfer of technology can reduce costs to benefit patients. Shortly, blindness
in the world will be a subject of research and social inclusion, so that these new
patents and developments can reach from public policies and foundations people
who need it. It requires teams of professionals such as ophthalmologists, engineers,
molecular biologists and professionals who in one way or another know about
research management to help communities to make these new devices known and
can be used by those who need them.

The training of new ophthalmologist surgeons should be viewed from a global
perspective not only with medicine, but even their preparation should incorporate
engineering, artificial intelligence, robotics, nanotechnology and learn to make stem
cell cultures. In developing countries, these devices are not accessible because of the
vast sums of money involved in establishing research centers and doctoral training at
this level. But you can think of the help of fellows and support through governments
to finance these innovative talents. The ophthalmic industry is also changing and
incorporating this new equipment, standardizing tests, and making the transition
from animal models to humans. Bioethics committees must also be trained to allow
and be aware of any changes that may or may not be beneficial to making significant
adjustments.

Acknowledgments The authors want to thank the researchers of those reviews, who have made
these scientific advances possible to solve visual problems. Also, to the Universidad Técnica de
Manabí, Portoviejo, Ecuador.

Table 2.2 Innovation in nanotechnology and artificial intelligence for eye surgery

Innovation Eye surgery Purpose

Steam Cells Cataract, Cornea,
Vitreo, Oculoplastic,
Glaucoma

Tissue regeneration (Tang et al. 2017)

Algorithms for precision
measurements

LASIK, Cataract,
Keratoplasty

Application of mathematical algorithms
for precise surgeries (Sharma et al.
2016)

iOCT Retina, Glaucoma Glaucoma, retina (Ehlers et al. 2014)

Retina Implant and micro-
electronic memristors
(MEMS)

Retina Restoration of vision through electrical
signals (Schaffrath et al. 2019)

CRISPR-Cas systems Reconstruction of ocu-
lar tissues

Regenerative ophthalmology (Lane
et al. 2020)
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Chapter 3
Applications of Nanomaterials
in Biomedical Engineering

Ranjit Pabbati, Venkateswar Reddy Kondakindi, and Firdoz Shaik

Abstract In recent years, we have witnessed the revolutionary changes brought by
nanotechnology in many fields. Nanomaterials are the building blocks of nanotech-
nology. Nanomaterials exhibit unique properties which are absent in bulk materials.
Among nanomaterials, noble metal nanoparticles (NMNs) have been attracted due to
their enchanting optical and chemical properties. At present, NMNs have enormous
applications including catalysis, biosensors, bioimaging, theranostics, antimicrobial,
cosmetics and medical appliances, and many others. In this book chapter, we have
discussed briefly about the current scenario of nanotechnology, synthetic strategies
of nanoparticles including top-down, bottom-up and biological approaches, charac-
terization techniques, optical properties and different applications of nanoparticles in
medical biotechnology.

Keywords Nanotechnology · Nanoparticles · Synthetic strategies · LSPR ·
Biomedical

3.1 Introduction and Historical Background

Nanotechnology has considered as the revolutionary technology of the twenty first
century. It has brought revolutionary changes in large sectors including catalysis
(Shaik et al. 2014), electronics (Tapio et al. 2016), energy (Xu et al. 2020; Yang et al.
2020), environmental (Liu 2006; Prasad et al. 2017; Shash et al. 2019), biomedical
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(Li et al. 2019a) and many other fields (Mitrano et al. 2014; Yetisen et al. 2016;
Thangadurai et al. 2020a, b). Any technology done on a nanoscale regime which has
real practical applications is normally considered as nanotechnology (2000).
Nanomaterials are the building blocks of nanotechnology. A lot of curiosity has
created towards nanomaterials from the talk given by Richard Feynman in 1959 on
“There’s plenty of room at the bottom”, at the annual meeting of the American
Physical Society (Feynman 2011). He discussed on tuning the things at small scale
to its extreme limits, and consist of several solid assumptions including information
on tiny scale, comparing the size of various biological systems, creation of minia-
turization by evaporation, creation of tiny machines, and manipulating atoms one by
one the way we need (Feynman 2011). In 1974, Taniguchi used the term “Nano-
technology” for the first time to describe the precision engineering in semiconductor
processing in his scientific publication (Taniguchi 1974). However, the real interest
towards nanotechnology and nanoscience has developed with the invention of the
scanning tunnelling microscope by Binning and Rohrer in 1986 (Gerber et al. 1986).
Eventually, it was helpful for the improvement of atomic force microscope, invented
by Calvin Quate and Christoph Gerber, which provided better atomic resolution of
nearly 3 orders higher magnitude than that of the diffraction limit of the optical
microscope (Binnig et al. 1986). In 1985, Kroto et al. discovered the fullerene a ball
like carbon material of just 1nm diameter in size (Kroto et al. 1985). Later in 1986,
Eric Drexler discussed on molecular nanotechnology in his book “Engine of Crea-
tion” which brought many nanotechnology things closely to the layman outside of
the scientific community (Eric Drexler 1986). Since then, several important discov-
eries had been taken place including discovery of carbon nanotubes (Iijima 1991),
nano-imprint technology (Chou et al. 1995), investigation on photocatalytic activity
of TiO2 nanosheets (Sasaki et al. 1996) and many other things. In 2001, USA has
established National Nanotechnology Initiative (NNI) which primarily investigates
and conducts research on nanotechnology. Nanotechnology has developed into a
huge distinctive area and several scientific journals (Nature Nanotechnology, Nano
letters, Journal of Nanoscience and Nanotechnology, ACS applied Nanomaterials,
Journal of Nanoparticle research and many others) have introduced which record
exclusively on the advancement of nanomaterials and various applications. It is not
exaggerated to say that there is no technology revolutionary without nanotechnology
in the twenty first century. It has brought tremendous advances in many fields
including medical biotechnology.

3.2 Nanomaterials

Nanotechnology has built on the building blocks of nanomaterials. The Greek word
“nano” is derived from the word “dwarf” meaning reduction in size or small (Melo
et al. 2013). There is no specific definition to nanomaterials, usually any material
whose size is in the range of 1-100 nm at least in one of its dimensions is normally
considered as a nanomaterial. The nanometre (nm) scale is typically defined as one
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billionth of a meter (10-9 m) which usually consists of 10 to 105 atoms. Different
sizes of materials are compared with nanoscale dimension as shown in Fig. 3.1.
Nanomaterials act as the bridging materials between microparticles and atoms.
Nanomaterials exhibit unique properties compared with bulk materials owing to
quantum effects.

The size of nanomaterials is in the order of nanometre dimensions which limit its
visibility with human eye. Different types of electronic microscopes are normally
employed to see different types of nanomaterials. The visibility range of different
materials using electron and optical microscopes, and human eye is compared as
shown in Fig. 3.2.

Michael Faraday (Faraday 1857) reported the synthesis of colloidal gold
nanoparticles in 1857, since then there is tremendous improvements on synthesis
of different types of nanomaterials. Nanomaterials are fabricated using different

Fig. 3.1 Comparison of different sizes of materials with nanoscale dimension. Modified from
Bloemen 2015

Fig. 3.2 Visibility range of electron microscope, light microscope and human eye. Modified from
Fiona Eadie (2017)
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methods and these methods are mainly classified into two subcategories top-down
and bottom-up. A detailed information on various methods for the synthesis of
nanomaterials is provided under section “synthesis of nanomaterials”. Though
many nanomaterials are engineered using different methods, yet some nanomaterials
are found naturally, for example: seashells, skeleton, DNA and RNA molecules,
some viruses, proteins, enzymes. Nanomaterials are the inherent of unique optical,
electrical, mechanical, physical and chemical, and electronic properties which are
normally absent in micro or bulk materials (Yang et al. 2015). We are exploiting the
different novel properties of nanomaterials for various applications. Several different
types of nanomaterials are used for commercial applications form several years or
decades. Different types of commercial products including optical fibres (Pawar and
Kale 2019), wrinkle-free textiles (von Goetz et al. 2013), biosensors (Wongkaew
et al. 2019), sunscreen (Contado and Pagnoni 2008), paints and varnishes (Zhu et al.
2019), cosmetics (Auffan et al. 2010) and electronics (Li et al. 2019b) are making
use of nanomaterials. The thin nanocoatings of different nanocomposites are used in
diversified commercial products including sports equipment, automobiles, windows
and bicycles (Rao et al. 2018). TiO2 based nanocoatings are used in beverages glass
bottles to protect from UV light damaging, self-cleaning windows, sunscreens and
cosmetics (Auffan et al. 2010). Nanosilica particles are used in everyday consumer
and commercial products including non-diary coffee creamer, automobile tires,
catalyst supports, optical fibres, dental fillers, cosmetics and filters, and nano-clay
composites are used in longer-lasting tennis balls (Guo et al. 2018).

3.2.1 Classification of Nanomaterials

Nanomaterials have different classifications based on dimensions, shape and type of
materials. Richard W. Siegel classified nanomaterials based on the dimensions into
zero-dimensional, single-dimensional, two-dimensional and three-dimensional
nanostructures (Fig. 3.3) (Sajanlal et al. 2011). Based on nature of the materials,
nanomaterials are generally classified into organic and inorganic nanoparticles.
Based on shape they are classified into isotropic and anisotropic nanoparticles.
Different examples for organic and inorganic nanomaterials are shown in Fig. 3.3.
Organic nanomaterials include dendrimer, liposome, polymeric micelle,
nanocapsule and nanosphere, whereas inorganic nanoparticles include mesoporous
silica nanoparticles, carbon nanotubes, iron oxide nanoparticles, gold nanoparticles
and quantum dot (Richards et al. 2017).

3.2.2 Properties of Nanomaterials

Nanomaterials exhibit different unique properties owing to the existence of quantum
effects which lead to different optical, magnetic, electrical, mechanical and various
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physicochemical properties. Among them optical and chemical properties are fasci-
nating which can be tuned finely by controlling the size, morphology and compo-
sition of nanomaterials.

3.2.3 Optical Properties

Noble metal nanoparticles (NMPs) attracted tremendous interest among various
nanomaterials owing to their unique optical and catalytic properties (Srivastava
et al. 2021). Au, Ag, Pt and Pd are considered as noble metal nanoparticles. NMPs
show different interaction properties with light. When light is incident on the NMPs,
localized surface plasmon resonance (LSPR) is generated on the surface of nano-
particle at specific frequency of light radiation and this is responsible to enhance
several orders of magnitude of various light–matter interactions including large
increment in selective absorption and scattering of light and electric field
(EF) enhancements on the surface of nanoparticles (Polo et al. 2018a). Nanoparticles

Fig. 3.3 Classification of nanomaterials based on dimensions (top panel), figure taken from
Sajanlal et al. 2011 with permission and nature of materials (bottom panel). Figure taken from
Richards et al. 2017 with permission

3 Applications of Nanomaterials in Biomedical Engineering 55



which exhibit LSPR phenomenon with the interaction of light are known as
plasmonic nanoparticles.

LSPR is responsible for the generation of different types of mechanisms on the
surface of nanoparticles such as far-field scattering, near-field coupling, hot-electron
transfer and plasmon resonant energy transfer (Fig. 3.4A) (Erwin et al. 2016). LSPR
can be modify easily by tailoring the size, morphology and composition of various
NMPs. Different morphologies and compositions of NMPs (Au, Ag, Pt, Pd) absorb
and emit different frequencies of electromagnetic (EM) radiations as shown in
Fig. 3.4B (Tsuzuki 2009). The interaction properties of various nanomaterials with
light have emerged into a large distinct field known as nanoplasmonics (Polo et al.
2018b). Plasmonic nanomaterials can able to absorb and scatter specific wavelengths
of EM with molar coefficients higher than several orders of magnitude compared
with molar coefficients values of conventional organic fluorophores (Scarabelli et al.
2017).

Plasmonic nanomaterials are used in various biomedical applications
(bioplasmonics) including biosensors, photothermal therapy (PTT), two-photon
luminescence (TPL) imaging, optoacoustic imaging (OI) and theranostics applica-
tions (Wong et al. 2020). NMPs also exhibit unique catalytic properties owing to
enhanced surface area to volume ratio (S/V), quantum size effects, interfacial and
surface chemistry (Scarabelli et al. 2017).

3.3 Synthetic Strategies for Nanomaterials

The synthesis of nanomaterials is mainly classified into two major approaches such
as “top-down approach” and “bottom-approach”. In top-down approaches, a bulk
material is break into small pieces, these small pieces are grinded, crushed and
moulded into small size nanomaterials, whereas in bottom approaches,

Fig. 3.4 (A) Schematic illustration for the interaction of light with plasmonic NPs. Figure taken
from Erwin et al. 2016 with permission (B) The optical properties are highly dependent on the size,
shape and composition of NPs. Figure taken from Tsuzuki 2009 with permission
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nanomaterials are built from the systematic assemble of atoms/molecules using
different types of capping ligands/surfactants (Fig. 3.5).

The major advantage of top-down approaches is that the nanomaterials are
synthesized in large quantity in a short span of time, whereas in bottom-up
approaches, homogeneous nanomaterials with monodisperse size, shape and com-
position can be synthesized. The synthetic strategies for the NMPs can also be
classified into physical, chemical and biological, depending upon the type of
approach used for the synthesis of NMPs. A large variety of nanoparticles such as
nanospheres, nanowires, nanocubes, nanorods, nanostars, nanoprisms, nanoplates,
nano-hollow spheres, nanoflowers, nanotubes, nanospheres, octahedral and tetrahe-
dral nanoparticles are synthesized using different synthetic strategies for various
applications (Jain et al. 2008). The different synthetic strategies using top-down and
bottom-up approaches for the fabrication of Ag nanoparticles as a model system are
shown in Fig. 3.6 (Mukherji et al. 2018). These synthetic strategies can also be
employed for the synthesis of various NMPs.

3.3.1 Top-Down Synthetic Strategies

Top-down synthetic methods are mainly based on the concept of breaking down the
large materials to desired nanometre scale dimensions. These synthetic methods
make use of conventional workshop or microfabrication methods for milling, cut-
ting, moulding and carving of the large size materials to specific size and shape. The
commonly used methods based on the top-down strategies for the synthesis of
various types of nanoparticles are discussed below.

3.3.1.1 Pyrolysis

Pyrolysis method is most commonly used for the synthesis of noble metal
nanoparticles (Zhu et al. 2015). This method is facile and most commonly employed
industrially viable production of nanoparticles in powder form (Kim et al. 2002). In
this approach, a vaporous precursor (liquid or gas) is allowed to pass within the
orifice at high pressure followed by burning which leads to ash production. The solid

Fig. 3.5 Schematic illustration of the synthetic strategies of nanomaterials

3 Applications of Nanomaterials in Biomedical Engineering 57



ash is process further to recover the nanoparticles. The major drawbacks of this
method are (i) large aggregates or agglomerates with non-uniform size nanoparticles
are formed and (ii) requires enormous amounts of energy to maintain high pressure
and temperature which are its major limitations.

3.3.1.2 Attrition (Milling)

The process of grinding the macro and micro-scale materials to make nano-size
particles in a ball mill is known as attrition or milling. This method has been
commonly used in the ceramic processing and powder metallurgy-based industries
for many years. The basic principle in the attrition process depends on the amount of
energy transfer to sample from the milling media. During this process, kinetic energy
is transferred from balls to sample which helps in reduction of grain size of the
macro-scale materials. This process involves various parameters such as type of mill,
milling temperature, milling surrounding environment, duration of milling, milling
intensity, and the amount of powder used for milling purpose, which shows greater

Fig. 3.6 Schematic illustration for the synthesis of Ag NPs using different synthetic strategies as a
model system. Figure taken from Mukherji et al. 2018 with permission
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impact on the physical properties of nanoparticles including size and composition. In
order to improve these limitations, different types of milling units have been
developed for various applications including shaker mills, tumbler mills, vibratory
mills, attrition mills, planetary mills, etc. These devices have different operating
conditions along with different efficiency milling capacities and have additional
accessories such as to control heat and isolate different sizes of nanoparticles. Liquid
assisted grinding has several advantages compared with “dry milling” mechano-
chemical process, including greater time efficiency, reduction in wastage of mate-
rials and energy, which results in improved quality of nanoparticles (Xu et al. 2015).

This process is very simple and highly advantageous for the large-scale produc-
tion of nanoparticles. It is very easy to prepare different alloys or nanocomposites
using this method compared with conventional nanoparticles synthetic methods like
chemical reduction, sonochemical, and electrochemical, etc. It also has disadvan-
tages like formation of disordered crystal structures during the milling process. In
addition, the sample is contaminated with Fe and minor amounts of N2 and O2 which
usually comes from the milling tools and environmental conditions, surface defects
in addition to the generation of internal stress. The presence of surface defects
greatly influences the physicochemical properties of nanoparticles due to high aspect
ratio.

3.3.1.3 Micropatterning

This technique is generally known as “art of miniaturization of patterns” and
commonly used in nanoelectronics field (Chen et al. 2009). It also widely used in
bioengineering, cell biology and biomaterials engineering areas. Photolithographic
techniques and several different techniques have been developed in micropatterning
process for the last several years. These include E-beam lithography, soft-
lithography, scanning lithography, nano-imprint lithography, colloidal lithography
and scanning probe lithography, and many others. The fundamental concept of this
technique is usage of various EM radiations such as light (UV-Visible), X-rays,
electrons, ions, with well controlled focused beam to remove and design specific
nano-size structures on a precursor material known as “resist” and forming system-
atic nano-design patterns (Carrico et al. 2007).

3.3.2 Bottom-Up Synthetic Strategies

In this process, nanoparticles are constructed from atoms and molecules based on
their chemical properties in which they are built together slowly in the presence of
capping ligands/surfactants. The concept of this method is based on the molecular
self-assembly and/or molecular recognition. Capping ligands are used to control the
growth of nanoparticles, several different types of capping ligands are available for
the synthesis of nanoparticles (Shaik 2020). In contrast to top-down approach,
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homogeneous nanoparticles can be synthesized using this process. The size, shape
and composition of NMPs can be tailored very easily with perfect crystallographic
structures for various applications are synthesized using bottom-up approach. The
common bottom-up synthetic strategies are described below along with their advan-
tages and demerits.

3.3.2.1 Chemical Reduction Method

This method is most commonly used for the synthesis of NMPs. In this approach,
reduction of an ionic salt (metal ions) takes place using different reducing agents in
the presence of capping ligands/stabilizing agents. Various types of reducing agents
such as NaOH, NaBH4, hydrogen, alcohols, carbon monoxide, hydrazine are most
commonly used for the synthesis of NMPs.

Lee-Meisel and Creighton are the most commonly used solution-based methods
for the synthesis of NMPs (Evanoff Jr and Chumanov 2005). The Lee-Meisel
method is generally used for the synthesis of Ag nanoparticles, in this approach
Ag nitrate and sulphate salts are utilized as metal precursor salts which are reduced
by using H2, sodium citrate and NaBH4 as reducing agents at various temperature
conditions (Lee and Meisel 1982). The size and shape of Ag nanoparticles can be
tuned easily varying the pH of the reaction conditions. Different morphologies of Ag
nanoparticles were obtained using this approach. For lower pH conditions (5.5-
11.1), triangle and polygon shapes of Ag nanoparticles were observed due to slow
reduction kinetics rates, whereas for high pH values spheres and rods were obtained
due to fast reduction kinetics of Ag nitrate. The morphologies of Ag nanoparticles
can be tuned easily by monitoring the pH of the reaction conditions (Evanoff Jr and
Chumanov 2005).

In a similar approach, Au nanoparticles are synthesized by reduction of Au+3 ions
using different reducing agents. In 1951, Turkevich et al. demonstrated the synthesis
of Au nanoparticles of size 20 nm using citrate mediated reduction of aqueous
HAuCl4 solution (Turkevich et al. 1951). This method is known as Turkevich
method. TEM images of Au nanoparticles of different sizes such as 10, 20, 50 and
100 nm synthesized using Turkevich method are shown in Fig. 3.7. Later, this
method was modified by the Frens in 1970s.

In the early 1990s, the Brust method for the synthesis of Au nanoparticles was
developed by Brust and Schiffrin (Brust et al. 1994). The Turkevich method is based
on the synthesis of Au nanoparticles in aqueous solution, whereas Brust method is
based on the synthesis of Au nanoparticles in organic solvent. Though several
methods were developed for the synthesis of Au nanoparticles, all those methods
were considered as the variants of original methods developed by Turkevich and
Brust. Zhang et al. reported on the synthesis of platinum nanocubes using general
chemical reduction method (Zhang and Fang 2009). Pd nanoparticles are also
synthesized using chemical reduction method (Ganesan et al. 2007).

The chemical reduction method has several disadvantages though it is considered
as a facile conventional method for the synthesis of nanoparticles including NMPs.

60 R. Pabbati et al.



This synthetic method normally requires very high temperature and pressure condi-
tions, and longer time periods to complete the synthesis of nanoparticles. In addition,
most of toxic chemicals are used during the reaction which may show adverse effects
on environment. The presence of capping ligands on the surface of nanoparticles
restrains their usage in biomedical applications (Shaik et al. 2017).

3.3.2.2 Electrochemical Method

Reetz and Helbig are the pioneers for the synthesis of metal nanoparticles using
electrochemical method (Reetz and Helbig 1994). In their method, metal

Fig. 3.7 TEM images of synthesis of Au nanoparticles with different sizes prepared using
Turkevich method: (A) 10, (B) 20, (C) 50 and (D) 100 nm. Figure taken from Njoki et al. 2007
with permission
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nanoparticles were synthesized by dissolving metal sheet at the anode and the
intermediate metal salt formed get reduced at the cathode, give raise to metal
nanoparticles. In the last one decade, several electrochemical methods were devel-
oped to synthesize different shapes, aspect ratios and facets of nanoparticles. Several
electrochemical methods were introduced for the synthesis of various NMPs (Jiang
et al. 2020).

3.3.2.3 Microemulsion Method

In the early 1980s, this method was first introduced for the synthesis of Pt, Pd and Rh
nanoparticles. In this approach, salts and reducing agents are dispersed and mixed in
the presence of surfactants in two different emulsions (water-in-oil or water-in-
water) for the synthesis of nanoparticles. The micelles were formed, and the
Brownian motion of the micelles is responsible for inter-micellar collisions which
results in the mixing of reactants followed by nucleation for the synthesis of
nanoparticles. This method has become so popular for synthesis of various types
of nanoparticles in water-in-oil or oil-in-water microemulsions (Najjar 2012). The
highly advantage of this method is that thermodynamically stable and monodisperse
nanoparticles can be synthesized very easily.

3.3.2.4 Microwave Method

In this method, microwave irradiation is used for the synthesis of NMPs using metal
salts as precursors in the presence of polymer surfactants solution. It is a facile one
pot approach used for the synthesis of metal nanoparticles. The size, shape and
composition of NMPs can be tuned easily by variation and standardization of
reaction conditions. There are several good review articles which can give compre-
hensive information on synthesis of MNPs using microwave method (Zhu and Chen
2014).

3.3.2.5 Laser Ablation

Laser ablation is a very flexible method commonly used for the synthesis of
nanomaterials in which the laser light is used to peel the material from a solid
surface. Laser light with low flux power is irradiated on the material which absorbs
the laser energy and gets heated in which material is vaporized or sublimated. Laser
wavelength and the optical properties of the material play key role to decide on the
amount of material get removed from the solid surface. In recent years, this method
has become an alternative potential method to chemical reduction method for the
synthesis of nanoparticles. The size and shape of NMPs can be tuned easily and the
absence of removal of excess reagents from the synthesis reaction is the main
advantage of this method (Amendola et al. 2006). Mafune et al. reported on the
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synthesis of stable nanoparticles on the metal plate using sodium dodecyl sulphate
surfactant (Mafuné et al. 2000). Several different types of ligand-free NMPs were
synthesized using this approach. This method has potential for large-scale produc-
tion of NMPs with tunable size, shape and composition (Arce et al. 2017).

3.3.2.6 Green Synthesis Methods

The conventional chemical reduction methods mainly involve the usage of toxic
chemicals and reducing agents for the synthesis of NMPs, whereas in green synthe-
sis methods the NMPs are synthesized using mild solvents and non-toxic reducing
agents. Biomolecules such as starch, proteins and lipids are used as capping agents
for synthesis of different types of nanoparticles (Li et al. 2017).

3.3.2.7 Biological Methods

In this method, different types of microorganisms are exploited for the synthesis of
NMPs (Prasad et al. 2016; Srivastava et al. 2021). Microorganisms act as potential
nanofactories which have capability to synthesize NMPs without using any toxic
chemical precursors, reducing agents and avoiding requirement of high energy and
sophisticated tools. In recent years, microorganisms, including bacteria (actinomy-
cetes), yeast and fungus have been studied extensively for the intra- and extracellular
production of nanoparticles (Prasad 2016, 2017, 2019a, b). Microorganisms contain
several enzymes which help in absorbing different heavy metals and detoxify them,
and act as reducing agents to reduce metal salts to metal nanoparticles (Prasad et al.
2018a, b; Prasad and Aranda 2018). Several biological protocols have been reported
on the synthesis of NMPs using bacterial biomass, supernatant and plant tissues
(Fig. 3.8) (Singh et al. 2016a). Among the various methods, extracellular production
of nanoparticles has gain great attention due to absence of downstream processing
steps such as sonication for the cell wall breakage, and centrifugation for isolation
and purification of nanoparticles. In addition, several different types of proteins,
enzymes and metal-resistant genes act as reducing agents. These act as natural
capping agents for the synthesis of monodisperse nanoparticles with greater stability.

Microorganisms such as bacteria, fungi and yeast are most commonly used for the
synthesis of NMPs (Table 3.1). Among bacteria species like Bhargavaea indica
(Singh et al. 2015b), Weissella oryzae (Singh et al. 2016e), Bacillus
methylotrophicus (Wang et al. 2016) and Brevibacterium frigoritolerans (Singh
et al. 2015c) are most commonly explored for the synthesis of Au and Ag
nanoparticles. Various genera of microorganisms including Corynebacterium, Lac-
tobacillus, Bacillus, Pseudomonas, Klebsiella, Escherichia, Enterobacter,
Aeromonas, Rhodococcus, Brevibacterium, Streptomyces, Trichoderma,
Desulfovibrio, Sargassum, Shewanella, Plectonema boryanum,
Rhodopseudomonas, Pyrobaculum and others have been explored for the synthesis
of metal nanoparticles (Li et al. 2011).
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The synthesis of NMPs by fungi is known as mycosynthesis that attracted many
advantages compared to bacterial synthesis, since the production of nanoparticles in
mycosynthesis is straight forward and it is easy to downstream the nanoparticles.
Thus, it is considered as a cost-effective and efficient strategy for the synthesis of
nanoparticles (Alghuthaymi et al. 2015; Abdel-Aziz et al. 2018). In addition, fungi
show more tolerant towards the uptake and competences for metals, particularly in
terms of high affinity of metal salts towards the wall-binding of fungus which leads
to high production of nanoparticles. Fungal enzymes and electron shuttle quinones
play major role in the synthesis of NMPs. Enzymes such as reductase enzymes from
Penicillium species and Fusarium oxysporum, and nitrate reductase were found to
have significant role and the mechanism is like the synthesis of nanoparticles in
bacteria (Kumar et al. 2007; Prasad et al. 2016).

Plants are also used for the synthesis of NMPs and the applications of plants in
nanotechnology are known as phytonanotechnology. Phytonanotechnology has
several advantages such as simple process, cost-effective, eco-friendly, biocompat-
ible and scalability for the synthesis of nanoparticles using water as reducing agent
(Prasad 2014, 2019c, d). Nanoparticles which are produced from plants are
non-toxic and can use for biomedical and environmental applications. Recently,
the roots and leaf extracts of Panax ginsengmedicinal plant are successfully used for
the synthesis of nanoparticles, which show the potential of medicinal plants towards
the synthesis of nanoparticles (Singh et al. 2016c). In addition, several plant roots,
leaves, stems and their extracts are also used for the synthesis of nanoparticles

Fig. 3.8 Schematic illustration for the biological synthesis of nanoparticles and their applications
in biomedical and environmental. Figure taken from Singh et al. 2016a with permission

64 R. Pabbati et al.



Table 3.1 Synthesis of nanoparticles from microorganisms

Microorganism
Extracellular/
Intracellular

Type of
Nanoparticle Shapes Size (nm) References

Pseudomonas
deceptionensis

Extracellular Ag Spherical 10 (Jo et al.
2016)

Bacillus
methylotrophicus

Extracellular Ag Spherical 30 (Wang et al.
2016)

Bhargavaea
indica

Extracellular Ag and Au Spherical 30 (Singh et al.
2016d)

Bacillus
Amyloliquefaciens

Extracellular CdS Cubic/
hexagonal

4 (Singh et al.
2011)

Bacillus pumilus Extracellular Ag Spherical/
Tri angular

90 (Elbeshehy
et al. 2015)

Listeria
monocytogenes

- Ag Anisotropic Non-uniform
shapes and
sizes

(Soni and
Prakash
2015)

Neurospora
crassa

Intra and
extracellular

Ag, Au,
Au-Ag alloy

Spherical >100 (Castro-
Longoria
et al. 2011)

Yarrowia
lipolytica NCYC
789

Extracellular Ag Spherical 15 (Apte et al.
2013)

Rhodosporidium
diobovatum

Intracellular Lead Non-
Uniform

2-5 (Seshadri
et al. 2011)

Candida utilis
NCIM 3469

Extracellular Ag Spherical 20-80 (Waghmare
et al. 2015)

Table 3.2 Synthesis of nanoparticles from plants

Plants
Plant parts for
Extraction

Type of
Nanoparticle Shapes

Size
(nm) References

Sargassum
algae

Alga Pd Octahedral 10 (Momeni and
Nabipour 2015)

Panax
ginseng

Root Ag and Au Spherical 40 (Singh et al.
2015a)

Red ginseng Root Ag Spherical 30 (Singh et al.
2016b)

Cymbopogon
citratus

Leaves Au Spherical 50 (Murugan et al.
2015)

Azadirachta
indica

Leaves Ag Spherical/Tri
angular

90 (Poopathi et al.
2015)

Cocos
nucifera

Leaves Lead Spherical 47 (Elango and
Roopan 2015)

Catharanthus
roseus

Leaves Pd Spherical 40 (Kalaiselvi et al.
2015)

Pistacia
atlantica

Seeds Ag Spherical 27 (Sadeghi et al.
2015)

Banana Peel CdS Spherical 2 (Zhou et al. 2014)
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(Table 3.2). The presence of various proteins, vitamins, organic acids, amino acids
and secondary metabolites such as polysaccharides, flavonoids, polyphenols, terpe-
noids, heterocyclic compounds in plant products plays significant role for the
reduction of metal salts, which can act as reducing and capping agents for the
synthesis of nanoparticles. It has been demonstrated that the Corallina officinalis
extract consisting of hydroxyl functional group from polyphenols and the carbonyl
group from proteins could assist in forming and stabilizing gold nanoparticles
(El-Kassas and El-Sheekh 2014). In addition, Murraya koenigii leaf extract has
used for the synthesis of Ag and Au nanoparticles (Philip et al. 2011). Several
different types of mechanisms are reported for the synthesis of nanoparticles using
different plant leaf extracts.

Though there are several advantages for biological synthesis of nanoparticles, the
major challenge is monodispersity of nanoparticles. It is a challenging task to obtain
monodisperse nanoparticles using biological agents. There are several recent reports
which rationally designed for fine tuning the size and shape of nanoparticles. The
environmental conditions, pH, temperature and the nutrient supplements in the
growth medium play a key role in controlling the size and shape of nanoparticles.
The optimal growth of microorganisms needs to be maintained for the better
synthesis of nanoparticles. pH is the most influential factor on the growth of
nanoparticles, different nanoparticles can be synthesized by tuning the pH condi-
tions. For example, Gurunathan et al. (Gurunathan et al. 2009) reported that the most
Ag nanoparticles are synthesized at pH 10. Among fungi, different pH conditions
such as acidic pH (for Fusarium acuminatum), (Banu and Balasubramanian 2014)
pH 6 (for Penicillium fellutanum) (Gurunathan et al. 2009) and alkaline pH (Isaria
fumosorosea) (Banu and Balasubramanian 2014) are the optimal pH conditions for
the synthesis of nanoparticles. In plants also the pH conditions affect the yield and
morphology of nanoparticles. For example, in Avena sativa extract, many small size
Au nanoparticles were formed at pH 3 and 4, whereas, at pH 2, nanoparticle
aggregation takes place (Sathishkumar et al. 2010). Thus, acidic pH conditions
promote aggregation of nanoparticles during their synthesis using plants. Thus,
environmental conditions, pH and temperature need to optimize for the biological
synthesis of nanoparticles.

3.3.3 Characterization Techniques of Nanoparticles

The physicochemical properties of NMPs are mainly depend on the size, shape and
composition of nanoparticles (Table 3.3). There are several techniques to character-
ize size, shape, phase constitution, microcrystal structure and composition of
nanoparticles. Developing novel instruments and their usage for characterization
of nanoparticles is the most topic in the area of nanotechnology. The most common
techniques used for the characterization of nanoparticles are electron microscopes
(Transmission electron microscope (TEM) and Scanning electron microscope
(SEM)), atomic force microscopy (AFM), confocal microscope, dynamic light
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scattering (DLS), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS),
Fourier transform infrared spectroscopy (FT-IR), ICPMS, ultra-visible light spec-
troscopy (Uv-vis), thermogravimetric analysis (TGA) and fluorescence microscope.
The recent techniques such as nanoparticle tracking analysis (NTA) and isoelectric
focussing electrophoresis (IEF) mainly detect the Brownian motion and size distri-
bution of nanoparticles, respectively, which help to monitor the tracking of
nanoparticles.

3.3.4 Applications of Plasmonic Nanoparticles

In recent years, we have witnessed tremendous applications of plasmonic
nanomaterials in various fields. In particular, employing the optical properties of
plasmonic nanomaterials in real-life applications including biology and medicine is
generally known as bioplasmonics (Prasad et al. 2020).

Bioplasmonics is one of the most attractive research areas in the field of
bio-nanotechnology, Mirkin group pioneers the usage of plasmonic Au
nanoparticles for the fabrication of calorimetric biosensors based on the distance
dependent optical properties of nanomaterials, which triggers the usage of different
plasmonic nanomaterials for biological applications (Storhoff et al. 1998). This field
has grown tremendously and several clinical trials under progress and several
commercial products are developed including HEATSENS, EXICURE, AuroLase
therapy and many others. When the light is incident on the plasmonic nanomaterials,
LSPR is generated and this is responsible for the generation of unique optical
properties in plasmonic nanomaterials (the details regarding the optical properties
of plasmonic nanomaterials are discussed above in the section “optical properties of
nanomaterials”). We are exploiting those unique optical properties of plasmonic
nanomaterials in biomedical applications. The different plasmonic responses are
mainly used for numerous applications including biosensors, optoacoustic imaging,
photothermal therapy (PTT), photovoltaics, two-photon luminescence (TPL) imag-
ing and many others as shown in Fig. 3.9 (Polo et al. 2018a).

Several varieties of plasmonic nanomaterials probes are developed particularly
for biological applications for fabrication of biosensors, and light-based therapies

Table 3.3 Characterization techniques of nanoparticles

Parameter of
Nanoparticles Technique

Particle size Transmission electron microscopy (TEM), dynamic light scattering
(DLS), laser diffractometry,

Optical properties Ultraviolet-visible spectroscopy (UV-vis.), fluorescence spectroscopy

Crystal structure X-ray diffraction (XRD)

Chemical analysis FT-IR, EDS, scanning electron microscopy (SEM), ion spectroscopy and
thermogravimetric analysis (TGA)
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and imaging. NMNs dimensions have similar size compared with several cell
components, which make them ideal candidates for monitoring molecular interac-
tions and reactions. These plasmonic NMNs behave as nanoantennas or
nanotransducers, which help to remotely control the photoactivation reactions that
trigger different responses including nanoheating, control binding and aggregation,
or to help in enhanced signals (fluorescence, IR-absorption spectroscopy and
surface-enhanced Raman techniques). The usage of nanophotonics for theranostics
applications is shown in Fig. 3.10 (Conde et al. 2012).

To utilize plasmonic NMNs for bioapplications need to fulfil specific criteria
based on the applications. For example, for applications in photothermal therapy,
drug delivery or intracellular sensing requires of specific size, and biocompatibility.
However, for sensing applications the optimization of field enhancements and
homogeneity of plasmonic nanomaterials are the key parameters apart from the
size and toxicity (Polo et al. 2018a).

The LSPR of plasmonic NMNs is mainly depend on the size and composition,
thus tuning the size and composition is one of the intense research areas for synthesis
of different plasmonic nanomaterials. At first tuning the composition of plasmonic
nanomaterials looks the good option, but there are only several nanoparticles which
can show plasmonic properties such as (Au, Ag, Cu and its chalcogenides, Al, Rh,
Ru, In, Na). However, Rh, Ru and In metals are only active in UV region (Ren et al.
2003), Al and Na show less stability towards oxidation (Ross and Schatz 2014), and
Ag, Cu and its chalcogenides are toxic in nature, which limits the availability of
different types of plasmonic nanomaterials for bioapplications. Tuning the size and
plasmonic coupling of plasmonic nanoparticles are also the key parameters to
control the plasmonic properties of the NMNs. The general plasmonic nanomaterials
for common bioapplications are shown in Table 3.4.

Fig. 3.9 Schematic illustration for different effects of interaction of light with plasmonic NPs and
their bioapplications. Figure taken from Polo et al. 2018a with permission
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Fig. 3.10 Schematic illustration for the usage of nanophotonics for various bioapplications.
Figure taken from Conde et al. 2012 with permission

Table 3.4 The most common bioapplications of different plasmonic nanomaterials

Plasmonic
Probes Dimensionsa

LSPR
(nm) Bioapplications References

Au nanorods l¼20-100; t¼
8- 30

600-1500 PTT, TPL, SERS (Nikoobakht and
El-Sayed 2003)

Au nanostars d¼30-100 600-900 PTT, SERS (Chen et al. 2013)

Au
nanoshells

d ¼ 50 -120;
t ¼ 2 -30

600-1000 PTT, SERS (Hirsch et al. 2003)

Au nanocages e ¼ 20 -100 600-1000 PTT, TPL, SERS (Au et al. 2010)

Au
nanoprisms

e ¼ 50 - 200;
t ¼ 8 - 20

800-1500 PTT and thermal
sensing

(Polo et al. 2013)

Au NPs d ¼ 10- 100 510-550 Colorimetric, SERS (Elghanian et al. 1997)

Ag NPs d ¼ 10 -100 400-600 Colorimetric, SERS (Mock et al. 2003)
a length (l), diameter (d), edge length (e) and thickness (t)
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3.3.4.1 Diagnostic Applications of Plasmonic Nanomaterials

In the recent years, different types of plasmonic sensors are fabricated in which the
final output is based on the optical read-out, the basic principle is that plasmonic
nanomaterials enhance different light–matter interactions by several orders (Shaik
et al. 2018). The optical read out-system is mainly work depending on the changes
occurring in aggregation state of nanoparticles and refractive index of the surround-
ing medium, and change in the colour for the techniques like ELISA.

The development of LSPR on NP surfaces induces EF enhancements, in turn
which bring lot of changes in optical properties mainly in fluorescence quenching or
enhancements, SERS, and their electrochemical activity, act as transducers for
binding events which help for detecting biological analytes at low concentration
level. The high selectivity of target molecules using label-free assays makes
plasmonic NPs as ideal candidates for the fabrication of different types of sensors
in environmental and biomedical areas.

3.3.4.2 Sensing

Biosensors are fabricated using different types of plasmonic nanoparticles. The
unique feature of localizing the EF at the plasmonic nanoparticle surface helps for
the development of various types of biosensors that have potential to detect analyte
of interest in complex biological scenario (Luan et al. 2018). Many LSPR based
biosensors have improved a lot owing to the increased absorption and scattering
phenomenon. This is also exploited for the development of SERS-based detection of
biological analytes. The mechanism of biosensors for detection of analytes is
different, they are mainly work on the change in refractive index, colour change,
change in fluorescence signals and enhanced SERS signals are the key parameters
which are indirectly measured to detect the sample of interest (biomarkers, bacteria,
virus, toxins, etc.). Several label-free biosensors are also developed for the detection
of virus, bacteria and toxins, etc. Au and Ag based plasmonic nanoparticles are
mainly used in several LSPR based biosensors for recognizing different types of
biomolecules and biomarkers related to specific diseases (Nusz et al. 2009). To
enhance the sensitivity of biosensors, the size, shape and compositions of NPs are
tuned and used in the fabrication of biosensors.

The NPs surface functionalization is the key parameter for enabling the identifi-
cation of different analytes in biological complex media, since NPs are exposed to
whole blood, serum and plasma which may lead to unwanted interactions. The
functionalization of several types of biomolecules on the surface of NPs avoids
unspecific interactions. Several immune assays are developed based on tuning the
aggregation of plasmonic NPs. The combination of plasmonic NPs with enzyme-
linked immunosorbent assay (ELISA) is called plasma ELISA, widely employed to
detect several analytes. Inci et al. developed the plasmonic based biosensor for the
detection of HIV virus in the unprocessed blood. The biosensor is based on the
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plasmonic Au NPs linked with antibodies to selectively capture rapidly emerging
various types of HIV as shown in Fig. 3.11 (Inci et al. 2013).

In recent years, the critical developments in nanofabrication and instrumentation
have taken place and the SERS has brought many changes towards the fabrication of
biosensors for real-life applications. SERS-based sensing strategies are mainly
divided into two types: direct vs. indirect based SERS. In direct SERS method, the
analyte of interest is detected directly and it gives the characteristic SERS spectra for
the target analytes. To achieve this, the analyte needs to adsorb on the plasmonic
substrate and to achieve this, analyte should show affinity towards the plasmonic
nanomaterials. For example, Guerrini et al. fabricated a positive charged Ag NPs to
which negatively charged DNA adsorb on the surface of Ag NPs. Electrostatic
adhesion between the negatively charged phosphate groups of DNA with the
positively charged Ag NPs further induces the trapping of DNA molecules between
the Ag NPs, which act as a highly active SERS cluster. This help to improve SERS
signals which can able to detect DNA at very low concentration. Fig. 3.12a repre-
sents the schematic illustration for the detection of double-stranded DNA interaction
with the chemotherapeutic agent of Cisplatin (Masetti et al. 2015). The direct SERS
approach provides the intrinsic SERS spectrum of the analyte related to chemical-
specific interactions. However, this method is not suitable to detect the analytes in
complex biological media. In this case, different chemical species co-adsorb with the
analyte of interest and gives inaccurate information.

The indirect SERS approaches can overcome the issues and difficulties arise with
direct SERS measurements. In indirect SERS measurements, the analysis and
detection of analyte of interest can be monitored by measuring the vibrational
responses of a chemosensor or a SERS reporter. Fig. 3.12b represents an example
for the real time identification of nitric oxide (NO) in the living cell using a
4-aminobenzenthiol (ABT) as a chemoreceptor (Rivera_Gil et al. 2013). ABT is

Fig. 3.11 A biosensor based on the functionalization of Au NPs with anti-gp120 antibody is
developed for the detection of virus based on the change of LSPR. Figure taken from Inci et al. 2013
with permission
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covalently attached to the Au nanoparticles coated in a mesoporous silica. NO
penetrates into the mesoporous shell reacts with ABT through diazotization process,
which alters the SERS spectra of the chemosensor. The extent of alterations of these
chemosensor profile SERS spectra can be correlated quantitatively with NO. The
other indirect SERS approach is identification of analyte based on SERS-encoded
NPs (SEPS) other than chemosensors. The encoded NPs typically consist of
plasmonic core labelled with a SERS code stabilized with inert shell which is usually
consist of silica, PEG or some other materials. The outer surface of the inert shell is
conjugated with bio-recognition elements (aptamers, oligonucleotides, antibodies,
etc.) which improve the selectivity affinity towards the analyte of interest. For
example, Alvarez-Puebla et al. integrated SEPS with microfluids to fabricate a
device which operates based on optical detection of the microorganisms for the
quick detection and quantification of pathogens in large volume of biofluids as
shown in Fig. 3.12c (Pazos-Perez et al. 2016). For the detection of analyte of interest
in infected sample, SEPs encoded with specific biological elements for the detection
of specific pathogens are mixed with the sample and these SEPs bound in large
number at the surface of the pathogen membrane. The sample is irradiated with a

Fig. 3.12 Schematic illustration for different SERS-based sensing schemes. (a) Direct label- free
SERS detection of double-stranded DNA (dsDNA). Figure taken from Masetti et al. 2015 with
permission (b) Indirect SERS with chemosensors for the detection of nitric oxide (NO) in living
cells. Figure taken from Rivera_Gil et al. 2013 with permission (c) Indirect SERS with SERS-
encoded NPs for detection of bacteria in biofluids. Figure taken from Pazos-Perez et al. 2016 with
permission
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785 laser to detect SERS signals, as analyte of interest passes it generates huge
amount of SERS signals as a result of large amount of SEPs present on the surface of
pathogen membrane. The SERs code provides an unique spectral fingerprint for
specific pathogen, which has potential to measure in complex sample consisting of
different pathogens.

3.3.4.3 Bioimaging

Plasmonic NPs have large scattering effects when interact with light and this
phenomenon is exploited for studying the NP-cell interaction studies in dark field
microscopy. For example, Au NP of size 5 nm is used for a single molecule imaging
in a live cell and for detection of cancerous cells by conjugated NPs with epidermal
growth factor (EGF) (Leduc et al. 2013). These EGF receptors present in larger
amount in cancerous cell. The mechanism is that Au NP of 5 nm will exhibit less
scattering effect when they are inside the cells, but when they attached with EGF
receptors on the cell membranes in which inter NPs greatly enhances the scattering
effects. The light emitting NPs have improved the biomolecular imaging field, to
which the multi-photon resonance microscopy has greatly contributed. A large
variety of plasmonic nanomaterials which can absorb near infrared absorption
(NIR) radiation have been used as TPL (two-photon luminescence imaging) contrast
agents. Several types of multifunctional plasmonic nanocomposites have been
developed for the multimodal imaging (Li et al. 2018). Nanoparticles are
functionalized with other molecules such as dyes, or NPs or semiconductor NPs,
upconverting NPs are used for enhanced contrast agents for imaging. For example, a
dye integrated with plasmonic NP in a polymer or silica shell can enhance the
fluorescence signal up to 20-fold high (Sotiriou et al. 2012). The size, shape and
composition of Au NPs can be tuned to have similar excitations of fluorescence
molecules in NIR region. Several different types of plasmonic NPs have been
reported as contrast agents in optical imaging (OI) and non-invasive bioimaging
applications.

For example, Leduc et al. used 5 nm Au nanoparticles functionalized with
camelid antibodies that have capability to recognize widely used green fluorescent
proteins (GFPs). These act as probes for imaging a single molecule in a living cell
and in vitro using photothermal imaging shown in Fig. 3.13 (Leduc et al. 2013).

3.4 Therapeutic Applications

The physicochemical properties of plasmonic NPs are widely used in therapeutic
applications mainly based on photothermal heating or heat triggered to release drug
from plasmonic nanocarriers.
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3.4.1 Photothermal Therapy (PTT)

The photothermal response from plasmonic NPs has been exploited for many
biomedical applications. In this therapy, plasmonic NPs generate heat which is
higher than the physiological temperature (few degrees above 37 �C) and it is
known as hyperthermia. The elevated temperature can be used to kill cancerous
cells, since the cancerous cells are highly susceptible to heating. The nanoheating is
localized one that the heating is confined within the tumour cells and do not spread to
the surrounding healthy cells. The tumour cells can be inactivated with the slight
increase in temperature prior to cancer treatments using radio or chemotherapy. Au
and Ag nanoparticles are widely used for PTT applications. The optical properties of
these plasmonic NPs can be monitored to achieve high near-IR (near infrared)
absorption region by tuning the size, shape and composition of Au NPs. Halas and
coworkers first reported the PTT in 2003 using silica-Au nanoshells with silica core
of size 110 nm and a 10 nm thick Au shell (Pham et al. 2002). Many other shapes of
Au NPs such as nanocages, nanoprisms, nanostars and nanorods are used for PTT
(Pérez-Hernández et al. 2015).

Several distinct responses from the excitation of NPs by light have been reported
inside the cell such as ablation, apoptosis and necrosis. These have different mech-
anisms such as generation of bubbles, reactive oxygen species (ROS), elevated
temperatures and lysosomal membrane disruption for treatment using in PTT. Au
nanoprisms that specifically induce apoptosis in mouse embryonic fibroblast cells
transformed with the SV40 virus are shown in Fig. 3.14b. Au nanocages of size

Fig. 3.13 (a) Nanobody functionalized Au NPs as an optical probe for single molecule tracking in
live cells by photothermal imaging. (b) NB-Au-NPs target kinesin-GFPs in vitro. Figure taken from
Leduc et al. 2013 with permission
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45 nm in edge have been developed which has strong absorption in near-IR region
and used as photothermal agents for cancer treatment Fig. 3.14a. Apart from this,
encapsulated cargo vehicles are fabricated using polymers and plasmonic NPs such
as plasmonic liposomes and lipid nanocapsules which act as drug carrying vehicles
when excited using appropriate light.

3.4.1.1 Theranostics Nanosystems

In the year 2001, John Funkhouser has introduced the term theranostics (meaning a
large bag of Therapeutics and Diagnostics). In general, theranostics refers to the
comprehensive effort that combined the therapy and diagnostic in a single system.
The concept of nanotheranostics was introduced with the emergence of nanotech-
nology and nanoparticles. The nanotheranostics has the potential to provide
non-invasive imaging, targeting and treatment at the diseased sites without showing
major impacts on the surrounding healthy cells. The theranostics nanomaterials can
be made of using different chemical moieties such as targeting for specific biomo-
lecular binding, diagnostics agents and polymer coating or matrix which gives
colloidal stability and surface engineering bio-conjugation. The high surface area
to volume ratio, small size, in addition to unique optical and electronics properties
are the added advantage for the fabrication of nanotheranostics system (Chen et al.
2017). The complex nanotheranostics system can signal (diagnostics) and deliver
drugs to specific cancerous cells and necessary target sites to perform the therapy.
The more advantage is after controlled release of encapsulated drug molecules to the
targeted sites, the nanoparticles can be safely degraded and excreted from body.
Several different types of plasmonic NPs have been used as the one of the important
components in the fabrication of theranostics system (Li et al. 2014). For example,
Liu et al. reported on the fabrication of plasmonic NPs as multi-mode theranostic
agents (Lin et al. 2013). The plasmonic nanocomposites consist of Au NPs which act

Fig. 3.14 Au nanocages and nanoprisms as model systems for photothermal applications.
Figure taken from Chen et al. 2007 and Pérez-Hernández et al. 2015 with permission
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as combination of PTT, drug-delivery and imaging systems with encapsulated Ce6
which may act as a PDT and/or fluorescence agent (Fig. 3.15) which act as a perfect
model system for theranostics application.

3.4.1.2 Antibacterial Activities

Plasmonic nanomaterials such as Au, Ag and Cu exhibited excellent antibacterial
activities (Seil and Webster 2012). In the last decade the usage of Ag nanoparticles
as antibacterial and antiseptic applications has been increased tremendously. Ag NPs
show the best bactericidal activity among the other plasmonic nanomaterials (Ulaeto
et al. 2020). Different sizes of Ag NPs show different bactericidal properties and its
activity increases with the decrease in size of Ag NPs, and it also shows antiviral
properties which are highly dependent on size and stabilizing agents (Sharma et al.
2009). The antimicrobial effects of Ag, Au and Cu show different mechanisms,
including binding to microbial DNA, direct membrane rupture, and interacting with
sulphydryl activities of several enzymes (Aziz et al. 2014, 2015, 2016). These NPs
are also responsible for the generation of ROS which in turn cause enzyme and lipid
oxidation. Thomas et al. investigated the effect of antimicrobial activity of the

Fig. 3.15 Theranostics NPs: Plasmonic Au vesicles (GVs) loaded with photosensitizer (Ce6)
which provide trimodal imaging capabilities consisting of fluorescence, thermal and OI, and
PTT/PDT for cancer therapy. Figure taken from Lin et al. 2013 with permission
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formation of Ag NPs from AgNO3 which is entrapped inside the poly (acrylamide-
co-acrylic acid) matrices (Thomas et al. 2007). For such systems, the antimicrobial
activity will be enhanced with the increase of concentration of AgNO3. In a similar
approach, Ozay et al. reported on the synthesis of composite particles using emulsion
polymerization of 4-vinylpyridine. These hydrogels with the incorporation of Ag
and Cu NPs exhibited antibacterial activity on B. subtilis, S. aureus, P. aeruginosa
and E. Coli (Ozay et al. 2010).

Zan et al. reported on the synthesis of poly vinyl alcohol (PVP) hydrogels films
on biodegradable poly (L-lactic acid) (PLLA), integrated with Ag NPs and this
hybrid composite shows potent antimicrobial activity towards E. coli, and reduced
HeLa cell adhesion(Zan et al. 2010). In addition, Ag-Au hybrid systems are also
used as antimicrobial systems. Dos Santos et al (dos Santos et al. 2012) reported on
the fabrication of citrated capped Ag-Au alloy NPs and integrated with conventional
antibiotics and tested for antimicrobial activity. The presence of those NPs in the
hybrid systems decreases the requirement of the amount of conventional antibiotics
needed for antimicrobial effect.

Several metal oxides related NPs including ZnO, TiO2, Fe2O3/Fe3O4, CeO2, ZnS
and CdSe displayed antimicrobial activity (Valencia et al. 2020). Among these metal
oxide nanoparticles, extensive research is conducted on TiO2 NPs towards antimi-
crobial activity owing to photocatalytic nature. The photocatalysis nature of TiO2

NPs depends on many factors such as crystallite size, morphology, crystal structure,
caused UV-induced generation of hydroxyl radicals which has potential to oxidize
essential bacterial components such as proteins, nucleic acids, lipids and polysac-
charides. Chen et al. (Chen and Chen 2010) fabricated nanohybrid consisting of
incorporated TiO2 nanoparticles in polyurethane, and found efficient antimicrobial
effect against S. aureus, E. coli and P. aeruginosa. In similar manner, different
compositions of different metal oxide-based NPs act as antimicrobial activities.

3.5 Conclusions

Nanotechnology has emerged into an independent and advanced technology which
has brought revolutionary changes in the twenty first century. Nanoparticles (1-100
nm) the building blocks of nanotechnology exhibited unique optical and chemical
properties which we are exploited for different applications. The optical and chem-
ical properties are highly dependent of size, shape and composition of nanoparticles.
The synthetic strategies act as powerful tools to control the growth of nanoparticles
and have created enormous nanoparticles with different properties. The availability
of advanced instrumentation has further advanced to investigate the different prop-
erties of nanoparticles. Plasmonic nanoparticles are widely used in biomedical
applications as bioimaging agents, antimicrobial agents, biosensors and mainly as
theranostics. Nanotechnology has potential to address many of the global challenges
facing today our society and can bring novel solutions to these challenges to improve
the quality of life.
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However, there are few areas to address, there is a great need to develop novel
synthetic strategies to tune size, shape and compositions of nanoparticles easily
which indeed helpful to create advanced nanohybrids, need to improve characteri-
zation techniques to study the physicochemical properties of nanoparticles easily and
to explore usage of nanoparticles in diverse applications. In addition,
monodispersity, stability, large-scale production, biocompatibility of the various
nanoparticles need to improve. We strongly believe with the continuous research
efforts that can improve the applications of nanoparticles in biology and medicine to
next level.
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Chapter 4
Nanofibers in Medical Microbiology

Renato L. Gil, Célia G. Amorim, Joan Manuel Rodríguez-Díaz,
Alberto N. Araújo, and Maria C. B. S. M. Montenegro

Abstract Nanotechnology is an emergent field of research and innovation applied
to nanoelectronics, nanomaterials, nanobiology, nanomedicine, among other areas.
Particularly in medicine it has been used to improve the disease diagnosis through
novel instrumentation as well as the treatment efficacy through the encapsulation and
controlled release of bioactive compounds. Overall, nanotechnology can provide
novel tools and techniques to biomedical research, namely in proteomics, genetics
and regenerative medicine. Polymer nanofibers are one of the nanostructures that
have been used in nanomedicine, especially those fabricated by electrospinning. The
development of drug delivery systems, wound dressing materials, tissue regenera-
tion and disease diagnosis are the most representative examples about the use of
electrospun nanofibers. Their use in medical microbiology has mostly contributed to
an improvement in the treatment of microbial infections through the increase of
response capacity of active pharmaceutical ingredients but also into the reduction of
side effects. In this chapter, a comprehensive overview about the manufacturing
techniques and the most common polymers used for nanofibers production is
discussed. The relation between the usefulness of these nanofibers with their com-
position, their size, and orientation is pointed out. Their medical applications on
microbiology, namely the local administration of antibiotic drugs in infected areas,
the development of wound dressing materials to improve the healing process and the
possibility to raise or replace biological functions without organ transplantation by
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the use of artificial materials were analysed covering the developments accom-
plished over the last 10 years. It is noticed a lack of information about the formation
of biofilms on the surface of nanofibrous scaffolds. Moreover, more studies must be
done considering the nanoscale morphology and the type of polymer used, which
seems to be crucial to prevent infections by microorganisms across medical
applications.

Keywords Nanosciences · Medical microbiology · Nanofibers · Biomedical
engineering · Drug delivery · Wound dressing · Tissue engineering

4.1 Introduction

Nanoscience and nanoengineering are emerging and promising interdisciplinary
research areas from nanotechnology. The prefix ‘nano’ derives from the Greek
νᾶνoς (Latin nanus), meaning “dwarf”. The General Conference on Weights and
Measures officially endorsed the usage of nano as a standard prefix in 1960 and
depicts one thousand millionths of a meter (10�9 m) (Vert et al. 2012). The
technology operated at nanoscale dimensions (1–100 nm) in material, physical,
chemical, biological, and environmental sciences (Fig. 4.1) makes this content so
important as the industrial revolution (Barhoum et al. 2019; Thangadurai et al.
2020a, b).

The scientific story of nanotechnology applied to nanoelectronics, nanomaterials,
nanobiology, nanomedicine, etc. started in the middle of the last century. Richard
Feynman, an American physicist, and Nobel Prize laureate, introduced the concept
of nanotechnology in 1959, giving the first lecture about this subject “There’s Plenty
of Room at the Bottom” (Feynman 1960), at California Institute of Technology at the
American Physical Society meeting.

Fig. 4.1 Examples of nanoparticles sizes. (Reproduced from Gnach et al. (2015) with permission
from The Royal Society of Chemistry)

88 R. L. Gil et al.



Particularly in medicine, nanotechnology has been used in three main areas (Jain
2019), which includes: (a) rapid diagnosis, auxiliary treatment and transport of
active substances; (b) scientific research in molecular medicine like genetics and
proteomics through the production of modified microorganisms; (c) regenerative
medicine by the creation of biomaterials and nanostructures with potential clinical
implications (Peran et al. 2013). In the last few years, promising therapies and
diagnosis devices resorting to nanoparticles were used to face the increasing inci-
dences of cancer, cardiovascular, respiratory, musculoskeletal, and neurodegenera-
tive diseases (Patra et al. 2018). The first generation of nanoparticle-based therapy
comprised lipid systems like liposomes and micelles that could include gold or
magnetic nanoparticles to change membrane fluidity for drug delivery system
(Park et al. 2006). Diferent types of nanomaterials are frequently considered in
designing the target-specific drug delivery systems namely in drugs with poor
water solubility and less absorption ability (Mira et al. 2020; Ye et al. 2020); and
they stay in the blood circulatory system for an extended period of time with an
easier penetration in the tissue system, facilitating the uptake of the drugs by cells.
Therefore, the increase of drug delivery efficiency in the target location is possible.
They have been also referred concerning their nanostructure on the biological
effects. Several parameters such as size, zeta potential, surface chemistry, mechan-
ical property, shape and other inherent biophysical/chemical characteristics contrib-
ute to enhance drug delivery effectiveness (Venkataraman et al. 2011; Prasad et al.
2017). However, toxicity and exposure data, combined with therapeutic properties,
have been contributed to the risk assessment evaluation on the use of nanomaterials
in consumer products, improving its regulation by governmental organizations
(FDA 2012; Hardy et al. 2018; SCCS 2020; Tsuji et al. 2006).

The most current types of nanomaterials used in medical biology are carbon-
based materials, metal-based materials, dendrimers, composites, polymers, etc.
(Azonano 2017; Gubala et al. 2018). Carbon-based materials are composed mainly
of carbon and can be prepared with different shapes: hollow spheres, ellipsoids or
tubes; metal-based materials include quantum dots, nanogold, nanosilver and metal
oxides, such as titanium dioxide; dendrimers are nanosized polymers built from
branched units, whose surface can be tailored to perform specific chemical functions;
composites combine different nanomaterials or different sizes of bulk-type materials.
Polymers are another type of nanostructured materials that can be prepared in
different morphologies such as nanofibers, nanoparticles, nanowires, nanospheres,
and others (Lu et al. 2017). They have been used in medical care, such as drug
delivery, tissue engineering, wound dressing, diagnosis systems, etc. Among them,
nanofibers are highlighted once they have been proposed to support many develop-
ments guided to therapeutic solutions such as scaffolds structures, functionalization
for tissue engineering and regenerative medicine; delivery systems for drugs/pro-
teins/genes; bioactive wound dressings; membranes for different medical applica-
tions including filtration and dialysis; and biosensing for disease diagnostics and/or
prognosis.

Fibers are a bioinspired nanostructure in the way that we recognize from either
continuous filaments or elongated objects. The history of fiber production by
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humanity, such as wild silk threads is dated to c. 2450–2000 BCE. The spindle for
the manufacture of cotton and wool fibers used in the production of clothing was
invented around 1300 BCE. This practice slowly evolved into the textile industry in
the 1880s (Xue et al. 2019). The history of synthetic nanofiber technology started in
the late 1500s with William Gilbert work (Burgess 2012). This English physician
observed that when a piece of charged amber was brought near a spherical drop of
water on a dry surface, the amber “pulls the nearest parts out of their position and
draws it up into a cone.” (Barhoum et al. 2019). This was the first reported case of
electrospraying, which was later renamed into electrospinning.

The electrospinning process for nanofibers production was recognized and reg-
istered as a patent in 1902 (Cooley 1902). Later in 1914 John Zeleny studied the
behaviour of fluid droplets at the end of metal capillaries that formed fine fibers,
which contributed to the development of the mathematical model explaining the
behaviour of fluids under electrostatic forces (Tucker et al. 2012). Until 1995
electrospinning process was employed for over three decades in industries to
produce various products, namely spun and tubular products, nonwoven fabrics,
grafts, etc. (Doshi and Reneker 1995). For further details, the reader shall check the
work published by Tucker et al. (2012) and Xue et al. (2019). Since that time, the
term electrospinning becomes more popular and the number of publications has been
increasing exponentially every year (Fig. 4.2).

Nanofibers can be prepared from natural or synthetic polymers that result in
different mechanical properties and applications. The most common materials used
are organic polymers in the form of either solution or melt. Synthetic polymers
include poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA), polycaprolactone
(PCL), polyurethane (PU), poly(lactic-co-glycolic acid) (PLGA), poly
(vinylpyrrolidone) (PVP), polyethylene oxide (PEO), poly(ethylene-co-
vinylacetate) (PEVA), etc. (Sharma et al. 2015). Their main advantages are the
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“nanofibers” as keyword. (Source: Web of Science database, June 2020)
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low-cost, tailored architecture, controllable degradation rate, and mass production
(Nair and Laurencin 2007). Natural polymers include collagen, silk fibroin (SF),
heparin, keratin, gelatin, proteins, and polysaccharides such as cellulose acetate
(CA), pectin, chitosan, and alginate (Sharma et al. 2015). These natural polymers
are highlighted by their biocompatibility, which induces low antigenic response.
However, their price and poor water stability hinder their use in nanofibers produc-
tion. Nonetheless, these natural polymers could be combined with synthetic poly-
mers to fabricate hybrid nanofibers with better mechanical properties (Homaeigohar
and Boccaccini 2020).

The rheological properties of the polymer, dictated by its molecular weight, and
its electrical properties determine its chain entanglement. For instance, lowering the
molecular weight tends to generate beads rather than fibers. All the molecules that
can have self-assemble and generate enough chain entanglement can be used for
nanofibers production. Overall, lower viscosity and lower density of surface charges
favour the formation of beaded nanofibers, whereas reduction of surface tension
makes the beads disappear gradually (Xue et al. 2019). A variety of compounds can
also be combined to produce composite nanofibers structures to have improved and
inimitable physical, chemical, and biological properties (Polini and Yang 2017).

Interestingly, the choice of the polymer and the technique used for nanofibers
production is based on its final application. Particularly in nanomedicine, the
physico-chemical properties of the used polymer should be carefully evaluated
since they affect the biocompatibility, cytotoxicity, and physical features (diameter,
shape, and form) of the final nanofibers. In the present chapter, we focus on the use
of nanofibers in biomedical applications, highlighting their importance in medical
microbiology. PCL, PLGA, and gelatine have been used in the fabrication of
nanofibers for the delivery of antibiotics and wound dressing materials with
antibacterial properties. Parallelly, SF, PLA, and CA have been used for tissue
engineering and drug delivery systems, while PEVA, PVA, and chitosan have
been proposed, as promising polymers, for drug delivery applications (Table 4.1).

4.2 Manufacturing Techniques

There are several techniques to make nanofibers, which can be divided into
non-electrospinning and electrospinning techniques (Fig. 4.3). The first group
includes drawing techniques, spinneret-based tunable engineered parameter method,
phase separation, self-assembly, template synthesis, freeze-drying synthesis, and
interfacial polymerization of nanofibers according (Alghoraibi and Alomari 2019).
The second group includes electrospinning, which is the most commonly used
technique to generate nanofibers for research applications and has also demonstrated
the most promising results in terms of biomedical applications. Different structures
such as hollow, flat, and ribbon-shaped, with controlled, inter- and intrafiber porosity
can be fabricated depending on the application purposes. Many advantages for the
use of the electrospinning method have been referred such as the straightforward
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setup, the ability to mass-produce continuous nanofibers from various polymers, and
the capability to generate ultrathin fibers with controllable diameters, compositions,
and orientations (Al-Enizi et al. 2018; X. Z. Gao et al. 2019; W. J. Lu et al. 2014).

Electrospinning technique was firstly implemented with a simple apparatus for
nanofibers production. A syringe containing polymer solution or melted polymer,
with a charged metallic needle tip, a grounded or oppositely charged collector, and a
high-voltage power supply, are the main constituents. The electrospinning process
can be divided into four stages:

(a) charging of the liquid droplet and formation of Taylor cone or cone-shaped jet
(Fig. 4.4); the equilibrium reached between the electrostatic charges (resulted by the

PRODUCTION
METHODS OF
NANOFIBERS

Drawing

Dry spinning
method

Producing
methods of
inorganic

nanofibers
Applied to

high
viscoelastic
materials

A die or a
template are

used

Main
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the separation
of phases due

to physical
incompatability

Polymer melt
extruding
method

Applied to the
thermopiastic

materials

Centrifugal
forces are used

instead of
electrostatic

forces to
produce

nanofibers

Electrostatic
forces are used

to produce
nanofibers

Nanofibers
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by freeze-
drying of the
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–80°C

Template
Synthesis

Phase
Separation

Melt-Blown
Technology

Forcespinning Electrospinning Freeze-
Drying

Fig. 4.3 Schematic representation of nanofibers production methods. (Reproduced from Yildiz
et al. (2020). Copyright © 2020 with permission from Elsevier)

Fig. 4.4 Electrospinning technique for nanofibers production. (Reprinted with permission from
Xue et al. (2019). Copyright © 2019 American Chemical Society)
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application of an electric field) and the surface tension of the solution, is responsible
for the Taylor cone formation. Up this voltage point, the jet is ejected from the tip of
the Taylor cone; (b) extension of the charged jet along a straight line; (c) thinning of
the jet in the presence of an electric field and growth of electrical bending instability
(also known as whipping instability); (d) solidification and collection of the jet as
solid fiber(s) on a grounded collector (Xue et al. 2019). The jet passes through a
region of instability, where the solution’s solvents evaporate and are deposited onto
the substrate as a fiber (Kitto et al. 2019).

Nowadays, there are available electrospinning systems with needleless technol-
ogy for a high-throughput production for pilot scale and industrial-scale production
(Ske 2020). In this new electrospinning platform, a rotating cylindrical spinneret
with the application-specific rotating collectors makes possible the fabrication of
many fibrous architectures with various fiber diameter and orientation. The fiber’s
properties are determined by the applied voltage, the flow rate, and the distance
between the spinneret and the collector (Xue et al. 2019).

As previously mentioned organic polymers can be applied to solution
electrospinning or melt electrospinning. The most used one is the solution
electrospinning where the solid nanofibers are formed after solvent evaporation
and deposited on the collector (Xue et al. 2019). Biocompatible and biodegradable
synthetic polymers, such as PCL and PLGA, have been directly electrospun into
nanofibers and further explored as scaffolds for biomedical applications (Eren Boncu
et al. 2020; Tahmasebi et al. 2020). On the other hand, natural biopolymers, such as
SF, fibrinogens, dextran, casein, chitosan, alginate, collagen, and gelatin, have been
electrospun into nanofibers from their solutions.

The structure and morphology of the nanofibers produced by solution
electrospinning are determined by the polymer (ex: molecular weight), by the
solvent (suitable for polymer dissolution), processing parameters, and atmospheric
conditions. Some polymers such as polyethylene and polypropylene are not suitable
for solution electrospinning due to their low solubility in solvents. In those situa-
tions, fibers are produced by melting electrospinning resorting to hot circulating
fluids, electrical heating tape, or laser (Xue et al. 2019).

The nanofibers obtained by electrospinning can have meticulous orientations and
dimensions, which makes this technique a powerful fiber manufacturing tool. The
possibility to fabricate nanofibers with controlled/uncontrolled structure and
ordered/non ordered orientation empathize their potential and acceptability for
biomedical applications, which require well-arranged alignment and special struc-
tures (Greiner and Wendorff 2007).

Nanofibers use is increasing in several medical areas as already described.
Particularly in medical microbiology, two important aspects of their use should be
noticed. The first is related to their development and application in tissue engineering
and the strategies to avoid biofilm formation that can affect their medical viability.
The second is related with their use as a drug delivery system for antibiotics that help
to optimize the therapy, reduce the concentrations, and reduce or eliminate the lateral
effects of the drug. The use of wound dressing based on nanofibers has also been
considered concerning microbiological aspects, namely the antibacterial and
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anti-inflammatory properties of some polymers or the incorporation of bioactive
substances for that purpose.

4.3 Medical Applications on Microbiology

As already mentioned nanofibers have been widely used in biomedical applications.
Their attractive properties such as the ratio of high surface area and volume as well as
the high porosity with small pores enhance their use because of the similar charac-
teristics with the extracellular matrix. This novel morphology emphasize cell behav-
iour and offers promising support for cells, which is quite attractive for tissue
engineering purposes (Al-Enizi et al. 2018; X. Z. Gao et al. 2019; W. J. Lu et al.
2014; Yoshimoto et al. 2003). A plethora of other biomedical applications using
nanofibers have been reported, especially drug delivery systems (Abid et al. 2019),
biological wound dressings (Homaeigohar and Boccaccini 2020) and medical diag-
nosis (Rezaei and Mahmoudifard 2019). Particularly in medical microbiology, the
controlled release of active pharmaceutical ingredients for bacterial infection ther-
apy, wound healing materials incorporating antimicrobial substances and the fabri-
cation of effective biosensing systems for disease diagnosis are the representative
examples of these types of applications (Fig. 4.5). Nonetheless, nanofibers can also
be used for early detection, cure, and diagnosis of cancer but this subject will not be

Fig. 4.5 Key of biomedical applications of nanofiber composites (Bacakova et al. 2020)
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described in this chapter. For further details, the reader shall check the work
published by Abid et al. (2019).

4.3.1 Drug Delivery Systems

Drug delivery systems refer to a technical system that comprehensively regulates the
distribution of drugs in living organisms in space, time, and dosage (Ghosh and
Murthy 2006; Prasad et al. 2017). It uses controlled-release materials that allow a
slow and continuous release of the drug in the human body, maintaining its effective
concentration for a long period. An ideal delivery system should release drug
molecules in a controlled manner, preserving their bioactivity, optimizing their
effectiveness, and reducing their side effects (Bongio et al. 2010; Mottaghitalab
et al. 2015). Therefore, the development of novel and effective drug delivery systems
for the controlled release of bioactive molecules is of critical importance in
field medicine, particularly in medical microbiology. The recent advances in
nanomaterials research opened new possibilities, allowing the production of numer-
ous nanostructured carriers including liposomes, dendrimers, and nanoparticles
(Mody et al. 2014) as well as electrospun nanofibers (Cleeton et al. 2019). The latter
has been used for drug administration purposes due to their high surface-to-volume
ratio. This feature increases the efficiency of the encapsulation and the stability of the
drug release, as well as the ease of processing and the cost-benefit ratio (Ulubayram
et al. 2015).

The selection of polymers is very important in the fabrication of electrospun
nanofibers for drug delivery systems since their features like water solubility,
polarity, and molecular weight would determine the properties of the final
fiber (Ye et al. 2020). One of the polymers that attracted attention was chitosan
due to its biodegradability, biocompatibility, and safety characteristics. However,
electrospinning pure chitosan is very difficult due to the repulsive forces between its
ionic groups (Desai et al. 2008). Meanwhile, PVP is a synthetic hydrophilic polymer
with well spinnable and mechanical properties that can be used alone or combined
with other polymers to fabricate electrospinning fibers (Ye et al. 2020).

Another important aspect is related to the solvent system, which is fundamental
for the optimization of electrospinning by altering the rheological and electrostatic
properties of the polymer solutions. This feature was recently demonstrated after the
encapsulation of linezolid, a new generation antibiotic against methicillin-resistant
Staphylococcus aureus (MRSA) infections, into electrospun PLGA nanofibers using
different solvents (Fig. 4.6). The researchers found that mono solvent solutions were
not spinnable but solvents combined at different ratios allowed the production of
nanofibers (Eren Boncu et al. 2020). In this work, the best combination was attained
with dichloromethane and dimethylformamide at 50:50 ratio (v/v), providing a
controlled release of linezolid for 13 days.

The mechanism and the amount of drug-loaded inside the nanofibers is also a key
factor for the development of highly effective nanofibers as drug delivery systems.
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There are several ways to incorporate the drugs inside the fibers including blended
electrospinning, emulsion electrospinning, co-axial electrospinning, and surface
modification (Fig. 4.6) (Wang andWindbergs 2017). Drug molecules can be directly
embedded into the polymer fiber matrix or be attached to the fiber surface. None-
theless, the mechanism release of the drug from the electrospun fibers is also an
important aspect, which can be affected by different factors such as the drug content,
drug distribution in nanofibers and fiber diameter distribution (Al-Enizi et al. 2018;
Verreck et al. 2003).

The first study related to the use of electrospun fibers as drug delivery system
came out in 2002, in which tetracycline hydrochloride, an antibiotic used for

Fig. 4.6 Schematic illustration of drug incorporation strategies into nanofibers. (a) Blend
electrospinning, where drugs and polymers are co-dissolved in solvents to be spun; (b) emulsion
electrospinning, where drug solutions are emulsified into immiscible polymer solutions, followed
by spinning; (c) co-axial electrospinning, where drug and polymer solutions are separately spun
through two concentric nozzles; (d) post-immobilization, where drugs are conjugated onto fabri-
cated nanofiber matrices through physical or chemical interaction. (Reproduced from (J. Wang and
Windbergs 2017). Copyright © 2017 with permission from Elsevier)
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periodontal disease treatment, was loaded into PLA, PEVA, and PLA/PEVA blend
(50:50, w/w) nanofibers (Kenawy et al. 2002). The results pointed out that the
release profile was dependent on the nature of the used polymer and the amount of
the loaded drug. The best results showed a smooth release of the drug over about
5 days using electrospun PEVA and PLA/PEVA (50:50) mats. In recent years,
electrospinning has been used to the synthesis of polymer nanofibers capable of
sustained release of several pharmaceutical drugs such as antibiotics (Y. J. Chen
et al. 2020a; Shahi et al. 2017; Song et al. 2017; Y. N. Yang et al. 2020) and anti-
cancer substances (Y. Liu et al. 2020; Sedghi et al. 2017; Yan et al. 2020). The most
recent and representative examples are summarized in Table 4.1, which included
ceftazidime, vancomycin, emodin, doxorubicin, and paclitaxel drugs.

Although the techniques for incorporating drugs into nanofibers have proven to
be somewhat effective, it was identified a fast pharmaceutical drug dissolution
(or bioactive substance) on electrospun nanofibers surface, which is known as
burst release (Al-Enizi et al. 2018). To circumvent this drawback, core-shell com-
posite nanofibers can be fabricated using co-axial electrospinning, in which two
miscible or immiscible materials can be electrospun together (Huang et al. 2006).
Using this approach, drugs can be coated by an outer shell of a polymeric layer to
enhance the release of these materials. An interesting study reported the variation of
the physical and chemical properties of the core and shell solutions to control the
release of a hydrophilic drug, metoclopramide hydrochloride (Tiwari et al. 2010).
The results clearly indicated a more controllable release pattern with the core-shell
fibers using either PLC, PLA, and PLGA comparing to the respective monolithic
fibers.

On the other hand, the use of core-shell nanofibers can simplify the use of
pharmaceutical drugs with poor solubility in water and low oral bioavailability.
The co-axial electrospinning nanofibers with emodin drug encapsulated in the

Fig. 4.7 Electrospun nanofibers used for emodin encapsulation and release. (a) Transmission
electron microscopy image of core-shell structure nanofiber containing emodin. (b) Cumulative
release curves of emodin from nanofibers and raw emodin. (a) Nanofibers containing emodin, (b)
raw emodin. The insert profiles show the release behavior of nanofibers and raw emodin during the
initial 12 h. (Ye et al. 2020)
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hygroscopic cellulose acetate sheath is a representative example (Fig. 4.7a) (Ye et al.
2020). The results showed a biphasic drug release profile of emodin with an initial
rapid release followed by a slower sustained release (Fig. 4.7b). In another work,
co-axial electrospinning was used to prepare core-shell nanofibers containing amox-
icillin trihydrate loaded in SF as core and PVA in the shell (Ojah et al. 2019). The
fabricated nanofibers showed a biphasic drug profile with prolonged antibacterial
activity against the Gram-negative Escherichia coli (E. coli) and the Gram-positive
Staphylococcus aureus (S. aureus) bacteria. A similar approach was described in the
fabrication of PVA/PCL core-shell nanofibers, in which PVA and PCL formed the
core and shell layers, respectively (Yan et al. 2020).

The remarkable progress in this field of nanotechnology, particularly in
nanomaterials science, conducted on the development of new drug delivery systems
based on electrospun nanofibers. The recent research trends refer to the incorporation
of nanoparticles into polymer nanofibers to develop new medical treatment strate-
gies. An interesting example refers to the incorporation of vancomycin-loaded
gelatine nanospheres into SF nanofibers through a colloidal electrospinning tech-
nique (Song et al. 2017). The results showed a more sustained release of vancomycin
from nanofibrous membranes fortified with gelatine B nanospheres than nanosphere-
free membranes. This strategy provides an extended antibacterial effect against
S. aureus. Additionally, SF/graphene oxide nanofibers were fabricated by blended
electrospinning, and the antibacterial activity was further evaluated (Wang et al.
2018). The results showed an increase of the inhibitory effect against S. aureus and
E. coli which was enhanced by the addition of graphene oxide.

The combination of natural or synthetic drugs with electrospun mats for the
development of drug delivery systems has been proved to be an attractive alternative
to eliminate microorganisms. The major problems like low solubility and poor
bioavailability of the drugs can be overcome by their incorporation into nanofibrous
scaffolds.

These excellent outcomes of nanofibers as drug delivery, combined with their
mechanical properties leverage their use as wound dressing materials.

4.3.2 Wound Dressing

Recently, electrospun nanofibers have been used as materials for wound healing
purposes, which is a physiological process that occurs normally as a response to
tissue damage to maintain its functionality and integrity (Monaco and Lawrence
2003). An ideal polymer for wound dressing should be noncytotoxic, biodegradable,
hemocompatible, easy to remove, and capable of maintaining the moisture content
over the wound surface (Wang et al. 2007). Another relevant characteristic should be
their impermeability to bacteria, avoiding the formation of biofilms at the surface
that could infect the wound. In general, the excellent properties of nanofibers
accomplish these criteria, particularly the high oxygen porosity and the similar
texture to the natural extracellular matrix in the skin, which largely contributed to
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the development of new medical materials (Fayemi et al. 2018). Polymer nanofibers
can be used by themselves without any additives or in combination with bioactive
plant extracts or synthetic materials used to improve their efficiency (Table 4.1).
Mussel adhesive proteins (Kim et al. 2015) and honey-derived products (Sarhan and
Azzazy 2017) could also be used to fabricate nanofibers with enhanced wound
healing capability. Some of the representative examples of materials incorporated
into electrospun nanofibers are displayed in Fig. 4.8.

Among the natural herbal extracts, there are several examples stated in the
scientific literature. In one case, the well-known antioxidant properties of Aloe
vera were enhanced by its incorporation into electrospun PLGA nanofibrous mem-
brane, stimulating the proliferation and activity of fibroblasts (Garcia-Orue et al.
2017). The wound-healing effect was even boosted by loading the nanofibers with a
recombinant human epidermal growth factor, which acted as a mediator in the
healing process. Electrospun nanofibers synthetized from PVA and chitosan blends
loaded with extract of Bidens pilosa were also referred (Kegere et al. 2019). The
results showed an increase in the antibacterial activity of the composite nanofibers
against S. aureus and E. coli. When compared with either herbal extract or chitosan
alone, suggesting their potential use as wound healing material. The herbal extract of
the traditional Centella asiatica was also incorporated into gelatin nanofibers using
electrospinning technique, promoting fibroblast proliferation and collagen synthesis,
which enhanced the wound healing process (Yao et al. 2017). Other examples in the
literature refer to moringa leaf extracts with antimicrobial properties incorporated
into polyacrylonitrile electrospun nanofibers (Fayemi et al. 2018). Chemical
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Fig. 4.8 Schematic application of electrospun nanofibers as wound healing materials
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substances obtained from herbal extracts can also be used such as the salvianolic acid
B (Salvia miltiorrhiza) and bromelain (Ananas comosu) that were co-loaded into
electrospun core-shell nanofibers (Shoba et al. 2017). In this case, the bromolein was
first released from PVA/gelatin shell to remove the formed eschar as a result of its
proteolytic activity while the salvianolic acid was loaded into the core of PCL to be
released later and promote the formation of new blood vessels.

The recent advances in nanomaterials have drawn the attention of researchers to
the development of novel wound dressings. An interesting example describes the
incorporation of different contents of silver nanoparticles into chitosan nanofibers by
electrospinning process (Lee et al. 2014). The composite nanofibers showed a higher
degree of effectiveness against P. aeruginosa andMRSAwhen compared to the pure
chitosan nanofibers. Additionally, as the number of nanoparticles increased in the
fibers, its antibacterial properties were enhanced against both microorganisms.
In another work, gold nanoparticles modified with 6-aminopenicillanic acid as
antibacterial active ingredients were loaded into PCL/gelatin nanofibers by
co-electrospinning to fabricate biocompatible wound dressings against multidrug-
resistant bacteria (X. Yang et al. 2017). Zinc oxide nanoparticles were also used to
produce composite scaffolds based on oxidized cellulose and the synthetic polyeth-
ylene glycol polymer (Shefa et al. 2019). The nanofiber composite was obtained by
the freeze-drying method and showed biodegradable and biocompatible character-
istics. The incorporation of zinc oxide enhanced the blood/fibrin coot formation and
antibacterial properties, proving the potential of the proposed scaffold to be used as a
hemostatic agent while inhibiting the spreading of bacterial infections. Other appli-
cations for cutaneous wound healing reported the use of graphene oxide to enhance
the antibacterial activities of nanofibers, such as the SF/graphene oxide-blended
nanofibers (Wang et al. 2018) and the scaffolds based in PU and CA as polymers
blended with a reduced graphene oxide/silver nanocomposite and the natural poly-
phenolic compound called curcumin (Esmaeili et al. 2020).

Antimicrobial peptides are other group of effective broad-spectrum antibiotics
that can be used for the treatment of both Gram negative and Gram positive bacteria
(K. V. R. Reddy et al. 2004; Inamuddin et al. 2021). Accordingly, these short
peptides have been incorporated in electrospun nanofibers for the fabrication of
wound dressings. An interesting example describes the loading of the Crabrolin, a
synthetic peptide, into PCL electrospun nanofibers. An extended linear release
profile of the antimicrobial peptide was observed (Eriksen et al. 2013). In a different
work, lysozyme and niasin were incorporated into an electrospun nanofibrous
scaffold synthesized with a blend of water soluble polymers, PVA and poly(acrylic
acid) and showed a stronger antibacterial activity against S. aureus, proving the great
potential to treat infected wounds (Amariei et al. 2018). Lysozyme was loaded into
electrospun nanofibrous mat based in chitosan-ethylenediaminetetraacetic acid
blended with PVA (Charernsriwilaiwat et al. 2012). In animal wound healing
studies, lysozyme loaded nanofibers exhibited an accelerated healing rate compared
to the control (gauze) (Fig. 4.9). In another study, a synthetic single chain peptide
derived from the proline-rich antimicrobial peptide dimer A3-APO was loaded into
PVA electrospun nanofibers (Sebe et al. 2016). The results indicate an improvement
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in the appearance of wounds treated with APO-loaded nanofibers, reducing signif-
icantly the wound size and its bacterial presence. Other examples reported the
incorporation of the synthetic Cys-KR12 into SF electrospun nanofibers (Song
et al. 2016) and the co-loading of pam3CSK4 peptide and vitamin D3 into core-
shell nanofibrous (S. Chen et al. 2017a).

As previously described, electrospun nanofibers have been used successfully to
develop new solutions for wound healing agents. Natural and synthetic polymers
have been used so far, including chitosan, SF, PVA, PU, PLA, and PCL, among
others. Parallelly, several antibacterial materials such as bioactive molecules and
nanoparticles were already incorporated into nanofibrous mats to prevent wound
infection. The versatility of polymers and the tremendous research in nanomaterials,
namely in bioactive nanoparticles will certainly contribute to the appearance of
novel and cost-effective wound dressings.

4.3.3 Tissue Engineering

Tissue engineering is an interesting research field for the development of functional
replacements for damaged tissues namely for musculoskeletal (including bone,

Fig. 4.9 Presence of wound healing at 1, 4, 7, and 10 days after adding (a) 30% lysozyme loaded
CS–EDTA/PVA nanofiber mats, (b) gauze (�ve control), and (c) commercial antibacterial gauze
dressing (Sofra-tulle®) (+ve control). (Reproduced from (Charernsriwilaiwat et al. 2012). Copy-
right © 2012 with permission from Elsevier)
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cartilage, ligament, and skeletal muscle), skin, vascular and neural tissues (O’Brien
2011; Vasita and Katti 2006). It involves the use of a biocompatible scaffold capable
of mimic the biological function and structure of the natural extracellular matrix,
which is essential for the formation of new viable tissue. The similarity of
electrospun nanofibers with the extracellular matrix offers a promising approach to
develop fibrous scaffolds for cells growing, migration, and seeding. In recent years,
different artificial polymeric scaffolds have been developed for bone and vascular
tissue engineering, among others (Al-Enizi et al. 2018; W. J. Lu et al. 2014). Some
representative examples are summarized in Table 4.1, including the formation of
nanofibrous scaffolds for cell attachment and proliferation as well as the fabrication
of nanofibers able to incorporate and deliver different growth factors. Nonetheless,
the formation of biofilms on the surface of such nanofibrous scaffolds may be a
ubiquitous problem (Kurtz and Schiffman 2018), leading to bacterial infections at
the implanted place and severe health problems. To reduce the need for the use of
antibacterial agents, anti-fouling nanofibers to repel microbes and proteins for as
long as possible, delaying their binding to solid material is one of the areas with great
impact on tissue engineering. Electrospun nanofiber mats will keep having a vital
role in controlling the local interactions with microorganisms across medical appli-
cations (Kurtz and Schiffman 2018).

To understand the interaction between bacteria and the polymer, Fabrizio De
Cesare recently studied the effect of the nanofiber diameter on the attachment of
bacteria (De Cesare et al. 2019), using electrospun PCL nanofibers and Burkholderia
terrícola bacteria cells as models. The results showed that bacteria attached prefer-
entially to nanofibers with �100 nm diameter. Thus, materials could be created to
reduce or prevent the adhesion of bacteria by adjusting the size of the fibers, acting as
well as antimicrobials for the biocontrol of diseases induced by pathogens in
medicine (De Cesare et al. 2019).

Nonetheless, not only in the area of microbiology these nanofiber compounds
have attracted interest. Various biodegradable and biocompatible polymers, includ-
ing either natural and/or synthetic polymers have been tested in the nanofibers
production. An interesting example refers to the natural polymer chitin and its
derivative, chitosan, for the fabrication of nanofibrous scaffolds applied mainly in
bone tissue engineering (Tao et al. 2020). Similarly, a composite scaffold made of
chitosan, alginate, collagen, and hydroxyapatite was fabricated by electrospinning to
decrease the collagen solubility at the implanted place (Yu et al. 2013). The
nanofibers were applied in studies in vitro showing a reduction of the collagen
decomposition by 35% in 10 days, which contributed to the cell spreading, attach-
ment, mineralization, and proliferation. Synthetic polymers have been also used for
nanofibers production, such as the attractive study describing the synthesis of a
tubular nanofibrous structure with a 6 mm internal diameter by blended
electrospinning of polyethylene terephthalate and PCL (Nejad et al. 2020). The
suitable mechanical properties of the attained nanofibers, combined with the bio-
compatibility of both polymers, make this material a good candidate for artificial
vessel replacement.
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Natural polymers can also be combined with synthetic polymers to produce
hybrid nanofibers with better mechanical properties. An example of this valuable
strategy was demonstrated by combining SF, an animal-derived protein, whose use
has been hindered by the poor mechanical properties and the high biodegradation
rate, with the synthetic polymer Nylon 6, which has excellent mechanical strength
and a low decomposition rate (Yuan et al. 2020). These composite nanofibrous mats
were loaded with lysozyme and collagen. The results showed a high potential for
clinical therapy of pelvic organ prolapse. Among the natural polymers, peptides and
proteins have drawn the attention of researchers, particularly in the field of tissue
engineering. The great advantage relies on the fact that they are basic components of
cells and have many vital functions in the body, which provides a high degree of
compatibility (Yildiz et al. 2020). Besides, they are biodegradable materials and thus
can be easily removed from the body without surgical intervention. Different
peptide/protein nanofibers have been described in the literature using either plant
or animal-derived proteins. Plant-derived proteins used in nanofibers synthesis
include zein (Zhang et al. 2015), soy protein (Ramji and Shah 2014), and gluten
(N. Reddy and Yang 2008) while animal-derived proteins can be listed as casein
(Selvaraj et al. 2018), SF (Y. Chen et al. 2017b; Y. Gao et al. 2018), bovine serum
albumin (Valmikinathan et al. 2009; Won et al. 2012), elastin (Machado et al. 2013),
fibrinogen (Z. Liu et al. 2015), keratin (Rajabi et al. 2020) and gelatin (Aldana and
Abraham 2017), among others. The effect of nanofibers based on peptide/protein
scaffolds has been demonstrated in various in vivo studies but this material is not
available on the market, yet (Yildiz et al. 2020).

Another interesting approach for tissue engineering involves the use of growth
factors alone or in combination with cells or other biochemical materials for cellular
reparation (Laurencin et al. 1999). These growth factors usually behave as mediators
of basic cell functions through their binding to specific receptors (Anitua et al. 2012).
However, due to their instability, they have a short half-life time, losing their
effectiveness in a short period. Therefore, there is an urgent demand to develop
new methods capable of delivering these growth factors, maintaining their stability
and activity. Regarding this aspect, electrospun nanofibers have great potential due
to the ability to incorporate and deliver these growth factors (Shin et al. 2012). An
interesting example refers to the use of electrospun gelatin nanofibers to incorporate
the fibroblast growth factor 2 (FGF-2), providing the increased cell proliferation
when compared with control nanofibers (Lee et al. 2016). In another study, an
electrospun core-shell nanofiber scaffold loaded with osteogenic enhancer fibroblast
growth factors, FGF-18 and FGF-2, was fabricated for repairing bone defects. The
core was based on PEO loaded with the FGF-2 and the FGF-18, which was first
incorporated into bioactive glass nanospheres for a long-term delivery, while the
outer shell was synthesized from PCL (Kang et al. 2015). The in vitro cellular studies
showed significant stimulation of cell proliferation and the induction of cellular
mineralization. Histological images at 6 weeks were examined after H&E and
Masson’s trichrome staining (Fig. 4.10), showing the formation of new bone with
similar morphology to old bone, particularly observed in the scaffold loaded with
FGF18/FGF2.
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Vascular endothelial growth factor, involved in angiogenesis, was also incorpo-
rated into electrospun nanofibers (Rosa et al. 2017). The fabricated scaffolds based
on PGLA provided a sustained release of the growth factor over 6 days, enhancing
the cell adhesion without any remarkable toxicity. In another case, co-axial
electrospinning was used to encapsulate a recombinant form of this vascular growth
factor and PEO in the core of nanofibers, while a mixture of PCL and PEG were used
to synthetize the shell (Zigdon-Giladi et al. 2017). The in vitro cellular studies
demonstrated an endothelial cell migration 80-fold higher with the loaded nanofibers
when compared to the scaffold without growth factor. Studies in mouses confirmed
that nanofibers loaded with the vascular growth factor can stimulate cell migration
into the scaffold within three days and significantly enhanced blood vessels forma-
tion within 14 days, whereas control scaffolds contained few vessels. The

Fig. 4.10 Histological images of the harvested samples at 6 weeks, optically examined after H&E
(left column) and Masson’s trichrome staining (right column): (a) blank control, (b) scaffold only,
and (c) FGF2/FGF18-scaffold. Enlarged images of the FGF2/FGF18-loaded scaffold group in the
region of new bone formation revealed an immature woven bone structure with osteocytes, bone
lining cells and vessel forming cells. Dashed lines indicate defect margins. OB, old bone; NB, new
bone. Scale bars in (a–c): 500 μm; and in the enlarged image: 100 μm. (Reproduced from Kang
et al. (2015). Copyright © 2015 with permission from Elsevier)
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incorporation and release of nerve growth factor (Whitehead et al. 2018), platelet
derived growth factor (Bertoncelj et al. 2014) and connective tissue growth factor
using different nanofibers are other representative examples (Xu et al. 2019).

Nowadays, electrospun nanofibers have been used to develop new strategies in
tissue engineering area. The results achieved so far are at embrionary stage but the
replacement of bone and vascular tissue in animals was already accomplished. An
important aspect of the use of nanofibers, although the biocompatibility and
noncytotoxic features, is related to the formation of biofilms at the polymer’s
surface, which can lead to severe infections. Further work should be performed to
understand this behaviour and overcome this drawback.

4.4 Future Perspectives

The importance of nanoscale science and technology in different fields is remark-
able. The development of various nanostructured materials has been improved
medical care not only from the perspective of early disease diagnosis but also in
novel therapeutic strategies. Particularly in microbiology, nanomedicine has been
contributed to improving the treatment efficiency on microbial infections through the
increase of response capacity of active pharmaceutical ingredients but also into the
reduction of side effects.

A plethora of nanostructures has been used for medical biology applications, in
which nanofibers represent an attractive and powerful approach. The excellent
properties of nanofibers and the versatility of available polymers, either natural or
synthetic, highlight their use in medicine.

In this chapter, the use of nanofibers for the local administration of antibiotic
drugs in infected areas by microorganisms is described. The development of wound
dressing materials based on nanofibers has also been described to improve the
healing process, by incorporating bioactive substances capable of eliminate bacteria
and reduce the inflammation.

Tissue engineering based on nanofibers have an excellent potential to create
functional materials or technologies that mimics the structural organization of
natural tissues. The possibility to raise or replace biological functions without
organ transplantation by the use of artificial materials that enable the seeding and
proliferation of cells into the material structure is a present goal. The potential of
these nanostructured materials is highlighted by the functional and mechanical
properties of electrospun nanofibers similar to the extracellular matrix. However, it
is scarce the data about the formation of biofilms on the surface of such nanofibrous
scaffolds, considering the nanoscale morphology and the type of polymer used.
These studies are crucial to controlling the local interactions with microorganisms
across medical applications.

Overall, nanofibers show to be a reliable and promising approach in
nanomedicine, particularly in medical microbiology.
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Chapter 5
Extraction of Silver Nanoparticles (Ag-NPs)
by Green Synthesis from Aqueous Extract
of Seaweeds and Their Consequences
on HeLa Cell Line and Their Utility on Soil
by Spectroscopic Tools

K. SenthilKannan, G. Flora, S. Gunasekaran, H. Abdul Jaffar Ali,
M. Vimalan, and S. Balasubramanian

Abstract Seaweed extracts have been used to synthesize silver nanoparticles
(Ag-NPs) as they offer many benefits and utilities. The use of biological materials
in nanoparticles synthesis is preferred as they are eco-friendly and compatible for
pharmaceutical and other biomedical and therapeutic applications. As the number of
applications of NPs increases, assessment of the risks posed by NPs is important and
it has developed into an area of research itself. Metallic nanoparticles have different
applications such as in electronics, catalysts and photonic applications. Silver metal
has toxicity against a wide range of micro organisms especially silver nanoparticles
which has promising antimicrobial properties and other bio utilities. Silver
nanoparticles are effective as anti-inflammatory, anti-angiognesis, antiviral and
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anti-platelet activity against cancer cells. The Ag-NPs synthesized were from the
aqueous extracts of seaweeds and were characterized by using spectral analysis as a
perspective tool. The effect of the synthesized silver nanoparticles on the isolated
soil microbes were assessed by different assays such as Calorimetric chowder assay
and Agar diffusion assay. The effect of synthesized Ag-NPs on earthworm was also
studied by examining its morphology and histology. The toxicity of the combined
seaweed-AgNPs against HeLa carcinoma cells has been analyzed. Also the Ag-NPs
are studied with Fluorescence—FL activity with band gap in eV.

Keywords Silver NPs · Green synthesis · Seaweed · HeLa cell line · Soil ·
Spectroscopic tools

5.1 Synthesis and Characterization of Silver Nanoparticles

Silver nanoparticles have been broadly utilized for the time of the point of reference
hardly many years in different applications because of their notable adequacy in
biomedical (Cao et al. 2010), electronic (Mohan et al. 2007), catalysis (Feng et al.
2011) and optical applications (Hayward et al. 2000). Specifically, the extraordinary
antimicrobial properties of Ag-NPs have prompted the advancement of a wide
assortment of nano silver things, including nanosilver-covered injury dressings,
prophylactic gadgets, vigilant instruments, and embeds (Lohse and Murphy 2012;
You et al. 2012; Aziz et al. 2016). Aside from these antimicrobial exercises, Ag-NPs
are likewise known to have antifungal, calming, antiviral, hostile to angiogenesis
and against platelet properties. Also, later improvements have seen Ag-NPs utilized
in room shower, backdrop gloves, clothing cleanser, and divider paint definitions
just as in the material business for garments producing. The current examination
depicts a solitary advance, green, and fast combination of silver nanoparticles
(Ag-NPs) arranged by organic (green) strategies utilizing kelp concentrates of
Rhodymenia palmata, Gracilaria corticata, Hypnea musciformis, Sargassum
tenerrimum, Stoechospermum marginatum and Dictyota dichotoma.

Watery arrangement of 1 mM silver presented to fluid marine growth concen-
trates of Rhodymenia palmata, Gracilaria corticata, Hypnea musciformis, Sargas-
sum tenerrimum, Stoechospermum marginatum and Dictyota dichotoma a
noticeable shading change from straightforward, light earthy colored to dim earthy
colored in 5 minutes at room temperature. It indicates the pattern of silver
nanoparticles which was confirmed by spectral analysis. The amalgamations of
silver nanoparticles were observed at regular intervals through UV visible spectros-
copy. The shading change deduction is one of least demanding realized procedures
to affirm the nanoparticles union as there is decline in size with an expansion in
excitation of external surface electrons known as surface plasmon reverberation
(Ding et al. 2015).

The movement of the response prompting the change of Ag+ from AgNO3 to
decreased nano one by watery concentrate of Rhp (Rhodymenia palmata), Grc
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(Gracilaria corticata), Hym (Hypnea musciformis), Srt (Sargassum tenerrimum),
Stm (Stoechospermum marginatum) and Dtd (Dictyota dichotoma). Silver
nanoparticles were checked by watching the shading change and absorbance max-
ima top in the scope of around 416 nm. The apex showed a surface plasmon
reverberation (SPR), which has just been recorded for different metal nanoparticles
which went from 2 to 100 nm in size (Henglein 1993; Ravindra and Rajasab 2014).
The state of the band was even proposing uniform dispersal of nanopartcles (Travan
et al. 2009). Absorbance maxima pinnacle of Grc-AgNPs, Hym-AgNPs (Gracilaria
corticata, Hypnea musciformis ocean growth blended silver nanoparticles) is in the
scope of 375 nm affirming the development of silver nanoparticle (Baia and Simon
2007; Ayman et al. 2014). The recurrence and width of the surface plasmon
assimilation relies upon the size and state of the metal nanoparticles just as on the
dielectric steadiness of the metal itself and the encompassing medium (Mukherjee
et al. 2002).

5.2 XRD

X-beam or X-ray diffraction (XRD) of silver nanoparticles delivered utilizing
Gracilaria corticata and Hypnea musciformis are appeared in the Figs. 5.1 and
5.2. Various Bragg’s reflections with 2θ estimations of 38, 44, 6 and 77 which
coordinate to the (111), (200), (220) and (311) arrangements of grid planes are
experiential which are recorded to the face-focused cubic structures for silver. The
widened Bragg’s pinnacle shows the development of nano crystals (Theivasanthi
and Alagar 2010; Zargar et al. 2011). The XRD pattern of the pinnacles showed that
the silver nanoparticles blended byGracilaria corticata andHypnea musciformis are
translucent in nature and a portion of the unassigned acmes were additionally
watched, it might be expected to the less bimolecular of settling operators, catalysts
or proteins in the marine growth.
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Fig. 5.1 XRD diffraction patterns recorded from drop coated films of silver nanoparticles on Grc-
AgNPs
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5.3 Antioxidant

Antioxidant association of thorough going phenols, tannins, flavonoids, tocopherol
and terpenoids contants of watery concentrates of Rhodymenia palmata, Gracilaria
corticata, Hypnea musciformis, Sargassum tenerrimum, Stoechospermum
marginatum and Dictyota dichotoma, Rhp-AgNP (Silver nano incorporated by
Rhp), Grc-AgNP (Silver nano orchestrated by Grc) and Hym-AgNP (Silver nano
combined by Hym), Srt-AgNP (Silver nano integrated by Srt), Stm-AgNP (Silver
nano blended by Stm) and Dtd-AgNP (Silver nano combined by Dtd) introduced,
showed in Fig. 5.3 that these synthetic substance were prevalently higher in fluid
concentrate of Rhodymenia palmata, Gracilaria corticata, Hypnea musciformis,
Sargassum tenerrimum, Stoechospermum marginatum and Dictyota dichotoma
contrasted with the ocean growth diminished AgNPs (Rhp-AgNPs, Grc-AgNPs,
Hym-AgNPs, Srt-AgNPs, Stm-AgNPs and Dtd-AgNPs). Yet, terpenoid substance of
Grc-AgNPs and Rhp-AgNPs tocopherol content were higher than the fluid
concentrate.

In the current examination, cancer prevention agent limit saw on the nearness of
all out phenol, tannin, flavonoid, tocopherol and terpenoid content. The significant
measure of cancer prevention agents in the watery concentrate of Rhodymenia
palmata, Gracilaria corticata, Hypnea musciformis, Sargassum tenerrimum,
Stoechospermum marginatum and Dictyota dichotomawere noted. Polyphenolic
mixes are normal cell reinforcements which are found for the most part in kelp
(Moon and Shibamoto 2009). Polyphenolics contain lessening properties as hydro-
gen or electron giving specialists, in this way observed as cell reinforcements. So our
outcome uncovered that the concentrate of marine kelp Rhodymenia palmata,
Gracilaria corticata, Hypnea musciformis, Sargassum tenerrimum,
Stoechospermum marginatum and Dictyota dichotoma, were fit for creating Ag
nanoparticles extracellular and these nano particles are very steady in arrangement
due to topping likely by the polyphenols present in the concentrate.
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Fig. 5.2 XRD diffraction patterns recorded from drop coated films of silver nanoparticles on Hym-
AgNPs. Grc-AgNPs-Gracilaria corticata-AgNPs. Hym-AgNPs—Hypnea musciformis-AgNPs
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Fig. 5.3 Comparison of amount of antioxidant contents in seaweeds and seaweed synthesised
silver nanoparticles
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5.4 In-Vitro Cytotoxicity Investigation of Hym—AgNPs
on HeLa Cell Line

Nanoparticles (NPs) of various size and physicochemical properties have been
acquainted with numerous fields of life and biomedical sciences in the course of
the most recent decade (Oberdorster et al. 2005). In this regard, NPs opened another
period in biomedical sciences and have been utilized explicitly as quality or operator
bearers, and in sedate plan, change of therapeutics, naming of fluorescents, and
tissue building (Tan et al. 2007; Yoon et al. 2007; Kreuter and Gelperina 2008; Su
et al. 2008; Hackenberg et al. 2010). Among the NPs, silver nanoparticles (AgNPs)
have gotten consideration for their antimicrobial exercises (Cho et al. 2005; Kim
et al. 2006; Prasad et al. 2011, 2012; Prasad and Swamy 2013; Prasad 2014; Joshi
et al. 2018) and have been utilized for various purposes including the assembling of
disinfectants, shampoos, antiperspirants, humidifiers, wound dressings, and different
material items (Ahmed et al. 2008; Johnston et al. 2010; Zanette et al. 2011) they
have likewise been utilized as a covering for different implantable gadgets, for
example, catheters, heart valves, and inserts (Chen and Schluesener 2008;
Chaloupka et al. 2010). Regardless of their advantages, there has been not kidding
worry about the conceivable symptoms of AgNPs. Past investigations detailed that
AgNPs actuated genotoxicity and cytotoxicity in both malignant growth and typical
cell lines (Yoon et al. 2007; Aziz et al. 2019), adjusted cell morphology, decreased
cell suitability, and caused oxidative worry in lung fibroblast and glioblastoma cells
(Asharani et al. 2009), human and rodent liver cells (Hussain et al. 2005; Kim et al.
2010), HeLa cells (Sonoda et al. 1998) and THP-1 monocytes (Foldbjerg et al.
2009). AgNP-initiated cytotoxicity decreases cell feasibility in different cell lines by
causing apoptosis through the mitochondrial pathway (Hsin et al. 2008) and creates
oxidant species (Hess et al. 2008), which are notable for causing lipid peroxidation
of organic films and harm to basic proteins and DNA (Li and Osborne 2008).

The likely poisonousness of the combined Hym-AgNPs against HeLa carcinoma
cells has been analyzed. The HeLa cells were treated with various fixations
(50–200%) of nanoparticles for 48 h and afterward MTT examine was utilized to
gauge. As the decrease in cell suitability by�50% (inhibitory concentration¼ IC50)
in correlation with the control was accomplished at a portion of 100 μg/ml of
Hym-AgNPs, while the best number of cells were slaughtered at 200 μg/ml of
Hym-AgNPs. In any case, the cytotoxic impacts might be in part because of direct
activity of Ag+ particles discharged from AgNPs. Singh and Ramarao (2012)
detailed that AgNPs were taken-up by macrophages through receptor-intervened
phagocytosis and Ag+ particles were discharged from AgNPs. The free Ag+ particles
thus may meddle with a few cytoplasmic structures and pathways, including mito-
chondrial capacities actuating pressure pathways and apoptosis. Along these lines,
further examinations are expected to light up the AgNP actuated apoptosis and
altered form from the viewpoint. In the current examination, to manufacture
AgNPs of 50–100 nm in hydrodynamic distance across, which is an extensively
littler size for testing cyto-harmfulness. As recently revealed by Sohaebuddin et al.
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(2010), nano sized AgNPs are more harmful than bigger and micro sized particles.
Also, the AgNPs are synthesized in this examination are very cytotoxic against HeLa
cells. At present malignant growth kills around 70,00,000 individuals worldwide
on yearly premise. Henceforth, as of late, the quest for the malignant growth
therapeutics from normal items expanded step by step. Bioactive mixes in marine
life forms have been accounted for against different malignant growth cell lines.
Taking everything into account, anticancer movement of silver nanoparticles
incorporated by Hypnea musciformis appeared impressive cytotoxic impact
against human malignant growth cell lines. In this way, the incorporated silver
nanoparticles could be considered as a successful anticancer specialist. Be that as it
may, an examination in regards to cooperation of microbial orchestrated AgNPs
with the disease cell lines should be determined before the broad utilizing clinical
applications.

5.5 Effect of Green Synthesized Nanoparticles (Rhp-AgNPs,
Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-AgNPs
and Dtd-AgNPs) on Soil Microbial Isolates

Soil quality is characterized as the limit of mud to work, inside normal or oversaw
biological system limits, to continue plant and creature efficiency, keep up and
upgrade water and air quality, and bolster human wellbeing and home (Karlen
et al. 1997). Among the elements impacting soil quality, natural pointers revealed
as basically significant (Doran and Zeiss 2000) on the grounds that dirt creatures
reasonably impact soil biological system process, particularly the deterioration of
soil natural issue and the cycling of supplements (Kennedy and Smith 1995). In this
way, security of soil microbial biomass and assorted variety is one of the significant
difficulties for economical asset use due to more prominent degrees of microbial
biomass and decent variety mean more noteworthy supplement turnover and illness
suppressiveness of the dirt (Janvier et al. 2007). The inverse being valid for wiped
out soil with low supplement and carbon saves and more prominent degree of
contaminants brought about by the nearness of xenobiotics synthetic substances or
different variations in the dirt condition. Among the xenobiotics amazing quantities
of new nanoparticles designed for modern and natural application or framed by
results of human movement, which are as of now finding their way into soils
(Maurice and Hochella 2008). While the centralization of most built nanoparticles
in the situations despite everything stay obscure, introduction displaying recommend
that is soil could be a significant sing of nanoparticles discharged in to the earth and
that focus in soil are higher than in water or air (Gottschalle et al. 2009). Builted/
synthesized nanoparticles can be made of single components like carbon (C) or
Silver (Ag) or a blend of components. The expanding section of these nanoparticles
unavoidably leads to their amassing in soil, which have raised worries about their
aggregation on soil microbial action and decent variety. Right now almost no data is
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accessible on how these NPs influence the filth microbial network. Henceforth, the
impact of Rhp-AgNPs, Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-AgNPs and
Dtd-AgNPs on the microbial disconnected from garden soil were examined. The
detachment of microorganism was completed utilizing sequential weakening strat-
egy. Aliquots of 100 μl of various weakening of nursery soil were spread onto plates
of supplement agar mode for microorganisms and potato dextrose agar for growths.
The plates were brooded at 28 �C for 5 days under oxygen consuming conditions.
Created provinces were picked and disengaged dependent on morphological models
and the separated microbes were sub-refined as unadulterated culture. Unadulterated
refined organisms were identified as Bacillus spp, Bacillus subtilis, Staphylococcus
epidermidis, Serratia spp, Pseudomonas spp, Pseudomonas fluorescens andisolated
parasites were Aspergillus disinfects, Aspergillus flavus, Alternaria alternata,
Cladosporium spp. The microscopic organisms detached from the nursery soils are
soil N-cycle, nitrifying microorganisms (Mishra and Kumar 2009). To consider the
impact of silver nanoparticles on soil organisms to sort of in vitro measure were
completed they are calorimetric stock test and agar well dispersion examine.

5.6 Calorimetric Chowder Assay

Antimicrobial action of Rhp AgNPs, Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-
AgNPs and Dtd-AgNPs were concentrated against Bacillus spp., Bacillus subtilis
Gram positive soil nitrifying microbes Staphylococcus epidermidis Gram positive
denitrifying microscopic organisms, Serratia spp is Gram negative soil bio control
operator, Pseudomonas fluorescens, Pseudomonas spp Gram negative, plant devel-
opment enhancer and biocontrol specialist. Aspergillus fumicatus, Aspergillus
flavus, Alternaria alternata, and Cladosporium spp, soil borne growths, recycler
of carbon and nitrogen from perished living being.

Test of 3 ml of microbial culture were put into test cylinders and 1, 1.5 and 2 μl of
proper weakening of Rhp-AgNPs, Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-
AgNPs and Dtd-AgNPs were included. Following 24 hours brooding, absorbance
perusing at 520 nm frequency for every growth were estimated post hatching at
37 �C for 12 hours. Bacterial cell practicality and least inhibitory focus values were
controlled by watching the turbidity and the absorbance perusing of the suspension
post brooding. The most minimal centralization of blended nanoparticles with clear
suspensions was considered as the esteems. The suspensions of disconnected micro-
bial (Bacillus spp, Bcillus subtilis, Serratia spp, Pseudomonas fluorescens, Pseudo-
monas spp, Staphylococcus epidermidis, Aspergillus disinfects, Aspergillus flavus,
Alternaria alternata and Cladosporium spp) inoculums with every extraordinary
focus (1 μl, 1.5 μl, 2 μl) of Rhp-AgNPs, Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-
AgNPs and Dtd-AgNPs in stock examination technique were exceptionally overcast
that stayed all through the hatching time frame. This watched the visual suspension
for deciding the MIC as the turbidity because of bacterial and contagious
development.
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The calorimetric stock microbial development examination gave MIC esteem is
1 μl for all the tried 6 microbes and 4 parasites. The lower MIC values got for
microorganisms was Pseudomonas fluorescens and Serratia spp against Rhp-
AgNPs, Grc-AgNPs, Dtd-AgNPs of which Dtd-AgNPs indicated most extreme
development inhibitory action against Pseudomonas fluorescens. The consequences
of calorimetric stock microbial development examine of silver nanoparticles orches-
trated from ocean growth indicated moderate inhibitory impact against a large
portion of the dirt confined parasites which differed in the range. The MIC esteems
were seen in Rhp-AgNPs and Grc-AgNPs. The secluded fungal micro-organisms
Aspergillus fumicatus, Aspergillus flavus, Alternaria alternata and Cladosporium
spp had supplementary reticence (less turbid mixture) on Rhp-AgNPs and Grc-
AgNPs. The results of our revision showed momentous antimicrobial behavior in
calorimetric broth assay.

5.7 Agar Well Diffusion Assay

The impact of silver nanoparticles blended by eatable ocean growth on the micro-
organisms disconnected from the nursery soil were concentrated by calorimetric
stock test and further affirmed by Agar well dispersion examination. The conse-
quence of the antimicrobial screening trial of Rhp-AgNPs, Grc-AgNPs, Hym-
AgNPs, Srt-AgNPs, Stm-AgNPs and Dtd-AgNPs were tried against soil microbial
segregates (Bacillus spp, Bcillus substilis, Serratia spp, Pseudomonas fluorescens,
Pseudomonas spp, Staphylococcusepidermidis, Aspergillus fumicatus, Aspergillus
flavus, Alternaria alternata, and Cladosporium spp) utilizing agar well dispersion
procedure. The blended AgNPs were seen as increasingly compelling against tried
microbes. Grc-AgNPs, Hym-AgNPs, Srt-AgNPs, Stm-AgNPs and Dtd-AgNPs were
seen as insufficient or demonstrated helpless restraint on bacterial and contagious
development. The bigger zone of hindrance was watched for Rhp-AgNPs against
Serratia spp (8 mm) and Cladosporium spp (9 mm).

Despite the fact that base hindrance on soil microorganisms by orchestrated silver
nano particles have been seen in our examination. The possibility that microorgan-
isms are safe, resilent, and practically repetitive is invasion in biology (Allison and
Martiny 2008). Serious extent of metabolic adaptability, physiological resilience to
changing ecological conditions (Mayer et al. 2004), high bounties broad dispersal,
and potential for quick development rates have likewise lead to the proposal that
microbial networks will impervious to change (Fenchel and Finlay 2004). Further-
more, fast developmental adjustment through flat quality exchange could permit
touchy microorganisms to adjust to new natural conditions and rapidly return the
network to its unique piece (Allison and Martiny 2008). Obviously, these examina-
tions show that filth microbial networks frequently are very strong to bothers.
Despite the fact that far reaching comprehension of the associations between metal
oxide NPs and microorganisms particularly microbes is still at an early age (Han and
Gu 2010), Findings propose that microscopic organisms with a capacity to bear a
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poisonous specialist may show up with time (Baath 1992) and the antimicrobial
movement of incorporated NPs might be decreased by bacterial self security com-
ponent; for example, Bacillus subtilis (Gram positive) reacted to nC60 by modifying
layer lipid arrangement, stage progress temperature, and film smoothness (Fang et al.
2007). Earlier, Thill et al. (2006) contemplated the effect of water scattering of
CeO2-NPs (7 nm) on Gram negative bacterium E. coli and discovered emphatically
charged CeO2 at nonpartisan pH showed a solid electrostatic fascination towards
bacterial external layers and Ce (1 V) was diminished to Ce (111) at the outside of
the microorganisms. Microscopic organisms additionally have other defensive reac-
tions (Wu et al. 2010), they demonstrated that bacterial cells have extra cell protein
to kill limited quantities of poisonous particles to microorganisms and such defen-
sive components might turn out to be less compelling. Sudheer Khan et al. (2011)
found that microscopic organisms emitted exopolysaccharides that topped AgNPs in
this manner decreasing its harmfulness to E.coli, S. aerues and Micrococcus luteus
contrasted with the uncapped ones. The AgNP-harmfulness to nitrification micro-
scopic organisms has been accounted for to be exceptionally reliant on their size,
where AgNPs with under 5 nm distance across were accounted for to fundamentally
restrain the nitrification microbes (Cha and Hu 2008). Our outcome indicated that the
normal molecule size in 20 to 100 nm. AgNPs communications with microorgan-
isms have been seen as reliant on the size and states of the NPs. AgNPs have round
(7 and 29 nm) and Pseudo spherical shape (89 nm) with a limited size appropriation.
Among these, Martinez-Castanon et al. (2008) found that the 7 nm AgNPs intro-
duced best movement against E. coli and S. aureus. As a result of their size, 7 nm
AgNPs can without much of a stretch arrive at the atomic contact of microscopic
organisms and they present the best surface region; in this manner the contact with
microbes is the best (Lok et al. 2006). Essentially, the littler size they are, the more
noteworthy their surface zone to volume proportion and higher their microbial
reaching proficiency (Wong et al. 2010).

5.8 Effect of Silver Nanoparticles on Soil Parameters
and Earthworms (Morphology and Histology)

Nanoparticles are utilized in science and medication in a wide assortment of ways,
including direct application to patients (Salata 2004). Toward the finish of their item
life, NPs are probably going to wind up in the earth, especially in soil and water
bodies, and consequently influence life forms in those media. NPs have extraordi-
nary diffusivity and along these lines may cause progressively visit contacts with the
surfaces of permeable media contrasted with bigger measured particles (Wiesner
et al. 2006). Some metal NPs bear novel and exceptional organic properties that
permit them to connect explicitly with chosen proteins and restrain their exercises
(Bhattacharya and Mukherjee 2008). NPs can likewise infiltrate numerous sorts of
cells and tissues, and travel through the body framework causing tissue harm. Silver
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(Ag), a respectable metal, has been utilized over numerous years as unadulterated
silver (Ag), silver nitrate (AgNO3), and silver sulfadiazine (Ag SD) for the treatment
of consumes, wounds, and a few bacterial contaminations. In any case, because of
the rise of progressively powerful anti-infection agents, the utilization of these Ag
mixes has declined especially. As of late, nanotechnology has increased huge
driving force because of its capacity to deliver metals at nano dimensions, which
radically changes the concoction, physical, and optical properties of metals
(Bhattacharya and Mukherjee 2008; Srivastava et al. 2021) and the current utiliza-
tion of such items is expanding. In this manner, concentrates on the eco-toxicology
of Ag NPs-one of the most utilized NPs-have gotten increasingly significant.

Night crawlers are key life forms in earthly biological systems. Lumbricus
rubellus is the most well-known worm species found in farming biological systems
(Perez-Losada et al. 2009); consequently, this species is a fascinating contender for
use as an animal model to screen soil contamination. So analyzes were completed on
Lumbricus rubellus (night crawlers), are gathered from Aniyaparanallur,
Srivaikundam, Thoothukudi soil. Night crawler of grown-up, weighing around
200–300 mg and having very much evolved clitellum were utilized for all tests
and they were developed in earthen pots containing local soil to keep up physical and
synthetic boundaries of the dirt. A set with no application were kept up as control.
The reference control likewise kept with the utilization of SWC (Gracilaria
corticata and Hypnea musciformis). Another set kept with the utilization of Grc-
AgNPs and Hym-AgNPs are considered as treatment.

Soil tests were drawn when Gracilaria corticata, Hypnea musciformis, Grc-
AgNPs and Hym-AgNPs application to get to physical (dampness substance and
mass thickness and synthetic (pH and natural issue) boundaries of the muck.
Information shows that filth dampness content was diminished in the Grc-AgNPs
regarded soil as days advanced. There is no adjustment in soil dampness with control
and soil getting SWC (Grc and Hym). A pattern of reduction of mass thickness was
seen with the expansion of SWC and Grc-AgNPs and Hym-AgNPs were recorded
and were expanded with long periods of medicines.

The materials properties of soil, for example, pH and natural issue were contem-
plated and organized, natural issue content is for the most part viewed as one of the
key pointers of soil quality (Schjonning et al. 2009). Numerous highlights of good
soil structure, for example, security, friability and dampness maintenance, might be
influenced by soil natural issue. The dirt natural issue expanded continuously in the
control and reference control as days continued. However, utilization of SWC
expanded the natural issue in all the dirt examples and the addition was fast with
expanding development period. On twentieth day, use of Hypnea musciformis
upgraded the natural issue more effectively than Gracilaria corticata. In any case,
the degree of soil natural issue was appeared to be decline in the NPs rewarded soil.
Diminished dampness content, Bulk thickness and natural issue actuated by silver
nanoparticles decreased via growth in the current examination is reliable with prior
reports (Cornelis et al. 2012; Benoit et al. 2013; wang et al. 2013).

Soil with fine surface was accounted for to show higher surface territories which
additionally encourage Ag-sorption (Jacobson et al. 2005). Ag sorption and
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versatility are likewise constrained by soil natural matter (Jones and Peterson 1986).
Soils with high natural issue fixations absorb Ag more firmly than to mineral soils.
To acquire understanding into the impact of AgNPs in the earthbound condition,
Lumbricus rubellus worm sort, presented to Ag-NPs, and morphology and histology
were seen on each twentieth and 40th days. One lot of reference control were kept
with use of SWC.

The introduction of Grc-AgNPs and Hym-AgNPs had no impact on worm
endurance over the multi day time frame. There was 100% endurance at both the
nanoparticles introductions. Our outcomes are in concurrence with the discoveries of
Roh J-Y et al. 2009. Be that as it may, following 20 days of presentation of AgNPs
the earthy colored pigmentation of worm’s skin step by step changed into dim
shading. The pigmentation is bit by bit diminished with expanded period in all the
NPs rewarded night crawler.

Impact of silver nanoparticles introduction on the life structures of the night
crawler likewise examined and the transverse segment of fragments from the
clitellum area of the control, SWC rewarded and Grc-Ag nanoparticles uncovered
worms were taken fingernail skin and epidermis of the all the tried night crawler
were unblemished. The roundabout and longitudinal muscles are unaffected. In any
case, shrinkage of digestive tract divider is seen in the Grc-AgNPs uncovered
worms.

The histology concentrates on worm gave the end that the green incorporated
nanoparticles indicated high harm in the intestinal divider. No different variations
from the norm were seen in charge and reference control classification. The AgNPs
saw as having negative impact on the night crawler.

5.9 Fluorescence—FL

Atoms have different states alluded to as vitality levels. Fluorescence spectroscopy is
principally worried about electronic and vibrational states. For the most part, the
species being analyzed has a ground electronic express (a low vitality condition) of
intrigue, and an energized electronic condition of higher vitality. Inside every one of
these electronic states there are different vibrational states. In fluorescence, the
species is first energized, by engrossing a photon, from its ground electronic state
to one of the different vibrational states in the energized electronic state. Impacts
with different particles cause the energized atom to lose vibrational vitality until it
arrives at the most reduced vibrational state from the energized electronic state. The
particle at that point drops down to one of the different vibrational degrees of the
ground electronic state once more, radiating a photon in the process. As atoms may
drop down into any of a few vibrational levels in the ground express, the produced
photons will have various energies, and along these lines frequencies. Consequently,
by breaking down the various frequencies of light discharged in fluorescent spec-
troscopy, alongside their relative forces, the structure of the diverse vibrational levels
can be resolved. An emanation map is estimated by recording the outflow spectra
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coming about because of a scope of excitation frequencies and joining them all
together. This is a three dimensional surface informational index: outflow power as
an element of excitation and discharge frequencies, and is normally portrayed as a
form map. The FL behaviour of the six samples of silver nano particles have the FL
emission wavelengths of 449, 459, 479, 490, 493 and 497 nm respectively for
(a) Rhp-AgNPs (b) Grc-AgNPs, (c) Hym-AgNPs (d) Srt-AgNPs, (e) Stm-AgNPs
(f) Dtd-AgNPs and they have the band gap of 2.7616, 2.7015, 2.5887, 2.5306,
2.5152 and 2.4949 eV and shows the violet FL for 449 nm and bluish FL for
459, 479 nm and 490, 493 and 497 shows the bluish green emission which factors
the emission for the excitation values and also shows the nano sample variance of
transmittance and FL value for the colour change observed in different silver NPs
and is mentioned in Table 5.1 and Figs. 5.4, 5.5, 5.6, 5.7, 5.8, 5.9.

Table 5.1 FL data of six types of silver NPs

Nano samples FL emission (nm) Band gap value (eV) Colour

(a) Rhp-AgNPs 449 2.7616 Violet

(b) Grc-AgNPs 459 2.7015 Blue

(c) Hym-AgNPs 479 2.5887 Blue

(d) Srt-AgNPs, 490 2.5306 Bluish green

(e) Stm-AgNPs 493 2.5152 Bluish green

(f) Dtd-AgNPs 497 2.4949 Bluish green
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Fig. 5.4 FL spectra of the synthesised silver nanoparticles from the aqueous extracts of seaweeds
(a) Rhp-AgNPs at 449 nm
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5.10 Conclusion

Seaweed extracts have been used for the synthesize of silver nanoparticles (Ag-NPs)
as they offer many completion in versatile fields. The use of biological materials in
nanoparticles synthesis is preferred as they are eco-friendly and compatible for
pharmaceutical and other biomedical applications, here antioxidant and anti-
cancerous effect is discussed. Silver metal has toxicity against a wide range of
microorganisms especially silver nanoparticles which has promising antimicrobial
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Fig. 5.5 FL spectra of the synthesised silver nanoparticles from the aqueous extracts of seaweeds
(b) Grc-AgNPs at 459 nm
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Fig. 5.6 FL spectra of the synthesised silver nanoparticles from the aqueous extract of seaweeds (c)
Hym-AgNPs at 479 nm
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properties. Silver nanoparticles are effective as anti-inflammatory, anti-angiognesis,
antiviral and anti-platelet activity against cancer cells. The Ag-NPs synthesized were
from the aqueous extracts of seaweeds and were characterized by using spectral
analysis. The effect of the synthesized silver nanoparticles on the isolated soil
microbes were assessed by different assays such as Calorimetric chowder assay
and Agar diffusion assay. The effect of synthesized Ag-NPs on earthworm was also
studied by examining its morphology and histology. The toxicity of the combined
seaweed-AgNPs against HeLa carcinoma cells has been analyzed and FL data
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Fig. 5.7 FL spectra of the synthesised silver nanoparticles from the aqueous extract of seaweeds
(d) Srt-AgNPs at 490 nm
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Fig. 5.8 FL spectra of the synthesised silver nanoparticles from the aqueous extracts of seaweeds
(e) Stm-AgNPs at 493 nm
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analyze the band gap and color of FL for each specimen and shows that the
synthesized Ag-NPs are free from flaws.
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Chapter 6
Epidemiology of COVID-19: Special
Emphasis on Nanoscience and Its
Implications

Ranjit Pabbati, Afreen Fathima, Jaime Humberto Flores Garcia, and
Venkateswar Reddy Kondakindi

Abstract Coronavirus disease 2019 (COVID-19) is a highly contagious pathogenic
viral infection caused by SARS-Cov-2. Coronavirus seems to have taken a popular
role in the twenty-first century. The first instance of COVID-19 which was reported
in Hubei province, Wuhan, China, has now spread to the entire world by human-to-
human transmission. The World Health Organization (WHO) declared this infec-
tious disease as a pandemic. Currently this pandemic has created a global health
crisis. In this chapter, we analysed the epidemiological characteristics,
i.e. occurrence, distribution and transmission of disease in different countries,
laboratory diagnosis, prevention, control and treatment of COVID-19. The main
objective of this chapter is to provide the latest insights over nanotechnology and its
implications in the diagnosis, treatment, prevention and control of COVID-19. In
this direction, several emerging issues such as optical biosensor nanotechnology,
respiratory masks, Nanofibers Membrane Technology, etc. We are in opinion that
this chapter will provide useful insights towards understanding the role of
nanotechniques to combat COVID-19.
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6.1 Introduction

Coronavirus disease is a pathogenic viral infection and is highly contagious caused
by SARS-CoV-2 (Wikipedia 2020). It is an RNA virus that causes disease in animals
and mammals. This coronavirus disease is also called as COVID-19 pandemic.
These viruses are responsible for respiratory tract infections which may range
from mild to lethal. These viruses have a positive-sense SS RNA as their genome
with an outer envelope and nucleocapsid in the form of helical symmetry. This is
enclosed by an icosahedral protein shell. The size of the genome of coronavirus
compasses roughly 26 to 32 kilobases, one of the biggest RNA virus among the other
RNA viruses (Fig. 6.1). Coronaviruses are enormous, for the most part round, once
in a while pleomorphic (variable fit as a fiddle), particles with spherical surface
projections (Goldsmith et al. 2004). The normal distance of the infectious particle is
around 125 nm. The virus envelope in electron micrographs seems to be a distinct
pair of electron-dense shells. Envelope comprises of a lipid bilayer, in which the film
(M), envelope (E) and spike (S) auxiliary proteins are tied down (Lai and Cavanagh
1997). Nucleocapsid contains numerous duplicates of N (Nucleocapsid) protein, are
bound to the positive sense single-stranded RNA genome in a constant dots on-a-
string-type testimony. The lipid bilayer envelope, film proteins, and nucleocapsid
ensure the infection when it is exterior the host cell (Neuman et al. 2011).

Fig. 6.1 The structure of coronavirus (Wikimedia 2020)
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6.2 Epidemiology

Epidemiology is defined as the study of disease spread and examination of the
diffusion and determinants of wellbeing-related states or occasions in indicated
population and utilization of investigation to the control of medical issues. The
word epidemiology is derived from a Greek language in which epi means upon,
demos indicates the people and logos mean study of (Last 2001). Epidemiology has
its underlying foundations in the examination of what comes upon a populace. The
following are the important steps in the epidemiology:

(i) Disease occurrence: While there are numerous proportions of disease fre-
quency, epidemiologists frequently gauge the disease occurrence in a population as
incidence and prevalence of the infection. The key contrast between these two
measures is the hour of ailment beginning.

(ii) Incidence: Incidence can be evaluated utilizing information from a disease
registry data or a partner preliminary. There is a certain suspicion of a timeframe, for
example, new cases within a month.

(iii) Prevalence: Prevalence measures the new and existing cases of a disease or
outcome. Since prevalence tallies both new and existing cases, the term of the
sickness influences the commonness.

Infections with a long span will be more pervasive than those with shorter term.
Ceaseless, nonlethal conditions are more predominant than conditions with high
mortality. Prevalence of a disease is legitimately identified with the span of the
infection (CDC 2020).

6.3 Disease Occurrence and Distribution of COVID-19

In 2019, December the primary instance of coronavirus illness 2019 was accounted
for in Wuhan, Hubei Province, China, during an outbreak of viral pneumonia. Since
December 2019, patients with unexplained pneumonia have been found in Wuhan,
Hubei Province, China. On 7th January 2020, Chinese specialists affirmed that the
reason was a novel coronavirus that had not been recently distinguished, unique in
relation to different coronaviruses, for example, Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2012 to 2015 and severe acute respiratory syndrome
coronavirus (SARS-CoV) in 2003 (He et al. 2020). A large number of underlying
cases were related to direct exposure to live markets, while ensuing cases were most
certainly not. This further notified that infection spreads to human-to-human trans-
mission through contacts, respiratory droplets, various discharges, etc.; on 21st
January 2020, the National Health Commission of the People’s Republic of China
declared 2019-nCoV pneumonia as a class B irresistible infection, by considering
the category A infectious disease as a reference (Wang et al. 2020a). In China,
11, 791 cases were affirmed, and 17, 988 cases were associated in 34 regions sim-
ilarly as with 24:00, 31st January 2020. Gradually the number of cases attained peak
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stage in the month of February, and downfall of cases was observed in late March; as
of 12th May 2020, the total number of cases recorded were 82,919, and the number
of deaths were 4,633. The irresistible respiratory infection COVID-19 has spread
quickly inside China and to neighbouring nations and throughout the world in a very
short period of time. The first affirmed coronavirus cases outside China happened on
20th January 2020.

On 21st January 2020, the very first case was reported in Washington State of the
United States (Holshue 2020). The continuous COVID-19 pandemic was affirmed at
the United States in January 2020. On 25th February, the Centers for Disease
Control and Prevention (CDC) cautioned the Americans to get ready for a nearby
outbreak (Taylor 2020). A national crisis was proclaimed by President Trump on
13th March (Liptak 2020). The alarm in other countries of the world was not
gigantic, but rather the number of the contaminated individuals in different nations
of the world was additionally expanded. Among these nations South Korea, Japan,
Iran, Saudi Arabia, Afghanistan, Ireland, Brazil, Pakistan, India, Russia, Kuwait,
Qatar, the United Arab Emirates and France were top nations of the world.

The infection was affirmed to have spread to Brazil on 25th February 2020 when
a man from São Paulo tested positive for the infection (Brasil confirma 2020).
Starting on 2nd June 2020, 555,383 cases have been affirmed in the nation, causing
31,199 deaths. As of June 2020, Brazil has the second-most noteworthy number of
affirmed COVID-19 cases on the planet behind the United States (Wikipedia 2020).
The infection spread to Russia on 31st January 2020, when two Chinese residents in
Tyumen, Siberia, and Chita, Russian Far East tested positive for the infection, with
the two cases being contained. Russia was generally late in enduring a serious
outbreak; however it now has become the nation with the third-most cases on the
planet, after the United States and Brazil (Wikipedia 2020). As per official figures
starting on 3rd June, Russia has 432,277 affirmed cases; 195,957 recuperations;
5,215 passings; and over 11.4 million tests performed. The city of Moscow is as of
now the most influenced government subject. The contamination spread from Italy
on 2nd March, prompting extra estimates, for example, dropping occasions; shutting
schools, theatres and galleries; closing the fringe; and announcing a non-working
period which kept going up to 11th May, has been expanded twice. The continuous
COVID-19 pandemic was first declared and spread to Spain on 31st January 2020,
when a German visitor tested positive for SARS-CoV-2 in La Gomera, Canary
Islands (Sanidad confirma 2020). As of 2nd June 2020, there have been 239,932
declared cases and 27,127 deaths (Actualización n� 165 2020). The real number of
cases was viewed as a lot higher, and the same number of individuals with just
mellow or no side effects was probably not going to have been tested (Lau et al.
2020; Linde et al. 2020). The progressing COVID-19 pandemic spread to the United
Kingdom in late January 2020. Starting on 3rd June 2020, there have been 279,856
declared cases and 39,728 deaths (Wikipedia 2020) shown in Fig. 6.2a and b.

The COVID-19 pandemic in India is a part of the overall pandemic of coronavirus
ailment 2019 (COVID-19) brought about by SARS-CoV-2. The first instance of
COVID-19 in quite a while, which began from China, was accounted on 30th
January 2020. Starting on 8th June 2020, the MoHFW has affirmed a sum of
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Fig. 6.2 Disease transmission details of coronavirus in various countries (Worldometer 2020 as
updated till 16th July 2020). (a) Information about recovery and reported cases in various countries
*(Spain and UK total recovered data is not available). (b) Percentage of deaths in various countries
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256,611 cases; 1,24,430 recuperations (counting 1 movement); and 7,200 passings
in the nation. India at present has the biggest number of affirmed cases in Asia, with
the quantity of all-out affirmed cases penetrating the 100,000 blemish on 19th May
and 200,000 on 3rd June. India’s case casualty rate is moderately lower at 2.80%,
against the worldwide 6.13%, starting on 3rd June (Wikipedia 2020).

The infection was first declared and spread to Italy on 31st January 2020, when
two Chinese vacationers in Rome tested positive for the infection (Covid-19—
Situazione in Italia 2020). Starting on 7th June 2020, Italy has 35,262 dynamic
cases, one of the most noteworthy in the world. Overall there have been 234,998
declared cases and 33,899 passings (a pace of 561 passings for each million
population, while there have been 165,837 recuperations or dismissals (Wikipedia
2020). By 7th June, Italy had tested around 2,627,000 people. Due to the set number
of tests played out, the genuine number of contaminated individuals in Italy, as in
different nations, is assessed to be greater than the official check (Aggiornamento
2020; Flaxman et al. 2020; Lau et al. 2020; CNBC 2020). On 27th January 2020, the
principal case in Germany was affirmed and contained close to Munich, Bavaria
(Erster Fall 2020). Most of the cases in January and early February started from a
similar car parts producer as the primary case. On 25th and 26th February, various
cases identified with the Italian flare-up were distinguished in Baden-Württemberg.
A huge group connected to a festival occasion was framed in Heinsberg, North
Rhine-Westphalia, with the primary demise covered on 9th March 2020 (Kreis
Heinsberg 2020; Hamburg, Hamburger Abendblatt 2020; Robert Koch Institute
2020). Starting on 8th June 2020, the RKI has formally detailed 184,193 cases,
8,674 passings and around 1,69,600 recoveries (Table 6.1) (Robert Koch Institute
Covid-19 dash board 2020).

In the same manner, the COVID-19 pandemic affected lakh of people in Iran,
Saudi Arabia, France and Pakistan.

As of 8th June 2020 (10:00am CET), more than 6.9 million cases were reported
globally, with 401,000 fatalities. On 14th May to 8th June, over 1.5 million cases
were diagnosed. Even though containment as well as mitigation measures have been
intensified and efforts to develop disease-modifying pharmacologic compounds are
being carried out, COVID-19 continues to spread.

6.4 Laboratory Diagnosis of COVID-19

The COVID-19 pandemic has majorly affected clinical microbiology research
facilities in the previous a while. The laboratory diagnosis of COVID-19 is presently
being performed using two tests: viral tests and antibody tests. The viral test
determines whether you have a current disease, and the antibody test determines if
you have an infection in the past. An antibody test may not indicate that you have an
ongoing infection, because it can take 1 to 3 weeks’ time after infection to produce
anticorps. Having antibodies to the virus that triggers COVID-19 may provide
defence against the virus being infected again. Rapid and reliable identification of
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Table 6.1 Disease transmission details of coronavirus in various countries

Country
Cases
reported

Total deaths
reported

Total
recovered
cases

Transmission
classification

Total
population

USA 3,481,680 138,291 1,645,966 Community
transmission

331,081,677

Brazil 1,888,889 72,950 1,366,775 Community
transmission

212,620,008

India 916,368 23,952 613,820 Clusters of cases 1,380,530,110

Russia 739,947 11,614 523,249 Clustered cases 145,937,175

*Spain 303,033 28,406 N/A Community
transmission

46,775,564

*UK 290,133 44,830 N/A Community
transmission

67,900,637

South Africa 287,796 4,172 160,693 Community
transmission

5,933,662

Iran 262,173 13,211 227,561 Community
transmission

84,033,003

Pakistan 253,604 5,320 178,737 Cluster of cases 221,037,609

Italy 243,230 34,967 196,016 Community
transmission

60,457,891

Saudi
Arabia

237,803 2,283 183,048 Cluster of cases 34,833,307

Germany 200,451 9,139 186,000 Cluster of cases 83,795,199

Bangladesh 190,057 2,424 105,523 Community
transmission

164,752,852

France 172,377 30,029 78,820 Community
transmission

65,279,649

Canada 108,155 8,790 72,485 Community
transmission

37,755,152

China 83,650 4,634 78,719 Cluster of cases 1,439,323,776

Iraq 81,575 3,345 52,621 Community
transmission

40,251,640

Indonesia 78,572 3,710 39,050 Community
transmission

273,634,614

Philippines 57,545 1,603 20,796 Community
transmission

109,635,041

Kuwait 56,174 396 46,897 Cluster of cases 4,272,860

UAE 55,198 396 46,418 Community
transmission

9,894,897

Singapore 46,630 26 42,988 Cluster of cases 5,852,170

Israel 41,325 368 19,989 Pending 9,197,590

Afghanistan 34,740 1,048 22,456 Cluster of cases 38,956,620

Switzerland 33,016 1,968 29,800 Community
transmission

8,657,154

Japan 21,686 982 18,545 Cluster of cases 126,459029

Australia 10,250 108 8,035 Cluster of cases 25,511,086

Malaysia 8,729 122 8,526 Cluster of cases 32,381,446

Worldometer (2020) as updated till 16th July 2020
*Spain and UK total recovered data is not available—N/A
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COVID-19 is critical for community and hospital monitoring of outbreaks (CDC
2020). Current coronavirus diagnostic tests include reverse transcription polymerase
chain reaction (RT-PCR), real-time RT-PCR (rRT-PCR) and reverse transcription
loop-mediated isothermal amplification (RT-LAMP) tests; RT-LAMP has equal
sensitivity to rRT-PCR, which is very precise used for MERS-CoV detection
(Bhadra et al. 2015; Chan et al. 2015; Huang et al. 2018).

6.4.1 RT-PCR

RT-PCR is a diagnostic test which uses specimens of nasal swab, tracheal aspirate or
bronchoalveolar lavage (BAL). Collection of upper respiratory samples through
nasopharyngeal and oropharyngeal swabs is the primary and preferred method for
diagnosis. The use of bronchoscopy as a diagnostic method for COVID-19 is not
recommended since the generated aerosol poses a significant risk to both patients
and healthcare staff. Bronchoscopy would only be used for incubated patients if the
upper respiratory tests are negative and other diagnostic methods will alter the
clinical management considerably. Bronchoscopy can, however, be suggested
when clinical and safety conditions are met and for unclear diagnosis (Wang et al.
2020b). Alternatively, tracheal aspiration and non-bronchoscopic BAL may be used
in incubated patients to collect respiratory specimens (WHO 2020). SARS-CoV-2
RNA was extracted from upper and lower respiratory tract specimens, and the virus
was isolated from upper respiratory tract secretions and BAL specimens in a cell
culture; however, limited RNA data is available. In a set of cases by Zou et al.,
SARS-CoV-2 RNA levels were found to be higher in upper respiratory tract samples
(as shown by lower nose period threshold values), and the first 3 days after symptom
onset and elevated SARS-CoV-2 RNA levels were also observed in asymptomatic
patient samples obtained from upper respiratory tract samples (Zou et al. 2020).
Several studies have shown that SARS-CoV-2 RNA in the blood and stool speci-
mens can also be detected. It is possible that viral RNA will be detectable for weeks,
as seen in some instances of SARS-CoV or MERS-CoV infection. The specificity of
the RT-PCR test appears to be very high although, particularly in asymptomatic
patients, false-positive results may occur due to swab contamination (Memish et al.
2014; Rodriguez-Morales et al. 2020; Zumla et al. 2015; Chan et al. 2004; Cheng
et al. 2004; Hung et al. 2004; Peiris et al. 2003). The sensitivity levels are not
explicit, but are estimated at around 66–80%.The validity of tests in asymptomatic
persons in close contact with symptomatic persons is much less clear; the rate of
positivity could exceed 50% without symptoms or confirmed infection (Ai et al.
2020). A single negative test does not preclude SARS-CoV-2 infection, especially in
highly exposed individuals where the test is performed using a nasopharyngeal swab
specimen and at the onset of the infection (Zhuang et al. 2020).

Infection severity can be estimated through a standard real-time RT-PCR set-up
that usually runs through 35 cycles, meaning that around 35 billion new copies of the
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viral DNA sections are created from each virus strand present in the sample by the
end of the process.

6.4.2 TrueNat Testing

Current PCR tests can distinguish a wide variety of pathogens in real time, with clear
results, while the chain reaction is in progress. TrueNat is a chip-based, portable
RT-PCR computer which was originally developed by Goa-based startup Molbio
Diagnostics as a portable device for tuberculosis. The platform is on its way to
becoming one of COVID-19’s principal diagnostic tools as India seeks to increase its
testing capacity. The new versions of the TrueNat system will detect a coronavirus
SARS-CoV-2 enzyme (called RdRp) located in the RNA (First post 2020).

6.4.3 Antibody Tests

Antibody testing (or serological testing) is a bloodstream protein test to see whether
a person was affected with COVID-19. A diseased person would have unique
antibodies to certain pathogens to which they were exposed. As part of a bigger
cycle, the immune system develops antibodies to protect itself against an infection.
In comparison to a nasal or throat swab test that searches for genetic signatures of the
body’s virus, an antibody test looks for signs of the body’s reaction to the virus.
Antibodies are found in the blood, and either a finger prick or a blood sample taken
with a needle produces a blood sample. In an antibody test, two different forms of an
antibody are sought: IgM antibodies against SARS-CoV-2, which evolve in an
infection early on IgG antibodies to SARS-CoV-2, often discovered after someone
recovered from the infection. With respect to COVID-19 diagnosis, RT-PCR and
TrueNat antibody tests are varied in their strengths and limitations. The advantage of
antibody tests is to provide clarification as to their COVID-19 status for authorities
and individuals. This test also gives the information related to infection rate,
prevention, control and treatment of COVID-19. As part of the vaccine-enabled
response, antibodies are produced faster and more abundantly. Antibody testing is
crucial for determining who had the virus, particularly when a number of infected
people do not appear to have any symptoms. An antibody test will yield results in
less than an hour. The test can be used 7 to 10 days after someone has been
contaminated, although it does have a greater percentage of error than swab tests.
Antibody tests that look for IgM antibodies are typically quick finger prick tests that
can deliver results in less than 20 minutes. But IgG testing requires a blood sample to
be sent to a laboratory—a process that could take a week to produce results. IgG tests
are more accurate than quick IgM tests, but don’t provide as much detail about
anyone being infected with COVID-19.
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False negatives and false positives: The various test kits currently in use are a
necessity—but they are also products of fast-track acceptance and production of
COVID-19 science, where demand and pace for public health are the focus (First
post 2020).

6.4.4 Antigen Test

Antigen tests look for different proteins present only in the virus, which is regarded
as ‘foreign’ by the body’s immune response. Most COVID-19 antigen tests target
the ‘spike protein’ that studs the surface of the coronavirus. In this examination, a
swab from the nose is obtained, where there is a high likelihood that virus particles
are present. The swab is first dipped into a virus-inactivating solution and then
moved to a test sheet. The test strip houses antibodies binding and holding corona-
virus proteins in place as the fluid spreads. Checking for antigens has some primary
benefits. One of the major benefits of using antigen test is that it decreases the
pressure of relying on only RT-PCR tests to classify patients with COVID-19. These
tests are also inexpensive compared to RT-PCR, costing around Rs 450 per test. The
following are the boundaries of antigen selection. Antigen test can only disclose
whether a person is currently experiencing SARS-CoV-2 infection. Antigens shall
not be present before or after the infection has passed. Because antigen detection
does not require any amplification processes of the virus or its genetic material, a
swab sample can have too little antigen to detect. This may result in a false-negative
outcome. To confirm a true negative for COVID-19, a negative test should be
followed up by the more reliable RT-PCR test as a precaution. Accuracy is the
single biggest issue with antigen checks, which as a diagnostic method are much less
sensitive than RT-PCR (First post 2020).

6.4.5 Nanotechnology Approaches for Diagnosis
of COVID-19

Nowadays nano-based products are being developed and install for the containment,
diagnosis and treatment of COVID-19 (Future markets 2020). Nanosensors are now
a reality, showing great ability to detect extremely low concentrations of bacteria and
viruses and thus alert clinicians even before symptoms have shown or on patients
with very low viral loads. As several nations around the world struggle with the
rising number of cases involving coronavirus, the monitoring of suspected carriers is
also being increased. A broad range of detection kits are in the production line,
among which the ground-breaking rapid nanogold-based test will ease the burden on
healthcare systems caused by the COVID-19 pandemic (Lu et al. 2020).

148 R. Pabbati et al.



A recent review paper (ACS Nano, ‘Diagnosing COVID-19: Disease and Detec-
tion Tools’) discusses the existing nanotechnology-based diagnostic methods,
e.g. nucleic acid and computed tomography testing) and potential new techniques
(e.g. protein and point-of-care testing).

It allows researchers to move beyond architecture to advance their technologies.
Although tremendously helpful for the current pandemic, it would be useful to build
plug-and-play diagnostics to handle the outbreak of SARS-CoV-2 to avoid potential
epidemics too (Nanowerk 2020).

When nanoparticles enter a biological system, such as human blood, they come
into contact with different biomolecules, such as proteins, instantly; such biomole-
cules form a coating layer on the surface of the nanoparticles—the so-called bio-
molecular corona—thus giving the nanoparticles a special biological identity, which
may be very different from the surface of the pure nanoparticles. Researchers have
also shown that disease-specific corona protein can be used in conjunction with
advanced classifiers for early detection and screening of cancers (Nanowerk 2020).

6.4.5.1 Magnetic Levitation (MagLev)

The MagLev approach may furnish useful insights into measuring protein density in
solution for a better awareness of the protein’s physicochemical properties. As long
as various diseases produce substantial difference in the plasma proteome, the
levitation development and patterns of plasma proteins may hold some information
on an individual’s health conditions. More precisely, MagLev’s optical images of
levitated proteins subjected to machine learning examination provide useful infor-
mation on the health status of the individual (Nanowerk 2020).

6.4.5.2 Optical Biosensor Nanotechnology

A new device based on optical biosensor nanotechnology would allow the corona-
virus to be extracted directly from patient samples within 30 minutes approximately
without the need for centralized laboratory tests. The latest technique could quickly
establish if a patient is infected by coronavirus or influenza virus. The initiative
should be used for more than the present pandemic and for the treatment of humans.
The new biosensor tool will also be used to examine various forms of coronavirus
present in reservoir animals, such as fleas, to detect and track the possible evolution
of these viruses and to prevent future human outbreaks (Hu et al. 2020).

Scientists from the University of Maryland School of Medicine (UMSOM) have
developed an experimental COVID-19 diagnostic test that can visually detect the
virus’ presence in 10 minutes. This uses a simple assay that includes plasmonic
nanoparticles in gold to detect a shift in colour when the virus is present.

Based on our preliminary findings, we conclude that as early as the first day of
infection this exciting new test can detect RNA material from the virus. Neverthe-
less, more studies are required to confirm whether this is actually the case, said study
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leader Dipanjan Pan, PhD, UMSOM Professor of Diagnostic Radiology and Nuclear
Medicine and Pediatrics (Sciencedaily 2020).

The test does not require the use of any specialized laboratory methods for
research, such as those widely used to amplify DNA. The authors published their
research last week in nanotechnology journal ACS Nano of the American Chemical
Society. When a patient obtains a nasal swab or saliva sample, the RNA is extracted
from the sample through a simple process which takes about 10 minutes. To detect a
particular protein, the test uses a highly specific molecule that is bound to the gold
nanoparticles. This protein is part of the genetic code the novel coronavirus is related
to. Once the biosensor binds to the gene sequence of the virus, by turning the liquid
reagent from purple to blue, the gold nanoparticles react. This RNA-based research
looks very promising in terms of virus detection. The ground-breaking solution
yields results without the need for an extensive laboratory facility. While further
clinical trials are needed, the manufacturing and processing of this test will be much
less costly than a typical COVID-19 laboratory study; it does not require laboratory
equipment or specialized staff to conduct the test and interpret the results. If this new
test meets the FDA standards, it may potentially be used as a monitoring tool to track
any outbreak of infections in day-care centres, nursing homes, college campuses and
work places (Tectales 2020).

6.5 Prevention and Control of COVID-19

Because presently no vaccine is available to prevent coronavirus disease (COVID-
19), preventing exposure to this virus is the only way to prevent illness. Because the
primary transmission mode is droplet transmission, the preventive measures revolve
around avoiding droplet transfer.

6.5.1 General Preventive and Control Measures
of COVID-19

• Wash hands frequently: Wash hands with a hand sanitizer, soap and running
water or disposable alcoholic sanitizer. This kills viruses present on hands. In
daily life, the general public will often wash their hands, and therefore gloves are
not required. However, health professionals, close contacts, nurses and staff
working in crowded environments will have to wear gloves to reduce the possi-
bility of transmitting through communication. Wearing gloves, however, is no
substitute for washing your face (Web MD 2020).

• Restrict travelling: In order to contain the spread of COVID-19 pandemic,
international travel of passengers has been prohibited under MHA’s (Ministry
of Home Affairs) orders related to lockdown measures (Web MD 2020).
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• Practise social distancing: Stay home as much as possible, as one can get and
spread the infection without realizing it. Six-feet distance must be kept from
everyone if one decides to go out (Web MD 2020).

• Cover your mouth and nose when in public: Wearing a mask protects one from
COVID-19 especially when you encounter people, go to public places, enter
crowded or enclosed spaces, take public transportation, etc. There is no need of
wearing a mask when alone or at home in an open environment. If one has
COVID-19, even if they do not feel sick, they will spread it. Wearing a mask of
fabric can shield others. This is not a substitution for distancing from society
(Web MD 2020).

• Cover your mouth and nose with elbows or tissues: Never place hands over your
mouth and nose while coughing or sneezing. If your nose and mouth are covered
with your elbows, the viruses will remain in clothing without contaminating other
objects’ surfaces (Web MD 2020).

• Don’t touch your face: Coronaviruses may live several hours on surfaces that we
touch. They can get into the body if they come onto the hands and then into the
eyes, nose or mouth when touched with those hands (Web MD 2020).

• Clean and disinfect: Using soap and water, first clean but also disinfect objects
that are in constant reach, such as chairs, doorknobs, light switches, toilets,
faucets and sinks using a combination of household bleach and water (1/3 cup
of bleach per gallon of water or 4 teaspoons of bleach per quarter of water) or a
home cleaner certified to treat SARS-CoV-2. Wear gloves while cleaning/
disinfecting and throw them away when you’re done. There is no evidence that
herbal therapies and tea can prevent infection (Web MD 2020).

• Home quarantine: The aim of home quarantine is to prevent transmission of virus
from person-to-person contacts, thereby preventing the development of cases of
second and third generation. When there are a large number of asymptomatic near
contacts or potential patients, home quarantine should be an effective choice for
solving the problems which medical institutions cannot solve. If there are any
suspicious symptoms, seek guidance from the medical personnel. Home quaran-
tine must be suggested for the following people: people who have travelled or
lived in countries or regions where local cases begin to rise and individuals with
close contact with suspects and confirmed cases (Wenhong Zhang 2020).

• Isolation: Keeping people who are ill away from healthy people like, where
possible, using a separate ‘ill’ bedroom and bathroom. A report published by
the WHO on 9th July also stated that COVID-19 airborne transmission cannot be
ruled out entirely. Rare situations like surgical procedures and noisy, enclosed
spaces raise the possibility of airborne transmission. They also mentioned that
when it comes to researching the airborne transmission of the virus, ‘more studies
are desperately needed’, now that transmission by contact and respiratory droplets
have been concluded to their best understanding. The latest protection measures
would now have to provide adequate and efficient ventilation in public buildings,
office settings, schools, hospitals and nursing homes with these new possibilities.
Ventilated spaces must now be supplemented with methods for managing air-
borne pathogens, such as local exhausts, highly efficient air filters and ultraviolet
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germicidal lights mounted far away to minimize exposure to the skin and eyes
(Wenhong Zhang 2020).

• Overcrowding, as previously observed, must be avoided at all costs: Safe phys-
ical distance maintenance, while not the ultimate method for prohibiting trans-
mission, may lead to lower chances of infection. This must be followed with strict
measures in public transport and buildings particularly. These steps are easy to
execute and are also relatively inexpensive. Some, like distance maintenance,
may not entail money but a strict rule-and-punishment program; though it might
sound extreme, it’s the only way to control the virus spread and stop the pandemic
as we know it (Wenhong Zhang 2020).

6.5.2 Scope of Nanotechnology in Prevention and Control
of COVID-19

The outbreak of COVID-19 puts a global pressure on modern societies and partic-
ularly the infrastructure related to health care. Nanotechnology offers fresh oppor-
tunities for developing inexpensive and scalable methods of detection, secure
equipment for personal safety and more successful medical solutions of COVID-
19 (Chan 2020). Recently a nano-filter was developed which is believed to retain
filtering efficiency through the use of nanofibers, even after hand washing. A
reusable, nano-filtered face mask could help ease the pressures of face mask supply
shortages. For years now, researchers have developed the potential nanoparticles to
treat bacterial and viral infections (Statnano 2020). For example, gold nanoparticles
are designed to specific viruses such as Ebola and influenza. These nanoparticles can
break the structure of the viruses by heating the particles with infrared wavelength of
light. Nanoparticles can also be used for drug delivery.

Nanotechnology approaches should reduce acute and chronic effects of the
COVID-19 pandemic from the perspective of identification, safety and treatment.
Nanotechnology contributions may include but are not limited to the following
topics and their application to address the challenges of COVID-19.

Different applications have been found in medical field, such as Ag NPs, which
can be used for biosensors, as they have a wide antiviral spectrum; the suppression of
viruses can be expected. The silver nanoparticles are having a strong and broad-
spectrum microbicidal activity (Prasad 2014). Ag NPs produce reactive oxygen
species resulting in oxidative stress and generation of free silver ions; therefore,
healthcare workers can be protected from the risk of acquiring infection by the use
of these nanoparticles (Aziz et al. 2014, 2015, 2016; Joshi et al. 2018). Usually
healthcare workers use primary protection equipment like clothing to avoid contact
with infected individuals. Research is being carried out to develop protective
clothing using Ag NPs which are absorbed on a polymer sheet with a nanoscale
fibre like structure (Nanoshel 2020).
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There are numerous nanotechnology products available for equipping people to
battle COVID-19. While enhanced respiratory masks and gloves are used to reduce
the infection and people are exposed to external environment, soaps, sanitizers,
disinfectants, shampoos and detergents, made up of antiviral and antibacterial
non-materials, are used internally to counter the disease. Graphene, nano-diamond,
polymer nanofibers (e.g. polyacrylonitrile) and nanoparticles such as platinum,
titanium dioxide and copper oxide are generally included in these product groups
which add to their expertise (Statnano 2020).

Below are the latest updates on COVID-19 nano-products:

6.5.3 Nano-based Vaccines

(i). RNA- Based Vaccine

A type of candidate vaccine: LNP-encapsulated mRNA

(ii). Viral Vector-Based Vaccine

A type of candidate vaccine: Adenovirus type 5 vector
Nanotechnology part: Designing a nanoscale viral vector to deliver vaccine agent

(iii). Protein Subunit-Based Vaccine

A type of candidate vaccine: Recombinant protein nanoparticle vaccine
Nanotechnology part: Designing the recombinant F-proteins to self-assemble into

nanoparticle constructs that approximate the size of the RSV virus

(iv). DNA-Based Vaccine

A type of candidate vaccine: Proteo-lipid vehicle (PLV)
Nanotechnology part: Using a neutral lipid formulation (liposome-based) with

the high efficacy of the fusogenic protein-mediated delivery technology (Statnano
2020)

6.5.4 Respiratory Masks

(i) Nanofibers Membrane Technology

Queensland University of Technology (QUT) researchers have constructed and
examined a highly breathable nanofiber-based cellulose material which is able to
remove virus-size nanoparticles. This nanoparticle-removing new material is devel-
oped to be used as a disposable filter cartridge in biodegradable, anti-pollution
masks. This is an important factor for people who have to wear masks for long
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periods or those with existing respiratory conditions. The higher the breathability,
the greater the comfort and reduction in fatigue (Statnano 2020).

(ii) Air Filtration Systems

Clean air filtration systems are designed by Mack Antonoff HVAC to counter
COVID-19 (coronavirus), mould, mildew and pet dander. Installed in your existing
ductwork, the five HEPA, PECO, and nano-filters with UV light are important for
families with allergies, asthma, bronchitis and other health problems. Turn-Key
Environmental Consultants sells HealthPro® Compact Air Purifiers which capture
up to 0.003 microns of 99.5% of particles (e.g. viruses and bacteria). The exclusive
IQAir HyperHEPA® filtration technology lies at the core of this revolutionary
system. A thick nanofiber network effectively traps particles of all sizes (Statnano
2020).

(iii) Photoelectrochemical Oxidation Technology

In March 2020, a newly designed air purification device called Molekule is set to
be tested against a virus that serves as a substitute for coronavirus, which effectively
killed air pollutants such as bacteria, mould spores and viruses, according to the
University of South Florida. The device uses photoelectrochemical oxidation
(PECO), a process that uses UV-A light to trigger a catalyst in the filter covered
by nanoparticles of Molekule to produce free radicals which oxidize air pollutants
(Statnano 2020).

6.6 Treatment of COVID-19

To date, there is still no specific approved treatment for COVID-19 and no cure for
an infection though treatments and vaccines are under investigation and will be
tested through clinical trials. Instead, treatment focuses on symptom management as
the virus continues its course (Cascella et al. 2020).

Types of treatments practised for COVID-19 include:

• Antiviral and/or retroviral drugs
• Breathing helps, including mechanical ventilation
• Steroids to reduce inflammation in the lungs
• Transfusion of plasma into the blood

The FDA has not licensed any medications or biologics for the prevention or
treatment of COVID-19. On 1st May 2020, remdesivir obtained an FDA Emergency
Use Authorization (EUA), based on preliminary data showing a quicker recovery
period for hospitalized patients with serious illness (Cascella et al. 2020).

(i) O2 Fast Challenge

For a patient with SpO2< 93–94% (< 88–90% if COPD) or respiratory rate >
28–30 min or dyspnoea, 40% of Venturi mask administration of oxygen is needed.
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After a reassessment of 5 to 10 minutes, if the clinical and instrumental image has
improved, the patient will continue the treatment and undergo a re-evaluation within
6 hours. In case of failure improvement or new worsening, the patient undergoes a
noninvasive treatment, if not contraindicated (Cascella et al. 2020).

(ii) HFNO and Noninvasive Ventilation

As for HFNO or NIV, the panel of experts point out that such approaches carried
out by devices with good interface fitting do not produce widespread dispersion of
exhaled air, and their use can be regarded at low risk of airborne transmission
(Cascella et al. 2020).

6.6.1 Other Therapies

(i) Corticosteroids

Among other therapeutic approaches, while systemic corticosteroids were not pre-
scribed for treating viral pneumonia or acute respiratory distress syndrome (ARDS),
these medications are typically used in extreme CARDS (e.g. methylprednisolone
1 mg/Kg/day). Of note, a recent large-size RCT (the RECOVERY trial) has shown
that dexamethasone decreases deaths in critically ill COVID-19 patients by
one-third. In the intervention group, 2,100 patients received dexamethasone (6 mg/
day for 10 days), while patients in the control group (n¼ 4,300) received the disease
standard treatment (Ledford 2020).

A medication named dexamethasone is the talk of the hour despite recent reports
that in patients with extreme types of COVID-19, it may reduce mortality by
one-third. The allegations emerged in a press release from the University of Oxford
released by scientists participating in the RECOVERY (short for ‘COVID-19
Therapy Randomized Evaluation’) trial. They said the test data suggest that dexa-
methasone in patients with ventilator support cuts the risk of death by one-third and
one-fifth in patients requiring oxygen support. Dexamethasone is not something of a
novel drug. It is a steroid often used with potent anti-inflammatory properties.
Dexamethasone falls within a broader drug class called corticosteroids for
COVID-19 patients; when it is too aggressive to control by any means, dexameth-
asone helps to dampen the body’s immune response (Healthworld 2020).

(ii) Antiviral Agents

Although no antiviral therapies have been approved, several approaches such as
lopinavir/ritonavir have been suggested (orally 400/100 mg per 12 hours) (Bimonte
et al. 2020). Preclinical studies have indicated that remdesivir (GS5734)—an RNA
polymerase inhibitor with in vitro activity against multiple RNA viruses, including
Ebola—may be useful for both prophylaxis and HCoV infection therapy (Gordon
et al. 2020). This drug has been tested positively in a rhesus macaque model of
MERS-CoV infection and recently in SARS-CoV-2-infected macaques. Alpha
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interferon (e.g. 5 million units by aerosol inhalation twice per day) was also used
(De Wit et al. 2020; Williamson et al. 2020).

Several anti-flu drugs such as oseltamivir were used to treat COVID-19 patients
(Chen et al. 2020). Another anti-flu medication, favipiravir, has shown some in vitro
effect against SARS-CoV-2. A retrospective analysis found once again that the
broad-spectrum antiviral arbidol would increase the rate of discharge and decrease
the rate of COVID-19 patient’s mortality (Wang et al. 2020c).

(iii) Antiviral/Immunomodulatory Drugs

As immunomodulatory therapy, chloroquine (500 mg every 12 hours) and
hydroxychloroquine (200 mg every 12 hours) were suggested. Of note, Gautret
et al. (2020) found in a non-randomized trial that hydroxychloroquine was signifi-
cantly correlated with viral load reduction before viral disappearance, and this effect
was strengthened by the azithromycin macrolides (Gautret et al. 2020). Indeed,
in vitro and in vivo studies have shown that macrolides can mitigate inflammation
and modulate the immune system. In particular, these drugs can induce the
downregulation of cell surface adhesion molecules, decrease the development of
proinflammatory cytokines, stimulate phagocytosis by alveolar macrophages and
inhibit neutrophil activation and mobilization (Zarogoulidis et al. 2012). Further
studies are required to support the use of azithromycin, alone or combined with other
medications, such as hydroxychloroquine, outside of any bacterial overlaps. Also,
attention must be given to the concomitant usage of hydroxychloroquine with
azithromycin as the interaction may result in a higher risk of prolongation of the
QT period and cardiac arrhythmias. Chloroquine can also cause QT prolongation
(Mercuro et al. 2020).

(iv) Serotherapy

Antibodies extracted from the healed individual’s blood constitute a therapeutic
choice currently under review. It is determined that the dosage of antibodies required
to treat a single patient with SARS-CoV-2 demands that at least three patients
recovered from the SARS-CoV-2 infection eliminate anticorps. A clinical trial for
investigating an antibody cocktail for the prevention and treatment of COVID-19 has
been initiated on 11th June 2020 (Cascella et al. 2020).

(v) Anticoagulant

Since COVID-19 patients have a higher risk of venous thromboembolism and the
correlation of anticoagulant therapy with decreased ICU mortality, it is
recommended that thromboprophylaxis should be offered to patients. In addition,
complete therapeutic-intensity anticoagulation (e.g. enoxaparin 1 mg/kg twice daily)
is indicated in the case of suspected thrombophilia or thrombosis (Kollias et al.
2020).

(vi) Inflammation Inhibitors

Throughout Italy, apart from traditional treatments, a major study led by the
Istituto Nazionale Tumori, Fondazione Pascale di Napoli, focuses on the use of
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tocilizumab. This is a humanized IgG1 monoclonal antibody, directed against the
IL-6 receptor and widely used to treat rheumatoid arthritis, juvenile arthritis, giant
cell arthritis and Castleman’s syndrome and to mitigate toxicity due to inhibitors of
the immune control level (Buonaguro et al. 2020). In addition, a randomized,
double-blind, placebo-controlled, phase 2/3 research on sarilumab, which is another
anti-IL-6 receptor antibody, is underway in the United States. Many specific
approaches were put to the test. Anakinra is a recombinant antagonist of the IL-1
receptor used to treat auto-inflammatory disorders such as adult-onset still’s disease,
systemic-onset juvenile idiopathic arthritis and Mediterranean fever. The authors of
a retrospective study found that the use of anakinra in patients with mild to extreme
ARDS and hyper-inflammation (C-reactive protein in the range of 100 mg/L, ferritin
in the range of 900 ng/mL or both) led to clinical improvement in 72% of patients
(Cavalli et al. 2020). Acalabrutinib is a selective inhibitor of Bruton tyrosine kinase
which regulates the signalling and activation of macrophages. Roschewski et al.
(2020) tested this agent in a prospective off-label clinical trial on 19 patients
hospitalized with severe COVID-19. They proved the medication increased oxygen-
ation in most patients, enhancing inflammation indicators such as C-reactive protein
and IL-6 (Roschewski et al. 2020).

Eli Lilly and Co may have a drug specifically developed to treat COVID-19 that is
approved for use as early as September if all goes well with one of the two antibody
therapies it is testing. The drugs belong to a class of synthetic medicines widely used
to treat cancer, rheumatoid arthritis and many other disorders, called monoclonal
antibodies. A monoclonal antibody drug developed against COVID-19 is expected
to be more successful than currently being tested on repurposed drugs against the
virus (Carl O’Donnell and Michael Erman 2020).

6.6.2 Nanotechnology in Treatment of COVID-19

Nanotechnology and nano-medicine have an excellent promise in solving a variety
of specific health concerns, including viruses, which are considered a significant
medical problem. Nano-biotechnology applications could represent a new avenue
for virus treatment or disinfection. The possibilities of using non-materials effec-
tively in this area as vaccines and nanosensors are also highlighted. Interesting and
surprising properties of chemical compounds, especially nano-drugs, can contribute
significantly not only to medicine and pharmaceuticals, but promising solutions to
stop the deadly COVID-19 outbreak worldwide can also emerge.

Theranostics is a newly emerging drug that involves the identification and
neutralization of viruses using nano-drugs and nanomedicine, with an emphasis on
diagnosis and treatment. Accordingly, there are studies of nanoparticles being used
to combat pathogens that cause influenza and tuberculosis. Thanks to the potential
surface modification and functionalization, nanoparticles have the ability to detect
the pathogens and viruses with a huge amount of reports in the literature.
Nanoparticles may be modified or functionalized to dissolve the virus’ lipid
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membrane or even bind to the spike proteins at S1 and/or penetrate into the envelope,
encapsulating nucleocapsid and RNA. Nanoparticles can be modified/functionalized
to target a specific virus, bacteria and other pathogens or a rage. Given their size,
modified nanoparticles in the bloodstream can travel through the body without
causing problems or affecting other functions, particularly those that participate in
the human immune system and can remain in the body much longer to detect viruses
(Nanografi 2020).

(i) Pharmaceuticals

(a) Novochizol™

Nanotechnology part: Chitosan-based nanoparticles aerosol formulation
Novochizol™ is a nanoparticle based on chitosan that is completely biocompat-

ible and firmly adheres to the lung epithelial tissues and ensures continuous release
without systemic dissemination. Extensive preclinical research, performed by aca-
demic collaborators at Bioavanta-Bosti, suggests that Novochizol™ is a safe and
efficient technology for drug delivery (Statnano 2020).

(b) Peptide nanostructures against coronavirus’ spike proteins

In the preclinical evaluation stage, researchers are engineering a new nanostruc-
tured therapy which could potentially disable the virus and prevent human cells from
infecting it. The MIT team discovered a peptide molecule that binds directly and
tightly to the spike protein of the coronavirus. The Simpson Querrey Institute (SQI)
in Northwestern has been working on ‘gluing’ millions of peptides into a nanostruc-
ture that is the carrier of the precious drugs. The drug and carrier’s identical
chemistry helps scientists to develop nanostructures that shield the peptide medica-
tion as it circulates throughout the body until the disease’s perpetrator, the novel
coronavirus, is encountered. The nanostructures of the SQI carrier have water-filled
channels which could keep and defend the antiviral therapies against destructive
enzymes. The SQI team tested the idea using a possible Alzheimer’s disease drug,
and it was found that the general approach is highly successful in in vitro experi-
ments (Statnano 2020).

6.7 Conclusions

The following are the main conclusions of this topic:

(i) Coronavirus disease is a highly contagious pathogenic viral infectious disease
which causes acute and mild infection of the upper respiratory tract.

(ii) This epidemic resulted in more than 13 million cases worldwide and around
6 lakhs of deaths causing a global health crisis.

(iii) The primary transmission is by direct person-to-person contact. The infection
also spreads through close contact via aerosol droplets. The rate of transmis-
sion of the virus has not yet been known as it differs based on different
environmental factors.
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(iv) Community transmission of infection resulted in rapid spike in the cases and
deaths making it a global health emergency.

(v) Various methods have been developed for the diagnosis of COVID-19.
Diagnosis is mainly done by chest CT examination. RT-PCR is routinely
used in detection of acute respiratory infection. Apart from RT-PCR, antibody
testing, antigen testing is also being used.

(vi) Different types of diagnostic detection kits are being developed using nano-
technology for rapid and error-free testing. Magnetic levitation techniques and
optical biosensor nanotechnology may provide useful insights for the detec-
tion of viruses.

(vii) the As there is no treatment available currently, preventing exposure is the
only way to prevent the illness. Physical distancing, maintaining personal
hygiene and self-isolation are the main important preventive measures to be
followed.

(viii) Development of vaccines is a major preventive measure and nanotechnology-
based protective equipment for efficient control of the infection.

(ix) The most serious part of this disease is that there is no definite treatment to
cure the infection. Various drugs and vaccines are currently being studied as
there is a severe necessity to develop drugs and vaccines to reduce the effect of
COVID-19.

(x) This chapter also underlined the development of more efficient treatment
methods by utilizing innovative techniques like nanotechnology by taking
into consideration the cost of producing the clinical drugs.

(xi) As this pandemic is still in the spreading phase and not over yet, we are
learning the new data about COVID-19 every day. There is a need to follow
the updates in order to monitor the risk factors and also the therapy modalities
to suppress the virus and the disease.
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Chapter 7
Surface-Modified Noble Metal
Nanoparticles as Antimicrobial Agents:
Biochemical, Molecular and Therapeutic
Perspectives
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Abhigyan Choudhury, Madhureema Ghosh, and Suprabhat Mukherjee

Abstract Despite the progress of the development of antimicrobial therapeutics, the
whole world is still under pressure of several microbial diseases. Antimicrobial drug
development is therefore considered as one of the most practicable research works at
present time. Even most of the pharmaceutical companies are investing to develop
better therapeutic solutions against the life-threatening infectious diseases caused by
Mycobacterium tuberculosis, Helicobacter pylori, Vibrio cholerae, Entamoeba
histolytica, Plasmodium falciparum and many others. These microbial pathogens
are not only a curse for human health but also a result in huge economic losses by
affecting the health of economically important animals like poultry, cattle and other
livestock. Considering the urgency, several effective antibiotics have been devel-
oped to combat microbial diseases and are available in the market. However,
emergence of resistance against these drugs due to the maluses has created an
alarming situation. In this scenario, the use of bioactive noble metal nanoparticles
(silver, gold and platinum nanoparticles) has shown better therapeutic efficiency in
terms of low treatment dose, less toxicity and absence of microbial resistance.
Moreover, the use of several surface modifiers, coating and stabilizing agents
resulted in enhancement of the bioactivity, rapid delivery and controlled drug
release, improvement of biocompatibility and cytotoxicity. In this chapter, we
have presented a comprehensive overview on the antimicrobial efficacy of noble
metal nanoparticles along with the mechanistic insights behind their activity at the
cellular and molecular level.
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7.1 Introduction

The human healthcare industries throughout the world are facing tremendous chal-
lenges due to the increasing emergence of resistance in pathogenic bacteria, fungi
and parasites against the conventional antimicrobial drugs. In particular, maluses of
antimicrobial agents including inadequate dose and duration of treatment, long-term
use as well as increasing environmental pollution are the major reasons (Sánchez-
López et al. 2020). Moreover, an increasing number of deaths due to the infection of
antibiotic-resistant pathogens are being reported almost every corner of the globe.
Reports on new classes of resistance mechanism in life-threatening infectious
pathogens, viz. Mycobacterium tuberculosis, Helicobacter pylori, Vibrio cholerae,
Entamoeba histolytica, Plasmodium falciparum and many others, are continuously
threatening mankind.

In this alarming situation, the exploration of noble metal nanoparticles has
eventually come out as a boon for all. Bioactive nanoparticle itself or in combination
with any antimicrobial drug can provide better intervention, especially against the
drug-resistant pathogens (Dey et al. 2016; Chowdhury et al. 2018, 2020). Amongst
the metal nanoparticles, silver (Ag), gold (Au) and platinum (Pt) are majorly
explored for synthesizing therapeutic nanoparticles. These metal nanoparticles pos-
sess excellent antimicrobial activity and good penetration efficacy and exert a little
or no toxic side effects on nontargeted cells and tissues (Dey et al. 2016; Chowdhury
et al. 2018, 2020; Aziz et al. 2019; Inamuddin et al. 2021).

Another interesting feature in designing bioactive nanoparticles is appropriate
surface modification. These metal nanoparticles (mainly Ag, Au) are usually
functionalized with a variety of functional groups, such as polysaccharides, peptides,
antibodies, RNA and DNA to promote their biomedical applications (Lee et al.
2020). Surface modification on metal nanoparticles provides several significant
advantages. First, the modification provides an opportunity to stabilize nanoparticles
against agglomeration. Second, it helps empower their self-organization, and, third,
it creates interest to offer compatibility with others (Viswanathan et al. 2019). The
clinical advantages achieved after surface modification are mentioned as good
antimicrobial effect, high bioactivity, good cell growth and increased fatigue
power (Izman et al. 2012). The organic ligands such as polysaccharides, peptides,
amino acids, proteins, etc. are also considered as one of the good methods of surface
modification to achieve the better outcomes. The organic groups are adequate to
keep nanoparticles against accumulation; functional groups on nanoparticles surface
may permit careful interaction of molecules with metal nanoparticles. The detailed
working mechanisms of all these methods are explained previously in literature by
many research groups such as Kango et al. (2013), Roy et al. (2014), Asri et al.
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(2017), Chowdhury et al. (2018), Qi et al. (2017), Mozetič (2019), Oun et al. (2020)
and Liu et al. (2020). Hitherto, surface-modified AgNPs and AuNPs have been
successfully explored as efficient antimicrobial and anticancer agents, drug and gene
delivery vehicles, radiotherapy enhancement agents, important component in diag-
nostic assays and imaging, and many other healthcare sectors (Zhang et al. 2016; Lee
and Jun 2019; Prasad et al. 2016; Aziz et al. 2019). The surface properties of newly
synthesized nanoparticles remain insufficient many times in terms of low biocom-
patibility, toxicity and weak adhesion properties. Therefore, proper fabrication
approach and selection of appropriate surface-modifying/surface-capping agent is
considered as key prior to aim any kind of practical applications.

There are many reported metallic (noble and non-noble) and nonmetallic antimi-
crobial agents available, but many of them are found toxic to most of the living
organisms. Therefore, to overcome this problem, different inorganic and metal-
based antibacterial agents with sustainability, enhanced stability and biocompatibil-
ity are synthesized under strict processing conditions (Rajawat and Qureshi 2012;
Hossain et al. 2015; Vijayakumari et al. 2019). Currently, Ag and Au are the major
metallic-based nanoparticles utilized as antibacterial agents because of their long-
term stability and excellent biocompatibility. Studies have proved that metal-based
nanoparticles show biocidal activity against Gram-negative and Gram-positive bac-
teria (Roy et al. 2014; Franci et al. 2015; Chiriac et al. 2016; Rajeshkumar et al.
2016; Wang et al. 2017; Ovais et al. 2019; Chowdhury et al. 2020). The antimicro-
bial effects of metal nanoparticles have been attributed to their nano-size and high
surface-area-to-volume ratio, which permits them to penetrate the bacterial mem-
branes (Prasad and Swamy 2013; Aziz et al. 2014, 2015, 2016). The mechanisms of
antibacterial effect of metallic nanoparticles are metal ion release, oxidative stress
and non-oxidative-based stress existing instantaneously. These nanoparticles can
serve only when nanoparticles interact with microbe’s cell walls; several approaches
for the contact of microbes with the nanoparticles were used such as van der Waals
forces, electrostatic attraction, receptor/ligand and hydrophobic interactions. After
successful contact, metallic nanoparticles can pass through inner membranes, inter-
act with metabolic paths and induce variations in membrane morphology. Once
nanoparticles interact with microbes inside cellular machinery, it acts to prevent
enzyme functions, disable proteins and electrolyte imbalance, induce oxidative
stress and change gene expression scale (Vijayakumari et al. 2019). However,
excessive quantity of microbes produces barrier that resists antimicrobial mediators
and microbes avoiding the resistant system by forming superantigens. The extracel-
lular polymeric secretion also produces everlasting attachment of microbes. In this
chapter, we have presented a comprehensive overview on the therapeutic efficacy of
noble metal nanoparticles against pathogenic microbes with a special emphasis on
the mechanistic insights of their action at the biochemical, cellular and molecular
level.
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7.2 Chemistry of Noble Metal Nanoparticles

7.2.1 Design, Synthesis and Characterization

The work efficiency of noble metal nanoparticles mostly depends on the size of the
nanoparticle and the stabilizing or capping or surface-modifying agents associated
with it. The surface-modified nanomaterials should have biocompatibility to be
useful for clinical purpose because without biocompatibility it cannot access the
living cells. In addition to that, the synthesis procedure should be green in keeping
the concern regarding environment in mind. There are two procedures for the
synthesis of nanomaterial, i.e., top-down and bottom-up. Top-down is the scaling
down of bulk material to the nano one by some mechanical process, and the bottom-
up approach follows the reverse path. The process used in laboratories is the bottom-
up approach. In this process, suitable bulk material containing the noble metal is
reduced by a reducing agent and then scaled up to the nano one. A suitable capping
agent is required here (Fig. 7.1). The efficiency of the capping material is very much
important as it determines the size of the nanoparticles by stopping agglomeration to
bulk. Chowdhury et al. (2018) presented the change in size distribution of AuNPs by
using different polymeric (e.g., chitosan) and non-polymeric (e.g., tyrosine) sub-
stances as capping agents. The reduction procedure converting Ag+ to Ag0 also
involves some amount of heat. Depending on the medium, reducing and capping

Fig. 7.1 Biosynthesis of noble metal nanoparticles, surface modification and its applications
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agent, requirement of heat varies. Roy et al. (2014) showed the varying yield of
nanoparticles depending on the source of heat.

Various inorganic and organic reducing and capping or surface-modifying agents
are available globally. Some commonly used reducing agent are sodium borohy-
dride, ß-D-glucose, starch, negatively charged heparin, saccharides,
polyoxometalates, bamboo hemicelluloses, sodium citrate, ascorbic acid, potassium
bitartrate, maltose, etc. On the other side, surface-modifying agents are organic thiol
compounds, surfactants, long-chain amine, carboxylates, starch, gum Arabic, gela-
tin, carboxymethyl cellulose, hydrogels, etc. (Roy et al. 2014; Dey et al. 2015,
2016).

But keeping the environmental concern in mind, the protocol for synthesizing
surface-modified noble metal nanoparticles should be so designed that the solution
medium, reducing agent and heating procedure, remains environment-friendly, i.e.,
green synthesis procedure should be adapted complying with 12 fundamental prin-
ciples of green chemistry which focuses on minimization or total elimination of
generated hazardous waste and maximization of the efficiency of chemical processes
without compromising the safety concern of the products (Roy et al. 2014).

In recent times, studies conducted by Roy et al. (2014) and Chowdhury et al.
(2018, 2020) showed that surface-modified AgNPs and AuNPs synthesized through
green route are very much efficient in exerting lethal action on microbes including
Gram-positive and Gram-negative bacteria, pathogenic fungus (Pichia
guilliermondii) as well as parasite (microfilaria of Setaria cervi). Noble metal
nanoparticles produced from the microbes have also been used for antimicrobial
purpose against pathogenic organisms. For example, Ag nanoparticles synthesized
from Bhargavaea indica, Brevibacterium frigoritolerans and Sporosarcina
koreensis exhibited antimicrobial properties against Salmonella enterica, Vibrio
parahaemolyticus, B. cereus, Bacillus anthracis and E. coli (Singh et al. 2016).
Similarly, bowl-shaped AgNPs synthesized by Bacillus subtilis have been shown to
possess excellent antibacterial, antifungal and antifilarial activities (Dey et al. 2016).

For characterization of nanomaterials, a lot of methods are available. The first-
hand information about the formation of nanoparticles can be obtained from the
signature peak UV-visible spectroscopy. To obtain the size and structure, transmis-
sion electron microscopy (TEM) is used. Scanning electron microscope (SEM) gives
the information about the surface topology and shape of the material, while dynamic
light scattering (DLS) gives the size distribution of the nanomaterial. The zeta
potential study tells us about the stability of the nanoparticles. If the potential is
more than +30V or less than�30V, then the nanoparticles is highly stable (Roy et al.
2014; Chowdhury et al. 2018, 2020). X-ray diffraction and Fourier transform
infrared spectrometry are used to study the interaction between the nanoparticles
and capping/surface-modifying agents. Spectrofluorometer is used to study lumi-
nescent nanoparticles. Herein, we have included a representative figure (Fig. 7.2)
containing most of the commonly used characterization data for surface (chitosan)-
modified AuNP (named as GC).
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Fig. 7.2 Major characterization techniques for surface-modified noble metal nanoparticles. (A)
UV-visible spectroscopic analysis. (B) TEM micrograph. (C) SEM study. (D) DLS study. (E) Zeta
pot study
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7.3 Facets of Nanoparticles-Microbe Interactions

Since 1928, the discovery of antibiotics in medical science has brought an epoch, but
the use of metals from the historic age has been helping us keep our body healthy.
Metals have been found to be used as water disinfectant, food preserver, surgical
wound healer as well as in treatment of leprosy, tuberculosis, gonorrhea and syphilis;
metals have several satisfactory aspects (Lemire et al. 2013). Metals have numerous
beneficial roles in maintaining our health but have limited use as antimicrobial
therapeutics. Regarding the reports of drug resistance as well as lack of new
antibiotics, researchers have found to turn their works towards metals to develop
antimicrobials. There are several antimicrobial agents like ammonium compound, N-
halamine siloxanes and heterocyclic compounds. However, these molecules possess
low efficiency along with toxic effects on the living organism as well as environ-
ment, and most importantly nontargeted actions made those agents as out-listed
(Shahid-ul-Islam et al. 2016). In this context, the use of nanoparticles of silver, gold
and platinum are found to reflect potent antimicrobial activity along with low
toxicity to human cells, long-term durability and improved biocompatibility. The
effectiveness of these nanoparticles is accredited to its composition and surface
properties (Ugru et al. 2018). In this section, we have discussed about different
facets of nanoparticle-microbe interaction with a special emphasis on AgNPs and
AuNPs.

7.3.1 Interaction of AgNPs with Pathogenic Microbes
and Their Antimicrobial Effect

Beside various successful histories in textile, food storing and environmental
programmes (Wijnhoven et al. 2009), AgNPs with its broad-spectrum antimicrobial
activity against bacteria, virus, fungi and parasites prove their ‘oligodynamic prop-
erty’ (Gaiser et al. 2009). One of the fascinating features of AgNP is its affinity and
capacity of attachment with the microbial membrane/surface. AgNPs can be easily
attached with the bacterial cell wall due to the presence of carboxyl, phosphate and
amino groups (Abbaszadegan et al. 2015). In this regard, it has been evidenced that
Gram-positive bacteria are less susceptible than that of Gram-negative (Malanovic
and Lohner 2016). Phagocytosis and passive diffusion are the two main ways for the
AgNPs to enter inside the bacterial cell (AshaRani et al. 2009; Carlson et al. 2008).
In addition, it has been reported that AgNP also exploits the copper transport system
(CTR) to enter the bacterial cell (Ghandour et al. 1988). The cytotoxic effects of the
AgNPs are majorly imparted through the damage of membrane structure, leakage of
cellular components (specially cytoplasm), DNA damage, inhibition of respiratory
chain and collapsing protein motive force (Bragg and Rainnie 1974; Sondi and
Salopek-Sondi 2004; Morones et al. 2005; Prasad et al. 2011, 2012; Swamy and
Prasad 2012). Size is an important criterion in the bioactivity and biocompatibility of
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AgNP. The study of Morones et al. (2005) revealed that AgNPs of 1–10 nm can
efficiently bind to the surface of E. coli, V. cholera, S. typhus and P. aeruginosa and
impart lethal action on these bacteria. Beside size, the shape of AgNPs is also known
to play a crucial role in exerting microbicidal activity. Truncated triangular shape
and sharp-edge triangular shape show better result over spherical and rod shaped
(Pal et al. 2007; Dong et al. 2012). On the other hand, hydrogel-capped hexagonal
and bowl-shaped AgNPs also have been documented for higher bioactivity against
both Gram-positive and Gram-negative bacteria at a very low dose (Dey et al. 2015,
2016).

Interaction with cell membrane following induction of lipid peroxidation (LPO)
is considered as a principal attribute in bioactive AgNPs. AgNP-induced LPO is
usually diagnosed by estimating malondialdehyde, the end product of LPO
(Chowdhury et al. 2020). Free radicals generated from LPO further enters into the
chain reaction to generate more reactive oxygen species (ROS) that collectively
induce oxidative stress leading to death of the microbial cells (Hwang et al. 2008;
Kora and Arunachalam 2011; Saha et al. 2016). This postulation has been experi-
mentally shown in AgNP-induced growth inhibition of E. coli (Hwang et al. 2008)
and P. aeruginosa (Kora and Arunachalam 2011). Sulphur affinity is also an
important characteristic of AgNPs which also facilitates its binding with the mem-
brane proteins (Roy et al. 2019).

Beside antibacterial activities, AgNPs also found to inhibit viral growth using
varieties of ways. PVP-coated AgNPs of 1–10 nm size have a potent antiviral effect
in inducing interaction with envelope glycoprotein gp120 against HIV-1 (Lara et al.
2010a), while HSV-1 was found to be inhibited by MES (mercaptoethane sulfonate)-
coated silver NPs (Baram-Pinto et al. 2009). Besides these, poxvirus, hepatitis B
virus and influenza viruses were also found to be repressed by AgNPs (Rogers et al.
2008; Papp et al. 2010; Lu et al. 2008).

Several groups of protozoa have also been demonstrated as the targets for AgNPs.
Plasmodium falciparum, the causative protozoan for malaria also found to be
controlled by several silver nanoformulations with a significant efficacy in culture
condition (Rai et al. 2017). In addition, surface-modified AgNPs are also capable of
killing larvae of mosquitoes in terms of combat malaria (Saha et al. 2016).

Interestingly, AgNPs also interact with the various extracellular and cellular
components of microfilaria (microscopic larval form of filarial parasites). In recent
past, surface-modified green AgNPs have been found as extremely potent antifilarial
agents. For example, AgNPs capped with chitosan, polyvinyl alcohol and hydrogel
have been documented to interact with the cell membrane, induce ROS generation
and lead to death of the microfilaria (Saha et al. 2014, 2016). In addition, lipid-coated
AgNPs have been shown to possess anti-Wolbachian activity to reduce microfilarial
growth (Ali et al. 2013). Wolbachia is an endosymbiotic bacterium that controls
many important physiological functions of the filarial parasite (Mukherjee et al.
2018).

Nevertheless, AgNPs with exposed coating show a significant oligodynamic
effect, but graphene oxide-silver NP composite (Ag-GO)-coated nanoplatform
exert a more stronger effect as antimicrobial along with low side effects (Ghosh
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et al. 2019). The study of Wierzbicki et al. (2019) disclosed a higher effectivity of
Ag-GO over E. coli, S. aureus and Staphylococcus epidermidis than AgNPs. GO
sheets are decorated on AgNPs via thiol groups which provide effective results
against both Gram-negative and Gram-positive bacteria. While chitosan-capped
AgNPs were also found as both antibacterial and antifungal when treated against
E. coli and P. guilliermondii (Roy et al. 2014), there are also several synergistic
applications of AgNPs and antibiotics with satisfactory outcomes. Surface modifi-
cation of AgNPs with amoxicillin (Kirthi et al. 2019), cephradine (Masri et al. 2018),
streptomycin (Kora and Rastogi 2013), ampicillin (Tippayawat et al. 2017), vanco-
mycin and amikacin (Kaur and Kumar 2019) has reflected better efficacy than
separate use of antibiotics or AgNPs against bacterial pathogens, viz. S. aureus,
C. albicans, Acinetobacter baumannii, Enterococcus faecalis, Mycobacterium
tuberculosis and E. coli, respectively. Recently conjugation of AgNPs with various
antibiotics and anthelmintics has been reported to provide better therapeutic effi-
ciency (Dey et al. 2016). Therapeutic potential of AgNPs including their interactions
with different microbes as well as their molecular targets have been presented in
Table 7.1.

7.3.2 AuNP-Microbe Interaction and Antimicrobial Effect
of AuNPs

The use of gold nanoparticles (AuNPs) are highly advantageous in diagnosis (e.g.,
microscopy) and treatment of human diseases including microbial infection due to
its ability to scatter light in visible light regions and relative nontoxic nature (Khan
et al. 2014). Besides that, potency to detoxify pollutants along with uses in formu-
lation of biosensors and disease markers makes it more precious (Dykman and
Khlebtsov 2011; Lopez et al. 2004). Antimicrobial activity of the gold complexes
is a century-old discovery (Glišić and Djuran 2014). Various studies have pointed
out that nanoparticles or formulation formed of gold produce different outcomes that
depend on the characteristics of the formulation. First of all, the size that majorly
influences the bioactivity (Brayner et al. 2006): the smaller one resembles greater
toxicity than the larger one (Lin et al. 2013) and also achieves better permeation
through the microbial membrane (Lopez-Chaves et al. 2018). A study by Ahmad
et al. (2013) distinctly envisioned the differences between 7 nm and 15 nm AuNPs in
inhibiting Candida sp., whereas other studies also found to indicate same story
between 15 and 35 nm AuNPs (AshaRani et al. 2011; Chen et al. 2013a, b).
Regarding the shape of AuNPs, diverse opinions have been reported in the context
of the antimicrobial effects of AuNPs. Few studies have demonstrated spherical
AuNPs as more toxic than rod-shaped, while non-spherical AuNPs have also
demonstrated better toxicity (Liu et al. 2018). A study by Sultana et al. (2015)
showed that the toxicity of flower-shaped AuNPs is more efficacious than the
spherical ones. However, the toxicity of AuNPs not only depends on size and
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shape but also on the surface chemistry, especially coating types and properties of
the particles. According to Freese et al. (2012), AuNP coated with ethanediamine
showed a better result in internalization of the particles inside the target cells. AuNP
conjugated with different drugs have found to confer better delivery and treatment
outcome. For example, AuNP-kanamycin complex applied against S. epidermidis
and Enterobacter aerogenes revealed a very significant efficacy (Payne et al. 2016).
On the other side, improved efficiency of levofloxacin against S. aureus,
P. aeruginosa and E. coli has been reported after conjugating with AuNPs (Bagga
et al. 2017). Similarly, gallic acid-AuNP conjugate has been found effective against
pathogenic bacteria like Shigella flexneri and Plesiomonas shigelloides (Rattanata
et al. 2016). AuNPs of 4 nm size with sodium 2-mercaptoethanesulfonate (MES)
was reported to be lethal against virus HSV-1 (Baram-Pinto et al. 2010), while
AuNPs coated with amphiphilic sulphate-ended ligand can inhibit growth of HIV-1
(Di Gianvincenzo et al. 2010).

AuNPs are also effective against protozoan and helminth parasites. In this
connection, antileishmanial activity of AuNP with 30 nm size found to cause around
75% inhibition of the parasite count which indicates towards the potency of this
nanoformulation in pharmaceutical industries (Ahmad et al. 2016). AuNPs in single
or in conjugated with indolicidin (a short 13-residue antimicrobial and cytolytic
peptide) have several successful applications against fungal growth (Ahmad et al.
2013; Rahimi et al. 2019). Alike AgNPs, surface modification also plays a critical
role in regulating the bioactivities and biocompatibility of AuNPs. Recent studies by
Chowdhury et al. (2018, 2020) revealed chitosan-coated AuNPs as excellent anti-
microbial agent displaying lethal effects on bacteria, fungus and microfilaria at a
relatively lower dose than that of uncapped AuNPs. Moreover, surface modification
with chitosan also found to enhance the stability and biocompatibility of the AuNPs
(Chowdhury et al. 2018, 2020).

AuNPs have been found to execute better performance in delivering drug with
hampering the physiological homeostasis. CHrPfs25 (codon-harmonized
recombinant Pfs25, a Plasmodium falciparum protein used as vaccine antigen)
when delivered in conjugation with AuNPs induces the expression of malaria
transmission-blocking antibodies (Kumar et al. 2015). As a delivery vehicle,
AuNP is not only restricted within the delivery of drugs, but also it has been found
suitable to deliver proteins, genes and vaccines (Kong et al. 2017). In order to
develop antimicrobial activity, internalization, i.e., cellular uptake of the AuNPs, is
the primary criterion, and it is usually achieved by the attachment to the cell surface
following clathrin-mediated endocytosis, non-specific endocytosis and phagocytosis
(Mironava et al. 2010). Interaction of AuNPs with microbial cell membrane resulting
in distortion of the membrane architecture (Huo et al. 2016; Rattanata et al. 2016)
that finally leads to leakage of the cellular components (Payne et al. 2016). Inhibition
of microbial growth also found to be mediated by blocking the H+-ATPase proton
pumping (Wani et al. 2013) along with enhancing yield of ROS (Roy et al. 2018;
Chowdhury et al. 2018). The study of Ahmad et al. (2015) showed how AuNP helps
in elevating the number of ROS and in due time destroying cellular components to
finally kill Leishmania. Moreover, AuNPs also can destroy transmembrane
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electrostatic efflux (Li et al. 2010) to execute their antimicrobial activities. Herein,
Table 7.2 describes the composition and antimicrobial effects of the AuNPs avail-
able till date.

7.3.3 Antimicrobial Effect of PtNPs

The novel nano-tool PtNP is now in top of interest. Platinum is now being used
extensively in automotive and chemical industries to develop catalytic convertor and
new chemical compounds (Shi et al. 2015). For instance, platinum is also found to
use in generating eco-friendly energy sources (Madsen et al. 2011). Beside of all
these, several reports have also highlighted that platinum is also beneficial for
pharmaceutical industries as platinum has activity in producing bio-imaging,
detecting biological molecules and modulating nanomedicine (Tanaka et al. 2011;
Moglianetti et al. 2016; Rao et al. 2016). Several physical and physio-chemical
properties like, size, shape, surface structure and capping agent along with the
dispersion state and stability help optimize and finally lead to formulate the desired
PtNPs with specific target-based activity. However antibacterial activity of the
platinum first came in public in 1965 (Pedone et al. 2017), but antimicrobial activity
of the nanostructured platinum has not been explored yet. PVP-conjugated PtNPs
with 1 to 3 nm size have been reported as effective against the bacterium,
P. aeruginosa (Gopal et al. 2013). In another study, pectin-capped PtNPs showed
an efficacy against both Gram-positive and Gram-negative bacteria (Pedone et al.
2017). Green synthesis of PtNPs using Garcinia mangostana fruit extract also found
as successful in inhibiting the growth of various bacteria like P. aeruginosa,
K. pneumonia, B. subtilis and S. aureus (Nishanthi et al. 2019). There are limited
a number of reports published yet, but effective radical-scavenging property will
make PtNP as the most success nanomedicine in the upcoming future. However, the
use of PtNP as biomedicine is still in contradictory stage. Antimicrobial activities of
PtNPs alongside their interactions of with different microbes based on the available
reports are listed in Table 7.3.

7.4 Intracellular and Intercellular Targeted Delivery
of Nanoparticles

The intracellular and intercellular delivery of nanoparticles is the most important
aspect in the development of therapeutic nanoparticles for various applications like
its use as antimicrobial and immunomodulatory drugs, anticancer agents, cellular
modulators and nanodevices for studying cell organelles (Paulo et al. 2011; Prasad
et al. 2017). The development of smart noble nanoparticles requires appropriate
surface modifications which facilitate the use of the nanoparticles directly as
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Table 7.3 Therapeutic applications of PtNPs as an antimicrobial agent

Reducing agent
Surface
modification

Size and
shape

Therapeutic
applications References

Polyaniline and
Ag-Pt bimetallic
colloidal

– 2–3 nm Against Gram-
positive bacteria:
S. aureus and Strep-
tococcus sp.

Boomi et al.
(2013)

Extract of seaweed
Padina gymnospora

– 25 nm, trun-
cated, octahe-
dral, tetrahe-
dral and
spherical

Against Gram-
negative bacteria:
Escherichia coli, Sal-
monella typhi and
Klebsiella pneumonia
Against Gram-
positive bacteria:
Staphylococcus
aureus, Streptococcus
pneumoniae,
Lactococcus lactis
and Streptococcus
mutants

Ramkumar
et al. (2017)

Fruit extract of
Garcinia
mangostana

– 20–25 nm
and spherical

Against Gram-
negative bacteria:
P. aeruginosa and
K. pneumonia
Against Gram-
positive bacteria:
B. subtilis and
S. aureus

Nishanthi
et al. (2019)

Hexachloroplatinate
and apigenin

– 1–2 nm and
spherical

Against Gram-
negative bacteria:
P. aeruginosa
Against Gram posi-
tive bacteria:
S. aureus

Gurunathan
et al. (2019)

Sodium hydroxide PVP 1–3 nm,
sphere,
cuboids and
flower shaped

Against Gram-
negative bacteria:
P. aeruginosa

Gopal et al.
(2013)

Sodium borohydride
(NaBH4)

Pectin capped 2–5 nm Against Gram-
negative bacteria:
Escherichia coli and
P. aeruginosa
Against Gram-
positive bacteria:
B. subtilis and
S. aureus

Ahmed
et al.
(2016b)

Plant extract of
Taraxacum
laevigatum

Phytochemicals
capped

2–7 nm,
spherical

Against Gram-
negative bacteria:
Pseudomonas
aeruginosa
Against Gram-

Tahir et al.
(2017)

(continued)
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therapeutics and/or cargo for the drugs (Karimi et al. 2016). In order to deliver the
therapeutics to different intracellular cellular targets, internalization of AgNPs/
AuNPs involves binding with the membrane receptors leading to receptor-mediated
endocytosis (Panzarini et al. 2018). In addition, indirect incorporation through
hydrophobic and electrostatic interaction with phospholipid bilayer has also been
reported (Chou et al. 2011). Upon entering the cytoplasm, the mobility of the
ingested nanoparticles depends on the size and biological interactions with the
various organic and inorganic constituents of cytoplasm and targeted organelles.
In this context, peptide conjugation with the nanoparticles enhances its distribution
across the cell by recognizing the nuclear localization signal (NLS), mitochondrial
localization signal and trafficking to endoplasmic reticulum (ER) (Paulo et al. 2011).
Taking clue from AgNPs and AuNPs, superparamagnetic iron oxide NPs (SPIONs)
are nowadays used along with the mitochondrial targeting peptide (MTP) to differ-
entiate the intracellular proteins and play an important function in regulating the
cellular trafficking across the endocytotic pathway, localization of the protein within
the plasma membrane and for the cellular uptake of basic amino acids (Salaklang
et al. 2008).

In recent times, AuNPs, AgNPs and silica nanoparticles have been utilized/
attempted for targeting various biomarkers associated with cancer, autoimmune
and infectious microbial and parasitic diseases. Owing to its surface properties and
affinity towards cell surface molecules (as discussed in the earlier section), AgNPs
can easily cross the cell membrane and can deliver a drug of choice. However, this

Table 7.3 (continued)

Reducing agent
Surface
modification

Size and
shape

Therapeutic
applications References

positive bacteria:
Bacillus subtilis

Sodium borohydride
(NaBH4)

Jacalin capped 3.1 � 1.6 nm Against Gram-
negative bacteria:
Aeromonas
hydrophila

Ahmed
et al. (2018)

Sodium hydroxide Curcumin
stabilized

3.8 nm Against Gram-
negative bacteria:
E. coli
Against Gram-
positive bacteria:
S. aureus

Yu et al.
(2019)

Doxycycline Doxycycline
capped

10–20 nm Against Gram-
negative bacteria:
E. coli, Salmonella
typhimurium
Against Gram-
positive bacteria:
Streptococcus
pyogenes and
S. aureus

Safdar et al.
(2020)
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phenomenon is dependent on the size of the AgNPs. Previously, Dey et al. (2016)
demonstrated the uptake of hydrogel-capped AgNPs inside by mouse macrophages,
and the presence of AgNPs within the cell was confirmed by HR-TEM following
EDX. These AgNPs were also reported to load streptomycin, diethylcarbamazine
and albendazole (Dey et al. 2016). On the other side, nontoxic nature of AuNPs
enables smooth delivery of drugs which can control the protein expression within the
cell and used as an intracellular sensor in many diseases (Rosi et al. 2006). AuNPs
formed by poly(γ-glutamic acid) conjugated with L-phenylalanine (40–200 nm) are
assigned for the protein delivery through absorption and release within the cyto-
plasm and can be used as an agent for the vaccine development and signalling
pathway modulators (Akagi et al. 2011). The polymeric NPs consist of the self-
assembly structure and dendrimers loaded with hydrophilic and hydrophobic drugs
and conjugated to targeting moieties to serve as an active cellular target for human
diseases, mainly cancer (Nag and Delehanty 2019). Thus, the application of both
AgNPs and AuNPs for the intracellular and intercellular targeting for specific
cellular and subcellular components enhances the potential of these nanomaterials
as molecular fluorescent agents, detection probes and the therapeutic factors for drug
development to counteract various human diseases.

Several developmental research and modifications are currently going on to
improve the efficacy of the nanoparticles, especially the cell-penetrating property.
Quantum dots (QDs) are the best examples of the modern version of
nanotherapeutics. QDs are semiconductor crystals that are made up of the group
II–VI, III–V or IV–VI atoms from the periodic table and perform an extensive
function of size-tunable fluorescent emission and broad excitation spectra, leading
to beneficial for single as well as multiple molecule tracking (Ruedas-Rama et al.
2012). The quantum dot coated with poly(ethylene glycol) (PEG) and NLS is
microinjected showing active transport and accumulation across the nucleus and
when coated with fluorescent protein shows association with cell line across the
cytoplasm (Derfus et al. 2004; Medintz et al. 2008). The microinjection of
phospholipid-coated quantum dots to the early embryo of Xenopus to monitor the
physiological changes along the development leads to developmental abnormalities
(Dubertret et al. 2002). The main characteristic features of liposomes include high
biocompatibility, simple surface modifications and flexibility across switching
between both hydrophobic and hydrophilic drugs. Liposomes can easily incorporate
the functional phospholipids across various target moieties and increase its effi-
ciency for cellular targeting and therapeutic efficacy (Gabizon et al. 2006; Nag and
Delehanty 2019). Poly(lactic-co-glycolic acid) (PLGA) serves as both an
intercellular and intracellular target and is being used for co-staining the actin and
mitochondria using antibody-conjugated quantum dots and MitoTracker Red,
respectively (Chou et al. 2011). It is distributed across the early endosomes, Golgi
apparatus and endoplasmic reticulum based on the cellular internalization and types
of cells to enhance the specificity of drug delivery and therapeutic development
(Cartiera et al. 2009). In a recent report by Mondal et al. (2019), luminous benign
QDs have been reported for excellent intracellular imaging and delivery of antimi-
crobial drug (streptomycin). These streptomycin-loaded QDs were found to cure
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peritonitis in mice model, and the efficacy was higher than free streptomycin
(Mondal et al. 2019). The various types of nanoparticles associated with the targeted
delivery across the intracellular and intercellular components of cells are listed in
Table 7.4.

Table 7.4 Intracellular and intercellular targets of noble metal nanoparticles and their mechanism
of antimicrobial action

Types of nanoparticles Mechanism of action and damage References

Silver NP Internalized via scavenger receptor-
mediated phagocytosis, mitochondrial
damage, induces apoptosis and cell
death

Singh and
Ramarao
(2012)

Gold NP Passive delivery, controls protein
expression in cell, nontoxic

Rosi et al.
(2006)

Silica NP Inhibits kinase activity by delivering
antibody against phospho-Akt intra-
cellularly, translation inhibitors
ribosome-inactivating proteins (RIPs)

Bale et al.
(2010)

Quantum dot Microinjected quantum dot coated
with florescent protein, phospholipid
coat, penetrates peptide, vesicle
fusion, reminiscent actin/kinesin-
mediated active transport

Ruan et al.
(2007)

Liposomes Targeting cancer cells, incorporate
functional phospholipids and enhance
cellular targeting

Patil et al.
(2016)

PLGA Dispersed across endosome, Golgi
apparatus, ER, causes cell internaliza-
tion, greater intracellular drug
accumulation

Cartiera
et al. (2009)

Superparamagnetic iron oxide NPs
(SPIONs)

Mitochondrial targeting, regulate cel-
lular trafficking, endocytotic pathway

Salaklang
et al. (2008)

NPs formed by poly(γ-glutamic acid)
conjugated with L-phenylalanine (40–
200 nm)

Protein delivery: absorb protein and
release in cytoplasm, targeted for vac-
cine development, signalling pathway
interference

Akagi et al.
(2011)

Polymeric NPs Active cellular targeting for cancer,
loaded with hydrophilic and hydro-
phobic drugs and conjugated to
targeting moieties

Nag and
Delehanty
(2019)

Poly(propyleneimine) (PPI) dendrimers siRNA-mediated cancer cell targeting,
accumulation of siRNA in the cyto-
plasm of cancer cells and gene
silencing

Taratula
et al. (2009)
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7.5 Cellular and Molecular Mechanism of Antimicrobial
Action of Noble Nanoparticles

Considering the broad-spectrum antimicrobial activity of the noble metal
nanoparticles, the mechanisms of action of different nanoparticles have been studied
at cellular and molecular levels employing both in vitro and in vivo experimental
setup. Till date a number of approaches have been exploited to synthesize noble
metal nanoparticles, and intriguingly the surface-modified nanoparticles have been
found to possess more efficient antimicrobial activity (Roy et al. 2014; Chowdhury
et al. 2018; Prasad et al. 2020). Various studies conducted on exploring the antimi-
crobial activity of noble metal nanoparticles revealed AgNPs as more reactive than
AuNPs, while AuNPs are more benign than that of the AgNPs (Roy et al. 2014;
Chowdhury et al. 2018). Interestingly surface modification of AgNPs and AuNPs by
polysaccharide (like chitosan) was found to improve the bioactivities of both
nanoparticles (Roy et al. 2014; Chowdhury et al. 2018, 2020). Firstly, such
enhancement in bioactivity is not solely contributed by the surface-modifying
agent, rather the capping agent helps in the movement of the encapsulated
nanoparticles in it the biological medium; secondly, it gets easily attached at the
binding sites of the cell membrane of the targeted cell; and, thirdly, it remains
attached for a long time favouring the release of the particles into the cell. All of
these activities of the surface-modifying agent helping the targeted drug delivery in
turn help the nanoparticles reach the requisite site and execute the task.

Once the size of particles approaches the nanoscale (1–100 nm), various a typical
classical and quantum mechanical phenomena appear to be extant which are usually
absent in matter beyond the upper and lower limits of this size range. This lays down
the foundation of the antimicrobial properties of the noble nanoparticles. It is well
observed that these physiochemical properties owe to and are regulated by their
physical characteristics like size, shape, overall crystal structure, surface-area-to-
mass ratio, as well as the ζ-potential at their slipping planes. However, mechanisms
of action of the nanoparticles can be generalized under three varied models such as
reactive oxygen species (ROS) induction, non-ROS mechanisms and metal ion
release mechanisms as we have depicted in Fig. 7.3. However, it is to be well
noted that a nanoparticle may function through one or more mechanisms
simultaneously.

In general, noble metal nanoparticles first interact with the membrane of the target
microbial cells. This interaction results in the induction of lipid peroxidation (LPO)
of membrane lipids. LPO generates several free radicals that initiates chain reaction
to generate more radicals by damaging the cellular biomacromolecules. In fact, free
radical species have a very special property of generating furthermore free radicals
by cleaving existing covalent bonds in the surrounding molecules, and the resulting
free radicals produce more such species in a chain reaction fashion; this occurs at an
exponential rate. It wreaks havoc in any biochemical system by disrupting the
existing bonding interactions holding the system together, and this capacity is
known as oxidative stress.
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Additionally, quantitative real-time polymerase chain reaction (RT-PCR) studies
show that ROS also increases the expression levels of a general stress response gene
(Dna K) and two oxidative stress genes (Kat A and Ahp C) of oxidative proteins,
which thereby causes extensive damage to the intracellular components (Gurunathan
et al. 2012). ROS production can be induced by noble nanoparticles (Gurunathan
et al. 2012) via different mechanisms—one such mechanism is illustrated in the
photocatalytic model; it states that when nanoparticles absorb photons of energy
equal to or greater than the band gap, their electrons get promoted to the conduction
band from the valence band leaving behind a hole in the valence band—which are
definite theoretical antivalents of the physical electrons and thus carry a positive
charge and flow against the direction of electron movement. These holes are present
on the surface of the metal oxides and when they react with the surrounding H2O or
(OH�) or O2 species, they produce hydroxyl (OH∙) and superoxide radicals (O2

�).
Furthermore, it was also observed that ultrasonic activation is yet another mecha-
nism for inducing ROS formation by which nanoparticles split the surrounding H2O
into H+ and can react with dissolved O2 to generate H2O2. Studies show that the
negatively charged superoxide and hydroxyl radicals are unable to penetrate the cell
membrane and function while being attached to the cell surface; H2O2 on the other
hand is able to penetrate the cell membrane and cause extensive cellular damage. As
already mentioned, ROS axes are not the only mechanisms by which the antimicro-
bial properties of the nanoparticles are mediated. Observations against several
studies using Fourier transform infrared (FTIR) analysis, electron spin resonance,

Fig. 7.3 Mechanistic insights of the function of surface-modified noble metal nanoparticles at a
cellular and molecular level
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liquid chromatography-mass spectrometry, transmission electron microscopy
(TEM), proteomics tools and flat cultivation show that various nanoparticles have
efficient antimicrobial properties no matter if used under UV light, natural light or
absolute darkness. Yet another antimicrobial mechanism of nanomaterial is attained
by slow and sustained release of metal ions from metal nanocomposites, as in the
case of AgNPs which are currently being used by embedding them on zeolite
membranes (Tavolaro and Drioli 1999). In this mechanism the released metal ions
are absorbed through the cell membrane, and once inside the cell, they are free to
interact directly with functional groups of proteins and nucleic acids such as sulfanyl
(–SH), amino (–NH) and carboxyl (–COOH) groups. This confers damage to the
enzyme activity, the cytoskeletal structure and the overall physiological processes of
the cell, ultimately inhibiting the organism as a whole.

The cells have natural mechanisms of producing such free radical species or free
radical-generating species, called reactive oxygen species (ROS) which includes
mainly four species like the superoxide anion (O2

�), the hydroxyl radical (OH∙), the
hydrogen peroxide molecule (H2O2) and the singlet oxygen species (1O2). They are
quite capable of generating free radicals as described above, but they possess
different levels of dynamics and activity. Under normal conditions, cells generate
cytoplasmic ROS, but this alteration in cellular redox potential is balanced by the
generation of antioxidant species which counters the exponential increase of ROS,
keeping the species concentrations within redox equilibrium limits. This equilibrium
is useful in maintaining regular cellular homeostasis and appears to play an impor-
tant role in cellular signalling and disease pathophysiology. However, upsetting this
equilibrium produces oxidative stress which results in a change in permeability and
integrity of the cell membrane mostly by causing peroxidation of the membrane
lipids (Cheloni et al. 2016); it also deals damage to nucleic acids and various
proteins. NPs as filaricidal diminished the activities of enzymes SOD, catalase and
GPx that are most vital in antioxidant defence mechanism (Jeeva et al. 2015). On the
other side, GSH is a sulphur-containing protein that functions as antioxidant by
carrying the reactive electrons from the peroxide and its level is usually depleted
after filaricidal induction (Mukherjee et al. 2016). But, an inclined level of glutathi-
one-S-transferase (GST) maintains a high ROS level in mitochondria, endoplasmic
reticulum and peroxisome which is known to signal apoptosis (Mukherjee et al.
2016).

ROS-mediated apoptosis has a close relation with DNA damage, while noble
nanoparticles also display DNA-binding property. Previous studies in this direction
revealed that chitosan-capped and supramolecular hydrogel-capped AgNPs prefer-
entially bind at the minor groove of bacterial as well as parasitic DNA (Roy et al.
2014; Dey et al. 2016). Therefore, AgNP-induced ROS and direct binding of AgNP
to microbial DNA result in p53 activation that most likely signals activation of
apoptotic pathways. In case of microfilaria, chitosan-/hydrogel-capped AgNPs acti-
vate cell death abnormal (CED) pathway, and caspase mediates pathways to cause
cell death (Roy et al. 2014; Dey et al. 2016). Egg-laying defective (EGL)-1, CED-3,
CED-4 and CED-9 are four essential proteins essential for CED pathway in micro-
filaria. During apoptosis CED-9 is negatively regulated by EGL-1 and fails to show
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dominancy over CED-4 and CED-3 (Shaham and Horvitz 1996). In normal-living
filarial cell, CED-4 dimers are sequestered with CED-9 on the outer surface of the
mitochondria and inhibit apoptosis (Lettre and Hengartner 2006). In time, stimula-
tion after an apoptotic induction increased the level of EGL-1 and makes bonding
with CED-9 by BH3 domain that in turn disrupt CED-4–CED-9 complex (Yan et al.
2004, 2005). After dissociation of CED-9, two asymmetric CED-4 dimers
oligomerize to make a tetrameric apoptosome, and this tetrameric structure then
recruits proCED-3 molecules (Huang et al. 2013). Next to that, CED-3 (a cystine
protease) becomes activated and executes apoptosis. A study by Mukherjee et al.
(2016) revealed a rich level of cystine protease family protein, caspases, which direct
a new path suitable for microfilarial apoptosis. Caspase proteins, viz. cas-9, cas-8
and cas-3, cytochrome c and poly (ADP-ribose) polymerase (PARP) are the main
mediators that are responsible for intrinsic and extrinsic apoptosis. The generalized
model of the mechanism of action of noble metal nanoparticles is demonstrated in
Fig. 7.4.

7.6 Therapeutic Promises of Nanoparticles
as Antimicrobial Agents, Prospects and Challenges

Nanotechnologies most specifically nanoparticles are now in good demand in
pharmaceutical industries. This new therapeutic strategy can deliver drug most
accurately and exert the desired function at a very low dose. As we all know,
treatment of HIV needs antiretroviral drugs, ritonavir, lopinavir and efavirenz, but
they have very low sustainability in physiological conditions. In this context, the use
of nanoparticles formulated using poly(lactic-co-glycolic acid) (PLGA) can enhance
the sustained release of the anti-HIV drugs from 48 h to 4 weeks (Rizvi and Saleh
2018). Similar kind of phenomena also found as evidence when poly(lactic-co-
glycolic) (PLG) AgNPs encapsulated with rifampin, isoniazid and pyrazinamide
drugs were used against tuberculosis. Detection of rifampicin for 4 days in blood and
9 days in tissues along with 9 to 11 days of retention for isoniazid and pyrazinamide
in blood and tissue strongly indicates higher potency of nanoformulation over
unbound drugs (Gelperina et al. 2005). Moreover, esculentin-1a-capsulated
nanostructures are found as 17 times more effective than free esculentin-1a as anti-
P. aeruginosa therapeutic (Yeh et al. 2020). Another study on chitosan-coated
AgNP-conjugated form with ciprofloxacin displayed a better MIC than the free
drug against E. coli (Kumar et al. 2016), while the encapsulated daptomycin form
can enhance the release time up to 4 h (Silva et al. 2015). Besides that, phosphate-
and polyphosphate-conjugated PEG nanoparticles also can sustain the release of
phosphate to 100 h (Yin et al. 2017). According to the findings of Fan et al. (2019),
polyethylene glycol-functionalized AuNP when applied in conjugation with ampi-
cillin almost 18% lower MIC was found than ampicillin alone against S. aureus.
Several surface-modified nanoparticles have also been reported for affecting
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bacterial biofilm. PLGA/chitosan-coated nanoparticles when conjugated with colis-
tin anti-P. aeruginosa biofilm effect found to last for 72 h that is much an improved
report than free colistin (d’Angelo et al. 2015). Interestingly, 0.0156 μg/ml of

Fig. 7.4 Insights of ROS-mediated apoptosis induced by noble metal nanoparticles

190 N. C. Das et al.



ciprofloxacin encapsulated with PLGA was found sufficient to eradicate
P. aeruginosa biofilm within 3 days only (Baelo et al. 2015).

Bacterial synthesis of nanoparticles is now considered as a new trend as bacteria
are able to hydrolyse metal compounds and reduce metal ions to form nano in a
green way. While the study of Prakash et al. (2011) showed the level of potentiality
of AgNP synthesized by Bacillus cereus in diminishing the growth of E. coli and
Streptococcus. Another work summarized that only 5 μg/ml of concentrated AgNP
of Bacillus is sufficient to generate antimicrobial activity against E. coli, Pseudo-
monas aeruginosa, Proteus mirabilis, Serratia marcescens and Klebsiella
sp. (Yokesh Babu et al. 2013). A report by Dey et al. (2016) demonstrated a
synthesis of flower-shaped novel AgNPs by B. subtilis, and these AgNPs were
found to be active even at a dose of 1.25 μg/ml against bacteria, fungus and parasite.
In biological methods of nanoparticles, formulation with bacteria is not only a single
option, but the use of fungus also has several successes in works. A recent study on
sclerotial extract of Lignosus rhinocerotis-mediated synthesis of AuNPs explained
very high antimicrobial activity against Gram-negative P. aeruginosa and E. coli and
Gram-positive bacteria S. aureus and Bacillus sp. (Katas et al. 2019).

Nanoparticle exploitation is not only limited to bacterial, viral and fungal inhibi-
tion, but it is also in evidence that they have much potency in eradicating
microparasites. The study of Saini et al. (2016) and Saha et al. (2017) found that
AgNP as well as AuNP both have the ability to eliminate microfilariae of Setaria
cervi. Similarly, the study of Roy et al. (2018) showed the efficacy of Terminalia
chebula extract. AuNP fully depends on degradation of nuclear DNA. This data was
further supported by the work of Yadav et al. (2020) that described AgNPs synthe-
sized using Andrographis paniculata leaf extract elevate the ROS level and generate
oxidative stress that finally leads to filarial death via induction of apoptosis. In
addition, Wolbachia depletion using polyanhydrated nanoparticle as delivery
medium of doxycycline can also reduce microfilarial abundance at a very low
dose. Besides these, it has also been reported that the use of transferrin-conjugated
solid lipid-coated AgNPs is a more effective antimalarial than unconjugated form
(Gupta et al. 2007), while a little improvement was documented when AgNPs were
used with violacein as anti-plasmodium (Rahman et al. 2019).

All of the reports or findings descripted above are showing the improvement of
therapeutics, and all the success is due to development of nanoformulation (Prasad et
al. 2019). Effective and specific targeting, electrostatic interactions, stabilizing and
reducing capabilities and drug delivery role along with toxic nature to microbes with
low side effects to humans play a crucial role to achieve the therapeutic potentiality.
Even the interaction property with intracellular components helps enhance the
therapeutic ability and that finally differs it from other treatments. The
DNA-binding ability of the nanoparticles creates a milestone in medicinal science.
Polymer-stabilized and surface-modified (using chitosan, polyethylene glycol, poly-
vinyl alcohol and styrene) AgNPs can bind to E. coli DNAmolecule and disrupt that
to inhibits bacteria replication (Roy et al. 2014). In support another study of Li et al.
(2013) clearly visualized with AFM topography that AgNPs and citrate-modified
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AuNPs are capable of binding to microbial DNA molecule to cease the DNA
replication.

The use of nanoparticles is advantageous, but the synthesis procedure should
follow biological eco-friendly as well as benign green synthesis approach rather than
heftiest physical and chemical processes. Moreover, surface modification using
modifying agents has an opportunistic effect to ameliorate toxicity of the
nanoparticles. For example, chitosan-functionalized AgNPs/AuNPs suggest that
the use of chitosan minimizes the cytotoxic level of the noble metal nanoparticle
along with an increase of the bioactivity activity inducing ROS generation (Roy et al.
2014; Chowdhury et al. 2018, 2020). In addition, two interesting studies conducted
by Dey et al. (2015, 2016) revealed capping of AgNPs using supramolecular
hydrogel (SHGel) and DNA hydrogel increases the bioactivity and decreases the
toxic effects. Other coating agents like PVP and citrate also have been reported to
minimize the cytotoxicity of noble nanoparticles (Akter et al. 2017). All of these
surface modifications also enable the drug-loading capacity of the noble
nanoparticles of metal and improvement of the efficacy of loaded drug. The antimi-
crobial activity of amoxicillin, penicillin G, clindamycin, vancomycin and erythro-
mycin was found to be improved owing to the conjugation of polymer-coated
AgNPs (Rai et al. 2009). Though noble nanoparticles possess an excellent ability
to inhibit microbial growth in vivo and in vitro, still there are some contradictions
against their use as therapeutics regarding the side effects and bioavailability. In this
connection, so modern approaches of nanotechnologies like tunable nanoparticles,
quantum dots, nanogels, etc. are evolving rapidly to meet the current need.

Microbial diseases are the continuous threat to all living creatures from the
prehistoric times. Discovery of antibiotics was a challenge to ride above those
diseases. But accumulation of resistance against antibiotics has created a difficult
situation nowadays. While in several experiments, the use of noble metal
nanoparticles provides a hope that they can be effective over microbes. In addition,
metal and metal oxide-formulated nanoparticles have been found as the potent killer
of multidrug-resistant bacteria as well. The study of Franci et al. (2015) pointed the
ability of AgNPs against methicillin-resistant S. aureus (MRSA) and methicillin-
resistant S. epidermidis (MRSE), while efficacious report against ampicillin-resistant
E. coli, multidrug-resistant Pseudomonas aeruginosa and erythromycin-resistant
Streptococcus pyogenes highlighted AgNPs as a potent antibiofilm and antibacterial
formulation (Lara et al. 2010b). In this regard AuNPs are also proved as highly
active as several studies showed effectivity in inhibition of growth of multidrug-
resistant bacterial strain of E. coli, S. aureus and Salmonella typhimurium (Bresee
et al. 2011; Dasari et al. 2015). Despite these successes, more and more researches
on developing new smart noble metal nanoparticles as well as new approaches for
tuning the size and physico-biochemical properties of the nanoparticles also are in
progress to counteract the emerging microbial disease.
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7.7 Conclusion and Future Directions

In the mid-2020, the whole world is still under pressure of several microbial
diseases. Antimicrobial drug development is therefore considered as one of the
most practicable research works at present time. Even most of the pharma companies
are investing to develop better therapeutic solutions against the life-threatening
infectious diseases caused by Mycobacterium tuberculosis, Helicobacter pylori,
Vibrio cholerae, Entamoeba histolytica, Plasmodium falciparum, and many others.
These microbial pathogens are not only a curse for human health but also a result in
huge economic losses by affecting the health of economically important animals like
poultry, cattle and other livestock. Considering the urgency, several effective anti-
biotics have been developed to combat microbial diseases and are available in the
market. However, emergence of resistance against these drugs due to the maluses
has created an alarming situation. In this scenario, the use of bioactive noble metal
nanoparticles has shown better therapeutic efficiency in terms of low treatment dose,
less toxicity and absence of microbial resistance. Moreover, the use of several
surface modifiers, coating and stabilizing agents, resulted in enhancement of the
bioactivity, rapid delivery and controlled drug release, improvement of biocompat-
ibility and cytotoxicity. In this chapter, we have presented a comprehensive over-
view on the antimicrobial efficacy of noble metal nanoparticles along with the
mechanistic insights behind their activity at a cellular and molecular level.

Making or formulation of nanoparticles for their commercialization prospect,
more specifically for modulating nanomedicine and various biological applications,
is now the most rapidly growing field in nanotechnology. Several companies are
investing to develop various pharmaceutical applications on the basis of drug
delivery, imaging and bio-diagnostic properties of the noble metal nanoparticles.
Nanoparticles with drug delivery ability have been found as the most successful over
other modes of treatment in the last few years. Even the exploitation is not only
limited as antimicrobial, but NP is also found to be advantageous for cancer
treatment.

Considering the COVID-19 pandemic, noble metal nanoparticles could be uti-
lized as therapeutics as well as drug delivery vehicles. Some interesting findings on
the efficacy of bioactive AgNPs and AuNPs against the antigenic proteins of SARS
and MERS (Kim et al. 2018; Lin et al. 2019; Sekimukai et al. 2020) indicated that
these nanoparticles could be the useful options to treat COVID-19. Particularly,
rapid delivery of anti-SARS-CoV-2 antibody and/or vaccine could be aimed for
COVID-19 treatment shortly.

Taken together, it is clearly evident that surface-modified noble metal
nanoparticles, especially AgNPs and AuNPs, are advantageous for therapeutic
uses due to their benign nature, broad-spectrum bioactivities, ability of conjugat-
ing/immobilizing several drugs/enzymes, tunable delivery and release of drugs,
imaging/luminating potential and several other physio-biochemical attributes.
Future research is therefore needing more emphasis in applying these nanoparticles
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as in situ nanotrackers or nanobiosensors for diagnosing as well as treating life-
threatening diseases of humans.
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Chapter 9
Nanoparticles for Biofilm Control

Ranjit Pabbati, Moulika Aerupula, Firdoz Shaik, and
Venkateswar Reddy Kondakindi

Abstract Microorganisms of planktonic types have emerged into biofilm structures
by acquiring the ability to attach to the surfaces. The extracellular polymeric sub-
stances may play a vital role in anchoring the biofilm onto the surface and also
protect it from various antibiotics making it highly resistant. This type of survival is
procured by species of bacteria, fungi and protists. These biofilms pose numerous
hazards to the human health and environment. Over 80% of the diseases are caused
by the biofilms which include colorectal cancer, oral infections, periodontitis, cystic
fibrosis and many others. Different strategies have been developed to eliminate the
biofilms like the use of nano-sized particles. These nanoparticles provide antimicro-
bial properties and can also be used as a delivery system of the antibiotics with high
stability and good biocompatibility. The high surface-area-to-volume ratio makes
the nanoparticles to have high contact surface to the bacterial cell membrane and
hence plays an efficient therapeutic way in treating the biofilms. In this review, we
discuss the various diseases caused by the biofilm and different antibiofilm strategies
using the nanomaterials. There is no doubt that the upcoming antibiofilm strategy
which uses nanoscience can gain an ultimately new hope in advancements of coping
with bacterial infections and resistance.
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9.1 Introduction

Biofilm is an organized arrangement of microbial cells which are irreversibly
attached to a surface contained in a matrix made of self-produced extracellular
polymeric substances. It is responsible for many diseases infecting human health
and sometimes has a positive influence like the mutualistic bacteria, namely, Staph-
ylococcus epidermidis, which can hold back the formation of colony by pathogenic
bacteria through triggering the host immune system and thereby preventing the
attachment of microbes (Donlan 2002). Cystic fibrosis (CF), an inherited genetic
disorder, is the most common human disease infecting the lungs seen in Western
Europe. Patients with cystic fibrosis experience persistent infection caused by
P. aeruginosa. So when this P. aeruginosa bacterium invades the CF lung, it starts
to acclimatize with the CF lung and survives for decades. The reason is the excess
production of matrix polysaccharide alginate which makes up the mucoid biofilm
that resists antibiotics, elements of natural and acquired immunity, and thus resists
phagocytosis. This whole process again develops noticeable antibody responses in
the form of granulocytes and gives rise to chronic inflammation resulting in harsh
lung tissue damage in the CF patients. The other negative effects of biofilms include
dental caries or cavities which are caused by overproduction of organic acids mainly
when sugary drinks are consumed or while frequent snacking. These acids break-
down the teeth enamel and lead to dental caries. It is approximated that 65 out of
100 infections are related to bacterial biofilms (Lewis 2001). They are the device-
and non-device-linked infections. Data estimated for the device-related infections
are 2% each for breast implants and joint prostheses; 4% each for mechanical heart
valves, defibrillators and pacemakers; 10% for ventricular shunts; and 40% for
ventricular-assisted. Non-device-related biofilm infections include periodontitis,
osteomyelitis and many to list out. It is important to have oral hygiene since a person
is susceptible to suffer from periodontitis which infects the gums and damages the
soft tissues (Kokare et al. 2007). Osteomyelitis is a disease in bones caused by
bacteria or the fungal cells. When the bacteria enter the bloodstream and infect the
growth plate of the bone which is the metaphysic portion of the bone, the white
blood cells gather at the site and try to phagocytose or kill the pathogen by releasing
enzymes. So, these enzymes may break the bone and form pus spreading throughout
the blood vessels. This leads to the dysfunctioning of the affected bone areas (Ziran
2007).

The antibiotics which are available to date have shown low efficacy in treating the
biofilms associated with infections because of their high values of minimum inhib-
itory concentration (MIC) and minimum bacterial concentration (MBC) leading to
in vivo toxicity. Sometimes, biofilms prevent the phagocytosis of the invading
bacteria by impairing the phagocytes and complement system. Hence, it is important
to focus on the MBCs, MICs, mechanism of action and chemical structures of the
antibiofilm substances which include chelating agents, peptide antibiotics, etc.
Different strategies can be implemented to combat with the biofilms like replacing
the infected foreign bodies such as stents, implants with the sterile ones, blocking the
quorum sensing pathway or by altering the c-di-GMP. LP 3134, LP 3145, LP 4010
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and LP 1062 can inhibit the formation of biofilm in P. aeruginosa and Acinetobacter
baumannii (Ranita Roy et al. 2018). Nanoscale materials are widely applied in the
field of medicine because of their high reactivities with the large surface-area-to-
volume ratio. In fact, the physicochemical properties are controllable when it comes
to the nanoparticles. The other most important factor why nanotechnology has been
more adapted is because of its low toxicity to the host and thus can gain a positive
hope over the conventional treatments of biofilms (Ramasamy and Lee 2016). These
nanoparticles (NPs) are able to find a way out to prevent the drug resistance
mechanisms and other important processes. The combinations of plant-based anti-
microbials with the nanoparticles are also studied (Baptista et al. 2018).

In this chapter, we are going to discuss the different stages leading to the
formation of biofilms (Fig. 9.1). It is also important to study the types of pathogens
involved in biofilm synthesis and the pathogenesis related to the biofilm in humans.
As these biofilms give rise to dangerous diseases leading to chronic infections, there
is a necessary need to combat the microbes, and also depending on the applications
of nanoscience, we will be reviewing various strategies incorporated till now in
treating the biofilms.

9.2 Biofilms

In 1947, Antonie van Leeuwenhoek examined the aggregates of “animalcules”
scrapped from surfaces of human tooth under the microscope. Almost 100 years
later, microbiologists studied the formation of biofilms and also concluded that
bacteria grow differently when they attach to a specific surface in immobilized
populations. Studies also show that the bacteria eliminated from the native

Fig. 9.1 Stages of biofilm formation. (Adapted from Vasudevan 2014)
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ecosystem grow predominantly as planktonic cells (Costerton 1999). Biofilms are
the organized structures comprising of microorganisms where they stick to each
other producing extracellular polymers to cohesion. Biofilms are formed due to
various parameters like nutritional cues; identification of specific or non-specific
binding sites on a surface etiofilms can bind to the surfaces like the tooth, rock or any
single species or a diverse group of microbes (Karatan and Watnick 2009; Hoffman
et al. 2005). This shift of survival from a planktonic growth to biofilm keeps them
safe from toxic factors like antibiotic desiccation and host body’s immune system
(Tortora et al. 2015).

9.2.1 Bacterial Biofilms

In order to survive, the wild bacterial strains rely on fimbriae which protrude from
the thick layer of exopolysaccharides (EPS). Fimbriae facilitate specific adhesion to
the surfaces, and non-specific adhesion to inert surfaces is provided by EPS.
Fimbriae interaction with the surfaces is not strong as it can be removed easily by
simple sonication. Firm adhesion of the bacterial strains needs the elastic polymers
of the EPS for effective non-specific interaction in aquatic ecosystem (Costerton
1999). The bacteria release protons and signalling molecules radially diffusing away
from the cell. We observe a sharp increase in the concentration of the diffusing
molecules finding itself near a surface or interface which would let the cell recognize
that it is near the surface because diffusion became limited on that side. Thus, once
the bacterial cell has sensed a surface, they start to form colonies in monolayer
fashion. and active adhesion starts leading to biofilm formation. The cells aggregate
to form microcolonies at a specific location. Now in order to make this reversible
attachment to irreversible attachment, the bacteria should synthesize new
exopolysaccharide to cement other bacterial cells in developing biofilm. In this
process, the attached cells upregulate the genes required for EPS synthesis itself
(Costerton 1999).

The basic structural unit of biofilm is the microcolony. It consists of different
types of species. Depending on the species, microcolony (mushroom-like shape)
may have composed of 10–20% cells and remaining 75–90% EPS matrix (Costerton
1999). Regarding biofilm formation potentials of pure species bacteria, it is inter-
esting that the quantity of biofilms produced is not only different between the genera
but also vary among the species of same genus (Maddela and Meng 2020); this could
be attributed to multiple factors, such as metabolic properties, quorum sensing
properties (Maddela et al. 2019), functional groups of exopolysaccharides (Maddela
et al. 2018), etc. In general, cells attach to the surfaces which are rougher and
hydrophobic in nature. The presence of fimbriae, flagella and EPS helps an organism
when a mixed community is involved (Table 9.1).
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9.2.2 Fungal Biofilm

The important fungal species which produce biofilms are Aspergillus, Candida,
Cryptococcus, Trichosporon, Coccidioides and Pneumonia (Table 9.2). Factors
involving the fungal biofilm resistivity are structural complexity, existence of
extracellular matrix (ECM), metabolic heterogeneity intrinsic to biofilms and
upregulation of efflux pump genes (Fanning and Mitchell 2012). The biofilms of
C. albicans are composed of yeast form and hyphal cells which are important for
biofilm formation. Steps involving biofilm formation are attachment to the substrate
and multiplication of yeast cells on the surface followed by triggering of hyphal
formation (Finkel and Mitchell 2011). As the biofilm matures, the cohesivity appears
due to ECM aggregation (Al-Fattani and Douglas 2006). Other species of Candida
like C. tropicalis, C. glabrata, though contain ECM, fail to produce true hyphae
(Silva et al. 2011).

Biofilms of the cells of Aspergillus called conidia bind to the substrate and
mycelia forms with biofilm maturation. Hyphae can be differently organized in
two forms of A. fumigatus biofilm infection. For example, hyphae form into a
intertwined ball in Aspergilloma and in aspergillosis show hyphae in separated
form (Loussert et al. 2010). There are species which do not produce hyphae as
part of their biofilm. Some of the species are Cryptococcus neoformans and
Pneumocystis jirovecii (Cushion et al. 2009).

Table 9.1 Variables essential in cell adhesion and biofilm synthesis

Properties of the
substratum Properties of the bulk fluid Properties of the cells

Texture or roughness Flow velocity Cell surface hydrophobicity

Hydrophobicity pH Fimbriae

Cations Extracellular polymeric
substance

Presence of antimicrobial
agents

Showing antimicrobial activity

Adapted from Donlan (2002)

Table 9.2 Fungal biofilms resistant to antifungal agents

Type of fungi producing biofilm Resistance to antifungal agent

Candida albicans and Candida
parapsilosis

Fluconazole, amphotericin-B, nystatin, voriconazole

Aspergillus fumigates Itraconazole, caspofungin

Cryptococcal Fluconazole and voriconazole

Tichosporonasahii Amphotericin-B, caspofungin, voriconazole and
fluconazole

Pneumocystis carinii Azole and amphotericin-B

Adapted from Fanning and Mitchell (2012)
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9.3 Biofilm-Related Pathogenesis

Back in the 1970s, Nils Høiby perceived the connection between the causes of
relentless infection and the clusters of bacteria in cystic fibrosis patients (Høiby
2017). It was then noted that biofilms are involved in clinical infections (Costerton
et al. 1999; Hall‐Stoodley and Stoodley 2009). Bacteria in biofilm mode of survival
protect itself by staying in the dormant state from the immune system, thereby
causing local tissue damage. In the later stages, it leads to acute infection
(Table 9.3 gives an overview of the biofilm-related diseases in humans) (Vestby
et al. 2020).

9.3.1 Native Valve Endocarditis

Native valve endocarditis is caused when the vascular endothelium of the four
valves, namely, mitral, aortic, tricuspid and pulmonic valves, interacts with the
microbes travelling in the blood stream. The species responsible for NVE are
Pneumococci, Candida, Aspergillus and some Gram-negative bacteria. The route
of infection of these organisms is in blood stream via the oropharynx, gastrointes-
tinal tract and genitourinary tract. Since the microbes bind very poorly to the

Table 9.3 Biofilm-associated diseases

Body system Affected organs Disease

Auditory Middle ear Otitis media

Cardiovascular Cardiac valves Infective endocarditis

Arteries Atherosclerosis

Digestive Salivary glands Sialolithiasis (salivary duct stones)

Gall bladder Recalcitrant typhoid fever and pre-
disposition to hepatobiliary cancers

Gastrointestinal tract, especially the
small and large intestine

Inflammatory bowel disease and
colorectal cancer

Integumentary Skin and underlying tissue Wound infections

Reproductive Vagina Bacterial vaginosis

Uterus and fallopian tubes Chronic endometritis

Mammary glands (breasts) Mastitis

Respiratory Nasal cavity and paranasal sinuses Chronic rhinosinusitis

Throat, i.e. pharynx with tonsils and
adenoids and larynx with vocal cords

Pharyngitis and laryngitis

Upper and lower airways Pertussis (whooping cough) and other
border tell infections, cystic fibrosis

Urinary Prostate gland Chronic bacterial prostatitis

Urethra, bladder, ureters, kidneys Urinary tract infections

Adapted from Vestby et al. (2020)
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endothelium, nonbacterial thrombotic endocarditis (NBTE) is established when the
endothelium is disrupted. This accumulates platelets, fibrin and red blood cells.
Fibronectin is released by the endothelium cells with the result of vascular injury.
This fibronectin can adhere to collagen, human cells and also the bacteria which
leads to biofilm formation. Multiple medications are followed specific to the species
involved like the administration of penicillin for streptococcal endocarditis and
fluconazole for Candida endocarditis (Donlan and Costerton 2002; Stickler 1996.).

9.3.2 Otitis Media

This is a painful ear infection specific in the middle ear located behind the eardrum.
The organisms causing otitis media are Streptococcus pneumoniae, Haemophilus
influenzae, Moraxella catarrhalis, Staphylococcus epidermidis and Pseudomonas
aeruginosa. Since only low amounts of antibiotics are penetrated in the middle ear,
effective drugs are better used to treat otitis media like amoxicillin, cefaclor and
erythromycin (Donlan and Costerton 2002; Wells et al. 1995).

9.3.3 Chronic Bacterial Prostatitis

The infection is seen in the prostate gland which moved from the urethra (Domingue
and Hellstrom 1998). Once the bacteria occupy the prostate duct, proliferation
occurs very rapidly forming spores of microcolonies and thus forming the biofilms
in the dust system. Microbes infecting chronic bacterial prostatitis are E.coli,
P. aeruginosa and species of Proteus, Serratia, etc. (Donlan and Costerton 2002).

9.3.4 Cystic Fibrosis

This is a type of lower respiratory tract infection. Cystic fibrosis is the absence of
cystic fibrosis transmembrane conductance regulatory protein (CFTR). The thicken-
ing of the respiratory epithelium is due to the elevated absorption of electrolytes.
Staphylococcus aureus, H. influenzae and P. aeruginosa are the microbes involved.
The infection can be delayed for several years if treated in the early stages with
ciprofloxacin and colistin (Donlan and Costerton 2002).
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9.3.5 Periodontitis

This disease is the infection in teeth tissues, gums and periodontal tissues.
Subgingival crevice is the first site for infection (Govan and Deretic 1996). The
bacteria start colonizing the surfaces of the tooth and mucus and also regulate
calcium flux releasing the toxins. Once the bacterial plaque becomes significant
with minerals of calcium and phosphate ions (calculus or tartar), the defensive
mechanism of the saliva can no longer support the enamel of the tooth and thus
cause periodontal diseases (Overman 2000). The suggested treatment is through the
elimination of biofilms from the subgingival areas along with addition of antimicro-
bial substances (Donlan and Costerton 2002).

9.4 Antibiofilm Strategies

With respect to the previous studies, there is an easy and effective way to eliminate
premature biofilms with the use of antibiotic than the mature biofilms (Ranita Roy
et al. 2018). Despite of it, undetectable nature of the premature biofilms in the body
leads to development of clinical conditions which involves most of the mature
biofilms (Hoiby et al. 2011; Cramton et al. 1999; Götz 2002; McKenney et al.
1998). Implementation of combinational therapy is more appreciable than the
antibiotic monotherapy (Aaron et al. 2002). The biofilm-grown bacteria are more
resistant to planktonic bacteria. The other strategy to eliminate biofilm is by finding
antifouling or antimicrobial surfaces (Brandl et al. 2008). Nanoparticles made of
silver and many other metal nanoparticles display antimicrobial properties which
seem to be an effective approach to remove the biofilms (Hoyle and Costerton 1991;
Moreau-Marquis et al. 2008; Prasad et al. 2020). The antibiofilm molecules block
the signalling pathways in almost all types of bacteria; these molecules can be an
enzyme, a peptise, an antibiotic, polyphenols, etc. (Parsek and Singh 2003). Mem-
brane technology has been developed for wastewater treatment. But the formation of
biofilm on the membrane is deteriorating the life of the membrane and reducing the
water flux. This is the critical problem in the membrane technology development
(Ding et al. 2019; Xu and Liu 2011).

The metabolic uncouplers are introduced to disrupt oxidative phosphorylation
suppressing the microbial attachment and also reducing the extracellular polymeric
substance (EPS) secretions (Chen et al. 2002; Jiang and Liu 2012). The study aimed
at inducing the uncoupler, 3,30,40,50 tetrachlorosalicylanilide (TCS), to reduce the
EPS and aerobic granulation formation. The optimal level of TCS concentration
effectively inhibits the cell binding to the membrane. Bacterial motility is also an
important factor in determining the initial cell attachment (O’Toole and Kolter
1998). When the concentration of TCS was increased to 100 μg/L, it showed that
the reduced motility ultimately resulted in decreased cell attachment (Feng et al.
2020). The effective way to target the destruction of biofilm is quorum sensing
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(Sambanthamoorthy et al. 2014; Kareem et al. 2017; Yu et al. 2018). Cells commu-
nicate through different signalling molecules but the way by which the expression of
virulence genes is controlled by quorum sensing. The molecules or the compounds
which interrupt these communications are called quorum quenchers. These
quenchers suppress the virulence gene expression which make the proteases,
siderophores, toxic compounds and biofilm formation (Antunes et al. 2010; Ali
et al. 2020).

Virstatin was employed which cuts the pili binding by Acinetobacter baumannii
in order to avoid biofilm production (Chabane et al. 2014). Nanoparticles always
showed a better path to inhibit the microbes and so put forth (Ansari et al. 2014). It
has been experimented that silver nanoparticles inhibited the growth and occupancy
of E. coli and Klebsiella pneumoniae and also eliminated the exopolysaccharides
formation. An inhibitor of multidrug resistant of A. baumannii biofilm,
5-episinnuleptolide, attenuated the genes expressing the EPS-producing enzymes
which completely vanished in exposure to these compounds (Tseng et al. 2016).
Sometimes, the binding of bacteria to the surfaces also depends on the physical
properties. Therefore, an effective approach to inhibit the biofilm formation is by
changing the surface of several nanostructures of multiwalled carbon nanotubes
(Malek et al. 2016).

Bacterial biofilms are a huge threat to the humankind when discussing its growth
in water distribution pipelines. These pipes are mostly made of iron stainless steel
and galvanized steel or copper-based materials, so biofilms growing on these metals
corrode the equipments used in the industry and thus deteriorate the quality of water
leading to infectious diseases. The bacteria multiplied in number on stainless steel
and titanium. The growth is decreased on copper and nickel substrates as a result of
oxidative stress and protein dysfunction. The growth of bacteria in the initial stages
is much low on copper, Cu and nickel and Ni substrates when compared to stainless
steel (SS) and titanium (Ti); it may be because of varied interactions of microbes
with various materials. For example, observe a green coloured material on the copper
surface; the possibility is that the surface gave copper ions by getting oxidized. This
ceases cellular protein or enzyme activity resulting in the prevention of bacterial
attachment to Cu substrate (Santo et al. 2011). In his actual work, the bacterial
growth restored after a period of incubation; this occurred as the cells experienced
extreme membrane damage, though the DNA is not injured as it is protected by the
periplasm (Grosse et al. 2014). Studies showed that the E.coli was chiefly destroyed
through membrane damage, and also they are wide open to toxic portion of cu
(II) which upregulates the genes responsible for ROS (reactive oxygen species)
elimination (Wang et al. 2020).

In the recent years, “green antimicrobials” derived from green medicinal plants
have been a promising replacements to the conventional ones to eradicate biofilms.
These include essential oils which are of high essence due to its cheaper cost,
biocompatibility and the ability to fight the bacteria without impelling drug resis-
tance. To critical mechanism of its bactericidal effects is that they can separate the
lipid layer from the cell membrane, which increases the permeability of the mem-
brane troubling the cell structures (Wang et al. 2019). This is due to the hydrophobic
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nature leading them to indissoluble and unsteady in aqueous media limiting its
application in therapeutics. Studies have displayed that enveloping essential oils
into a surface-active colloidal transport channel enhances their stability in aqueous
medium and also the antibiofilm activity in the food and beverages (Arfat et al. 2014;
Chen and Zhong 2015; Landis et al. 2017). Therefore, according to Zhaojie Wang
et al. (2018), prepared regulatable thymol (essential oil made of oxygenated com-
pound, phenol) contains chitosan micelles for treating bacterial biofilms. Here, the
chitosan is a well-known polycationic polysaccharide made of dispersed structures
of beta-(1-4)-linked D-glucosamine and N¼acetyl-D-glucosamine with the best
biocompatibility and antimicrobial properties. The micelles were produced through
spontaneous assembly by amphipathic copolymer comprising of toluidine blue O
(TBO)-implanted chitosan (CHI-TBO) and poly(propylene sulphide) (PPS). And
now the chitosan, external region of the micelle, easily sticks to the oppositely
charged that are the negatively charged biofilms. The ROS (reactive oxygen species)
generator is the TBO which is associated with chitosan acting as a photosensitizer
destroying various bacteria. This ROS can alter the hydrophobic sulphide to invari-
able oxidized hydrophilic sulfoxide which is much needed to kill the bacteria. So,
ROS is generated from the TBO from thymol-loaded TBO-CHI-PPS micelles
(T-TCP) with a simultaneous release of thymol from it (Wang et al. 2018).

9.5 Nanoscience

Nowadays, the nanoparticles are widely used in the fields of biomedical and
physiology. Nanoparticle, the name itself, suggests it to be a tiny particle of
nanoscale having the size of 1–100 nm. These nanoparticles also have a specific
wavelength which is less than that of light. This property allows them to deploy in
cosmetics, packaging and coatings. The physical, optical properties, etc. of
nanoparticles make them play a unique role in the daily life when compared to the
bulk materials. Sometimes nanoparticles of the desired shape and size can be
obtained by controlling the parameters like salt concentration, pH value, tempera-
ture, aeration, etc. The most common shapes produced are spherical, triangular and
hexagonal. Usually, nanoparticles work best when the size is less than the critical
value, i.e. 10–20 nm (Singh et al. 2016). Metal nanoparticles are purely made of the
metal precursors. Due to well-known localized surface plasmon resonance (LSPR)
characteristics, these nanoparticles possess unique optoelectrical properties. The
alkali and noble metal nanoparticles whose absorption band is in the visible region
of the electromagnetic solar spectrum are Cu, Ag and Au. The facet-, size- and
shape-controlled synthesis of metal nanoparticles is important in present-day cut-
ting-edge materials (Dreaden et al. 2012). Metal nanoparticles with the advanced
optical properties find applications in many research fields.
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9.5.1 Classification of Silver Nanoparticles

Classification of nanoparticles is based on their morphology, size and chemical
properties. Some of the well-known classes of NPs are listed below.

9.5.1.1 Carbon-Based NPs

Fullerenes and carbon nanotubes (CNTs) represent two major classes of carbon-
based NPs. Fullerenes contain nanomaterial that are made of globular hollow cage
such as allotropic forms of carbon. They have created noteworthy commercial
interest due to their electrical conductivity, high strength, structure, electron affinity
and versatility (Aliana Astefanei 2015). These materials possess arranged pentago-
nal and hexagonal carbon units, while each carbon is sp2 hybridized, shows some of
the well-known fullerenes consisting of C60 and C70 with the diameter of 7.114 and
7.648 nm, respectively. CNTs are elongated, tubular structures, 1–2 nm in diameter
(El-Sherbiny et al. 2013). These are structurally resembling to graphite sheet rolling
upon itself. The rolled sheets can be single, double or multiwalled, and therefore they
are named as single-walled (SWNTs), double-walled (DWNTs) or multiwalled
carbon nanotubes (MWNTs), respectively. Deposition of carbon precursors espe-
cially the atomic carbons, vaporized from graphite by laser or by electric arc onto
metal particles, is widely required for their synthesis. Lately, they have been
synthesized via chemical vapour deposition (CVD) technique (Elliott et al. 2013).
Due to their unique physical, chemical and mechanical characteristics, these mate-
rials are not only used in pristine form but also in nanocomposites for many
commercial applications such as fillers (Saeed and Khan 2014, 2016), as support
medium for different inorganic and organic catalysts (Mabena et al. 2011), and for
environmental remediation, these can be used as efficient gas adsorbents (Ngoy et al.
2014).

9.5.1.2 Metal NPs

Metal NPs are purely made of metal precursors. Due to well-known localized surface
plasmon resonance (LSPR) characteristics, these NPs possess unique optoelectrical
properties. NPs of the alkali and noble metals, i.e. the broad absorption band of Cu,
Ag and Au, lie in the visible zone of the electromagnetic solar spectrum.

The facet-, size- and shape-controlled synthesis of metal NPs is important in
present-day cutting-edge materials (Dreaden et al. 2012). Due to their advanced
optical properties, metal NPs find applications in many research areas. Gold NP
coating is widely used for the sampling of SEM, to enhance the electronic stream,
which helps in obtaining high-quality SEM images.
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9.5.1.3 Ceramic NPs

Ceramic NPs are inorganic nonmetallic solids, synthesized via heat and successive
cooling. They can exist in the form of amorphous, polycrystalline, dense, porous or
hollow structures (Sigmund et al. 2006). With their use in applications such as
catalysis, photocatalysis, photodegradation of dyes and imaging applications,
nanoparticles are getting great attention of researchers (Thomas et al. 2015).

9.5.1.4 Semiconductor NPs

Semiconductor NPs possess characteristics of metals and nonmetals and therefore
found various applications in the literature due to this property (Ali et al. 2017; Khan
et al. 2017).

Semiconductor NPs possess wide band gaps and therefore showed significant
alteration in their properties with band gap tuning. Therefore, they play a very
important role in photocatalysis, photo-optics and electronic devices (Sun et al.
2000). Because of their suitable band gap and band edge positions, a variety of
semiconductor NPs are found exceptionally efficient in water-splitting applications
(Hisatomi et al. 2014).

9.5.1.5 Polymeric NPs (PNPs)

Polymeric nanoparticles are generally organic based and are mostly found in
nanospheres or nanocapsular shaped (Mansha et al. 2017; Prasad et al. 2017). The
overall mass of the matrix particles is generally solid, and the other molecules attach
to the outer boundary of the spherical surface using the phenomenon called adsorp-
tion. In the following case, the solid mass is completely encapsulated within the
particle (Rao and Geckeler 2011). The PNPs can readily functionalize and thus find
bundles of applications in the literature.

9.5.1.6 Lipid-Based NPs

The lipid nanoparticles contain lipid moieties and have effective applications in
biomedicine. Generally, a lipid NP is characteristically spherical with diameter
ranging from 10 to 1000 nm. In a similar way to polymeric NPs, lipid NPs also
possess a solid core built of lipid and a matrix containing soluble lipophilic mole-
cules. Surfactants or emulsifiers stabilized the external core of these NPs (Rawat
et al. 2011). Lipid nanotechnology (Mashaghi et al. 2013) is a special field, focusing
on the designing and synthesis of lipid NPs for various applications in drug delivery
and as drug carriers (Puri et al. 2009) and RNA release in cancer therapy.
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9.5.2 Synthesis of Nanoparticles

Nanoparticles can be synthesized in two following approaches: (1) top-down
approach and (2) bottom-up approach. In simple words, the way in which smaller
particles assemble into complex particles operated either by physical or chemical
forces is called bottom-up approach, while the process in which bulk material is
turned into simply smaller particles preferably nano-scaled materials is called
top-down approach. Nanoparticles can be synthesized using three different methods.
They are:

(1) Physical method: nanoparticles are synthesized by physical means such as by
mechanical means and vaporization.

(2) Chemical method: nanoparticles are synthesized using chemicals via sol-gel
process, aerosol process, etc. This method is the widely used and accepted method.

(3) Biological method: other name for this method is the green synthesis because
it makes use of plant extracts or parts of the leaves, root, flower and fruits and
biological species like fungi, yeast, algae and bacteria (Prasad 2014, 2016, 2017;
Prasad et al. 2016, 2018a,b; Thangadurai et al. 2020; Srivastava et al. 2021).
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Fig. 9.2 Different mechanisms of action of NPs in bacterial cells. The combination in a single
nanomaterial of a multitude of cellular effects may have a tremendous in fighting MDR bacteria.
DNA, deoxyribonucleic acid; ROS, reactive oxygen species; AuNPs, gold NPs; CuONPs, copper
oxide NPs; Ag NPs, silver NPs; Fe3O4 NPs, iron oxide NPs; ZnONPs, zinc oxide NPs. (Adapted
from Pedro Bapista et al. 2018)
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There are multiple ways by which nanoparticles exhibit antimicrobial activity;
they are (a) interacting directly with the bacterial cell wall, (b) prevention of biofilm
formation, (c) evoking the natural and acquired immune responses, (d) production of
reactive oxygen species (ROS) and (e) triggering of intracellular effects (Fig. 9.2)
(Prasad and Swamy 2013; Joshi et al. 2018; Inamuddin et al. 2021). Since they do
not follow similar mechanism of action of standard antibiotic drugs, it can be widely
used against resistant bacteria (Singh et al. 2014; Aderibigbe 2017; AlMatar et al.
2017; Hemeg 2017; Natan and Banin 2017; Rai et al. 2017; Slavin et al. 2017; Zaidi
et al. 2017; Bassegoda et al. 2018; Katva et al. 2018; Siddiqi et al. 2018). Gómez-
Gómez et al. (2020) used metalloid based NP like tellurium nanoparticles (TeNPs) to
investigate its effect on Staphylococcus aureus and Escherichia coli. These
nanoparticles inhibited biofilm formation with reducing nearly 90% of biofilm
volume; another exciting findings revealed structure change from sphere to
rod-shaped as a consequence of the nanoparticle-biofilm interaction. While the
increasing, other co-polymers (for instance polylactic-co-glycolic acid, PLGA)
other polymer has emerged to be used in the food and drug administration; PLGA
shows significant uses like better compatibility, good stability while
preparation (Danhier et al. 2012; Sharma et al. 2016; Swider et al. 2018). So,
enclosure of antibiotics into these PLGA nanoparticles helps in safe transport and
release at the infection site which in general get degraded by enzymes (Huang et al.
2020). But also the relative low drug packing capability and premature or initial
burst release limited the use of PLGA-based nanomaterials in in vivo studies.
Therefore, quantum dots appeared as an efficient way to combine with polymer-
based nanoparticles for added advantage (Huang et al. 2020).

Carbon quantum dots (CQDs) showed an outstanding drug packing capacity
because it possesses a large surface area and stable π-π stacking, water repelling
and electrostatic interactions or physisorption (Liu et al. 2012; Wang et al. 2017b).
The method used for incorporating the CDQs into the PLGA nanoparticles is
microvotex-based microfluid which accurately controls the CQD-PLGA hybrid
nanoparticle formation with a fine antimicrobial efficacy to fight with
P. aeruginosa biofilms (Huang et al. 2020). The enclosure efficacy and the packing
capacity of the CQDs can be changed by altering the mass ratio of PLGA to CQDs
which helps us facilitate a sufficient space for photothermal effect optimization and
reducing the toxic effects triggered by the CQDs. The photothermal effect of both
CQDs with and without the PLGA nanoparticles was studied by inducing laser of
808 nm with different power densities. The consequences are the increase in
temperature from 37 degrees Celsius to 43 degree Celsius which is seen only in
the PLGA with CQDs (Huang et al. 2020). Another interesting finding was that the
CQD-encapsulated PLGA nanoparticles are able to transform NIR light into thermal
energy which lead us to enhance the photothermal effects. In this study, they used
azithromycin (AZI) as an antibiotic and loaded into CQD-PLGA hybrid
nanoparticles which eliminated more bacteria of P. aeruginosa than the ones with
the only AZI. This may be due to increased concentration of antibiotic at the reach of
the biofilm site (Huang et al. 2020).
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9.6 Knowledge Gaps and Future Directions

The purpose of using nanoparticles in preference to antibiotics is because
nanoparticles can inhibit microbial drug resistance effectively in specific cases
(Wang et al. 2017a). The highly preventable measures of biofilms are accomplished
by smaller size with high surface-area-to-mass ratio. The shape of the nanoparticle
also has a noticeable effect on biofilm elimination, for example, rod-shaped
nanoparticles show a high impact over the spherical-shaped nanoparticles (Slomberg
et al. 2013). With high available research studies, developing the effects of
nanoparticles is the starting step for any researcher to try his best (Wang et al.
2017a). In spite of it, a research study reported that there was a spread of multiple
drug resistance (MDR) not just in the same species of bacteria but also across the
genera when it was the positive hope in promoting conjugative transfer of RP4, PK2
and PCF10 plasmids by aluminium nanoparticles (Qiu et al. 2012). The underlying
factors may be the range of damage caused to the cell membranes by the aluminium
NPs, the amounts of aluminium NPs and the breeding cells, parameters like tem-
perature and pH and selective expression of particular genes (trfAp, trfA and trbB)
which is crucial in transferring and replicating RP4 plasmids. The negative effects
are also considered to avoid the MDR which may lead to health hazards.

There are limitations regarding the use of NPs in inhibiting the biofilms. As there
are various bacterial strains, with different action times, it’s difficult to examine the
comparative studies of the antibacterial mechanisms. The complexity of the cell
membrane structures can be seen as a critical drawback in in vitro studies. Size can
become a limitation in transporting all NPs into the bacterial porins which is
generally <600 Da. Further research focusing on the intracellular inhibitory mech-
anisms is left unattended. Huge attention is made towards the NPs which induced
oxidative stress, synthesis of proteins and metabolism of bacterial cells. In the view
of increasing resistance of the biofilms, nanoparticles are considered to having the
greater potential to resolve with low toxic effects (Wang et al. 2017a). However, key
factors like NP resistance and surface associations between NP biofilms and hosts
need to be sorted out to guarantee fortunate clinical applications (Ramasamy and Lee
2016).

9.7 Conclusions

As of the resistance posed by the biofilms against the conventional antibiotics, there
evolved multiple pathogenesis in humans which lead to chronic infections over
decades. It has been evident that the therapeutic use of nanoparticles had tremendous
antibiofilm effects as far studied. The influence of nanoparticles on bacterial cell
membrane permeability, generation of reactive oxygen species and cellular metab-
olism and reproduction are of high priority. The bacterial attachment and EPS
secretions can be reduced by using metabolic uncouplers like 3,30,40,50
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tetrachlorosalicylanilide (TCS). Among numerous types of nano-based materials
used and studied in antibiofilm strategy, using silver nanoparticles is one of the
best possible way in eliminating the microbes. Quorum quenchers can be used to
suppress the expression of virulence genes like proteases, siderophore, etc. which is
a way to block quorum sensing characteristic. Other compounds like virstatin and
5-episinnuleptolide are also found to be the key inhibitors of some of the bacterial
species.
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Chapter 10
Significance of Nanoscience in Food
Microbiology: Current Trend and Future
Prospects

Ajay Kumar, Amit Pratush, and Surojit Bera

Abstract Nanotechnology is an outstanding discovery for mankind which trans-
form the food industry and conventional food science. Nanomaterial used in food
sector could have different properties like solubility, thermodynamic, magnetic,
optical, colour, etc. A nanostructure of a material widely differs from its macrostruc-
ture in terms of the texture, taste, odour, charge on the surface, etc. Nanosensing,
nanostructured ingredients and packaging are the major areas where nanotechnology
revolutionized the food industry. As compared to traditional practices,
nanotechnology-based active and intelligent methods have greater advantages like
increased mechanical strength, nanosensor for pathogen detection and improved gas
exchange. The natural nanostructures are mostly proteins such as milk proteins like
casein, polysaccharides, lipids, etc., whereas the synthetic nanostructures are poly-
meric NPs, nanoemulsions and liposomes. Several nanomaterials which control or
pause chemical reactions lead to the spoilage used in the food industry for sustain-
able food characteristic preservation. Nanotechnology also works on a two-way
approach to maintain or preserve food characteristics, i.e. modifying the packaging
technology or changing the bioactivity of active food components in the packaging
environment. However, there are some odds like safety issues creating challenges in
modern nanotechnology. In the long run, proper training of the public is needed to
ensure the benefits and safety of the application of nanotechnology in the food
industry.
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molecules
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10.1 What is Nanoscience?

Nanoscience or nanotechnology is the functional area of modern era, where unifi-
cation of science with engineering opens a new door in everyday science. In this area
productive molecule size varies between 1 and 100 nanometre at least in one
dimension. It is also the foundation and deployment of ingredients, manoeuvre or
system, through the regulation of the properties and structure of the matter at the
nanometric scale. However according to some researchers, there is a fine line
between nanoscience and nanotechnology which distinguishes them between each
other. For example, nanoscience is a junction physical science, chemical science,
biological science and mathematics which deals with the fabrication of materials at
the atomic and molecular level; on the other hand, nanotechnology is the measure-
ment, congregation, control and manufacturing of matters at nanoscale. It is the most
truly immerging technology of the twenty-first century. The concept of nanotech-
nology was first familiarized by a Nobel laureate Richard Feynman in 1959 (Bayda
et al. 2020). He was an American physicist who showed the pathway towards this
small but powerful field of study. Almost 15 years later, a Japanese scientist Norio
Taniguchi first defined the term “nanotechnology” in 1974 as “nanotechnology
mainly consists of the processing of separation, consolidation, and deformation of
materials by one atom or one molecule”. Taniguchi was also considered the father of
modern nanotechnology by many scientists. It would be very clear from an example
of economic investment in United States (US). In 2015 financial year, US federal
R&D investment was calculated approximately $20 billion, more than double that by
the private sector. The revenues generated from nanoproducts is continuously
increasing with over $200B in financial year 2012 in the United States alone and
over $700B worldwide (Bhushan 2016).

Now, the main question comes into mind that why should we go for such small
and complicated nanosystem? The answer is embedded in the physical and chemical
properties of particles. Matters mostly remain in three states: solid, liquid and gas.
Where we cut down the bulk structures of the materials into very small fractions like
nanoscale, the regular physical, chemical and biological properties differ. For
example, in nanoscale some materials may act stronger, or lighter, and may have
magnetic properties, better electricity or heat transfer. Also, they may become more
chemically responsive or redirect light better or alter colour as their size or structure
is altered. Figure 10.1 shows different aspects of nanoscience in food sectors and
their ongoing applications.

10.2 Relation of Food Microbiology with Nanoscience

The topic we are discussing here is related to food microbiology also; and the food
microbiology comes under the category of food science. The consumer’s preference
about food colour, texture and overall quality is continuously changing with a
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growing concern over health benefits (Singh 2017). Now, consumers are also aware
about the nutritional value of the product; and this nutritional value mostly depends
upon various micronutrients and bioactive compounds. However, when microor-
ganisms invaded the intactness of a food, their metabolic activities negatively amend
these micronutrients and/or bioactive compounds jeopardizing the health benefits of
the foods. As a result, researchers are continuously engaged in searching of new
methods to improve the quality of foods without disturbing the basic contents of it.

In the immediate twentieth century, unceasing findings were made to comprehend
the connection and significance of microorganisms, particularly pathogenic bacteria
in food. Later but before the 1970s, the section food microbiology was considered as
a functional science discipline which predominantly involved in the microbial
quality control in food. Gradually with time, the technology expended in food
manufacture, processing and food consumption patterns has considerably
transformed. As a result, complications associated with it have also evolved vividly.
These kinds of problems can no longer be solved by only technology application.
Hence, research in basic food science and in modern food microbiology is inevitable
to understand and effectually resolve the microbiological issues associated with
food. The food microbiology discipline not only embraces microbiological aspects
of food decomposition, food-borne infections and their efficient control but also
fundamental evidence of microbial ecology, physiology, metabolism and genetics.
An example of such application gained from food microbiology knowledge is

Fig. 10.1 Different aspect-cum-applications of nanoscience in food sector
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genetically modified bacterial strains to produce fermented foods of better quality.
However, emerging nanotechnology shows some prospects in this regard to con-
glomerate numerous regulatory procedures for effective control of food spoilage and
pathogenic microorganisms in food.

Frequent investigation has been conducted to obtain human perception towards
nanotechnology in the United States and in Europe. However, the data showed that
community knowledge about nanotechnology is extremely narrow (Dingman JS
2008). According to the US Department of Agriculture (USDA), by 2015 the
worldwide impression of products in the field of nanotechnology plays a crucial
character, and it will be roughly $1 trillion yearly. Food microbiologists are attentive
in quality control and quality assurance programs to fabricate innocuous and high-
quality food products with zero defects and free of pathogens. In this chapter, we
have discussed some key applications of nanotechnology in food microbiology in
terms of food safety and human health. The chapter deals with application of
nanotechnology in active packaging as antimicrobial agents (e.g. nanocomposite
cellulose, etc.); food pathogen detection (e.g. through nanosensors); protection of
“good” microbes (e.g. probiotics); food characteristic preservation (e.g. colour,
texture, aroma, etc.), i.e. quality attributes; and their future applications.

10.3 General Applications of Nanoscience in Food
Technology

Nanotechnology is an excellent technology which revolutionizes the food industry
and conventional food science. Nanotechnology proved to be a great tool for the
processing and packaging of various foods (Weiss et al. 2006). Nanoparticles used in
food could be generated by different technologies which have different properties
like solubility, thermodynamic, magnetic, optical, colour, etc. (Feng et al. 2010;
Gupta et al. 2016). But till far the acceptability by the public and the agreement on
rules for this technology worldwide are not clear (Bieberstein et al. 2013).

Nanotechnology improves the texture and taste, hides bad odour/taste and
amends the size of the particle as well as charge on the surface (Powers et al.
2006). Increasing awareness and concern regarding health, nowadays consumers
are very much particular about the quality of food and food safety. This necessitates
the scientist to look for technology which strengthens the food safety without
degrading the nutritional quality of food/product. As nontoxic nanomaterials some-
times contain essential elements and can withstant high pressure and temperature,
the demand of these nanoparticles in food industry is very high (Sawai 2003).

The nanoscale development of around 5 nm edible nano-coating from
nanoemulsion is used in various foods like bakery goods, vegetables, fruits, meat,
fast foods, confectionary, etc. which act as a barrier for moisture and exchange of
gases. This edible coating also serves as medium to deliver enzymes, colours, anti-
browning compounds, antioxidants and flavour. The shelf life of opened
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manufactured food is also increased by edible coating (Azeredo et al. 2009; Naoto
et al. 2009; Saxena et al. 2017; Nile et al. 2020).

Food nanosensing and food nanostructured ingredients are two major areas where
nanotechnology has application in the food industry. Further, food nanostructured
ingredients are related to food processing to food packaging, whereas food
nanosensing are concerned with food safety and quality. Nanostructures applied in
food processing used as antimicrobial agent, nutrient delivery carrier, improve
durability and strength of packaging material, food safety, etc. (Ezhilarasi et al.
2013; Prasad et al. 2014, 2017a,b; Thangadurai et al. 2020).

It has been reported that food nanostructured ingredients improve consistency,
texture and taste of food along with improvement in shelf life of food (Pradhan et al.
2015; Singh et al. 2017). Nanocarriers are used to deliver food additives without any
adverse effect on the morphology of the food. The size of nanocarriers directly
related to the absorption efficiency of the material in humans, i.e. if smaller the size,
efficiently it is absorbed inside the host (Ezhilarasi et al. 2013; Singh et al. 2017).
The following properties should be possessed by the ideal nanocarrier: (i) it must
deliver active compound at a specific rate and at a specific time, (ii) it should be able
to deliver active compound at a specific target site, and (iii) it must maintain active
compound for longer period of time without any modification. The formation of
biopolymer matrices, encapsulation, simple solution and emulsion can be done by
the application of nanotechnology. The release efficiency and encapsulation prop-
erties of nanoparticles are better as compared to other systems. The encapsulation by
the nanoparticles has shown excellent results like it has good control over the release
of active compounds; it removes/captures odours or taste in food; with other
compounds in food, it showed excellent compatibility; and during storage,
processing and utilizing, it protects from chemicals, heat, moisture and biological
degradation; and finally it also has an outstanding control over the availability of
active agent at a target time and at a controlled rate (Weiss et al. 2006; Singh et al.
2017). Besides, the nanoparticles are very small in size so they are efficiently
absorbed by the body and deliver the active compound at a target site (Singh et al.
2017).

Nanotechnology has an important role in improving food taste as well as improv-
ing the quality of food. The colour from juice of beetroot was removed using
nanofilters without deteriorating the flavour. Also, for lactose-intolerant people,
nanofilters were used to remove lactose from milk and substitute it with another
sugar. Bioencapsulation of tomato with L-lactide improves the shelf life of tomato,
and this can be used on other perishable foods to increase the shelf life (Yadav 2017;
Nile et al. 2020). Nanofilters are also used to remove microbial contamination from
water or milk (Sekhon 2010). The use of nanotechnology improves the
photostability and thermal stability of recombinant soybean seed by encapsulating
the molecules of cyanidin 3-O-beta-D-glucoside (anthocyanin, a plant pigment)
which is present in the inner cavity of the seed (Zhang et al. 2014). Another
important application of nanoencapsulation is for flavonoid rutin which has phar-
macological activity, but due to less solubility, its use is limited in the food industry.
The encapsulated rutin showed more solubility and improved stability (Yang et al.
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2015; Singh et al. 2017). Nanomaterials of silicon dioxide and titanium dioxide are
used in food as colour agents, and also these are used as flavour/fragrance carrier
specially silicon dioxide (Dekkers et al. 2011). Vitamins, proteins, lipids, etc. are
important bioactive molecules present in the food which are very sensitive to pH in
the human stomach, and also they have less solubility. Encapsulation leads to the
increased resistance to the adverse condition in the human body, and also it improves
the solubility of these bioactive molecules which help in the increased assimilation.
To efficiently deliver various important bioactive molecules using encapsulation
method, different techniques are available like nanostructuration, nanoemulsion and
nanocomposition. For example, vitamins and flavonoids are well encapsulated using
polymeric nanoparticles which help in the efficiently transport and protection of
these bioactive molecules (Langer and Peppas 2003). The bioactive molecules in the
food get degraded due to the adverse conditions which may be inside the host or
outside the host. The encapsulation of these bioactive molecules slows down the
degradation rate and provides sufficient time to deliver these bioactive molecules at a
target site. This encapsulation also acts as a carrier for the delivery of enzymes,
flavour, antioxidant, colours, etc. and also prevents gas exchange or moisture
absorption which improves the shelf life of even opened food (Renton 2006;
Weiss et al. 2006; Singh et al. 2017). The encapsulation of curcumin which is the
bioactive molecule present in turmeric leads to the increased stability of this mole-
cule to ionic strength of various concentrations and also showed stability to pasteur-
ization temperature (Sari et al. 2015; Singh et al. 2017).

10.4 Nanotechnology in Active Packaging of Food

Food packaging is an important part of food processing to improve shelf life. The
ideal characteristic of packaging material includes strength, gas permeability and
biodegradability (Couch et al. 2016; Singh et al. 2017). As compared to the methods
of traditional packaging, nanotechnology-based “active” and “intelligent” methods
have greater advantages like increased mechanical strength, nanosensor for pathogen
detection and improved gas exchange (Mihindukulasuriya and Lim 2014; Singh
et al. 2017). In the food industry, nanotechnology uses nanomaterials like
nanoemulsions, nanoparticles and nanoclays to improve the shelf life of food.
Nanocomposites are an important part of food packaging system. Many organic
compounds (bacteriocins, essential oils, etc.) were tested by research workers as
antimicrobial agents in polymeric matrices, but these organic compounds are sus-
ceptible to the various food processing steps like high temperature, etc. (Schirmer
et al. 2009). So, these difficulties which are encountered during the use of organic
compounds can be overcome by the use of nanoparticles (copper, iron, silver, zinc
oxide, magnesium oxide, titanium oxide, etc.) which are stable under adverse
conditions and even at low concentration showing powerful antimicrobial activities
(Singh et al. 2017). Reactive oxygen species generated by titanium dioxide is highly
lethal to microbes which make it as a suitable antimicrobial agent. The amendment
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of polymers with nanoparticles generates cost-effective strong packaging material.
Nanocomposites used for coating and packaging purpose and their use improved the
mechanical strength and heat resistance, generate low weight material and improve
the gas/moisture exchange (Pinto et al. 2013; Mihindukulasuriya and Lim 2014).
The amendment of polymeric matrix with active nanoparticles improves the thermal
stability, decreases the permeability of gases, makes the matrix resistant to fire and
generates light weight material (Duncan 2011). This amendment also improves the
shelf life of food by providing scavenging, antimicrobial and antioxidant activity
(Sorrentino et al. 2007). In packed food industries, the utilization of nanotechnology
influences the aroma and flavour characteristic of food, growth of microbes and
moisture regulation (Brody et al. 2008).

In the food industry, active and intelligent nanotechnology is widely used to
improve the shelf life of various food products specially the packed one. In active
packaging system, the incorporated component either absorbs moisture, oxygen and
carbon dioxide or releases antioxidant or antimicrobial molecules either into the food
or out of the food or in the vicinity of food environment which helps in the increase
of shelf life of food. The quality and shelf life of food product improved by the blend
of these active compounds with polymers (Ranjan et al. 2014; Majid et al. 2018).
Many inorganic nanoparticles have important application in the food industry. The
most common used inorganic nanoparticles are silver, iron, zinc, gold and oxides of
metals like silicon oxide, titanium oxide, magnesium oxide, zinc oxide, etc. (Bikiaris
and Triantafyllidis 2013). These nanoparticles either slowly migrate and react or
directly react with organic molecule of food. These nanoparticles directly kill the
microbes by damaging the cell envelop or by interfering the electron transport or
indirectly by producing various reactive species or by oxidizing various components
of cells (Li et al. 2008). Silver nanoparticles are most commonly used as an
antimicrobial agent against most microbial strains. These silver nanoparticles are
active not only against bacteria, but also they showed detrimental activity against
fungi and viruses (Duncan 2011). These silver nanoparticles show bacteriostatic
activity by binding to different proteins, enzymes and DNA of bacteria (Cavaliere
et al. 2015; Aziz et al. 2014, 2015, 2016; Joshi et al. 2018).

Many researchers have successfully used silver nanoparticles to inhibit the
persistence of common food-borne pathogens. The use of silver nanoparticles
decreases the level of pathogenic Clostridium perfringens and E. coli in the animal
feed which helps in the cut-down use of antibiotics in livestocks (Fondevila et al.
2009; Pineda et al. 2012; Elkloub et al. 2015; Adegbeye et al. 2019). Silver
nanoparticles are also successfully used in the treatment of water by integrating
these particles to filter (Zodrow et al. 2009; Dankovich and Gray 2011). In the food
industry, the application of silver nanoparticles is still limited, but attempts are done
to substitute the use of sulphur dioxide with these nanoparticles with antimicrobial
activity specially in the wine industry (Izquierdo-Canas et al. 2012; Garde-Cerdan
et al. 2014; Garcia-Ruiz et al. 2015). Many natural phytochemicals are used as
antimicrobial agents in the packaging material for the food to improve the shelf life
(Manso et al. 2013; Medina-Jaramillo et al. 2017; Moreno et al. 2019). But silver
nanoparticles have greater antimicrobial activity as compared to these
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phytochemicals. The silver nanoparticles interact with food directly or with the
polymer matrix. Stable nature of silver nanoparticles and slow release into the
food make these nanoparticles an excellent option in the packaging of food (Duncan
2011). Various research workers used silver nanoparticles in combination with
different polymers like laponite and cellulose nanofibrils (Wu et al. 2018; Yu et al.
2019) which showed a detrimental effect on E. coli, S. aureus, L. monocytogenes,
P. citrinum and A. niger. The coating/covering of nanocomposite film (made of
polyvinyl pyrrolidone along with silver nanoparticles) around the asparagus
improved the shelf life at refrigerated temperature (An et al. 2008). A packaging
film was prepared from banana powder, agar and silver nanoparticles that showed
antibacterial activity against L. monocytogenes and E. coli (Orsuwan et al. 2016).

Besides silver, copper nanoparticles also showed promising antimicrobial activity
results. These copper nanoparticles showed detrimental activity by degrading the
DNA, enzymes, proteins, lipid peroxidation and production of reactive oxygen
species (Chatterjee et al. 2014; Yadav et al. 2017). Cioffi et al. (2005) showed
antimicrobial activity of copper nanoparticles against S. aureus, E. coli,
L. monocytogenes and S. cerevisiae. Copper nanoparticles in polyurethane
nanofibers showed excellent antibacterial activity against B. subtilis and E. coli
(Sheikh et al. 2011). Besides this, various oxides of nanoparticles [silicon oxide
(SiO2), zinc oxide (ZnO), titanium dioxide (TiO2) and magnesium oxide (MgO)]
showed a promising result in food packaging. Silicon oxide nanoparticles showed
improvement in barrier property and mechanical strength of the matrices of polymer.
The silicon oxide amendment at the rate of 5% in nanocomposites showed enhance-
ment in physical as well as mechanical properties (Salami-Kalajahi et al. 2012). The
good amount of antibacterial activity is shown by zinc oxide nanoparticles. The zinc
oxide nanoparticles produce reactive oxygen species which is detrimental to micro-
bial cell, as well as it also produces zinc ions which have antimicrobial activity. Zinc
oxide nanoparticles directly interact with the cell wall of the bacteria which leads to
the lysis of bacterial cell (Sirelkhatim et al. 2015; Bhuyan et al. 2015). These zinc
oxide nanoparticles are activated by visible light (Kim et al. 2020). Zinc ions
generated from zinc oxide interact with respiratory enzymes in the bacterial cell
and inhibit their activity. The absorption of zinc oxide nanoparticles in the bacterial
cell ultimately damages DNA, mitochondria and cell membrane which leads to the
formation of free radicals and reactive oxygen species. Because of all these events,
oxidative stress is generated which hampers the activity of respiratory enzymes that
cause the bacterial cell death (Kim et al. 2020). In a study it was found that different
forms of zinc oxide nanoparticles (PVP-capped/coating, film, powder) in egg white
and liquid culture media showed excellent antimicrobial activity against Salmonella
enteritidis and Listeria monocytogenes (Jin et al. 2009). Petchwattana et al. (2016) in
their study showed antibacterial activity of composite of zinc oxide and polybutylene
succinate against S. aureus and E. coli.

Among all the oxides of nanoparticles, titanium oxide nanoparticles showed
favourable and encouraging results (Farhoodi 2016; Sharma et al. 2017). These
titanium oxide nanoparticles are activated only in the presence of ultraviolet light
(Sharma et al. 2017). The activated titanium oxide nanoparticles interact with DNA,
proteins and peptides of microbial cell which leads to the detrimental effect on
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microbial growth and eventually leads to the death (Brown et al. 2008; Sharma et al.
2017). The oxidative stress is generated by titanium oxide nanoparticles which strike
on the cell membrane of bacteria; also hydroxyl radicals generated damage the
bacterial DNA and modify enzyme activity which depends upon coenzyme A
(Kubacka et al. 2014). In a study it was found that application of composite
EVOH-titanium oxide nanoparticles after irradiation of 30 minutes showed 5-log
reduction against tested pathogens (Cerrada et al. 2008). Recently, Azizi-Lalabadi
et al. (2019) reported that titanium oxide nanoparticles in support into 4A zeolite
decline the population of tested pathogenic bacterial species significantly.

10.5 Nanotechnology in Food Pathogen Detection

Food-borne diseases are caused by various biological agents like bacteria, fungi,
viruses, etc. The conventional methods (microscopic method, immunological
methods and nucleic acid methods) for the detection of pathogens are available,
but they are complex, time-consuming, laborious, expensive reagents/equipment,
and skilled manpower is required (Kaittanis et al. 2010) which leads to the delay in
detection of toxin/pathogen and ultimately slows down the treatment process of
infected host (Salyers and Whitt 2002; Manguiat and Fang 2013). Besides microbes,
toxins produced by the microbes are also very detrimental to the human which
damage the plasma membrane of the cell and may interfere with physiological
activity (Salyers and Whitt 2002; Sonawane et al. 2014). The methods used for the
detection of toxins also suffer from the same limitations which are encountered in the
detection methods of microbes (Valdes et al. 2009; Lopez and Merkoci 2011;
Salyers and Whitt 2002; Sonawane et al. 2014).

So, to overcome these problems/limitations, nanotechnology will play an impor-
tant role with enhanced detection efficiency to detect toxins and microbial pathogens
(Valdes et al. 2009; Lopez and Merkoci 2011; Kaittanis et al. 2010; Ali et al. 2011).
In nanotechnology devices can be designed which can detect contaminant in shorter
time, increase sensitivity and have other multifunctional roles (Jain 2005; Rosi and
Mirkin 2005; Nath et al. 2008). Besides normal characteristic features possessed by
the nanomaterial, they can be modified such a way that can be used for the detection
of ligand which will be specific for each pathogen (Kaittanis et al. 2010; Jain 2005;
Rosi and Mirkin 2005). The most common nanomaterial used in the detection of
toxins and microbial pathogen includes magnetic nanoparticles, gold nanoparticles,
silver nanoparticles, gold nanorods, quantum rods, etc. (Valdes et al. 2009; Lopez
and Merkoci 2011).

Nanomaterial can be used to design a sensor that can detect food-borne pathogen/
toxins by sensing/detecting the volatile compounds, chemical transduction or spe-
cific biological entity (biosensor) (Singh et al. 2020). In biosensors receptor which is
biological in nature recognizes the specific toxin/microbial cell which leads to the
signal generation by various means like thermal, mass, optical or electrochemical
processes. Most of the biosensors are based on changes in electric current or colours.
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Heavy metals, microbial toxins and synthetic toxins (like pesticides) pose a great
health risk to human population. Fungal toxins are extremely toxic even at a low
level which is a challenge for the health sector. Mycotoxins reported generally
contaminate around 25% of food grains worldwide. Mycotoxins’ intoxication
leads to cancer, kidney problem, vomiting and liver problem, and in severe cases,
it leads to the death of the patient. Penicillium verrucosum and Aspergillus
ochraceus are reported to produce one of the potent mycotoxin known as ochratoxin
A. This toxin is highly toxic to human kidneys and reported to have immunotoxic
and teratogenic effects (Petzinger and Ziegler 2000; Cheli et al. 2008; Hayat et al.
2012).

For the detection of ochratoxin A, the biosensor was developed using cerium
oxide particles and single-stranded DNA aptamer which is specific for this toxin
(Bulbul et al. 2016). The attachment of ochratoxin to the aptamer results into redox
property changes in cerium oxide, and this will be quantified by the colour changes
of tetramethylbenzidine. This biosensor is very sensitive even 0.15 nM ochratoxin
can be detected by this biosensor.

The bacterial heat-stable toxin produced by S. aureus is known as staphylococcal
enterotoxins which is associated with food-borne illness caused by the contaminated
food consumption (Sonawane et al. 2014; Yang et al. 2008; Yang et al. 2009) which
leads to vomiting, nausea, diarrhoea and anorexia (Sonawane et al. 2014). The
current method of identification of this toxin is based on immunological methods
like ELISA which are rapid but have less sensitivity. An optical biosensor was
devised in which carbon nanotubes were immobilized with anti-staphylococcal
enterotoxin antibodies which is further bounded to secondary antibody with attached
horseradish peroxidase (Yang et al. 2008). The sensitivity of this biosensor is six to
eight times more as compared to normal immunological sensors. Another important
bacterial toxin is shiga-like toxin (stx) produced by the food-borne E. coli specially
O157:H7 strain. For the detection of shiga-like toxin, a biosensor was prepared by
using surface plasmon resonance assay. In this biosensor gold nanoparticles were
attached with globotriose antigen which is highly specific to shiga-like toxin (Chien
et al. 2008). Another toxin, brevetoxin, which is produced by Karenia brevis (marine
dinoflagellate) is a possible contaminant in sea food. Brevetoxin is neurotoxic, and
consumption leads to diarrhoea, loss of coordination, muscle pain, respiratory
problems, paresthesia, etc. (Sonawane et al. 2014). A electrochemical immunosensor
was developed to detect brevetoxin using gold nanoparticles attached with poly
(amidoamine) which was bounded to conjugate of brevetoxin-bovine serum albumin
with attached anti-brevetoxin antibodies with horseradish peroxidase (Tang et al.
2011). This biosensor showed high sensitivity to detect brevetoxin in the range of
0.03 to 8 ng/ml.

Besides toxin, the presence of pathogenic microorganisms in the contaminated
food is a big challenge to the food industry. The conventional methods/techniques
currently available to detect the presence of these food-borne pathogens are labori-
ous, are time-consuming and required skilled personnel (de Boer and Beumer 1999).
One of the common pathogenic strains of E. coli reported to be highly pathogenic is
E. coli O157:H7 which is able to cause disease even if its 100 cells are present
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(Sonawane et al. 2014). The infection of E. coli O157:H7 leads to symptoms like
haemorrhagic colitis, cramps in the stomach, anaemia, haemolytic uremic syndrome,
etc. (Sonawane et al. 2014). Through faecal matter contamination of food and water,
this organism is able to cause outbreaks. For the detection of E. coli O157:H7,
electrochemical immune sensor was devised using quantum dots of cadmium sul-
phide entrapped in the zeolitic imidazolate framework made of metal organic
material (Zhong et al. 2019). In another study DNA-based sensor using single-
stranded thiolated DNA probe specific to eaeA gene present in E. coli O157:H7
was used to develop quartz crystal microbalance sensor (Mao et al. 2006). Lin et al.
(2008) devised biosensor for the detection of E. coli O157:H7 in milk. In this
biosensor they used screen-printed carbon electrode on which double antibodies
were fabricated using gold nanoparticles. The first antibody interacts with E. coli
O157:H7, whereas the second antibody is attached to horseradish peroxidase
enzyme. Another important food-borne pathogen in the food industry is Salmonella.
The infection caused by this microbe causes a disease known as salmonellosis. The
infection symptoms include diarrhoea, fever, vomiting, abdominal pain, etc. (Lopez
and Merkoci 2011, Sonawane et al. 2014). A biosensor was devised using polysty-
rene on which monoclonal antibodies were immobilized which is specific for
Salmonella which is further attached to conjugate of polyclonal antibody and gold
nanoparticles (Dungchai et al. 2008). In another study for the detection of Salmo-
nella in milk, optical nanocrystal probe and magnetic nanoparticles were used to
devised biosensor. In this biosensor, antibodies attached to magnetic nanoparticles
were used to capture bacteria, and later bacteria were separated from magnetic
nanoparticles using magnetic field. Further, bacteria were attached to titanium
oxide nanoparticles immobilized with antibody specific for Salmonella for UV
light absorption. Then complex of magnetic nanoparticle—Salmonella—titanium
oxide was separated from solution by using a magnetic field, and nanocrystals of
unbound titanium oxide were analysed (Joo et al. 2012).

10.6 Nanotechnology in Healthy Food Production

Nanotechnology deals with the nanostructures (size varies between 1 and 100 nm)
also known as nanomaterials (Pathakoti et al. 2017). These nanomaterials possess
some characteristic features which make them more unique, important and useful
than there native forms (Gokularaman et al. 2017). Due to their specific physico-
chemical properties, the nanomaterials are used in various fields such as food
preservation, food safety, etc. (Giner et al. 2020). In food nanotechnology, there
are mainly two types of nanostructures that are present, i.e. natural and synthetic.
The natural nanostructures are mostly food proteins such as milk proteins like casein,
polysaccharides, lipids, etc. (Pathakoti et al. 2017), whereas the synthetic
nanostructures are polymeric NPs, nanoemulsions and liposomes (Chang and
Chen 2005). Nanotechnology in the food industry plays its role in several forms
like food packaging material, farming practices, food processing as well as in food

10 Significance of Nanoscience in Food Microbiology: Current Trend and Future. . . 259



itself (Bajpai et al. 2018). Nanotechnology helps maintain sustainability in the food
industry as it offers nanosensors for monitoring the physical, chemical and biolog-
ical properties of the food production process (Alfadul and Elneshwy 2010). It also
provides various sensor technologies for contamination (microbial as well as chem-
ical) detection in food (Lin 2012); besides this these technologies are also helpful for
controlling pathogen’s growth and ensure food safety and also minimize food
wastage (Rodrigues et al. 2012). The use of nanotechnology in the food industry is
still in its early stage (Singh et al. 2017), and many nanotechnology-based food
applications are still under development (Singh et al. 2017). Nanotechnology also
provides an opportunity to improve nutrient content in food, make food nutrients and
vitamins easily absorbable to the body as well as help in the masking of the
unfavourable taste of some extremely healthy foods (Ravichandran 2010).

10.7 Nanotechnology in Food Characteristic Preservation

Rise in industrialization and fast transportation facilities of the intercontinental food
become very much common (Sadiku et al. 2019), but this also raises a new challenge
in front of food technologists to maintain or preserve the food characteristics for a
long time (Moschopoulou et al. 2019). In other words, we can say that shelf life of
the packed food must be increased so that every customer at any corner of the globe
got the same native taste of the food (Dobruka and Cierpiszewsk 2014). Besides this
nanotechnology also contributes to the manufacturing of healthier and safe foods
(Gokularaman et al. 2017). Some food ingredients are present in food materials that
work on nanoscale commonly known as nanostructures. These nanostructures have
specific properties and are playing a very active role in the improvement of food
taste, texture and consistency (Gokularaman et al. 2017). They also enhance the shelf
life of food (Pradhan et al. 2015). Studies showed that the major cause of food
characteristic deterioration in the chemical reactions took place between the various
components of food and its surrounding environment (Bajpai et al. 2018;
Dimitrijevic et al. 2015). There are several nanomaterials which control or pause
these chemical reactions used in the food industry for sustainable food characteristic
preservation (Ghosh et al. 2019). Nanotechnology works on a two-way approach to
maintain or preserve food characteristics, i.e. modifying the packaging technology
and changing the bioactivity of active food components in the packaging environ-
ment (Shafiq et al. 2020).

In the food industry, nanotechnology plays a crucial role in the improvements in
food taste and its value. Nanoencapsulation is the globally known as the most
common and effective method used for the progressive taste along with maintaining
a culinary balance (Nakagawa 2014). This technology is applied to those food
materials which are extremely reactive such as plant pigments or photoreactive
(Shafiq et al. 2020). For example, polymeric nanoparticles can be used for the
encapsulation of bioactive compounds such as vitamins and flavonoids which are
actively released in the acidic environment of the stomach without any change in
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their characteristic (Singh et al. 2017). Another nanotechnique is known as nano-
emulsion which is created by using fragile bioactive compounds that are soluble in
lipids. This technique is used for the improvement of bioavailability and water
dispersion (Kumar 2015; Shafiq et al. 2020; Singh et al. 2017). The above-discussed
techniques are used for the safe and secure delivery of vitamins, fragile
micronutrients and medicines (Haider and Kang 2015).

10.8 Safety Issues and Future Perspective

There is no doubt that over the last few decades the importance and use of
nanotechnology in the food sector are rising up; however some objectionable safety
concerns associated with nanomaterial are raising the alarm which cannot be
neglected. Few studies showed that nanoparticles may adulterate food materials by
migrating into it from packaging materials leading to serious health issues.
Researchers claim that physicochemical properties of a substance are entirely dif-
ferent in its nanoform with respect to macrostate. As a result any nanomaterial being
used in the food sector must possess the GRAS (generally regarded as safe) status as
per authority rules and regulation. Though the small quantity of used materials
appears to be safe mostly, bioaccumulation within organs and tissues may pose a
distant threat. For example, sometimes silica nanoparticles are used as anti-caking
agents, but they can be toxic to human lung cells too depending upon the exposure
time and pattern. Need for more useful material preparation in present competitive
market, pushing the existing knowledge of nanotechnology to go more smaller and
sensitive. Food packaging and food safety are two pillar areas for nanouse. However
a variety of factors like particle surface morphology, concentration, surface energy,
aggregation, etc. may affect dissolution. Significant benefits are now being provided
by nanomaterials for food preservation also like protection from moisture, lipids,
gases, off-flavours and odours. They are also showing great results in the field of
targeted bioactive compound delivery. However, aforementioned heath safety issues
still persist, and those challenges must need to be addressed in order to elevate the
use of nanomaterial in food the industry. Consumer concerns must to be kept in mind
while designing smart useful nanomaterials, and therefore mandatory testing of
nanofoods should be a prerequisite before they are introduced to the global market.
To be successful in the long run, systematic and focused education of the public is
also needed additionally to utilize the maximum benefits of nanofoods.
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Chapter 11
Nanotechnology in Microbiology

Rajkrishna Mondal

Abstract Pathogenic microorganisms are the immediate cause of several food and
waterborne diseases. High-throughput detection of causative agent is the key to
preventing rapid and wide spread of these diseases to community. Distinctive
physicochemical properties and ability to conjugate with other molecules including
biological origin make nanomaterials an outstanding candidate for development of
novel diagnostics or improving the sensitivity of pre-existing methods.
Nanotechnology-based detection techniques are well-suited for on-site and
low-resource settings lacking sophisticated experimental setups. The chapter
exploits about the application of nanotechnology in several aspects of microbiology
mainly pathogen detection, elimination, and prevention. Nanotechnology has the
potential to provide economic access of safe food, water, affordable diagnostic and
treatment for a large human population.

Keywords Microbiology · Nanotechnology · Nanoparticles · Biosensor ·
Nanobiocides · Antimicrobial nanomaterials

11.1 Introduction

“Understanding and control of matter at dimensions between 1 and 100 nm” and “the
study of biological organisms that are too small to be seen with the naked eye” are
the general definition of nanotechnology and microbiology, respectively. Both are
considered modern science branches despite their ancient history. Traditional med-
ical practitioners in India and China had used “Suwarna Bhasma” (gold colloidal) as
therapeutics in the fourth and fifth centuries. However, the real interest of nanotech-
nology was inspired by Richard Phillips Feynman during his legendary talk,
“There’s Plenty of Room at the Bottom,” in the annual meeting of the American
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Physical Society at the California Institute of Technology (Caltech) in 1959. Modern
science proved that human civilization started with the accidental discovery of the
brewing process, important microbial process, in Mesopotamia. Both the fields are
diverse and integration is required to combat the current problems, e.g. human
health, environmental, and ecological damage, innovatively and sustainably.
Nanomaterials have tunable optical, magnetic, electrical, thermal, and biological
properties. It can be engineered with different shapes, sizes, chemical compositions,
and surface functionalities. These properties allow them to be exploited for improv-
ing the detection of biological molecules or whole pathogens. Additionally,
nanomaterials have much greater surface-area-to-volume ratios than macroscopic
materials, which provide a great capacity to functionalize the surface with many
molecules. For example, a cube with 1-cm dimensions can be divided into 1021
1-nm cubes, which will increase the surface area by 10 million times. Nanoparticle
or its conjugates can be used as a tracer for the detection of whole-cell or the
molecule(s) derived from microbes. Nanomaterials conjugated with different poly-
mers are commercially used as packing material to prevent food spoilage.
Bioconjugated magnetic nanoparticles (NPs) are successfully employed for the
separation of pathogens from a variety of samples, e.g. food, water, and blood.
Nanomaterials (NMs) can deliver drugs or vaccines to a target with controlled
release. Some nanoparticles are used as an antimicrobial drug to control microbial
infection (Inamuddin et al. 2021). Hence, nanotechnology maneuvers several areas
of microbiology a few key examples exemplified below (Fig. 11.1).

Nanomaterials

Tracer/
Sensor

Separator

Transporter

Packing
Material

DrugImmunom
odulator

Fig. 11.1 Different aspects
of nanomaterials applied in
microbiology
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11.2 Applications of Nanotechnology in Food Microbiology

Nanotechnology has prospective applications in many aspects of food technology
including storage, quality monitoring, food processing, and food packaging (Prasad
et al. 2017; Thangadurai et al. 2020). In today’s world, people are passionate about
ready-to-eat or minimally processed food due to their busy lifestyles. Unfortunately,
these kinds of food products are more vulnerable to attack by spoilage and patho-
genic microorganisms during processing and distribution (Martı’n-Belloso et al.
2006). Microbial contamination in baby food products may lead to serious patho-
genic infection and malnutrition to children. Safety and quality assurance programs
to produce safe and high-quality food products that have zero defects and free of
pathogens are the topmost priorities of food microbiologists. Wastage and increase
of self-life of food are other concerns. One-third of the edible parts of food produced
for human consumption get wasted due to spoilage or mishandling. Nanotechnology
can deal with multiple aspects of food technology, i.e. detection of the foodborne
pathogen, food preservation, and packaging.

11.2.1 Application of Nanotechnology for Detection
of Foodborne Pathogen

High-throughput detection of microbes in food materials is the key to preventing
several foodborne diseases. Nanotechnology-based techniques developed recently
have shown great potential for successful, reliable, and sensible detection of food
pathogens. Gold, magnetic, and fluorescent nanoparticles (NPs) are used mostly
among all types of nanoparticles. Nanoparticle properties like great permeability,
reactivity, and high surface-to-volume ratio can be utilized to make sensitive path-
ogen detection method. Apart from its potential exploitation, the exposure of NPs
could lead to a potential risk to human health.

According to the World Health Organization (WHO) consumption of unsafe food
causes 600 million cases of foodborne diseases leading to 420,000 deaths every year
worldwide. Children below 5 years of age are more susceptible to foodborne
diseases. Unsafe food contaminated with harmful bacteria, viruses, parasites, or
chemical substances causes simple food poisoning to life-threatening diseases like
diarrhea even cancer. Listeria monocytogenes, Escherichia coli O157: H7, Staphy-
lococcus aureus, Salmonella enterica, Bacillus cereus, Vibrio spp., Campylobacter
jejuni, Clostridium perfringens, and Shiga toxin producing Escherichia coli (Oliver
et al. 2005; Zhao et al. 2014), Clostridium botulinum, Yersinia enterocolitica, and
Coxiella burnetii are common foodborne bacteria. Norovirus and Hepatitis A virus
spread typically through raw or undercooked seafood or contaminated raw produce
(Iwamoto et al. 2010). Infected food handlers are often the source of food contam-
ination. Some parasites like Echinococcus spp, Ascaris, Cryptosporidium, and
Entamoeba histolytica also cause foodborne diseases (Pozio 2003). Prion diseases
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can spread by consuming bovine products containing specified risk material such as
brain tissue (Lücker et al. 2001). Naturally occurring toxins (e.g., mycotoxins,
marine biotoxins, cyanogenic glycosides, and toxins occurring in poisonous mush-
rooms), persistent organic pollutants (POPs), and heavy metals such as lead, cad-
mium, and mercury also cause foodborne diseases(Khin 2015; Fung et al. 2018). The
occurrence of foodborne diseases can be reduced through fast, cost-effective, sensi-
tive, and accurate detection of the causative agent. The conventional culture-based
methods are time-consuming, low sensitive, and laborious. Biochemical and sero-
logical testing (e.g., nucleic acid-based, biosensor-based, and immunological-based
methods) provide various advantages over culture-based method but also have
limitations. Advancement of nanotechnology-based research has shown high fasci-
nating and promising results for microbial detection in food. Additionally, the
amalgamation of nanotechnology in biosensing has improved the sensitivity and
detection limits of biological events, microbial toxins, bacterial and viral agents
(Doria et al. 2012).

11.2.1.1 Gold Nanoparticle (AuNP)

Gold NPs exhibit the following important properties which make it suitable for a
broad spectrum of applications of NP based assays for microbial detection and
identification:

(1) Size-dependent physicochemical properties empower the gold NPs an ideal
material to be used in the detection of biomolecules at the lowest concentration
(Syed and Bokhari 2011). Use of gold NPs depends on their size, for example,
small size NPs (2–15 nm in diameter) are used merely in immunohistochemistry,
microscopy and large size NPs (80–250 nm diameter) are used in forensics,
electronic devices.

(2) Gold NPs are biocompatible with a living cell. Bioconjugation of gold NPs with
molecules like DNA, RNA, antibodies, and peptides can be done.

(3) By manipulating their size, shape, optical properties of gold NPs can be easily
controlled, which turn out different colors.

(4) Association of other molecules to the metal (gold) surface of a nanoparticle may
change the plasmon resonance directly.

(5) Aggregation of gold NPs changes SPR frequency resulting in a change of color
from red to violet/blue (Yeh et al. 2012; Ali et al. 2014; Koedrith et al. 2015).

(6) Gold NPs act as a quencher of many fluorophores (Sperling et al. 2008).

Few applications of gold nanoparticles for the detection of foodborne pathogens
are presented in Table 11.1.
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11.2.1.2 Fluorescent NPs

Fluorescence is a popular technique to detect different biological events because of
its high sensitivity. For many years, different organic dyes and fluorescent proteins
have been used for medical and biological purposes with simple, quick, and
non-destructive methods. Classical fluorophores have also some limitations,
e.g. short lifetime, poor detecting sensitivity. These problems can be solved using
fluorescent NPs which have higher signal intensity, stability, and the capability of
multiplexing to study the diversity and versatility of biological events (Hotzer et al.
2012; Ruedas-Rama et al. 2012). Some fluorescent NPs have been successfully
implemented into the detection of pathogens. Quantum dots (QDs) revolutionize
real-time sensitive imaging and sensing. QDs have some unique properties like
(1) high brightness, (2) extremely photostable, (3) long excited-state lifetimes,
(4) resistant to chemical degradation, (5) high thermal stability, and (6) possible to
form bioconjugate with biomolecules such as vitamin, proteins, peptides, antibodies,
etc. Above properties make QDs an appropriate tool for various biomedical appli-
cations, such as sensor and detecting tool for biomarkers, pathogens,
immunolabeling of cells and tissue (Kaittanis et al. 2010; Geszke-Moritz and Moritz
2013).

Streptavidin-conjugated CdSe/ZnS (core/shell) QDs can detect E. coli O157: H7
strain two-fold more efficiently compare to normal classical dye (FITC) (Hahn et al.
2005). A combination of biotin-labeled anti-salmonella antibody and
streptavidin-coated QDs was used for the detection of S. typhimurium in chicken
carcass wash water with the detection limit of 103 cfu/mL(Yang and Li 2005).

Table 11.1 Gold NPs or NMs used in foodborne pathogen detection

Food pathogens Detection Limit
Food
material Biosensors Reference

Escherichia coli
O157: H7

50 cfu/strip in milk Milk Amperometric
immunosensing Strips

Lin et al.
(2008)

Norovirus 60 copies/mL Lettuce Electrochemical
biosensor

Hong
et al.
(2015)

L. monocytogenes 2 log cfu/g Blueberries Electrode-AuNPs
biosensor

Davis
et al.
(2013)

S. aureus and
S. Typhimurium

1 � 102–1 � 105 cfu/
mL

Pork AuNP aptasensor via
surface-enhanced
Raman spectroscopy
(SERS)

Zhang
et al.
(2015)

Pseudomonas
aeruginosa

100 ng/mL in the
buffer and 200 ng/mL
in pasteurized whole
milk

Milk MAB–DSNB–sulfur–
AuNPs; SERS-based
sandwich
immunoassay

Weeks
et al.
(2003)

Vibrio
parahaemolyticus

7.4 � 104 cfu/
mL;105–109 cfu/mL

Shellfish Agarose-AuNPs;
amperometry

Nordin
et al.
(2017)
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11.2.1.3 Magnetic NPs

There are two types of magnetic NPs. The first one is metallic magnetic NPs (Fe, Ni,
Co) which has better magnetic properties but quickly oxidizes in preparation of
ferrofluids. The second type is different types of iron oxide (magnetite, maghemite)
and other ferrites based NPs. Besides their magnetic properties size, high stability in
suspension, infiltration, and interaction on the cellular and molecular level give rise
to their applicability in biomedicine science. The application of magnetic NPs in the
diagnostic of foodborne pathogens is inadequate. It can be used for separation,
purification, and concentration of different biomolecules, including those from
microbes or complex matrices (Liu et al. 2006; Huang et al. 2010; Abd-Elsalam
et al. 2019). S aureus and E. coli were detected in apple juice/lettuce by concentrat-
ing the bacteria using magnetic zirconia nanoparticles followed by nano LC–MS
(Chen et al. 2019). Escherichia coli O157: H7 in ground beef samples was detected
by immunomagnetic separation with magnetic nanoparticle-antibody conjugates
(Varshney et al. 2005).

11.2.1.4 Silica NPs

Silica NPs conjugated with fluorophores have several applications including the
detection of pathogens. Silica NPs are robust material, mechanically stable, and
transparent. It gives stability and protection once encapsulated with a fluorophore.
Multiple fluorophores can be incorporated into the silica matrix resulting in brighter
detection compared to a single fluorophore. Rapid detection of E. coli O157: H7 was
performed with fluorescent dye-doped silica NPs (Tuitemwong et al. 2013) using a
fluorescence microscope. The assay was also applicable to water and food samples.

11.2.2 Nano Based Sensor or Assay

In general, nanostructures used in diagnostics must have certain recognition mech-
anisms specified to the analyte, for example, nucleic acid, antibodies, or enzymes.
They must have the capability to generate a distinguishing signal from the analyte by
self or by signaling molecules immobilized in the nanostructures (Singh et al. 2020).
Some of the nanostructure-based sensor or assay systems are highlighted below:

11.2.2.1 Carbon Nanotube-Based Sensor

Carbon nanotubes (CNTs) are hollow cylindrical tubes with one or more concentric
layers of graphite enclosed by fullerenic hemispheres. This unique structure light
weight nanomaterial has high thermal conductivity, high thermal and mechanical
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stability, and high surface-to-volume ratio (Pandit et al. 2016). Single-wall surface
carbon nanotubes (SWCNTs) and multi-walled carbon nanotube (MWCNTs) con-
jugated with ssDNA aptasensor were reported for the detection of Salmonella spp.
with higher response compared to PCR detection (Weber et al. 2011; Hasan et al.
2018). E. coli k-12 strain was detected specifically using anti-E. coli antibodies
conjugated with SWCNT. This sensor showed a detection limit of 102 cfu/mL in
<5 min.

11.2.2.2 Lateral Flow Strip Assay (LFSA)

Lateral flow strip assays (LFSAs) are widely being used in diagnostic technology
over the past two decades. They are affordable, sensitive, specific, user-friendly,
rapid, and robust, equipment-free, and deliverable to end-users. They are normally
made in strip type and the analyte is transported utilizing capillary force through a
series of the capillary pad, including sample pad, conjugation pad, detection pad, and
absorbent pad (Fig. 11.2). The analyte is loaded to a sample pad that migrates to the
conjugation pad where analyte interacts with the capture antibody conjugated with
NPs. Then analyte-NP conjugated antibody (Ab) moves to the test line in nitrocel-
lulose pad. The test line contains detection antibody specific to pathogen. Analyte-
NP conjugated Ab moves father and interacts with the control line containing the
second antibody specific to first antibody. The color signal in both the test line and
control line indicates the presence of the analyte in the sample. Several commercial

Capillary flow

Sample pad Control line

Positive result Negative result

Bacteria NP conjugated capture Ab Second Ab specific to first Ab Detection Ab Specific for bacteria

Conjugation pad Test line

Fig. 11.2 Common structure of Lateral flow strip assay (LFSA)
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lateral flow strip assay kits are available for the detection of E. coli O157; Salmo-
nella; Listeria; Shigella; V. cholerae; V. parahaemolyticus (Luo et al. 2020).

11.2.2.3 Peptide Nanotubes for Highly Sensitive Pathogen
Sensors Chips

de la Rica and Matsui 2010 reported about the development of a label-free sensor
chip assembled from peptide nanotubes that enables the electrical detection of food
pathogens with an extremely low detection limit. On a 500-μm-thick Pyrex wafer,
triple layer of Ti/Ni/Au (500 Å/500 Å/500 Å) deposited followed by deposition of
1-μm-thick silicon oxide passivation coating. The peptide nanotubes prepared by
self-assembly from the bolaamphiphilic peptide monomer bis(N-a-amido-
glycylglycine)-1,7-heptane dicarboxylate which were used as templates for the
immobilization of antibodies (anti-E. coli or anti-S. typhi). Free adsorption sites on
the tubes were blocked by incubation with BSA. Then the nanotubes were allowed to
incubate with bacteria sample and the sedimentation rate was measured by imped-
ance analyzer. The sedimentation rate increased when bacteria interact with peptide
nanotubes compare to free bacteria.

11.2.2.4 One-Step Detection of Pathogens with Magnetic Beads

A portable NMR biosensor assay system has been reported for detection of
foodborne bacteria E. coli O157: H7 in food sample. It has detection limit up to
101 CFU/mL. In brief, a magnetic nanoparticle was conjugated with anti-E. coli
O157: H7 monoclonal antibody. Then Ab conjugated MNPs were incubated with
sample containing E. coli O157: H7. Unbound conjugates were removed by filtra-
tion. Bacteria inbound with MNP AB conjugate were separated and concentrated.
The MNP induced spatial and temporal disturbance in the homogeneity and strength
of the local magnetic field. Water proton’s spin-spin relaxation time, T2, has a linear
relationship with magnetic particle concentration. Based on T2 signal the presence
and concentration of the target pathogen could be measured (Luo and Alocilja 2017).

11.2.2.5 Aptasensors for Foodborne Pathogen Detection

Aptamers are the single-stranded nucleic acid molecules having length 25–99 nt that
can be either DNA or RNA. It can recognize various types of ligands like ions,
drugs, toxins, and whole pathogen (Dong et al. 2015; Dupont et al. 2015). It shows
higher pH, temperature, ionic stability compared to antibodies. Easier synthesis and
modification, long self-life, and low cost make aptamer more convenient tool for
diagnostic. Several aptamer-based assays and sensors have been reported for
foodborne pathogen detection such as E. coli (Zou et al. 2018), S. aureus (Qiao
et al. 2018), Salmonella spp. (Shin et al. 2018), Vibrio parahaemolyticus,
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Campylobacter spp. (Bruno and Sivils 2017), Listeria spp. (Liu et al. 2018), and
Shigella flexneri (Duan et al. 2013). Integration of nanotechnology into aptasensor
drastically increases the sensitivity, specificity of pathogen detection techniques.
Aptamer conjugated with MNPs could enhance the capture capability and selectiv-
ity. Aptasensor may be classified into different groups based on their detection
method like visible spectrum, lateral flow, colorimetric, surface plasmon resonance,
fluorescence, electrochemical. For example, G-Quadruplex Horseradish Peroxidase-
Mimicking DNAzyme aptasensor has been reported for V. parahaemolyticus detec-
tion based on the colorimetry reaction using catalytic activity of horseradish perox-
idase (HRP) (Sun et al. 2019). HRP has some disadvantages, such as difficulty in
storage and instable catalytic activity affected by external conditions. Fe3O4, CeO2

NPs, Co3O4 NPs, ZnFe2O4 nanoparticles were reported to exhibit intrinsic
peroxidase-like activity as HRP (Wu et al. 2020). New colorimetric aptasensor
reported which can detect S. typhimurium based on the ZnFe2O4-reduced graphene
oxide (ZnFe2O4/rGO) nanoparticles having limit of detection 11 cfu/mL (Wu et al.
2017).

11.2.3 Nanoparticle as a Potential Antimicrobial for Food
Packaging

More than one-third of all food produced for human consumption is wasted due to
food contamination and wrong handling. Seasonal fruits and some vegetables
prolonged preservation require special packaging. Nanoparticles have enormous
potency to prevent food deterioration and extend the shelf-life of food by inhibiting
the growth of food spoiling microbes. Metal and metal oxide nanoparticles neutral-
ize the pathogen by excessive formation of reactive oxygen species leading to
oxidative stress and subsequent cell damage (Fu et al. 2014; Wu et al. 2014; Prasad
and Swamy 2013; Aziz et al. 2014, 2015, 2016). Metal nanoparticle can also enter
into the cell and alter the function of biomolecules which lead to break down cell
functions. Nanoparticles are not used directly into food system rather used in coating
or packaging materials to get the antimicrobial effect without sacrificing the quality
of the packaged food. Several parameters like film thickness, presence of additives in
the polymer matrix such as fillers, antifogging and antistatic agents, lubricants,
stabilizers, and plasticizers can affect the activity of antimicrobial agents.
Nanomaterial based antimicrobial packaging materials could be self-sterilizing or
sanitizing that reduce the potential for recontamination of processed food products
(Shankar et al. 2016). Various types of organic and inorganic nanofillers are used for
food packaging applications. They can be classified depending upon their size, e.g.,
nanoparticle, nanofribrils, nanoplates, nanorods, and nanotubes.

11 Nanotechnology in Microbiology 277



11.2.3.1 Organic Nanofillers

Chitin nanofibrils exhibited strong antibacterial against L. monocytogenes (Shankar
et al. 2015). Many biopolymer-based nanocomposite films were prepared with
grapefruit seed extract (GSE) used for food packaging applications (Wang and
Rhim 2016). Cationic nanostructures manufactured from a combination of the
cationic lipid dioctadecyl dimethyl ammonium bromide (DODAB), the antimicro-
bial peptide gramicidin D (Gr), the antimicrobial cationic polymer poly
(diallyldimethylammonium chloride) (PDDA), and the biocompatible polymer
poly(methyl methacrylate)(PMMA) have shown great potential against Escherichia
coli, Salmonella Typhimurium, Staphylococcus aureus, and Listeria monocytogenes
(Carrasco et al. 2016).

11.2.3.2 Inorganic Nanofillers

Tested antimicrobial activity of AgNPs against a wide range of food pathogens
(Bacillus cereus, Listeria monocytogenes, Staphylococcus aureus, Escherichia coli,
Streptococcus Typhimurium, Candida albicans, Candida glabrata, Candida
geochares, and Candida saitoana) made them widely accepted in food industry.
For example, AgNPs absorbed in simple cotton fibers could eliminate E. coli,
S. aureus, and S. Typhimurium (Bhardwaj et al. 2017). Several silver containing
zeolites are approved by FDA.

Low cost, low toxicity, and ultraviolet barrier properties of ZnO NPs are the
reason for its preference over silver nanoparticle. ZnO NPs-coated polyvinyl chlo-
ride films exerted antibacterial properties against S. aureus than E. coli (Li et al.
2009). UV-blocking, gas barrier, and mechanical properties of ZnO nanocomposite
along with antimicrobial property make it more convenient as packaging material.

Copper oxide NPs conjugated with LDPE were used for cheese packaging
resulting increase of self-life while refrigerated.

Decay of strawberries, cheese, and shrimp have been delayed by covering TiO2-
incorporated nanocomposite films (Gumiero et al. 2013; Luo et al. 2015).

11.3 Application of Nanotechnology in Water Microbiology

Waterborne diseases claim millions of lives every year worldwide. Presence of
pathogens must be monitored to ensure safe drinking water. Viability of the patho-
gen present in drinking water determines potential infectivity of the pathogen. There
are many conventional methods available to monitor the pathogen load in drinking
water. Major problems with the existing methods are their inability to determine
pathogen species, viability, low sensitivity, poor recovery rate, more time-
consuming, and require intensive labor (Aw and Rose 2012). Advancement of
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nanotechnology empowers rapid and sensitive sampling and detection of pathogens.
An adequate supply of safe drinking water is one of the necessities for a healthy life.
An important challenge is therefore the rapid, specific, and sensitive detection of
waterborne pathogens. Presently, innovations in nanotechnologies and nanosciences
are having a significant impact in detection, control, and elimination of waterborne
pathogens. Several nanoparticle-based assays and nanodevices are commercially
available.

11.3.1 Pathogen Detection

Escherichia coli (Enterohemorrhagic), Shigella, Vibrio cholerae like bacteria;
norovirus, rotavirus, and protozoa (e.g., Cryptosporidium and Giardia) are the
major waterborne pathogens. They contaminate water resources when infected
people or animals shed microbes in faces. Water resources can also be contaminated
by mixing with undertreated/untreated sewage. Some zoonotic diseases can transmit
from water animals to human also. Nanotechnology has been reported to enhance the
detection of waterborne pathogens using the following detection methods.

11.3.1.1 Optical Detection

The optical properties of nanomaterials, e.g., surface plasmon resonance, fluores-
cence, were exploited to ease the detection of pathogens in water.

Gold (Au) and Silver (Ag) NMs

The colorimetric contrast of gold nanomaterials caused by surface plasmon reso-
nance has shown tremendous potential for the detection of waterborne microbes.
Simple colorimetric assays are suitable for low resources on-site testing settings.
Gold nanoparticles reduced and stabilized by sialic acid showed change in optical
density in presence of influenza B/Victoria and influenza B/Yamagata. Virus (Lee
et al. 2013), bacterial antigens and toxins of Salmonella, E. coli, and Vibrio cholerae
were detected by AuNMs (Wang et al. 2010; Jyoti et al. 2010; Schofield et al. 2007).
Rotavirus was detected with graphene oxide (GO) surface and a secondary gold
nanomaterial using FRET method (Jung et al. 2010).

Highly intense black color contrast of silver nanoparticle was utilized for the
detection of Salmonella and Giardia at very low concentration.
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Fluorescent NMs

Cryptosporidium and Giardia lamblia in water were detected using chemical
fluorophore previously but a higher sensitivity was achieved using semiconductor
quantum dot-conjugated antibodies (Zhu et al. 2004). E. coli and hepatitis were
detected in <1 h and with 50 times greater sensitivity than existing methods using
multiplexed microfluidic system. Attachment of pathogen to QDs leads to blue shift
in their emission spectra that were used for the detection of bacterial spores and
E. coli aggregation with a Limit of detection (LOD) of 104 bacteria/mL (Fig. 11.3)
(Dwarakanath et al. 2004).

11.3.1.2 Biosensors

Biosensor consists of a biological target recognition element coupled with a mech-
anism of signal transduction capable of providing selective quantitative or semi-
quantitative analytical information in the form of optical, electrical, mass
sensitive, etc.

Optical Biosensors

The optical properties of NMs can be exploited in the development of biosensors, for
pathogen detection. For example, photonic crystals are nanoarrays of dielectric
scatterers. Rotavirus has been detected using antibody-based photonic crystal bio-
sensors at a LOD of 36 virus focus forming units in 30 mins assay (Pineda et al.
2009). Silicon microring resonators are another example that has been employed as

Fig. 11.3 Fluorescence emission spectra of Fort Orange QDs conjugated Antibody (Ab) in free
(Red) and bound (Blue) form with B. subtilis spore
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sensors for detecting norovirus using carbohydrate functionalized silicon microrings
with a LOD of 250 ng/mL.

Electrical Biosensors

Nanotechnology offers a solution to the problems of electrochemical biosensors
when detecting waterborne pathogens. For example, cholera toxin with a LOD of
10�16 g detected electrochemically using liposome coated carbon nanotubes. In
another study, carbon nanotubes coated in Fe3O4 NMs have used the rapid detection
of coliforms with the help of an amperometric biosensor. E. coli O157: H7 and other
bacteria were detected to the range of 10 cfu/mL using gold NMs by electrochemical
detection.

Mass Sensitive Biosensors

Mass sensitive biosensors for water quality monitoring have been mainly used for
detection of waterborne bacteria. RNA and toxin of pathogens were detected by
surface plasmon resonance (SPR) of Au NMs and hybrid Au � Ag NMs. E. coli
O157: H7 was detected at 50 cfu/ml using two-photon Rayleigh scattering properties
of gold nanorods. Using silicon nitride cantilevers Salmonella enterica was detected
by monitoring the cantilever’s surface bending which was directly related to the
number of bacteria associating with the cantilever (Weeks et al. 2003).

11.3.2 Pathogen Elimination

Two billion people worldwide do not have access to safe water according to the
World Health Organization (WHO). Reliability on currently employed water puri-
fication systems is based on chemical and membrane-based under scanner. Emer-
gence of resistant pathogens and toxic by-products from chemical disinfectants are
also major concerns for water purification. Filter membrane with anti-biofouling and
antiviral properties is therefore in urgent demand. Nanofiber with low basis weight,
high permeability, and small pore size can remove the smaller particle <0.3 μm
(Barhate and Ramakrishna 2007).

11.3.2.1 Nanobiocides

Nanobiocides are the nanomaterials with antimicrobial potency. Electrospinning is a
novel technology for the fabrication of nanofiber conjugated with different types of
nanobiocides such as metal nanoparticles (Table 11.2), antibiotics.
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11.3.2.2 Antimicrobial Nano Polymers/Nanofibers

Polymeric nanoparticles neutralize microorganisms either by releasing antibiotics,
antimicrobial peptides, and antimicrobial agents or by contact-killing cationic sur-
faces, such as quaternary ammonium compounds, alkyl pyridiniums, or quaternary
phosphonium. Nanopolymeric antimicrobial materials show long-term antimicrobial

Table 11.2 Nanobiocides used in water disinfection

Nanobiocides Mode of action Reported Target

Reference/
Commercial
use

TiO2 Generates hydroxyl free radi-
cals and peroxide formed
under UV-A irradiation via
oxidative and reductive
pathways

Removes micron and submi-
cron particles, polish iron,
manganese, silica, H2O2 and
contaminants such as Giardia,
Cryptosporidium, and oocysts.

Purifics
(www.
purifics.
com)

Silver Nanosilver releases silver ions
in water binding to �SH
groups in vital enzymes and
damaging them. Also, silver
ions interfere with DNA repli-
cation and induce structural
changes in the cell envelope.

E. coli, Legionella
pneumophila (LP), Pseudomo-
nas mendocina KR1, MS2
bacteriophage

Lv et al.
(2009)

ZnO Photocatalytic generation of
H2O2 may be responsible for
antimicrobial action of ZnO.
ZnO nanoparticles penetrate
the bacterial cell envelope and
disorganize the cell membrane

S. aureus Vicentini
et al. (2009)

CuO Bacteriostatic action of CuO
nanoparticles mainly origi-
nates from the direct interac-
tion of Cu2+ species with the
cell components

Methicillin-resistant S. aureus
(MRSA) and E. coli,
Chlamydomonas sp. strain
PCC 6803 (freshwater),
Synechococcus sp. strain
(marine) and Phaeodactylum
tricornutum

Botes and
Cloete
(2010)

Carbon
nanotubes

Prevention of biofilm forma-
tion in water filtration mem-
branes. Irrecoverable damages
to the outer membrane, releas-
ing the intracellular content

E. coli, S. epidermidis,
S. typhimurium, B. subtilis,
S. aureus

Al-Jumaili
et al. (2017)

Fullerenes Increase in membrane hydro-
phobicity might play a role in
antimicrobial activity

E. coli K12 Chae et al.
(2009)

Polyethylene
mine (PEI)

Disruption of bacterial cell
membranes

Streptococcus mutants. Staph-
ylococcus aureus, Staphylo-
coccus epidermidis,
Acinetobacter baumannii, and
Candida albicans

Azevedo
et al. (2014)
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activity. They are nonvolatile and chemically stable. They can bind to the surface of
interest and hardly permeate through biological membranes.

Chitosan-Based Nanopolymer

Chitosan has antimicrobial activity towards bacteria, especially Gram-positive bac-
teria, and highly effective against fungi and viruses. Increasing membrane perme-
ability and disruption lead to leakage of intracellular components that are considered
as the main antimicrobial mechanisms of chitosan (Qi et al. 2004). The degree
of antimicrobial activity depends on the organism, pH, molecular weight, degree
of polymerization, and the presence of lipids and proteins. The antibacterial action of
improved chitosan derivatives containing quaternary ammonium groups, such as
N, N,N-trimethyl chitosan, N-propyl-N,N-dimethyl chitosan, and N-furfuryl-N,N-
dimethyl chitosan has also been described. Chitosan-based nanomaterials have
been reported to kill 80% S. aureus (CCRC10779) and 30% E. coli (CCRC
10324) (Don et al. 2005).

N-Bromo-Hydantoin Grafted Polystyrene Beads

The release of active bromine from the grafted polystyrene beads into the running
water exhibited excellent antimicrobial activity against E. coli and MS2 phage.
Moreover, besides the effect of the N-haloamine structure on lasting disinfection
activities, bead’s nanomicro characteristics were found critical for oxidative halogen
release control: rate stabilization and modulation, extension and consequently influ-
ence antimicrobial activity. These materials can have great potential due to the
ability to decontaminate large volumes of contaminated water, low costs, and
bromine rechargeability (Farah et al. 2015).

Polyurethane (PU) Nanofibers

Polyurethane (PU) nanofibers when treated with argon plasma produce surface oxide
and peroxide groups. Immersion of these PU fibers in 4-vinylpyridine monomer
solution with exposure to UV irradiation produces poly(4-vinylpyridine) grafted PU
fibers. Antimicrobial activity was obtained when the grafted pyridine groups were
functionalized through quaternization with hexylbromide. 99.9% reduction in the
viability was observed for Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli after 4 h contact with the PU fibers (Yao et al. 2008).
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Polycarbonate (PC)/Chloroform

Polycarbonate (PC) solution with quaternary ammonium salt benzyl
triethylammoniumchloride (BTEAC) is a potential antimicrobial nanofibrous mem-
brane for ultrafiltration. The growth of S. aureus ATCC6538, E. coli ATCC 25922,
and Klebsiella pneumoniae ATCC 4352 was totally inhibited with the addition of
small amounts of BTEAC to the PC solution. Also, it showed 99.97% filtration
efficiency of 0.3 μm size particles in comparison to a polypropylene HEPA (high-
efficiency particulate air) filter (Botes and Cloete 2010).

11.4 Application of Nanotechnology in Clinical
Microbiology

Infectious diseases caused by pathogens such as viruses, bacteria, fungi, and parasite
are the major cause of death worldwide. Infectious diseases dominate health threats
all over the world according to a report by the WHO in 2019. Of the many infectious
diseases influenza, pneumonia, AIDS, tuberculosis, malaria are the top-ranked and
cause of millions of death every year. Despite the pharmaceutical advancement to
produce drugs at low cost emergence and dissemination of drug resistance infectious
agents is a global concern. The quest for new strategies, pharmaceuticals, devices to
diagnose and treat diseases accurately, easily, and efficiently have intensified.
Recently various nanotechnology-based materials have been reported with the aim
of early detection, effective control, and prevention of infectious diseases (Fig. 11.4).

Fig. 11.4 A brief overview
of the applications of
nanotechnology in clinical
microbiology
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11.4.1 Detection

NPs can interact with biomolecules with appropriate surface modification. Their
unique physicochemical properties allow accurate, rapid, sensitive, and cost-
effective diagnostics. Many of the current diagnostics are lacking at least one of
the critical parameters mentioned above. NPs which have been successfully utilized
for the diagnosis of infectious diseases are particularly fluorescent nanoparticles,
metallic nanoparticles, and magnetic nanoparticles.

11.4.1.1 Metallic Nanoparticles

The gold nanoparticles are the first nanomaterials used as nanodiagnostics for the
detection of DNA in 1996.The unique color changing capability of AuNPs due to
shifting in their SPR is utilized for the detection of malaria pathogen. The aggrega-
tion of AuNPs through the interaction with benzalkonium chloride, surfactant, is
controlled by an aptamer specific to malaria biomarker PfLDH (P. falciparum lactate
dehydrogenase). Aptamer binds PfLDH biomarker present in positive sample by
leaving the surfactant free which allows aggregation of AuNPs. In absence of
biomarker AuNPs remain dispersed in solution. Red color of stable AuNPs changes
to blue upon aggregation due to presence of biomarker in the sample (Jain et al.
2016). A simple paper-based assay employing unmodified gold nanoparticles has
been utilized to detect Mycobacterium tuberculosis (Tsai et al. 2013). Figure 11.5
highlighted the method which can be implemented using a smartphone app for
image processing as claimed by the authors. Study also demonstrated the applica-
bility of dextrin-capped AuNP as label for lateral flow assay for early detection of
dengue infection in high-risk resource-limited areas (Yrad et al. 2019). Gold nano-
wire arrays (GNWA) linked with specific antibodies against E. coli have been
developed to detect urinary tract infection (Basu et al. 2004).

Fig. 11.5 The schematic illustration of the TB diagnostic method using AuNP and Smartphone by
paper-based assay
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11.4.1.2 Fluorescent Nanoparticles

Metallic fluorescent dyes (Tris(2,2 bipyridyl) osmium bis (hexafluorophosphate)
(OsBpy) and Tris (bipyridine) ruthenium(II) dichloride (RuBpy)) encapsulated in
silica nanoparticle have been used to detect MTB from sputum sample with high
sensitivity and within 4 h (Qin et al. 2007). Fluorescence property of SiO2:Eu
improves the sensitivity of traditional methods such as the enzyme-linked immuno-
sorbent assay (ELISA).This silica nanoparticle immunoassay was employed for the
detection of HIV(Chunduri et al. 2017). FNPs also improved the detection of
TB. Biomarker for TB, lipoarabinomannan (LAM) in urine can be detected at
pg/mL utilizing copper-containing bait dye, Reactive Blue 221, to sequester LAM
in a hydrogel nanocage (Paris et al. 2017). Similarly, anthrax protective agent
(PA) has been detected using fluorescence ELISA that incorporated Eu(III) poly-
meric NPs which has 100-fold higher sensitivity than conventional ELISA. Many
quantum dots (Qdots), nano-crystal semiconductors made of metals such as Si or Ge,
have been developed to detect pathogens with enhanced sensitivity and specificities
over conventional organic fluorophores. A dual-core Qdots, composed of two
fluorescent NPs green color and red, labeled secondary Ab can recognize antibodies
against respiratory syncytial virus (RSV) (Agrawal et al. 2005). Barcode made from
Qdots can be used for multiplex identification of toxins in the blood. Such a barcode
is employed for the detection of HCV and HIV from human serum (Gao et al. 2006).

11.4.1.3 Magnetic Nanoparticles

Foodborne pathogens such as E. coliO157:H7 and Salmonella can be detected using
magnetic nanoparticle (Fe3O4 or Fe2O3) conjugated antibodies by immunogenic
separation (Qasim et al. 2014). Vancomycin-conjugated FePt MNPs were developed
to capture and identify vancomycin-resistant enterococci (VRE) and other Gram-
positive bacteria present at very low concentrations in samples. A combination of
vancomycin-conjugated FePt MNPs with fluorophore increases sensitivity of path-
ogen detection in blood (Gao et al. 2006). HSV-1 and adenoviruses can be detected
at one digit level/μL of serum samples using biocompatible superparamagnetic iron
oxide (SPIO) nano-biosensors (Josephson et al. 2001).

11.4.1.4 Liposome

Cholera toxin (CT) has been detected using ganglioside-incorporated liposomes. CT
was detected as a colored band on the nitrocellulose membrane strip, where CT
bound to GM1-liposomes can be captured by immobilized antibodies in a sandwich
immunoassay. Engineered liposome nanoparticle conjugated with fluorescent rho-
damine dye was farther applied for detection of CT (Singh et al. 2000). Bacterial
toxins of tetanus, botulinum were also detected by similar strategy.
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11.4.2 Treatment

Rapid evolution of resistance is making the treatment of infectious diseases more
challenging. Nanotechnology has potential of targeted delivery of the drugs to
disease sites. For example, liposome, functionalized with half antibodies to recog-
nize proteins that are uniquely found on the surface of plasmodium-infected RBCs,
can selectively deliver chloroquine to the infected RBC over non-infected cells in
90 min (Urbán et al. 2011). Above delivery system requires fewer drugs and also
reduces side effects of treatment. Treatment of many diseases has the requirement for
frequent administration of drugs and sometimes high drug load is used for long-
duration treatment. For example, in TB treatment patient needs to take multiple
drugs for a period of 6–9 months. Nanotechnology has the prospective to reduce the
required frequency of administration by combining these drugs into a single dose
(Pandey et al. 2003). Gallium(III) meso-tetraphenylporphyrin nanoparticles were
reported to provide sustained release of Ga(III) which inhibit the growth of
M. tuberculosis and HIV in macrophages. Gallium(III) replaces the iron and inacti-
vates their enzyme important for growth(Choi et al. 2017). Some NPs have potential
to be used as drugs. Metallic NPs and their oxides upon UV exposure produce
reactive oxygen species with antimicrobial activity. Nitric oxide-releasing NPs
(NONPs) have been shown to inhibit the growth of antibiotic-resistant strains of
P. aeruginosa, E. faecalis, K. pneumoniae, and E. coli and MRSA (Hajipour et al.
2012).

11.4.3 Prevention

Vaccine provides acquired immunity against a particular antigen and can rapidly
respond upon subsequent infection. Vaccination is considered as the cheapest and
most effective strategy for combating diseases. Millions of lives are saved because of
vaccine. For example, smallpox has been successfully eradicated through wide-
spread vaccination programs. Target specific vaccine delivery can be achieved
using nanotechnology application. Controlled release of vaccine encapsulated in
nanoparticle vessel can boost the immune response. Nanotechnology can also mimic
the natural target. Engineered heparin–polymersome complex has both drug- and
vaccine-like activity against malaria infection as it prevents invasion of the parasite
(drug function) (Najer et al. 2014). Fullerenol nanoparticles were used as an adjuvant
in the development of HIV-1 vaccine (Xu et al. 2013). Attenuated MTB delivered
using aerosol system shown enhanced immune response against MTB (Garcia-
Contreras et al. 2008). Self-life of the NP formulation can be increased by
lyophilizing it.
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11.5 Conclusion

Safe drinking water, healthy food, affordable diagnostic, and treatment are primary
necessities for a healthy life. Microbial contamination in water, food, and patholog-
ical specimens can be detected by nanotechnology-based techniques more rapidly
and sensitively at low cost compared to conventional testing methods. One major
advantage of nanotechnology-based techniques is on-site detection that solves the
requirement of sophisticated instruments at resource-limited situation. Again micro-
biology can also enrich nanotechnology. Nanomicrobiology deals with the synthesis
of diverse types of nanoparticles using microbes. Perniciousness of nanomaterials on
the environment and human health remains unexplored. More research needs to be
carried out to address all the negative impacts of nanomaterials. Interdisciplinary
approach integrating nanotechnology and microbiology can be employed for human
well-being and environmental sustainability.
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Chapter 12
Holistic Approaches for Enhanced
Production of Prodigiosin—a Natural
Biocolour

Subhasish Dutta

Abstract Nowadays, pigments from microbial sources have gained much impor-
tance due to its substantial medical and industrial welfares. In this regard, the present
book chapter discusses some impactful methodologies regarding the improved
production of prodigiosin drug—a promising supplement of synthetic colour.
Prodigiosin is a vivid red colour pigment mainly synthesized by bacteria Serratia
marcescens. Other than its significant contribution towards the cosmetic and food
industry, it also poses antifungal, antibacterial, immunosuppressive and
antiproliferative activities. Optimization of media components, scale-up study and
biokinetic analysis from wild type and recombinant sources have been thoroughly
discussed in this chapter. Particular emphasis was put forward on its nanotechno-
logical synthesis and drug delivery for various diseases. Efficient extraction practice,
estimation by different analytical instruments and purification of the final product
were also highlighted in a best possible way.

Keywords Prodigiosin · Bioengineering · Optimization · Serratia marcescens ·
Enhance

12.1 Introduction

Supplementation of natural ingredients in the food industry is a need of the hour due
to excessive toxicity of synthetic pigments and organic dyes. The biocolour which
are readily accessible from plants have numerous shortcomings due to light sensi-
tivity or unsteadiness, temperature or adverse pH, insoluble or minimal water
solubility and most importantly unavailability all over the year (Gulani et al.
2012). Less water solubility is sometimes responsible for application limitation in
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the textile dye industry (Shen and Yang 2013). The microbial pigments being
idiolites having a differentiated composition according to their assembly and perhaps
accredited to the environmentally harmless compounds in the chemical industry.
Creation of an innovative product by developing a unique chromophore is a patent-
able and novel aspect in biotechnology. Considering all the inadequacies of syn-
thetic, organic and plant-based pigments available in the market, researchers are now
focusing on microbial-based biocolour, which could have a broad spectrum of
activities. Prodigiosin (C20H25N3O) is one of them. It is a membrane linked red
pigment as well as a bioactive secondary metabolite, synthesized by both Gram
positive and Gram negative bacteria like Serratia marcescens, Streptomyces
coelicolor, S. lividans, Pseudomonas magneslorubra, Vibrio psychroerythrous,
etc. (Khanafari et al. 2006; Shahitha and Poornima 2012; Kurbanoglu et al. 2015).
Serratia marcescens is the largest producer of this vital pigment worldwide. Being
an opportunistic human pathogen, frequency of spreading infection by pigmented S.
marcescens is much lesser than non-pigmented one (Elkenawy et al. 2017).
Prodigiosin is commercially exploited for several industrial applications such as
antimicrobial, anti-oxidant, anti-malarial, anti-cancer, anti-protozoal, anti-
neoplastic, anti-diabetic, non-steroidal, immunosuppressive, UV protective and
antiproliferative activity (Khanafari et al. 2006; Borić et al. 2011; Lee et al. 2011;
Montaner and Pérez-Tomás 2001; Park et al. 2012; Soto-Cerrato et al. 2004; Gulani
et al. 2012). The same can also act as a bacteriostatic agent against E. coli (Danevčič
et al. 2016). There are some isoforms of prodigiosin available in the literature,
i.e. undecylprodigiosin, metacycloprodigiosin, nonylprodigiosin, norprodigiosin
having the same clinical applications (Zang et al. 2014). It also plays a vital role in
bacterial cells by acting as a protective cover during stress by reducing the fabrica-
tion of reactive oxygen species (ROS) (Gul et al. 2020).

With the growing solicitation of prodigiosin, reducing its manufacturing cost has
become one of the most significant targets. It is very crucial to note that several
aspects are still needed to be concerned about the large-scale production of
prodigiosin. Moreover, the application of high-throughput technology and complex
instrumentations with higher operating costs may, in turn, limit their commerciali-
zation and industrialization, especially in the third world countries. To develop
efficient techniques for prodigiosin production, significant research has been
directed towards strain improvement and the identification of dynamic systems
and process conditions.

Improving the yield of prodigiosin cost-effectively is one of the critical chal-
lenges for its commercial viability. Recovery of prodigiosin from microorganism is a
complex procedure. Therefore, enhancing the downstream recovery of the product
with low processing cost is another challenge for the bioengineers (Acuña-Argüelles
et al. 1995). Microbial prodigiosin production is inducible, and hence the yield could
be considerably enhanced with the addition of inducers.

Pilot-scale production and solicitations of prodigiosin in developing countries do
not seem to flourish dramatically due to excessive capital investment for industrial
applications. Considering the current market demand, implementation of this potent
biocolour is projected to increase logarithmically within the next few decades.
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Considering the current mandate, usefulness and cost-effectiveness of the
prodigiosin in the industry, it is imperative to focus on its enhanced yield using
several existing tools of biotechnology. It will surely amplify the applications of
prodigiosin in several industries, manufacturing processes and services for economic
mobility through biotechnology and bioengineering.

The present book chapter attempts to address the knowledge gap surrounding
efficient prodigiosin production by fermentation, nanobiotechnology and other
essential methods for its effective commercialization. Bioengineering aspects that
have been taken into consideration for its enhanced yield will also be covered in this
chapter.

12.2 Natural Occurrence and Recombinant Sources
of Prodigiosin

Prodigiosin is a naturally occurring pigment that can be obtained from both plants as
well as microorganisms. Terrestrial plants are the primary sources of this pigment.
There are numerous advantages for selecting microorganisms over plant sources for
extracting prodigiosin. Some of the benefits like they are stable, their accessible
cultivation technology, can be biosynthesized any time in the lab, a concise doubling
time of bacteria thus fast specific growth rate, cost-effective culture media, optimal
environmental parameters and their production is independent of weather condition
(Chidambaram and Perumalsa 2009; Gulani et al. 2012). The pigment-producing
microorganisms are found everywhere like air, water, soil, sewage and even in some
household animals (Su et al. 2011). Nguyen et al. (2020) recently discovered that
prodigiosin could also be synthesized by marine chitin (Nguyen et al. 2020). Among
different chitin molecules, α chitin is the potent producer of prodigiosin by fermen-
tation. However, Serratia marcescens is the dominant producer of this pigment to
date; its large-scale production can be trimmed due to its durable infectious nature.
On the contrary, the actinomycetes group of organisms, viz. Streptomyces spp. are
on the safer side. Optimization and large-scale production can be easily carried out
by these species (Luti and Mavituna 2011). Among the Streptomyces
sp. Streptomyces coelicolor A3(2) have been reported to be capable of producing
prodigiosin pigment (Hobbs et al. 1990). Besides S. marcescens, other
extremophiles like Hahellacea and Pseudoalteromonas are also capable of synthe-
sizing prodigiosin (Kim et al. 2007; Schloss et al. 2010).

Massive bioengineering studies were attempted to amplify the yield of
prodigiosin by modifying the parent strain. Researchers have used classical muta-
tional techniques along with molecular biology approaches to enhance the yield of
this antibiotic. Prodigiosin biosynthesis genes from S. marcescens were randomly
integrated into Pseudomonas putida KT2440 for making a potent strain (Domröse
et al. 2015). Often, an isogenic mutant strain of S. marcescens SS-1 was also used for
producing prodigiosin resembling pigments (Wei and Chen 2005).
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12.3 Nanotechnological Aspects of Prodigiosin Synthesis

Nanobiotechnology is a rapidly growing field in medical science for its unique and
promising features. ‘Nano’ (10-9) is the smallest size that exists in the world having the
capability of reflecting light. Nanoparticle or nanomaterials consist of a cluster of
atoms in the range of 1–100 nm (Karthika et al. 2015; Al-Shabib et al. 2018; Prasad et
al. 2016). They are mainly of two types, i.e. organic and inorganic. Inorganic
nanoparticles have vast applications in the medical devices like biosensors; in envi-
ronmental sample purification, in the pharmaceutical industry and also they can act as
antimicrobials which can be integrated into optical fibres (Karthika et al. 2015; Prasad
et al. 2017a,b, 2018a,b, 2020). Their potential biocidal activity is due to tiny size and
relatively higher surface to volume ratio (Al-Shabib et al. 2018; Morones et al. 2005).
Among inorganic nanoparticles, gold (AuNPs) and silver nanoparticles (AgNPs) have
higher material property, functional diversity and stable in harsh environmental
conditions (Karthika et al. 2015). Metal oxides can also be used as nanomaterial,
i.e. Zinc oxides (ZnO). ZnO nanoparticles (ZnO-NPs) exhibit broad-spectrum
antibacterial activity (Al-Shabib et al. 2018; Bhuyan et al. 2015). Prodigiosin driven
biosynthesis of silver nanoparticles, conjugated gold/prodigiosin synthesis, its char-
acterization and application in breast cancer will be highlighted in this chapter.

12.3.1 Prodigiosin Mediated Biosynthesis of Silver
Nanoparticles (AgNPs)

Karthika et al. (2015) synthesized silver nanoparticles using culture supernatant
containing prodigiosin from the bacterial strain of S. marcescens (Karthika et al.
2015). In brief, culture supernatant and 0.1 (M) AgNO3 solution (equal volume)
were mixed and incubated at 600C until the colour change was observed from pink to
black. Reduction of Ag+ was confirmed by the colour change and subsequently
indicated the synthesis of silver nanoparticle. The resulting mixture was separated,
followed by repeated washing and centrifugation at 10000�g for 15 mins. The final
suspension was dried and ready to use for further study. AgNPs were characterized
by UV-visible spectroscopy, X-ray diffraction (XRD), scanning and transmission
electron microscopy (SEM and TEM). Antibacterial activity against Staphylococcus
sp., E. coli and Pseudomonas sp. was examined and observed by disc diffusion
method. TEM images confirmed the spherical shape of AgNP and size less than
100 nm. Due to their tiny shape and size, AgNPs can easily reach to the genomic
content of the bacteria, have the accessibility of the large surface area and subse-
quently destroy them.
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12.3.2 Biosynthesis of Gold/prodigiosin Nanoparticles
(AuNPs) and Its Application

Gold nanoparticles also have prospective applications in drug delivery, tissue anal-
ysis and in gene transfer (Dozie-Nwachukwu et al. 2017b). Dozie-Nwachukwu et al.
(2017) biosynthesized gold/prodigiosin nanoparticles (AuNPs) from Serratia
marcescens strain to combat triple-negative breast cancer (MDA-MB-231) cells
(Dozie-Nwachukwu et al. 2017b; Dozie-Nwachukwu et al. 2017a). To target a
specific cancer cell, AuNPs/PG drug was prepared under diverse pH environments.

Prodigiosin from S. marcescens was extracted and purified using size exclusion
chromatography before nanomaterial synthesis. Unlike silver nanoparticle, AuNP/
PG conjugate was prepared through physisorption, where particles were held
together by weak Vander-walls force (Dozie-Nwachukwu et al. 2017a). Here,
1 mg of solid prodigiosin was dissolved in 2 ml of methanol and mixed to the
gold nanoparticles conjugate. The resulting mixture was agitated at 500 rpm at 4�C
for 30 min. AuNPs were characterized by UV-spectrophotometry, electron diffrac-
tion (ED), dynamic light scattering (DLS) and energy-dispersive X-ray spectroscopy
(EDS). The adhesion between luteinizing hormone-releasing hormone (LHRH)-
conjugated AuNP/PG drug and MDA-MB-231 breast cancer cells (nanocluster)
was studied by atomic force microscopy (AFM) technique. It was observed that
the adhesion force was higher in nanocluster than healthy breast cells. Greater
adhesion leads to 5 fold increase overexpression/interaction between ligand and
receptors on the membrane surface, which is very important to treat a specific target
of triple-negative breast cancer.

In another study, cell-free extracts of prodigiosin solution was allowed to react
with 2.5 mM HAuCl4 (tetrachloroauric acid) to prepare gold/prodigiosin nanoparti-
cle (Dozie-Nwachukwu et al. 2017b). The formation of nanoparticle was confirmed
by colour change (bright red to pale pink). Such colour change occurred due to
reduction of HAuCl4 to Au0 and the possible reaction is as follows,
HAuCl4 + 3e� ! Au + 4Cl� + H+. However, the total colour change was observed
after 6th day of incubation. Reduction of HAuCl4 to Au

0 results from supersaturation
solution and nucleation. Different analytical instruments were used to characterize
gold nanoparticles. The reduction of Au3+ to Au0 was observed using UV–vis
spectrophotometer. The size and shape of nanoparticle was determined by TEM,
higher resolution image of particle surface was taken with the help of Helium Ion
Microscopy (HIM), and the lower concentration of AuNPs was detected with the
help of DLS (Dozie-Nwachukwu et al. 2017b). Both biomass and cell-free extracts
of prodigiosin were used for nanoparticle synthesis. Still, the cell-free extract is a
better choice for lower reaction time. Final nanoparticle size was around 40–60 nm
which is very efficient for cancer detection and treatment.
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12.3.3 Biofabrication of Zinc Oxide Nanoparticle

Al-Shabib et al. (2018) synthesized zinc nanoparticles (ZnNPs) from leaf extract of
Ochradenus baccatus (Al-Shabib et al. 2018). Zinc metal oxides (ZnO-NPs) were
the nanoparticle of choice due to their broad-spectrum bactericidal activity, protein
binding study, etc. 0.05 (M) Zinc nitrate solution and Ochradenus baccatus leaf
extract were mixed and microwaved for 20 min. After cooling down, the precipitate
was parted by centrifugation, followed by washing with de-ionized water and 100%
C2H5OH. After that, they were allowed to dry at 800C for 24 hr. Lastly, the product
was calcined at 8000C for 2 hr. X-Ray Diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and EDX
were used for ZnO-NPs characterization.

Effect of zinc oxide nanoparticle was analysed against prodigiosin synthesized by
S. marcescens culture. Decrease of prodigiosin yield was documented at sub-MIC
level ranging between 6.25 μg/ml and 50 μg/ml. It was thought that inhibition of
prodigiosin would decrease the pathogenicity and virulence characteristics of
S. marcescens.

Not only nanoparticles, nanogel is also an excellent choice to treat breast cancer
cells (Obayemi et al. 2016b). Crosslinking between dextran and poly(lactide) was
proved to be an effective conventional technique for preparing nanogel. It is
injectable, multifunctional and biodegradable. The same was loaded with
prodigiosin and was very effective against breast cancer cells.

12.4 Analytical Methods for Extraction, Estimation
and Purification of Prodigiosin

Prodigiosin is principally an intracellular metabolite. It is bound to the cell mem-
brane. During fermentation, only 17% of the total prodigiosin is released into the
broth (Wang et al. 2004). Hence, an effective extraction method is necessary to
recover the product. Well-defined separation and purification techniques are hugely
recommended for its clinical application too. In this chapter, various analytical
methods, i.e. extraction, estimation and purification of prodigiosin, will be
discussed.

12.4.1 Extraction of Prodigiosin

More or less similar methods were adopted by the researchers to extract the
prodigiosin from the culture broth. The two-step extraction procedure was followed
for the efficient recovery of prodigiosin (Kurbanoglu et al. 2015; Williams 1973; Lin
et al. 2019). For this purpose, culture broth (5 to 10 ml) from the stationary phase
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was taken in a test tube and centrifuged at 10000 rpm for 10 minutes to collect the
cell pellet. After that, the supernatant was decanted, and acidified methanol was
poured to the cell suspension. The mixture is vortexed and centrifuged under the
same condition. Finally, the concentration of the prodigiosin was measured by
spectrophotometer at 535 nm (Venil and Lakshmanaperumalsamy 2009;
Kurbanoglu et al. 2015). Some researchers have used acetone in place of MeOH
for its active recovery (Shahitha and Poornima 2012). Su et al. (2011) used
de-ionized water for washing the cell pellet prior to adding acetone (Su et al.
2011). The crude pigment was obtained by concentrating it using a rotary evaporator
(Lin et al. 2019). Wei and Chen (2005) extracted prodigiosin like pigment from the
recombinant strain of Serratia marcescens SMΔR. They have used 3
(M) Chloroform to extract the pigment (Wei and Chen 2005). Park et al. (2012)
opted nine organic solvents to find out the optimal and best solvent on the basis of
extraction efficiency (Park et al. 2012). They found ethanol as the best solvent,
whereas acetone was optimum for prodigiosin extraction from fermentation broth.
However, by using acetone, the extraction process was 140 times faster than ethanol
under the same conditions. Sometimes, a proper surfactant (Tween 80; 0.1% w/v) is
useful for extracting prodigiosin from the bacterial cell envelope (Wang et al. 2004).
Wang et al. (2004) have developed an efficient technique for in-situ recovery of
prodigiosin from direct fermentation broth (Wang et al. 2004).

12.4.2 Estimation of Prodigiosin

There are different methods available for estimating prodigiosin after extraction
from fermentation broth. Its concentration can be determined spectrophotometrically
as well as by Liquid Chromatography (LC) technique. λmax for prodigiosin is around
535 nm (Elkenawy et al. 2017). Its concentration can be calculated by taking its
specific absorbancy of 51.5�103 litre per g per cm (Williams 1973). Haddix and
Werner (2000) developed one formula to quantify the prodigiosin yield (Haddix and
Werner 2000). The same has become one of the most useful equation to estimate
prodigiosin concentration. It is shown below: Prodigiosin unit=cell ¼
OD499� 1:381�OD620ð Þð Þ½ ��1000

OD620
; whereas OD499¼is prodigiosin absorption, OD620¼ bac-

terial culture absorption and 1.381 is OD499
OD620

quotient and taken as a constant. Williams

et al. (1961) and Chen et al. (1993) added an alternative recipe to calculate the total
prodigiosin (TP) yield, i.e. Total prodigiosin mg=Lð Þ ¼ ADV1

7:07�104V2
; whereas A¼

Absorbance at 535 nm, D ¼ Dilution ratio, V1¼ volume of methanol added, V2¼
amount of fermentative culture and 7.07�104 is extinction coefficient of the antibi-
otic (Williams et al. 1961; Chen and Johns 1993). Lee et al. (2011) assayed the
bioactivity of prodigiosin and cycloprodigiosin by Agar Disc Diffusion (ADD)
method (Lee et al. 2011). They have checked the antimicrobial activity against
different microorganisms like Bacillus subtilis KCTC 1914, Escherichia coli
KCTC 1924, Salmonella enterica serovar Typhimurium KCTC 1926,

12 Holistic Approaches for Enhanced Production of Prodigiosin—a Natural Biocolour 301



Staphylococcus aureus KCTC 1916 and Candida albicans KCTC 1940. Filter discs
were poured with pure prodigiosin extract, and inhibition zones were recorded
against test organisms. Finally, the concentration of the antibiotic was measured
by measuring the zone diameter. ADD is a very primitive method for analysing the
unknown concentration of many antibiotics, i.e. rapamycin, cyclosporine, etc.
(Kojima et al. 1995; Lee et al. 1997; Dutta et al. 2014; Dutta et al. 2017).

12.4.3 Purification and Characterization

Many scientists are working on a laboratory scale for the production, purification and
characterization of prodigiosin. However, the research terminates at the lab scale
with a few progressing beyond it. This is due to problems associated with scale-up
and downstream of the production process. LC-MS, thin-layer chromatography
(TLC), HPLC, NMR, FTIR, etc., are the methods used for prodigiosin stability,
purification and successive characterization study (Aruldass et al. 2014; Park et al.
2012; Wei and Chen 2005; Faraag et al. 2017; Rakh et al. 2017). Crude prodigiosin
is purified by a silica gel column (Lin et al. 2019). In brief, crude prodigiosin extract
was dissolved in methanol, and the subsequent mixture was allowed to pass through
a hexane balanced silica gel packed column. The absorbed product was then eluted
out from the column with the help of ethyl acetate. Finally, the orange colour eluate
was dried in a rotary evaporator to obtain the red prodigiosin powder (Wei and Chen
2005). Wang et al. (2004) have developed an efficient technique by combining both
static and column adsorption process for prodigiosin purification (Wang et al. 2004).
They finally obtained 83% higher yield than conventional silica gel method.

Darshan and Manonmani (2013) determined the molecular mass of prodigiosin
by LC-Mass spectroscopy (MS) technique as 324 D (Darshan and Manonmani
2013) and the structure was further confirmed by 1H-NMR spectroscopy. Rakh
et al. (2017) also characterized the chemical structure of purified prodigiosin by
FTIR method (Rakh et al. 2017). Fourier transform mass spectrometry (FT-MS)
technique was used for structural elucidation of prodigiosin like pigments produced
by Vibrio sp. (Alihosseini et al. 2008). Characterization of prodigiosin by
Zooshikella rubidus S1-1 was analysed by tandem mass spectroscopy (LC-MS/
MS) (Lee et al. 2011). Researchers have identified two major peaks with ‘m/z’
value of 322 and 324, respectively. Later they have concluded that two peaks were
of cycloprodigiosin and prodigiosin.
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12.5 Bioengineering Strategies Adopted for the Enhanced
Yield of Prodigiosin

It was observed that there are two policies adopted to date for microbial prodigiosin
production. It was either produced by wild type culture or recombinant or mutant
microbial strain. The critical challenges behind using wild type microorganism
include the availability of potent microbial strain and the solicitation of this biocat-
alyst for industrial-level production. Furthermore, isolating a dominant strain of
anticipated product is tiresome and time-consuming. Hence, the robust approach
will be to generate a mutant strain having the capability of producing a large amount
of prodigiosin with the help of available biotechnological tools.

12.5.1 Contribution of Influential Parameters

Ryazantseva and Andreyeva (2014) experimented with Serratia marcescens 9986
for production of prodigiosin. It was reported that growth parameters controlled the
synthesis of pigment. Prodigiosin yield was found to be 0.2–0.4 mg/L of culture
medium in a batch process under aerobic environments. 0.1% of sodium dodecyl
sulphate (SDS) was treated in biomass for extraction of prodigiosin (Ryazantseva
and Andreyeva 2014). Locally isolated pigment-producing strain Serratia
marcescens UMT-1 was used by Aruldass et al. (2014) for enhanced prodigiosin
yield (Aruldass et al. 2014). They have used brown sugar as a nutrient for the
development of bacteria. It was reported that not only culture conditions but also
lactose and L-tryptophan supplementation were necessary for higher production of
prodigiosin in both shake flask and 5-L bioreactor. The final output of prodigiosin
was found to be 8000 mg/L. The study revealed that brown sugar could be used as
cheap and potential media constituents for prodigiosin production. In another study,
an isolated bacterial culture Serratia marcescens N10612 was used for the produc-
tion of prodigiosin. In this experiment, a mixed culture media consisting of sucrose,
peptone and yeast extract was used for maximum prodigiosin production. Media
optimization was carried out through statistical experimental designs for maximum
yield. The optimum concentrations of medium were yeast extract 5.6 g/L, peptone
6.9 g/L, sucrose 31.6 g/L and NaCl 1.0 g/L (Zang et al. 2014). Nakamura and
Kitamura (1981) patented their research work on prodigiosin production from a
novel Serratia marcescens R-2 strain. A fatty acid having 12 to 18 carbon atoms was
employed as a sole carbon source in simulated culture media. It was observed that
Serratia marcescens could assimilate the carbon and produce prodigiosin
(Nakamura and Kitamura 1981). In another patent, production of prodigiosin was
carried out in fermentor having media composition of 3% sorbitol, 1.5% soy flour,
and 0.125% of Mg(SO4)2. The fermentation media was inoculated with a rough,
nonmucoid strain of Serratia marcescens. The culture was transferred to a sizeable
non-agitated fermenter having the capacity of 100 gallons and grown for 16 hours at
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280C. The antifoaming agent used was 0.3% solution of octadecanol in mineral oil
(Harned 1953).

In India, most of the works on prodigiosin production have been focused on either
submerged fermentation where the pre-formulated synthetic medium was employed.
Sundaramoorthy et al. (2009) investigated the production of prodigiosin from
Serratia marcescens. Prodigiosin was characterized and reported that it has antifun-
gal, immunosuppressive and antiproliferative activity. In this investigation, the
factors, viz., temperature, pH, sugar and oil substrate were found to be the key
parameters for prodigiosin production. Further, the optimization of influential factors
was carried out to enhance the prodigiosin yield. It was also noticed that the
maximum amount of prodigiosin was produced at a temperature of 30�C and pH
7.0. Besides, the maltose was found to be most suitable carbon source in the medium
and yielded 425�40 mg/L of prodigiosin. It was also found that peanut oil consid-
ered to be the most appropriate oil substrate for production of prodigiosin
(535�45 mg/L) (Sundaramoorthy et al. 2009).

12.5.2 Scale-up Study of Prodigiosin

Few scale-up studies were carried out for prodigiosin production by Serratia
marcescens strain. There is a clear difference between scale-up and large-scale
production of any metabolite. The scale-up study requires geometrical similarity,
constant KLa (volumetric mass transfer coefficient), constant impeller tip speed (Ni)
as well as constant H:D (H¼ height of the tank and D¼ tank diameter) ratio of the
reactor. However, large-scale production of prodigiosin has been achieved by
increasing the yield of metabolite through mutation, synthetic biology approach as
well as molecular technique obviously from a small shake flask to reactor. Lack of
scale-up study leads to higher in vivo experiment expenditure as well as an expen-
sive downstream process. Naik et al. (2012) used peanut oil cake (POC) as a cheap
substrate for improved prodigiosin production by Serratia marcescens CF-53 strain
(Naik et al. 2012). They have also carried out scale-up study in a lab-scale 2 L
bioreactor at temperature 300C, airflow rate of 2 vvm, agitation 200 rpm and pH
7. 40 mg/L prodigiosin yield was finally achieved. Chen et al. (2013) reported that
they had increased the prodigiosin yield by 6.78 fold using statistical optimization
and porous carrier addition strategy (Chen et al. 2013). Serratia marcescens C3 used
in the study was a quorum sensing strain. A fractional factorial design was adopted
for statistical analysis with four significant factors, i.e. CaCl2.2H2O, FeSO4.4H2O,
MgSO4.7H2O and MnSO4.4H2O. After optimization, around 7.05 g/L prodigiosin
was obtained. Finally, they carried out immobilization study by adding calcium
alginate beads as a porous carrier. Yield significantly increased from 7.05 g/L to
15.6 g/L. Incorporation of physical (UV ray) and chemical (EMS) mutagen for
enhanced prodigiosin production was achieved by El-Bialy and El-Nour (2015)
(El-Bialy and El-Nour 2015). The potent chemical mutant S26 strain of Serratia
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marcescens produced eightfold higher prodigiosin than that of parent culture. The
said mutated culture was stable up to 800C and at alkaline pH.

12.5.3 Biokinetic Study

Prodigiosin is an idiolite. Its production mainly occurs during the transient of
exponential phase and throughout the whole stationary period of bacterial growth.
Hence, it is a non-growth associated product. A robust and deliberate kinetics study
is very much necessary to observe the growth pattern of microorganism with its
product formation strategy in the presence of different substrates available (Dutta
et al. 2014). It is also very much crucial to develop and establish a proper mathe-
matical model that can describe the kinetic behaviour of the organism easily.

Very few kinetics studies have been carried out by different researchers for
prodigiosin production using diverse strains of Serratia marcescens in a lab-scale
bioreactor (Mohammed and Luti 2020; Casullo de Araújo et al. 2010; Hobbs et al.
1990). Mohammed and Luti (2020) carried out the growth kinetics study of
S. marcescens in a 7 L bioreactor using optimized media condition (Mohammed
and Luti 2020). Preliminary they have optimized the culture media constituents,
i.e. C/N ratio, inoculum size, etc., by Response Surface Methodology (RSM) based
Central Composite Design (CCD) technique. It is globally used fractional factorial
method for optimization studies. Cell growth kinetics calculation was based on dry
cell weight (DCW), and product formation kinetics followed the Luedeking–Piret
model. All the simulations were carried out by polymath 6 software. Biokinetic
parameters were determined from logistic equation model. Stoichiometric and
kinetic variables are shown in Table 12.1. Finally, they have achieved the maximum
cell mass and prodigiosin yield of 14.4 mg/mL and 594.88 mg/L, respectively.
Casullo de Araújo et al. (2010) carried out the kinetics study of prodigiosin produc-
tion by Serratia marcescens UCP1459 using ‘manipueira’ (cassava wastewater)
supplemented with 2% mannitol as a renewable low-cost substrate (Casullo de
Araújo et al. 2010). They were able to produce a very high level of prodigiosin,
i.e. 43,000 mg/L in just 48 hr after fermentation. The specific growth rate (μ) and
generation time (Td) were found to be 0.36 h-1 and 1.88 hr. During kinetics study,
they observed diauxic pattern of growth at 12 hr of fermentation. Williams (1973)
have compared prodigiosin kinetics study from two different strains of Serratia
marcescens, one is wild type and another is mutant (Williams 1973). He found that
maximum prodigiosin production was achieved after 5 days of incubation apparently
when the culture is in mid-stationary phase. From this study it has been again proved
that prodigiosin is a secondary metabolite. Similar kinetics study was carried out for
prodigiosin like pigments, i.e. actinorhodin and undecylprodigiosin by Streptomyces
coelicolor A3(2) (Hobbs et al. 1990). Unlike prodigiosin, undecylprodigiosin is a
growth-associated product, whereas actinorhodin was found to be a non-growth
associated.
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In another study, it was found that prodigiosin production is related to ATP
synthesis (Haddix and Shanks 2018; Haddix et al. 2008). When the quantity of ATP
within a cell is minimum, the cell population arrives at high-density exponential
phase. Similarly, when the growth rate ceases, prodigiosin synthesis begins. The
parallel result was also found during the kinetics analysis of prodigiosin production
by S. marcescens Nima strain in batch culture (Haddix et al. 2008). Haddix et al.
(2008) also suggested that prodigiosin production and ATP synthesis have an
inverse relationship (Haddix et al. 2008). In the latest research published by
Obayemi et al. (2016b) revealed the release kinetics of anti-cancer drug prodigiosin
obtained from Serratia marcescens subsp.Marcescens (Obayemi et al. 2016a). They
have analysed the drug release kinetics using the following model developed by
Korsmeyer and Peppas, i.e. F¼ Kpt

n, where F is the amount of drug release at time t;
Kp is the Peppas release rate constant and n is the release exponent. The release
constant (k) and release coefficient (n) were found to be 0.93 min�1 and 0.85.

Dyeing kinetics of prodigiosin pigment and thermodynamical aspects of polyes-
ter fibre were carried out to get an overview to develop a suitable pigment dyeing
technology (Shen and Yang 2013). Shen and Yang (2013) calculated the enthalpy
and entropy change during dyeing kinetics study. Negative enthalpy and positive
entropy value indicate that dyeing of prodigiosin is an exothermic process. The
dyeing temperature was kept below 1200C.

Table 12.1 Biokinetic parameters obtained from different study

Kinetic
parameters Microorganism

Reaction
vessel

Experimental
value Reference

Xmax (mg/ml) S. marcescens 7 L
bioreactor

14.42 (Mohammed and Luti
2020)

Pmax (mg/L) S. marcescens 7 L
bioreactor

594.8 (Mohammed and Luti
2020)

Yx/s (g/g) S. marcescens 7 L
bioreactor

2.8 (Mohammed and Luti
2020)

Yp/s (mg/g) S. marcescens 7 L
bioreactor

129.1 (Mohammed and Luti
2020)

Yp/x (mg/g) S. marcescens 7 L
bioreactor

45.7 (Mohammed and Luti
2020)

qp (mgprod/
gcell.h)

S. marcescens 7 L
bioreactor

0.79 (Mohammed and Luti
2020)

μmax (h
-1) S. marcescens 7 L

bioreactor
0.0605 (Mohammed and Luti

2020)

S. marcescens
UCP1459

Shake flask 0.36 (Casullo de Araújo et al.
2010)

Td (hr.) S. marcescens 7 L
bioreactor

11.45 (Mohammed and Luti
2020)

S. marcescens
UCP1459

Shake flask 1.88 (Casullo de Araújo et al.
2010)
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12.6 Conclusion

The present chapter has summarized more or less critical and holistic approaches that
can be taken into consideration for enhanced prodigiosin yield. Some recent
advancements on the nanotechnological synthesis, bioengineering aspects and rele-
vant analytical techniques were concentrated. A lot of research has been conducted
and is going on various parts of the globe on prodigiosin. However, in a country like
India, researchers are still in their initial stages in the field of biocolour. The
technological gaps reside on its efficient downstream processing and extraction
hinders the solicitation of large scale prodigiosin in the food industry. Optimization
of production media, incorporation of the robust mathematical model with the
suitable molecular technique will help to trim the production cost of this potential
multitasking component. After compelling purification study, the prodigiosin can
assist as a promising drug for cancer treatment. This book chapter will serve as a
bridge between the industry and the scientific institutes by helping them to develop a
bench-scale technology that can be transferred to the industry and will further
improve the country’s economics.
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Chapter 13
Applications of Nanomaterials for Water
Disinfection

Guhankumar Ponnusamy and Jayaprakash Saththasivam

Abstract The presence of harmful pathogens in water is a major threat to human
health when it comes to drinking water and hygiene. In addition to that, the
emergence of new pathogens and antimicrobial resistance microbes will further
challenge the operation of water treatment plants. Hence, there is a pressing need
to develop cost-effective treatment technologies that will ensure safe and clean water
supply for drinking and sanitation requirements. In recent years, nanomaterials have
been extensively studied to inactivate waterborne pathogens. This chapter provides a
short review of the applications of nanomaterials for disinfection against bacteria,
protozoa, and viruses. The first section of the chapter briefly discusses the type of
nanomaterials, synthesis protocols, and disinfection mechanisms. The subsequent
section discusses some of the experimental studies related to the inactivation of
bacteria, protozoa, and viruses using various nanomaterials. Challenges and limita-
tions of nanomaterials in water treatment applications are also discussed towards the
end of the chapter.

Keywords Pathogen · Disinfection · Nanomaterial · Water treatment · Drinking
water

13.1 Introduction

Access to safe and clean drinking water is of paramount importance to humankind.
One of the continuous threats to the supply of safe drinking water is the presence of
microbial pathogens that could seriously affect public health and safety. The emerg-
ing and re-emerging nature of the pathogens can be attributed to the changes in
demographics and human behavior, poor and improper maintenance of public health
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utilities, microbial adaptation, and also by the impact of climate change and extreme
weather events (Jones et al. 2008). A study analyzing the failure of the conventional
water systems in developed countries revealed that malfunction of infrastructure and
institutional practices led to frequent recurrence of microbial contamination in water
supplies (Onyango et al. 2015). The effect of climate change on the rise of water-
borne diseases can be directly correlated as extreme weather conditions such as
floods and storms could pollute water bodies. For instance, there were reported cases
of drinking water reservoir contamination by Cryptosporidium after heavy rainfall
events (Saxena 2019). A Campylobacter outbreak in New Zealand affected nearly
5500 people as the groundwater supply was contaminated by seepage of sheep feces
into a nearby aquifer following heavy rainfall (Gilpin et al. 2020). The contamina-
tion of water bodies by wastewater is another cause of concern for waterborne
disease outbreaks. Numerous studies have shown that wastewater is the major source
for fecal microorganisms, including emerging pathogens which when improperly
handled contaminates the surface waters. As wastewater production and efficiency
of treatment facilities vary across different regions, the presence of nutrients,
chemicals, and pathogenic microorganisms needs to be adequately addressed to
prevent environmental and health issues. Wastewater from household hosts a myriad
of pathogenic microorganisms such as bacteria, viruses, and protozoa (Herschy
2012). Also, excess nutrition in the water bodies resulting from the industrial
discharge of untreated wastewater can lead to algal bloom and eutrophication. This
in turn causes the proliferation of pathogenic microorganisms and deteriorates the
overall water quality (Roy et al. 2011). The presence of natural organic matter
(NOM) in water supplies increases the microbial contamination risk as NOM shields
microorganisms from conventional disinfection technologies and serves as a breed-
ing medium for a large variety of other microorganisms (Gledhill 1987). Apart from
these factors, the ability of the pathogen itself to evolve and develop antibiotic-
resistant genes is posing innumerable challenges to the conventional disinfection
process (Dungeni et al. 2010).

The United States Environmental Protection Agency Contaminant Candidate List
3 (CCL 3) identifies many waterborne pathogens that could compromise the safety
and quality of the drinking water (“Final Contaminant Candidate List 3 Microbes:
Screening to the PCCL” 2009). Common symptoms related to waterborne diseases
are diarrhea, vomiting as well as eye, ear, skin, and/or respiratory infections. Some of
the common pathogens that are found in water supplies are Cryptosporidium,
Legionella, Escherichia coli O157, Rotavirus, Hepatitis E virus, and Norovirus. A
survey by Moreira and Bondelind (2017) indicated that Cryptosporidium,
Norovirus, Giardia, Campylobacter, and Rotavirus are among the most reported
waterborne pathogens. Shigella flexneri is another common food and waterborne
pathogen that has been reported in many different regions and is known to be
resistant to most of the antibiotics (Nisa et al. 2020). The emergence of more new
pathogens such as Helicobacter pylori (H. pylori) that could be potentially trans-
mitted through water is also a growing concern in the water treatment sectors. Other
pathogens that belong to the Enterobacteriaceae family such as Klebsiella spp. and
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Salmonella spp. are also among the common cause of water supply contamination
(Mehrad et al. 2015).

According to the commitments to the Sustainable Development Goals, govern-
ments should take measures to considerably increase recycling and safe reuse of
the wastewater by 2030 (Malik et al. 2015). In addition to that, there is a need for the
transition to decouple the economic growth and development essentially with the
consumption of finite resources like water, in achieving a circular economy (Shan
et al. 2016). The United States Environmental Protection Agency (USEPA) has
permitted the use of copper as an antibacterial agent due to its ability to generate
reactive oxygen species to disinfect pathogens through chromosomal aberrations and
oxidative damage to DNA (Environmental Protection Agency Federal Facilities
Restoration and Office 2017). The efficiency of the water treatment process in
removing pathogens is measured using Log Reduction Value (LRV). LRVs are
generally monitored in water treatment plants from the entry point and after succes-
sive treatments,

LRV ¼ log 10 Cin=Coutð Þ

where Cin is the influent pathogen concentration and Cout is the effluent pathogen
concentration. (Bennett 2008).

In general, WHO recommends the LRVs for pathogens as follows: (1) enteric
viruses (9.5-log10) (2) bacteria (8.5-log10), and (3) protozoa (8.5-log10). The deter-
mination of LRV for viruses is more complicated and only several countries have
regulations to control the indicator viruses and on the LRVs (Ahmed et al. 2020).

Many different treatment processes are deployed in a water treatment plant as a
multiple-barrier to remove and inactivate pathogens. This includes (1) pretreatment
(such as roughing filters, micro strainers, riverbank filtration) (2) coagulation, floc-
culation, and sedimentation/flotation, and (3) filtration (granular media filtration,
sand filtration, microfiltration, and ultrafiltration). These treatment processes are
followed by disinfection steps that can be achieved using oxidizing compounds
such as chlorine, chlorine dioxide, and ozone or by Ultraviolet light (UV). Conven-
tional disinfection processes have their own merits and disadvantages. For instance,
chlorination is effective in deactivating different types of pathogens and able to
provide positive residual protection for a longer period. However, chlorination
effectiveness is pH-dependent and could potentially create toxic disinfection
by-products such as trihalomethanes. UV treatment, despite being excellent in
eliminating pathogens by breaking the bonds of microbial nucleic acids, requires
frequent maintenance and does not work well in turbid water. Therefore, there is a
need for developing efficient processes for disinfection and microbial control.
Nanomaterials with antimicrobial properties have huge potentials as viable technol-
ogies to inactivate pathogens in water supplies.
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13.2 Application of Nanomaterials in Disinfection

In recent years, nanomaterials have been explored and utilized in different water
treatment processes such as oxidation, adsorption, filtration, and disinfection. The
exceptional properties of nanomaterials owing to its different shape and size along
with others features such as (1) high efficiency, (2) high surface area, (3) durability,
(4) ease of functionalization, and (5) antimicrobial structures have led to the devel-
opment of various innovative water treatment technologies (Ibrahim et al. 2016;
Bora and Dutta 2014; Gautam et al. 2019; Ul-Islam et al. 2017; Guerra et al. 2018;
Punniyakotti et al. 2020).

There are a plethora of scientific studies related to the application of
nanomaterials for disinfection purposes. One of the studies demonstrated excellent
removal of E. coli K12, P. mendocina, and virus using polysulfonate ultrafiltration
membranes impregnated with silver nanoparticles (Zodrow et al. 2009). In another
study, carbon nanotubes were found effective in removing E. coli and Staphylococ-
cus aureus and Poliovirus sabin 1 (Srivastava et al. 2004). A photocatalytic material
made of Al-doped BiVO4 has a superior photocatalytic antibacterial property and
was effective in controlling the growth of Methicillin-resistant S. aureus MRSA
(Vicas et al. 2019). More studies related to microbial inactivation will be in the
subsequent sections.

13.3 Types of Nanomaterials

Carbon nanotubes (CNT), graphene oxide (GO), and fullerenes are among the
popular carbon-based nanomaterials that are used in water disinfection processes
due to their excellent antimicrobial properties. Studies have confirmed that single-
wall carbon nanotubes (SWCNT) inactivate E. coli by damaging its cell wall (Kang
et al. 2007). Figure 13.1 shows the morphological degradation of E. coli after being
exposed to SWCNT for 2 hours in saline solution (Ibrahim et al. 2016).

Another study claimed that the antimicrobial properties of SWCNT could be
attributed to its -OH and -COOH surface groups (Arias and Yang 2009). Graphene
Oxide (GO), made up of a monolayer of tightly packed carbon treated with hydroxyl,
epoxyl, and carboxyl groups, has been widely studied in the field of disinfection. GO
inactivates microbes by forming cell-GO aggregates and disrupting the membrane of
microbes using its sharp nanowalls edges (Dizaj et al. 2015). Fullerenes, made up of
carbon atoms, have excellent antimicrobial activity against E. coli, Salmonella, and
Streptococcus spp. The antimicrobial mechanism of fullerenes involves the inhibi-
tion of the bacterial energy metabolism by disrupting the oxygen uptake as well as by
damaging the cell membrane (Tegos et al. 2005). C60 and C70 fullerenes have
shown good results against viruses and bacteria by cleaving their genetic material
(Chae et al. 2014). Fullerol was studied extensively for water treatment applications,
especially against MS2 bacteriophage, which has similar morphology of hepatitis A
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virus and poliovirus. In the presence of fullerol and UV light, excellent inactivation
of MS2 bacteriophage was achieved (Badireddy et al. 2007).

Metal oxide-based nanomaterials have been attracting major interest in recent
decades due to their numerous applications, especially in the environmental reme-
diation field. Titanium dioxide, TiO2 is among the popular metal oxides that are well
known for its antimicrobial properties. Under UV/visible light exposure, TiO2

generates reactive oxygen species that destroy cellular membranes, DNA, and pro-
teins. Other excellent candidates are Zinc oxide (ZnO) and Copper (II) oxide (CuO)
and Magnesium oxide (MgO). ZnO has shown 100% inhibition, antibacterial and
antibiofilm activities against Staphylococcus aureus and Pseudomonas aeruginosa
(Akhil et al. 2016). CuO nanosheets showed antibacterial activity against Entero-
coccus faecalis and Micrococcus luteus along with its good reusability and photo
corrosion and inhibition properties (Fakhri et al. 2018). Ag@TiO2 nanoparticles
under UV light irradiation showed complete disinfection of E. coli at a 0.4 g/L
catalyst loading rate (Sreeja and Vidya Shetty 2016).

13.4 Nanomaterial Synthesis Methods

Chemical methods such as coprecipitation, hydrothermal, facile hydrothermal, and
microwave-assisted approaches are widely adopted in synthesizing various types of
nanomaterials. This method is generally simple, tunable, and can be scaled up for
mass production (Hyeon 2003). The hydrothermal technique is one of the commonly
used chemical methods for the synthesis of nanomaterials. It promotes chemical
reaction under elevated temperature and pressure where the properties and

Fig. 13.1 SEM images of punctured E. Coli after exposure to SWCNT
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characteristics of nanomaterials can be tuned by varying the reaction pressure and
temperature of an autoclave reactor. It is a highly preferred method due to its
capability to operate across different solvent, operating pressure, and temperature
to manipulate the critical point of the substances used in the reaction (Rane et al.
2018).

As the chemical synthesis methods have its drawbacks such as (1) requiring
expensive chemicals, (2) hazardous solvent, (3) and waste disposal issues, there is a
need to develop more environment-friendly synthesis methods (Chen et al. 2007).
Green chemistry principles are now being explored to synthesize nanomaterials
using extracts of plants, fruits, and fungi (Prasad 2014, 2016, 2017; Prasad et al.
2016, 2018a,b; Srivastava et al. 2021). This method is non-toxic, low cost, and
reduces the usage of harmful substances. For instance, copper nanoparticles can be
synthesized in a greener way by mixing copper chloride solution and leaf extracts of
Cardiospermum halicacabum, (commonly known as balloon vine). The green-
synthesized Cu NPs liberate their cations (Cu+) into the growth medium stick on
the cell membrane of cells because of electrostatic attraction and leads to cell death
as shown in Fig. 13.2 (Punniyakotti et al. 2020).

Silver nanoparticles (AgNPs) have also been synthesized using a facile method
with the extracts of Excoecaria agallocha (E. agallocha), a mangrove tree leaf
(Bhuvaneswari et al. 2017). The synthesized AgNPs were pure, stable, and displayed
excellent cytotoxic properties. In another study, Ag NPs were synthesized using Ives
cultivar (Vitis labrusca) pomace as reducing and stabilizing compounds and were
capable of reducing 47% of E. coli in the raw wastewater (Raota et al. 2019).

Fig. 13.2 Schematic representation of Cu NPs on Gram-positive and Gram-negative bacteria
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13.5 Mechanism of Inactivation by Nanomaterial

Inactivation of pathogens by nanomaterials involves the combination of different
mechanisms. MS-2 phage and E. coli were inactivated differently when
photocatalytic TiO2 was used (Cho et al. 2005). MS-2 phage was mainly inactivated
by the formation of free hydroxyl radicals in the bulk phase, while E. coli was
targeted by the surface and free hydroxyl radicals as well as by other reactive oxygen
species. Ag NPs inactivate pathogen using several mechanisms. Apart from releas-
ing silver ions that are capable of altering enzyme activities and interfering with
DNA replications, Ag NPs can also accomplish its activation by forming free
radicals on the cell wall of the pathogens that would result in the damage of cellular
membranes (Saleh 2017; Prasad and Swamy 2013; Aziz et al. 2014, 2015, 2016).
Similarly, ZnO nanoparticle can achieve its antimicrobial activities using its superior
photoconductivity properties resulting from UV illumination as well as by damaging
the cell walls using its morphology (Sirelkhatim et al. 2015; Bhuyan et al. 2015).
Like other nanomaterials, carbon nanotubes also inactivate microbes using several
mechanisms such as by damaging DNA, disrupting the cell wall, and transmembrane
electron transfer (Liu et al. 2018).

13.6 Bacterial Inactivation Using Nanomaterials

The current disinfection technology such as chlorine can effectively control patho-
gens but forms disinfection by-products, which causes harmful effects on human
health. Therefore, there is a need for an ideal disinfectant with broad antimicrobial
property. Therefore, NPs and nanomaterials could be a better alternative for patho-
gen removal.

Copper NPs (CuNPs) are among the excellent antibacterial agents against various
pathogens such as E. coli, P. aeruginosa, and S. aureus species (Yadav et al. 2017). In
one of the studies, the antimicrobial performance of a cellulosic paper coated with
CuNP against E. coli was evaluated. Their study showed that CuNP embedded paper
achieved up to 8.8 log reduction value. It was also shown that the leaching of copper
from the paper substrate was only 0.14%, thus indicating the robustness of their facile
deposition method. The direct contact between CuNP and E. coli during the filtration
process was postulated as the main mechanism of inactivation (Dankovich and Smith
2014). In a recent study, copper oxide nanoparticles were synthesized using Citrus
aurantifolia leaves to evaluate the antimicrobial performance against S. aureus and
E. coli. The results indicated that E. coli was more susceptible to copper oxide
nanoparticles and the inactivation mechanism was attributed to the presence of
amine groups and large surface area of the nanomaterial (Rafique et al. 2020).

Inactivation of mixed E. coli and Bacillus spp. culture using TiO2 Degussa P-25
in a coaxial photocatalytic reactor illuminated with neon lamps showed that E. coli
was more susceptible than the Bacillus sp. It also showed that higher microbe
inactivation was achieved at elevated dissolved oxygen levels (Rincón and Pulgarin
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2005). Another study investigated the inactivation of M. smegmatis using nine
different TiO2 nanotubes electrodes impregnated with Ag nanoparticles. It demon-
strated that inactivation efficiency as high as 99.6% was achieved after 30 minutes of
visible light exposure while full activation was attained within three minutes of using
UV light (Brugnera et al. 2014). In another study, Ag/TiO2 nanofiber membranes
developed showed excellent filtration and antimicrobial properties (Liu et al. 2012).
The membrane was able to inactivate 99.9% of E. coli within 30 min of solar
irradiation. Bacteria regrowth test using the Kirby–Bauer approach confirmed the
antimicrobial nature of the membrane where no regrowth of E. coli was observed.
Similar findings were observed, where the addition of silver improved the
photocatalytic performance of TiO2. However, excessive addition of silver could
be detrimental as this could reduce the active site available for photocatalytic
reactions (Taylor et al. 2011).

AgNP decorated GO nanocomposite synthesized using a facile and green method
showed good antibacterial property when tested against Gram-negative E. coli
ATCC 25922 and Gram-positive S. aureus ATCC 6538. The synthesis of AgNP–
GO was made by suspending GO in deionized water along with AgNO3 with further
addition of 1 mM glucose and 4% starch as a reducing agent and stabilizer,
respectively. The undesired agglomeration of silver nanoparticles was overcome in
this study by using GO as a support media. SEM microscopy analyses confirmed the
substantial deformation in the shape and size of E. coli and S. aureus after being
exposed to AgNP–GO, hence suggesting that the inactivation of the pathogen was
likely due to the damage of cell walls (Shao et al. 2015).

In another investigation, the effect of capping agents such as ethylene glycol
(EG), gelatin, polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) on the
microbial activities of ZnO NPs was evaluated. The experiments were conducted
using Staphylococcus aureus and Pseudomonas aeruginosa where the bacterial cells
were exposed to ZnO NPs synthesized using different capping agents for four hours
under dark and light conditions. The results indicated that most of the capping agents
except for PVP yielded in lower inactivation when compared with pristine ZnO NPs
(synthesized without any capping agent). Their results were also in agreement with
many other findings that confirmed the higher inactivation activity of ZnO with the
presence of light (Akhil et al. 2016).

Cerium oxide (CeO2) nanoparticle is another promising nanomaterial that is
being actively studied due to its photocatalytic and antimicrobial properties. CeO2

nanoparticles, synthesized using Calotropis Procera flower extract, showed efficient
antimicrobial activity against Gram-positive and Gram-negative bacteria such as
Bacillus subtilis, Staphylococcus saprophyticus, E. coli, and Pseudomonas
aeruginosa. This study showed that the prepared CeO2 NP was effective against
these bacteria and it was noted that higher inhibition activity was achieved against
Gram-negative bacteria. The antimicrobial characteristics of CeO2 NP were attrib-
uted to the huge surface area and surface reactivity of the nanomaterial (Muthuvel
et al. 2020).

The antimicrobial property of monoclinic bismuth vanadate (m-BiVO4) octahedral
nanostructures was investigated using E. coli as an indicator of bacteria (Sharma et al.
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2016). It was found that exposure to m-BiVO4 led to cellular disintegration where
complete inactivation of E. coli was achieved after 8 hours of exposure to 80 ppm of
m-BiVO4. In another study, a one-pot hydrothermal approach was adopted to syn-
thesize Al:BiVO4 by adding 1% aluminum oxide powder (w/v) to the precursor
solutions that comprised of bismuth nitrate and ammonium vanadate. The resultant
nanoparticles exhibited higher bacteria inactivation than the pristine BiVO4 even at
the lowest Al concentration of 0.02 g/L. It was postulated that the addition of Al
lowered the bandgap energy and improved the charge transfer characteristics of the
material, thus leading to the enhancement of photocatalytic efficiency (Vicas et al.
2019). Figure 13.3 shows the various inactivation mechanisms of bacteria by
nanoparticles. Nanoparticles bind to the surface of the bacterial cell wall and deploy
various mechanisms to inactivate cells. This includes (1) releasing of ions to disrupt
the cell function (2) puncturing of the cell wall (3) binds with DNA and causes geno-
toxicity, and (4) generation of reactive oxygen species (ROS) that led to oxidative
stress (Chaudhary et al. 2020; Prasad 2019a,b; Prasad et al. 2020).

In a very recent study, photocatalytic activity of a WO3/ZrO2 was improved using
ruthenium (Ru), a rare transition metal. By coating the Ru/WO3/ZrO2 on aluminum
plates, they were able to reuse the synthesized materials for extended disinfection
cycles where the catalyst inactivated more than 90% of Gram-negative (e.g., Shi-
gella, Salmonella, Vibrio parahaemolyticus, and Vibrio cholerae) and Gram-
positive bacteria (e.g., Enterococcus) within 120 min of exposure (Fouad et al.
2021). They reported that the holes and hydroxyl radicals played a prominent role
in activating the microbes with negligible contribution from superoxide radicals.
This study also reported that a high concentration of NOM (e.g., 28.7 mg/L) in water
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Fig. 13.3 Antimicrobial mechanism of nanoparticle
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led to poor inactivation of microbes. This was due to the absorbance of light energy
by NOM, adsorption of NOM on the catalyst surface that affects the production of
reactive oxygen species (ROS) and finally scavenging of ROS by the NOM itself.
Some of the other types of nanomaterials and nanoparticles used in the investigation
of pathogenic bacterial removal along with their mechanism are provided in
Table 13.1.

Table 13.1 Nanoparticle or nanomaterial used for the removal of bacteria

Nanoparticle type /
nanomaterial used

Concentration
used Susceptible pathogens and mechanism Refs.

Zinc oxide 100 mg/L S. aureus, P. aeruginosa, and E. coli
inhibited to 100% by the production of
ROS

(Akhil et al.
2016)

Ag/TiO2 nanofiber
membrane

– E. coli inactivated up to 99.9% in 30 min
using solar light

(L. Liu et al.
2012)

TiO2

photocatalysis
– E. coli, S. typhimurium, and S. sonnei (Moncayo-

Lasso et al.
2012)

TiO2, Pt–TiO2,
and Ag–TiO2—

photocatalysis

– E. coli (Taylor et al.
2011)

Ti/TiO2–Ag—
photocatalysis

– 100% inactivation of Mycobacterium
smegmatis using UV for 3 min

(Brugnera
et al. 2014)

TiO2 nanowires on
fabrics

– 100% inactivation of E. coli and
S. epidermidis under visible light for
15 min

(Xu et al.
2018)

Films of TiO2 and
TiO2/Ag

4% w/w 100% inactivation of fecal coliform
using UV irradiation for 6 min

(Domínguez-
Espíndola
et al. 2017)

SnO2-doped
nanomaterials

– E. coli, P. aeruginosa, S. aureus,
L. monocytogenes, B. subtilis, S. typhi,
and T. viride

(Pandiyan
et al. 2019)

Modified core
shell Fe3O4–SiO2–

NH2

– 93.4% S. aureus, 97.4% B. subtilis,
95.1% E. coli, and 90.1% of
P. aeruginosa and Salmonella

(Zhan et al.
2014)

Fe3O4@CTAB – 99% inactivation of E. coli and
B. subtilis within 60 min

(Jin et al.
2015)

AgNPs-loaded
Clay

0.1 mg/L Removal up to 90% Salmonella spp,
80% of E. coli, Klebsiella pneumonia,
and Shigella flexneri, and 70% Klebsi-
ella aerogenes at 2 h exposure
Time

(Kassem et al.
2019)

Hybrid
polyaniline/
graphene/CNT

Up to 99.5% removal of S. aureus and
99.2% for E. coli

(Hussein
et al. 2018)

BiVO4 QDs/g-
C3N4 and AgVO3

QDs/g-C3N4

– Removal up to 87.5% and 96.4% against
Salmonella under visible light for 10 min

(Wang et al.
2018)
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13.7 Inactivation of Protozoa by Nanomaterials

Some of the common waterborne protozoa that affect the water industries are
Cryptosporidium, Giardia, Cyclospora, Acanthamoeba, and Isospora. Inactivation
of E. histolytica and C. parvum cysts using silver and copper oxide nanoparticles
was investigated and the study indicated that high inactivation was achieved for both
the cysts after three hours of exposure (Saad et al. 2015). The inactivation of these
parasites also increased with the concentration of NPs and exposure time. Post-
treated SEM images of the parasites confirmed the structural damage in the cell wall
of C. parvum. A study that investigated the efficacy of Ag NPs in inactivating
C. parvum concluded that lower nanoparticles and ions concentration affect the
cell viability while higher concentration led to oocyst rupture (Cameron et al. 2016).
Another study investigated the effect of different dosages of silver nanoparticles
(Ag NPs) (0.05, 0.1, and 1 mg/L) on the mortality of Cryptosporidium parvum (CP).
The result indicated that a 97.2% drop in oocyst count was obtained when C. parvum
was exposed to 1 ppm Ag NPs for 30 minutes. The inactivation of these protozoa
was also possible at a much lower concentration of 0.05 ppm Ag NPs. However, at
least four hours of exposure time was required to achieve over 90% inactivation
efficiency (Hassan et al. 2019). In one of the studies, the performance of TiO2 slurry
under simulated solar radiation in inactivating Cryptosporidium parvum oocysts was
compared between distilled water and simulated sewage effluent (Abeledo-Lameiro
et al. 2016). This study reported that more than 95% of C. parvum can be inactivated
in distilled water after five hours of exposure to 100 mg/L TiO2 under simulated
solar irradiation. In contrast, the inhabitation was significantly lower in the simulated
wastewater effluent under similar operating conditions. The presence of scavengers
such as carbonates, bicarbonates, and organic carbon in the wastewater effluent
could potentially reduce the photocatalytic activity of TiO2 and led to the poor
inactivation efficiency. In another study, oocysts viability was studied by exposing
them to solar radiation in the presence of 100 mg/L of TiO2 and/or 50 mg/L of H2O2.

The results showed a strong reduction in oocytes in the water samples with TiO2/
H2O2 up to 99.5% after exposure to sunlight, thus proving TiO2 as one of the best
photocatalytic disinfection agents against C. parvum (Abeledo-Lameiro et al. 2017).
A study on the inactivation of C. cayetanensis oocyst at different doses of Magne-
sium oxide nanoparticles (MgO NPs) (1.25–25 mg/mL) revealed that exposure to
MgO Nps induced morphological changes to the protozoa where cell wall damage/
rupture and leakage of oocysts content were observed. This study also claimed that
antimicrobial properties of MgO Nps were controlled by the size of the
nanomaterials where smaller dimension led to high inactivation efficiency. Longer
exposure time also led to higher mortality of C. cayetanensis oocyst (Hussein et al.
2018).
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13.8 Inactivation of Virus by Nanomaterials

Apart from bacteria and protozoa, the presence of viruses in water bodies poses a
great danger to public health. The World Health Organization (WHO) recommends
monitoring the microbial quality of wastewater and food using indicator organisms
(e.g., fecal indicator bacteria (FIB) and bacteriophages) and reference pathogens
(e.g., HNoV) in the position of measuring all of the human pathogens that can be
possibly present. Some of the common nanomaterials used for disinfection include
carbon nanotube, graphene, nano ZnO, nano Ni, nano Fe3O4, and nano TiO2–anatase
where MS2 phage is commonly used as a virus indicator.

Fullerol nanoparticles under UVA irradiation were reported to have achieved
4-log removal of MS2 bacteriophage. It was confirmed that the generation of
superoxide and singlet oxygen during the photosensitization reaction played a key
role in MS2 inactivation (Badireddy et al. 2007). A part of the study conducted by
Brady-Estévez et al. (2008) investigated the removal of MS2 bacteriophage using
single-walled carbon nanotube (SWNT) filter. This study demonstrated that the viral
particles were completely removed using a 6-μm thick SWNT layer at a loading of
0.8 mg/cm2. The researchers suggested that the high filtration efficiency was due to
the effective filtration depth of the SWNT layer. In another investigation, the
effectiveness of polymeric graphitic carbon nitride (g-C3N4) in inactivating MS2
bacteriophage was evaluated (Li et al. 2016). The photocatalytic experiments
conducted under the visible light irradiation showed that at a concentration of
150 mg/L, the material was able to achieve an approximately 8-log reduction within
six hours of exposure. However, g-C3N4 loading needs to be optimized as an
excessive amount could negatively affect the photocatalytic reactions. Viral
regrowth studies also confirmed that MS2 bacteriophage was completely inactivated
as no regrowth was observed after 72 hours of incubation. The photocatalytic
performance of Cu–TiO2 nanofibers in inactivating bacteriophage f2 showed more
than a 5-log reduction of bacteriophage f2 within four hours of exposure under
visible light (Zheng et al. 2018). The inactivation efficiency was relatively unaf-
fected when the pH of bulk water was varied between 6 and 9. Bacteriophage f2
inactivation increased with the addition of catalyst but tapered off as the catalyst
loading reached 75 mg/L. It was mentioned that excessive addition of catalyst would
result in turbid water and eventually led to a poor photocatalytic reaction. Some of
the other types of nanomaterials and nanoparticles used in the investigation of viral
removal along with their mechanism are provided in Table 13.2 below.

13.9 Limitation of Nanomaterial

Despite showing huge potentials in solving many water treatment problems, the risk
associated with nanotoxicity needs to be effectively assessed. The toxicity of
nanomaterials is governed by its shape, size, concentration, and reactivity (Sarkar
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et al. 2019). Exposure to nanomaterials can lead to severe health and environmental
problems. Owing to their nanoscale nature, nanomaterials can penetrate and disrupt
cell walls, interact and bind with proteins, cause organ damage as well as triggering
undesirable immune responses (Naqvi et al. 2018). CNT and metal oxide-based
nanomaterials are known to create oxidative stress to cells by generating reactive
oxygen species (Metzel 1990). Fullerenes have been reported to cause ecotoxicity to
bacteria, daphnia, earthworms, fish, and human cell lines (Hlongwane et al. 2019). It
was also reported that the growth of marine algae was reduced by 50 to 75% due to
the exposure to ZnO NPs (Miller et al. 2010). A toxicology study on the effect on
CuO and ZnO NPs on crustaceans and protozoans indicated that the presence of
solubilized ion was likely the root cause for toxicity (Blinova et al. 2010). Another
study demonstrated that flat shape Ag NPs is more toxic to embryos of zebrafish than
Ag NP of spherical shape (Abramenko et al. 2018). A geno and ecotoxicities study
on D. magna revealed that Ag Nps caused damage to DNA and could have
genotoxic potential towards Daphnia (Park and Choi 2010). The utilization of
nanomaterials in water treatment processes requires more extensive testing and
investigations to gain a deeper understanding of the nanomaterial leaching and its
and toxicology effects.

Apart from toxicity, recovery of nanomaterial from the treated water matrices is
another practical limitation that needs to be overcome for successful implementation
in the field. Other key challenges include aggregation and leaching of nanoparticles.
The stability of nanomaterials could be also compromised by the water quality
parameters such as pH, turbidity, temperature, dissolved organic carbon, and
alkalinity.

13.10 Conclusion

Pathogens are usually found in wastewater and have a detrimental effect on human
health. Unlike chemical emerging pollutants, whose effects on humans at low
concentrations are yet to be established, most pathogenic contaminants are known

Table 13.2 Nanoparticle or nanomaterial used for the removal of virus

Nanoparticle type/
nanomaterial used Susceptible pathogens and mechanism Refs.

Cu–TiO2 nanofibers/
photocatalysis

Bacteriophage f2 and its host E. coli 285 under visible
light irradiation

(Zheng
et al.
2018)

Magnetic Fe3O4–SiO2–

NH2 nanoparticles
76.7% of bacteriophage f2 and 81.5% Poliovirus-1 (Zhan

et al.
2014)

g–C3N4/EP composite
nanomaterial

Complete inactivation of 8-log E. coli and MS2 within
3 and 4 h of visible light irradiation

(Zhang
et al.
2020)
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to cause a wide range of waterborne diseases that have adverse effects on humans.
Despite the advancements in monitoring and microbiological detection technologies,
waterborne pathogens continue to pose risks. This is evident from the increasing
number of infectious disease cases caused by unidentified or known microorganisms
in the last few decades worldwide (Kot et al. 2015). It is of great importance that
water treatment plants are equipped with the best available technologies and regu-
larly monitored to ensure that they are free from harmful microorganisms.
Nanomaterials with antimicrobial properties have huge potential in activating water-
borne pathogens as demonstrated by various studies. However, there are some
concerns and limitations that need to be addressed. It is essential to develop
nanomaterials with a wide range of properties that are capable of treating various
kinds of pathogens and emerging chemicals at different water matrices. Extensive
studies related to the stability and toxicity of nanomaterials at a large pilot scale are
required to completely de-risk the technology.
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Chapter 14
The Evolving Role of Nanoparticles
in Bacteria Mediated Cancer Therapy

Swapnil C. Kamble, Farhan F. Shaikh, and Joyita Sarkar

Abstract Effectiveness of bacteria mediated cancer therapy is gaining momentum
as a re-discovered method of cancer treatment. It is principled on homing nature of
certain anaerobic bacteria towards tumor microenvironment induced by its inherent
hypoxic conditions. However, simple homing phenomenon is of low utility for
tumor management, considering the toxicity and infection caused by these very
same bacteria to the body. Recently, researchers have developed the ways of
conjugation of nanoparticles with selected bacteria towards improving the treatment
efficacy. Cargo-laden, expression-based, and antibody-guided approaches have
emerged as major routes of application. Cargo-based technique potentiates delivery
of chemotherapeutic drug as per tumor type. Genetically engineered microbes can
deliver similar results, though long-term efficacy is unseen. Antibody-guided
methods exercise specificity of drug-conjugated antibody against antigen-expressed
over bacterial wall (located in tumor niche). Nonetheless, multiple challenges and
executional limitations remain. In this review, we have focused on enhancement of
bacterial functionality by nanoparticles for cancer management. We attempt to
identify the challenges ahead and future perspectives of this emerging science.
Considering the limited literature, we hope that this review will give its reader the
enthusiasm in this field and possibly explore new avenues for precision bacteria-
based cancer therapy.
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14.1 Introduction

Cancer, regardless of primary or metastatic, tumorigenic or non-tumorigenic, is
detrimental to human health and therefore development of its treatment strategies
has gained much importance. Transformation of normal cells into tumorigenic may
be stimulated by various risk factors—external agents (like smoking, alcohol,
pollutants, specific food or high energy waves) or internal agents (like genetic/
hereditary causes, age, body weight). Though these external factors may induce
cancer, an antagonist role by similar action has been attempted for therapeutic value.
Over recent years, association of microbial infection leading to cancer and thera-
peutic effects of bacteria on cancer have been elucidated (Rai et al. 2020; Ashu et al.
2019; Song et al. 2018).

Microbial role in cancer treatment has been in existence since the nineteenth
century. The serendipity, in 1813, of the clostridial infection induced tumor regres-
sion made space in treatment approaches of certain cancers (Minton 2003; Vautier
1813). This therapy route gained traction in 1890 when William Coley perfected the
therapy, leading to dawn of Coley’s Toxins (Coley 1991). It is principled on
tendency of anaerobic bacteria to lodge themselves inside the tumor due to the
favorable conditions of hypoxia and availability of nutrients (Dang et al. 2001; Zhao
et al. 2005). Unlike Gram-positive bacteria, Gram-negative bacteria elicit the secre-
tion of cytokines like tumor necrosis factor α (TNFα) owing to their endotoxins-
lipopolysaccharide in the cell wall (Shear et al. 1943; Wiemann and Starnes 1994).
TNFα plays an important role, but itself has limited efficacy for tumor regression
(Wiemann and Starnes 1994). This finding brought T-cells into the forefront of
active host immune cell-dependent tumor regression. However, as a pre-requisite,
the T-cell must be made to respond to tumor before the therapy for effective
regression of tumor (Berendt et al. 1978).

Bacteria after attaching on the certain tumor sites, can stimulate the production of
Interleukin-12 (IL-12) (D’Andrea et al. 1992; Macatonia et al. 1995). IL-12 exhibits
tumor regression better than TNFα. However, this treatment works well in some
cases only. This is due to the requirement of Th1 response to be present in the body
for IL-12 to exert its effects, i.e. the patient should have “pre-existing immunity”
(Berendt et al. 1978; Iwasaki et al. 2000; Le et al. 2001). The removal of
CD4+CD25+T-cells can enable this immunity (Ghiringhelli et al. 2004; Onizuka
et al. 1999; Shimizu et al. 1999). Thereon, bacteria mediated cancer therapy has
made tremendous progress with development of multitude of approaches (Fig. 14.1).
“Targeting of tumor cells” approaches have traditionally involved injection of
pro-drugs and bacteria in tumor hosts. However, limitations of routine chemother-
apy, i.e. obstruction caused by hypoxic and acidic environment, render the purpose
less fruitful.

Unfortunately, these bacteria, although cause regression of tumors, have toxic
side effects due to their virulity on the body. Recent studies have shown reduced
toxicity by removing certain virulent genes from the bacteria (Berendt et al. 1978).
Also, antibiotics can be used to control the effects of bacteria (D’Andrea et al. 1992).
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The earlier studies thus summarized, exhibit that though the bacteria are efficient in
targeting tumors but their efficacy in tumor regression is disputed and bacteria elicits
different response in different individuals. This signifies that if external aid is
provided, these bacteria can be tuned and manipulated for the treatment of cancer.

Simultaneous and independent development in utility of nanoparticles in cancer
diagnosis and management has seen fruitful scientific progress. Application in
therapeutics of nanoparticle delivery systems are considered important due to

1. improved targeting of cancer cells,
2. minimal systemic toxicity due to lower dosage,
3. improvement in regulation of circulation time of the intended therapeutic, and
4. conservation of therapeutics’ bioavailability.

Standardizations of nanoparticles for therapy have been inclusive of vesicle
dimensions, interaction with cells, binding efficacy, and its sustained release (Yoo
et al. 2011).

Despite the above listed and many more advantages, various aspects hinder
immediate clinical application. For example, uncertainties in the physical structure
of the tumor microenvironment (due to organ of residence), and interstitial fluid

Fig. 14.1 Some of the major approaches involving bacteria for cancer therapy. (1) Bacte-
ria expressing enzymes to activate anticancer “prodrugs” at tumor sites; (2) Bacteria expressing
anticancer agents directly (e.g. anti-angiogenic like VEGFR inhibitor); (3) through bacteria released
substances (toxins/enzymes—Bacteriocins/Phenazine 1,6-di-carboxylic acid (PDC)/bacterial
enzyme toxin/bacterial spores and vectors as tumoricidal agents); (4) Bacteria transferring eukary-
otic expression vectors into tumor cells (plasmid transfection); (5) Bacteria expressing oncogene
silencing RNA; (6) delivery of tumor killing nanoparticle conjugated bacteria based therapies;
(7) Bacteria expressing tumor specific antigens and antibodies; (8) Targeting of tumor stroma;
(9) Bacteria as anticancer agents through biofilms; (10) Genetically Engineered (GE) Bacteria-
based microrobot (Bacteriobot); (11) Bacteria as anticancer agents through enhancing immunity
(Activating inflammasome pathway/CD4, CD25, CD8 antitumor effector cell response/TNF-α
innate immune system in bacteria-based tumor necrosis/Activation of Immune cells)
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pressure loss due to any lymphatic drainage, etc. (Dewhirst and Secomb 2017;
Minchinton and Tannock 2006). The complexity is increased with the presence of
stromal cells, nature of extracellular matrix of the tumor microenvironment, physical
stress generated by growing number of cells within confined space, and expanded
intercapillary spaces that impede delivery and/or functionality of chemotherapeutic
agents (Jain and Stylianopoulos 2010; Jang et al. 2003; Nia et al. 2017; Saggar et al.
2013). Thus, extermination of cancer cell requires an effective disbursement of
optimally medicated therapeutic macromolecules within the tumor.

An approach to combine hypoxic environment targeting bacterial activity with
functionality of nanoparticles has been a work that was waiting to happen. Both
domains have been critical in targeting and managing tumors either directly (killing
tumor cells) or in-directly (targeting stroma, activating immune cells, etc.). How-
ever, limited progress made in clinical setting overreaches the limitations these
methods have. Hence a potential angle generated by an overlay of these two
approaches may have a more impact than either of them alone (Fig. 14.2). Since
nanoparticles have been widely utilized for targeted cancer theranostics, evidently, it
has also been employed in conjunction with bacteria for cancer therapy. In this
chapter, we aim to consolidate the research works carried out on cancer therapy
mediated by nanoparticles in concurrence with bacteria mediated tumor regression
and targeting.

Fig. 14.2 Selected strategies for combinatorial approaches. (a) Cargo-laden approach. (b)
Antibody-guided approach. (c) Genetically engineered (GE) approach. (d) Co-delivery approach
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14.2 Bacteria Associated with Cancer Management

As already summarized in Fig. 14.1, bacteria mediate tumor regression by different
ways. Bacteria cause tumor regression by inducing tumor apoptosis and autophagy
either by production of toxic substances or depleting nutrients supply to the tumor
cells. The bacteria can also activate certain pro-drugs to kill a tumor (Kim et al.
2013). Further, certain bacterial spores have antitumor cytotoxic enzymes which are
expressed after spore germination (Bettegowda et al. 2006; Kubiak et al. 2015).
Besides, host immunity also plays a crucial role in inducing antitumor activity
(Agrawal et al. 2004). The specific mechanisms of tumor regression by some
bacteria are listed as follows.

14.2.1 Salmonella

Salmonella shows tropism towards tumor sites due to the presence of receptors of
aspartate, serine, ribose/galactose on its surface. These three receptors have charac-
teristic function in the chemotaxis of Salmonella towards the tumor. The aspartate
receptor starts the chemotaxis, the serine receptor helps in penetrating the tumor cell
wall, and the ribose/galactose receptor guides the bacteria towards necrotic sites.
Once settled at the tumor site, the bacteria continue to proliferate leading to over-
growth of bacteria around the tumor. It has been determined that S. typhimurium
cells number more than 1 � 1010 CFU/g of tumor tissues after 3 days of adminis-
tration (Ganai et al. 2011; Uchugonova et al. 2015). Salmonella spp. also induces
autophagy of tumor cells by downregulating the AKT/mTOR pathway, which in
turn negatively regulates autophagy (Lee et al. 2014; Liu et al. 2016). It induces
apoptosis of the tumor cells by increasing the levels of caspase-1, which cleaves
pro-IL-β and pro-IL-18, yielding their active forms at tumor sites (Phan et al. 2015).
Salmonella upregulates the protein Connexin 43, promoting formation of gap
junction between tumor and dendritic cells, and giving access to tumor antigen.
Dendritic cells containing antigen peptides are then passed through these junctions
into the tumor cell (Shilling et al. 2007). Once inside, these antigen peptides activate
CD8+ T-cells for tumor regression. This also lead to reduced production of immunity
suppressing enzyme indoleamine2,3-dioxygenase in T-cells causing increased acti-
vation of T-cells (Chang et al. 2013; Saccheri et al. 2010). Salmonella also leads to
tumor regression by inducing an autoimmune response. The signalling of Flagellin-
derived Toll-like receptor 5 not only reduces tumor proliferation but also decreases
CD4+ CD25+ T-cells, which stimulates the pre-existing immunity of the body (Cai
et al. 2011; Leigh et al. 2014). The Flagellin helps in increasing the levels of
interferons, CXCL9 and CXCL10 in Salmonella inhabited tumor sites. It is these
cytokines that further recruit natural killer cells and cytotoxic T-cells surrounding the
tumor site (Kupz et al. 2014).
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14.2.2 Clostridium

The spores of Clostridium find their way to the tumor sites by the undeveloped
vasculature of tumor owing to enhanced permeability and retention (EPR) effect that
allows entry of macromolecules and nutrients of fixed size (usually in nm to μm) in
tumor parenchyma (Fang et al. 2003; Matsumara and Maeda 1986). Also, the
hypoxic levels of tumor site provide favorable environment for this anaerobic
bacteria to grow and proliferate (Van Mellaert et al. 2006). Once the bacterial spores
reach the tumor sites and germinate, they can self-propel around the tumor vascu-
lature (Forbes 2010). The injection of the virgin clostridium bacteria in mice caused
tumor lysis but also the death of the mice due to its toxic nature; few mice which
survived owing to high antibiotic doses, later died due to regrowth of the tumor
(Malmgren and Flanigan 1955). The recent engineered strain of clostridium,
C. Novyi-NT, has shown more promising result and is undergoing human clinical
trial (Dang et al. 2001; Roberts et al. 2014).

14.2.3 Bifidobacteria

Apart from competing for nutrients with tumor cells, another interesting tumor
regression mechanism of this bacterium is biotransformation, i.e. transforming
certain compounds into tumor regression compounds. Anticancer drugs like
Lapachol and 5-fluorocytosine are converted to active antitumor compounds (Bae
et al. 2000; Hidaka et al. 2007; Nakamura et al. 2002; Oliveira Silva et al. 2014). The
bacteria also alter the expression of cancerous genes and cytokines, either by
suppressing or enhancing them by increasing levels of Interferon-gamma secreting
cells (Gu et al. 2016; Reddy 1999; Wu et al. 2016).

14.3 Selected Strategies of Combinatorial Approaches

Tumor is very difficult to penetrate, be it for nutrients or the T-cells. However, in the
previous section it is seen that the anaerobic bacteria infiltrate into tumor region with
ease. This has led to the rise of the idea to use this phenomenon as a Trojan horse.
The conjugation of bacteria with nano-sized particles is of much interest (Lee et al.
2013). The conjugation with the bacteria is done by either modifying receptors on
the bacterial cell wall to recognize the nanoparticles or by ligand exchange (Wang
et al. 2010; Zhai et al. 2017). The teaming up of bacteria with nanoparticles provides
us with advanced imaging and therapeutic strategies, and thereby can be utilized for
theranostic purposes. This conjugation opens up various therapeutic avenues for
tumor regression. Based on the mode of conjugation and action, nano-bacteria
therapy can be broadly classified into cargo-laden, genetically engineered,
antibody-guided and co-delivery approaches (Fig. 14.2).
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14.3.1 Cargo-Laden Approach

The cargo-laden approach is the most common method in which the bacterium is the
carrier and the nanoparticle, quantum dots or anticancer drugs are the cargo. The
natural affinity of some anaerobic bacteria, for example, Salmonella, Clostridium,
Bifidobacteria, etc. are exploited to carry the cargo either on the surface or inside the
tumor. The bacteria may also itself produce the cargo. Liu and colleagues demon-
strated the quantum dot-internalized Bifidobacterium bifidum having folic acid on its
surface can target the folate receptor expressing tumor cells (Liu et al. 2012).
Here, the cadmium-selenium-sulfur quantum dots were encapsulated in lipid layer
and internalized in the bacteria by electroporation. To further enhance the targeting
efficiency, the bacterial surface was modified with folic acid. The formulation was
found to be efficient in targeting the core of solid tumors in mice model and may
prove to be an excellent tool for tumor imaging (Fig. 14.3a). However, the side
effects and fate of the quantum dots in the body have not been elaborated and are
subject to further research. Luo et al. used upconversion nanorods (UCNRs) and
bioimaging and photothermal ablation of tumors, respectively (Luo et al. 2016).
Considering the deeper penetration using near-infrared (NIR) light in biological
tissues, both UCNRs are susceptible of NIR light excitation. The ligand-free
UCNRs (LF-UCNRs) were deposited electrostatically on negatively charged surface
of Bifidobacterium breve. It was observed that the bacteria-conjugated UCNRs
showed significantly better targeting efficiency as compared to the LF-UCNRs
(Fig. 14.3b). In a similar study, liposomes loaded with doxorubicin were inserted
in Salmonella by electroporation to generate nanoswimmers termed BADOX
(Zoaby et al. 2017). The BADOX exhibited an enhanced speed in targeted delivery
of doxorubicin to cancer cells. The doxorubicin upon reaching to the cancer cells
were released from the liposomes in response to ammonia secreted by the cancer
cells and hence creating an osmotic misbalance. Doxorubicin, being both cancer
chemotherapeutic and antibiotic drug, kills the tumor cells as well as the bacteria,
thereby lowering the probability of any side effects that could be generated by the
bacteria. However, the ability of the fabricated nanoswimmers to invade solid
tumors has to be clinically proved.

In another interesting study, E. coli attached with a complex drug system was
designed (Park et al. 2017). The cargo was of doxorubicin-loaded polyelectrolyte
multilayer (PEM) microparticles including embedded magnetic nanoparticles. The
1 μm wide PEM loaded E. coli were directed using an external magnetic guidance
system to 4T1 breast cancer cells. This is unlike the obligate anaerobes like Salmo-
nella and Clostridium which have tendency to migrate towards hypoxic tumor. The
microswimmers were easily guided to the desired site and the presence of bacteria
resulted in lowering of local pH that led to enhanced uptake of anticancer drugs by
the cancer cells. Overall, the platform is highly tunable but needs to be perfected
in vivo. In another similar approach,Magnetococcus marinus strain MC-1 was used
that naturally produced magnetosome (chain of iron oxide nanoparticles) (Felfoul
et al. 2016). Anticancer drug loaded nanoliposomes were covalently attached to the
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Fig. 14.3 Cargo-laden approach. (a) Fluorescent image showing internalization of quantum
dot-B. bifidum-folic acid conjugate by solid tumor at 24 and 72 h post intravenous injection (Liu
et al. 2012). (Reproduced with permission). (b) Near infrared (NIR) intensities of tumor site after
injection of cargo-laden bacteria-nanoparticle conjugate (Luo et al. 2016). (Reproduced with
permission). PBS Phosphate buffer saline, LF-UCNRs Ligand-free upconversion nanorods. Genet-
ically engineered approach. (c) Schematic showing synthesis of nanomaterial-bacteria hybrid,
tumor targeting and intratumoral photosynthesis of NO to engender photo-controlled bacterial
metabolite therapy (Zheng et al. 2018). (Reproduced with permission)
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surface of MC-1 bacterial cells and the formulation was guided under magnetic field
to HCT116 colorectal xenografts in mice model. Approximately 70 nanoliposomes
per MC-1 cells were attached and around 55% of the bacteria-nanoliposome conju-
gate were able to penetrate the hypoxic region of the xenograft. Apart from imaging
and chemotherapeutic studies, the bacteria-nanoparticle conjugate has also been
used as a vaccine for cancer immunotherapy. Cationic polymer, β-cyclodextrin-
Polyethyleneimine600 (CP), nanoparticles containing plasmid DNA encoding vas-
cular endothelial growth factor receptor 2 (VEGFR2) were coated on liver attenuated
Salmonella bacteria (Hu et al. 2015). This coating enabled the bacteria to be
administered orally by escaping phagosomes and imparting resistance to the acidic
pH of stomach. Upon oral administration of the bacteria-nanoparticle construct,
successful T-cell and cytokine activation along with suppression of angiogenesis
in tumor was observed leading to tumor necrosis.

14.3.2 Genetically Engineering Bacteria for Expressing
Specific Biomolecule

In this approach, a secondary molecule having high affinity to a bacteria-expressed
biomolecule is either delivered simultaneously with the bacteria or later. The bacteria
itself does not carry the active drug. In one such approach, Park and co-workers
modified the facultative anaerobic Salmonella typhimurium to express biotin that
enables interaction with streptavidin conjugated microbeads (Park et al. 2014). The
“bacteriobot” was seen with the increase of the tumor targeting by the observation of
the fluorescent microbeads. Fan and co-workers developed an E. coliMG1655 based
vehicle for oral administration (Fan et al. 2018). This non-invasive thermally
sensitive programmable bacterial (TPB) therapeutic system expressed TNF-α, and
bio-mineralized gold nanoparticles (AuNPs). TPB is transported into internal micro-
circulation by microfold cells (of Peyer’s patches) followed by homing to tumor
microenvironments. Once the TBPs accumulated at the tumor sites, its irradiation by
NIR induced expression of TNF-α, eventually inducing apoptotic cell death in tumor
treatment. In a very intriguing approach, a metabolic pathway by “charging” facul-
tative anaerobe E. coli with a nano-photocatalyst that strengthens their routine
metabolic activities has been proposed (Zheng et al. 2018). Carbon nitride (C3N4),
when metabolized by nitric oxide (NO) generation enzymes, enables development of
photo-controlled bacterial metabolite therapy (PMT). In the presence of light treat-
ment, C3N4 produced photoelectrons and transferred to E. coli induce enzymatic
reduction of cellular NO3

� to cytotoxic NO (Fig. 14.3c). Preclinical study involving
a tumor-bearing mouse model, C3N4 loaded bacteria collected within the tumor
microenvironment and the PMT led to inhibition of tumor progression by 80%. A
similar work in non-toxin strains of genetically engineered Salmonella or Clostrid-
ium may be used to increase therapeutic efficiency.
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14.3.3 Antibody-Guided Approach

As the name suggests, in this approach antibody acts as a guide to deliver the cargo
rather than directly loading on the bacteria. Customarily, the bacteria are injected
first, allowed to colonize the tumor site and then the antibody conjugated
nanoparticles or drugs are injected, leading to regression of tumor. The antibody is
against the bacterial antigen; and the microorganisms are not genetically engineered.
Apart from guiding the cargo, the approach has also been used to guide bacteria to
the tumor specific antigen for augmented colonization and invasion of solid tumor.
Probably, the first instance of antibody-guided bacteria mediated delivery of
nanoparticles was demonstrated by Akin and co-workers (Akin et al. 2007).
Streptavidin-coated polystyrene nanoparticle was first attached to biotinylated anti-
body against a surface antigen of Listeria monocytogenes; the nanoparticle was then
loaded with green fluorescent protein. The cargo was then docked on to bacterial
surface giving rise to “microbots.” The microbots were then targeted to desired cells
where they were able to deliver the nanoparticle containing plasmid that was further
successfully expressed in the target cell. The bacteria were then killed by treatment
with antibiotics. Later Kojima and co-workers used a similar biotin-streptavidin
approach to fabricate bacteria driven liposomes by raft domain binding method
(Kojima et al. 2012). Vibrio alginolyticus mutant strain VIO5 with polar flagella
associated with biotinylated antibody was used. The bacteria interacted with biotin-
modified liposome via streptavidin.

In a different study discussed in cargo-laden approach by Luo et al., core shell-
UCNRs modified with PEG polymers and bound to Clostridium polyclonal anti-
bodies that target the vegetative C. difficile were introduced into mice model post-
colonization of tumor sites by C. difficile (Luo et al. 2016). This approach was more
efficient than the cargo-laden approach in which nanoparticles were loaded on
B. beveri (Fig. 14.4A). Suh and co-workers utilized bioconjugation method based
on streptavidin–biotin interaction (Suh et al. 2019). Salmonella enterica serovar
Typhimurium VNP20009 surface was modified using a biotinylated antibody
targeting tumor. The bacterium with streptavidin-coated poly(lactic-co-glycolic
acid) (PLGA) nanoparticles to the outer membrane constituted the NanoBEADS
agent (Fig. 14.4B). As the authors did not genetically engineer the bacteria for the
construction of NanoBEADS of any specific cargo, the same system can be utilized
as a platform for delivery of required drug. Inherent to its nature, S. enterica
Typhimurium VNP20009 homes to tumor region through intercellular translocation
mode, skipping any external requirement for guidance towards tumor site. Effective
tumor targeting and accumulation of therapeutic agent was observed both in vitro
and in vivo. The NanoBEADS platform thereby provides a versatile and simple
approach to enhance the bacterial colonization and invasion in the tumor and
simultaneous delivery of anticancer cargo.
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14.3.4 Co-delivery

In this case, a pro-drug and microbe are injected in body independently. Pro-drug is
activated either by the microbe or by an external stimulant like light (for example, in
photo-dynamic light therapy). Using this approach, Park and colleagues attempted to
overcome limitation of remnant tumor cells of primary tumor targeted by any
therapy (Park et al. 2020). They formulated an emulsion having two compo-
nents—multifunctional nanoscintillators (NSs) and C. novyi spores coated with
branched gold nanoparticle (for synergistic image-guided combinational treatment).
NSs were composed of NaGdF4:Tb,Ce@NaGdF4 core/shell structure that allowed
MRI visibility. The emulsion injected into the tumor allowed MRI/CT image
guidance and photoactivation of NSs for photo-dynamic therapy (PDT). In an
approach similar to pro-drug activation method, attenuated bacteria SBY1 were
co-delivered with bacteria-sensitive triple-layered nanogel (TLN) (Xiong et al.
2013). Initially administered SBY1 exclusively accumulated in tumor site after
certain duration. The ensuing administration of doxorubicin-loaded TLN was
actively degraded by SBY1 to release doxorubicin within the tumor niche. Thus,
targeted delivery of doxorubicin was achieved (Fig. 14.4C).

14.4 Conclusion

One can conclude that under careful manifestation, bacterial agents can be employed
to manage tumor or cancer. Many of the innovative therapies have excellent efficacy
at in vitro and animal model levels but have not been translated to clinical practice
due to either incomplete tumor killing or recurrence of treated primary cancer in a
short term. An effective combinatorial therapy using advances in nanoparticle-based
and bacteria mediated systems for cancer has minimized remnant tumor cells. Many
of these concepts can be extended, and cross improvised to generate an entirely new
entity that can overcome limitations of many of above systems. Here we have
attempted to present the existing systems that have potential for translational studies.
We hope that the reader will be encouraged to foresee and undertake research in this
domain.

Fig. 14.4 (continued) NanoBEADS agent (Suh et al. 2019). (Reproduced with permission).
Co-delivery approach. (C) Schematic showing doxorubicin-loaded triple layered nanogel;
(a) Accumulation of bacteria at tumor site; (b) Accumulation of nanoparticles at tumor site;
(c) Bacteria degrading the poly(ε-caprolactone) fence triggering release of doxorubicin (Xiong
et al. 2013). (Reproduced with permission)
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Chapter 15
Recent Progress on Nanostructured
Materials for Biomedical Applications

Sudip Mondal, Sumin Park, Jaeyeop Choi, and Junghwan Oh

Abstract The focus of this chapter is to explore the progress of nanostructured
materials and their potential biomedical applications. Nanotechnology offers incred-
ible opportunities in manipulating chemical and biological entities at the nano scale
level. The nanoscience plays a key role in technological development for biomedical
applications, especially in the areas of preclinical diagnosis, non- or minimal inva-
sive biomedical imaging, drug discovery, and drug delivery. This research work
discusses a brief history of nanotechnology, different synthetic routes, characteriza-
tions, fundamental concepts regarding morphologies, characteristics, biological
interactions, and clinical applications. A few nanoparticles such as metal
nanoparticles (Au, Ag, Pt, etc.), magnetic and metal oxide nanoparticles (Fe3O4,
Fe2O3, ZnO, TiO2, etc.), quantum dots (CdTe, Cds, etc.), mesoporous silica
nanoparticles, carbon nano tubes (CNT, SWNT, etc.), ceramics nano materials
(apatite, hydroxyapatite, bio-glass, etc.), polymeric nanoparticles (polypyrrole,
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β-cyclodextrin, chitosan, fucoidan, etc.) are widely used in biomedical field. In this
article, we present the recent trend and challenges in the advances of nanomaterials
for clinical applications. This review might be considered as a general guide and will
help the readers to find key information regarding the recent advances in
nanomedicine.

Keywords Nanomaterials · Metal nanoparticles · Ceramics nanoparticles ·
Polymeric nanoparticles · Cancer treatment · Tissue engineering · Biomedical
application

15.1 A Brief History of Nanotechnology

The advances in nanomaterials research and applications with pharmaceutical and
biomedical applications have been increased remarkably. To realize the importance
of nanotechnology, the chronological achievements of this science need to be
considered always. The journey of nanoscience and technology begins since the
fourth century (The Lycurgus Cup stained with colloidal gold silver), ninth–seven-
teenth century which evidenced on in the of Europe’s medieval stained windows
glass in cathedrals. With progress in time, the development of nanotechnology
tremendously accelerated to a new dimension where a new era of nanotechnology
started. Nanotechnology represents an escalating research area, including materials,
objects, and systems with improved characteristics and functions due to the special
tailored preparation in 1–100 nm scale usually. A chronological development of
nanoscience and technology has been represented in a tabular form (Table 15.1). The
nanoscience and technology grow its arms to multifunctional application starting
from energy, healthcare, environment, space, oceans, information and communica-
tion, optical, materials, and applied field of research. Recently, a steadily growth
observed in nanotechnology for different multidisciplinary healthcare applications
such as targeted drug delivery, hyperthermia, photothermal and photodynamic
therapy, bioimaging, biosensors, and so on (Mondal and Oh 2019).

15.2 Introduction to Nanoparticles for Biomedical
Applications

Nanotechnology is subject to contribute in every field of science, including physics,
chemistry, materials science, biology, medical science, computer science, and engi-
neering. With the swift advancement of nanotechnology, drug delivery study
extends its opportunities for enhanced therapeutic delivery. Due to their exclusive
structure and superior properties, nanomaterials can successfully deliver therapeutics
such as drugs, proteins, biomolecules, peptides, genes, nucleic acids, etc. In the field
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Table 15.1 A chronological development of nanoscience and nanotechnology (https://www.nano.
gov/timeline)

Year Progress on nanoscience and nanotechnology

Fourth century The Roman Lycurgus cup found stained in this ancient era with colloidal
gold silver nanoparticles.

Ninth–seventeenth
century

The vibrant colors of stained glass in the windows of Europe’s medieval
cathedrals are due to metallic nanoparticles.

1857 Michael Faraday discovered nano ruby gold colloidal solution.

1936 Invention of the field emission microscope by Erwin Müller, which
explore the future of nano.

1947 The semiconductor transistor by J. Bardeen, W. Shockley, and
W. Brattain.

1950 The process for monodisperse colloidal materials reported by Victor La
Mer and R. Dinegar.

1951 Discovery of the field ion microscope by Erwin Müller.

1958 Design and fabrication of the first integrated circuit by Kilby (Nobel Prize
winner 2000).

1959 Richard Feynman gave the first lecture on atomic scale, “There’s Plenty of
Room at the Bottom” at an American Physical Society meeting at Caltech.

1974 Professor Norio Taniguchi coined the term nanotechnology.

1981 Gerd Binnig and Heinrich Rohrer (Nobel prize winner 1986) at IBM’s
Zurich lab invented the scanning tunneling microscope.

1981 Alexei Ekimov discovered nanocrystalline, semiconductor quantum dots.

1985 Rice University researchers Harold Kroto, Sean O’Brien, Robert Curl, and
Richard Smalley (Nobel prize winner 1996) discovered the Buckminster-
fullerene (C60).

1985 Louis Brus discovered colloidal semiconductor quantum dots.

1986 The atomic force microscope invented by G. Binnig, C. Quate, and
C. Gerber.

1990 Nanotechnology companies starts. To name a few Nanophase Technolo-
gies (1989), Helix Energy Solutions Group (1990), Zyvex (1997), Nano-
Tex (1998) etc. and so on.

1991 Discovery of the carbon nanotube (CNT) by Sumio Iijima.

1992 Invention of nanostructured catalytic materials MCM-41 and MCM-48.

1993 Controlled synthesis of quantum dots was reported by Moungi Bawendi.

1998 National Science and Technology Council established the Interagency
Working Group on Nanotechnology (IWGN).

1999 Dip-pen nanolithography® (DPN®) was invented by Chad Mirkin. The
application of this tool was meant for “writing” electronic circuits for
biomedical research.

2000 National Nanotechnology Initiative (NNI) was initiated by President
Clinton.

2004 Britain published “Nanoscience and Nanotechnologies: Opportunities and
Uncertainties” by Royal Society and the Royal Academy of Engineering.

2005 DNA-based computation was proposed by Erik Winfree and Paul
Rothemund.

(continued)
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of nanotechnology research many nanoparticles already approved by FDA for
clinical applications. To name a few superparamagnetic iron oxide nanoparticles
(SPION), gadolinium nanoparticles, etc. are already approved for MRI contrast
agents. Gold, silver, palladium nanoparticles with tailored shapes and sizes have
been extensively studied for bioimaging, biosensing, drug targeting, photothermal
therapy applications for cancer treatment (Fig. 15.1) (Bharathiraja et al. 2018;
Manivasagan et al. 2019a, b; Phan et al. 2020; Prasad et al. 2016, 2020).

The definition of nanoparticles is depending upon its application and properties.
But the most common characteristics for all nanomaterial are its size range.
According to the National Nanotechnology Initiative (NNI) nanoparticles sizes are
considered in between the range of 1 and 100 nm in general. Whereas many
researchers claimed up to 1000 nm might be considered in the range of nano. The
foremost benefits of nanostructured materials are its enhanced surface-to-volume
ratio. For the last two decades, a steady development in biomedical application of
nanoparticles specifically in photoablation therapy, targeted drug delivery, and

Table 15.1 (continued)

Year Progress on nanoscience and nanotechnology

2006 First nanoscale car was made by James Tour and colleagues built with
oligo (phenylene ethynylene), alkynyl axles, and four spherical C60 ful-
lerene wheels.

2007 First report of non-harmful virus mediated lithium-ion battery by Angela
Belcher and colleagues at MIT.

2008 Nanotechnology-Related first Environmental, Health, and Safety (EHS)
Research was published by NNI.

2010 DNA-like robotic nanoscale assembly devices was fabricated by Nadrian
Seeman and colleagues.

2012 Nanotechnology Signature Initiatives (NSIs) Nanosensors, and the Nano-
technology Knowledge Infrastructure (NKI) was initiated by NNI.

2014 The updated 2014 strategic plan was released by NNI on environmental,
health, and safety.

2015–2020 An era of tremendous development and improvement of techniques for
medical diagnosis and imaging, targeted drug delivery, and hyperthermia
(magnetic/photothermal) for biomedical application. Application of
nanotechnology for military aid such as battle suits with advanced material
as bulletproof or resistant to bacterial chemical attacks. Environmental
technology by empowering catalysis mediated reactions which might
reduce the toxic materials as effluents. In space technology by building
heat proof tiles, optoelectronic instruments for communication, etc.

Future of nano Converging technologies with multidisciplinary fields to initiate nanoscale
or nano-system based foundation for future requirements. To explain such
plan, we can consider nanorobot mediated molecular level therapeutic
agent which can pre-diagnose and cure the problems.
Such ideas are non-exhaustive, for example, carbon nanotube cables for
space elevator, advanced nano-opto electronics device for faster commu-
nication, nano level replicators help to build exact atomic level mimicry,
etc.
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bioimaging purposes is observed (Thangadurai et al. 2020a, b). Different ceramics,
metallic, and polymeric nanoparticles have shown successful promising results with
excellent biocompatibility, chemical stability, non-toxicity, and other associated
properties (Prasad et al. 2017). The reliability of nanostructured inorganic materials
is much better due to its efficiency, low toxicity, targeted delivery, and tailored
morphology. Till date any gene delivery agent has not approved by Food and Drug
Administration (FDA) due to its uncertain long-term toxicity. Different synthesis
techniques such as chemical, physical, biological approaches were adopted to
synthesize tailored nanoparticles (Prasad et al. 2016, 2018; Srivastava et al. 2021).
Although researchers have already reported a large number of synthetic routes but
most of the techniques lack of reproducibility, and low yield. Moreover, difficult
synthesis routes are often making limitations to get better nanoparticles. In this
article we have classified nanoparticles in six groups and discussed their different
synthesis routes.

Fig. 15.1 Nanostructured materials for biomedical applications (De Crozals et al. 2016)
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15.3 Classification of Nano-systems

Nanoparticles could be classified into six different nano-systems metal
nanoparticles, metal oxide nanoparticles, polymeric nanoparticles, ceramics
nanoparticles, carbon-based nanoparticles, and composite nanoparticles
(Table 15.2).

15.3.1 Synthesis

The last decade evidenced the extensive research on advanced functional materials
for nanomedicine application. Due to the unique physical, chemical, biological, and
optical properties new synthetic methods have been employed to control and tailored
their characteristics (Prasad et al. 2016). Different synthetic routes can produce
different characteristics such as varied morphology (spherical, rod, star, cube,
triangle, hollow, etc.), and different size ranges (Fig. 15.2). The synthesis of
nanoparticles strategies could be broadly categorized into two approaches: (1) top
down and (2) bottom up. In “top down” approach, from a primary bulk material,
nanoparticles could be synthesized by means of different mechanical, thermal,
optical, chemical process. Whereas “bottom up” approach helps to synthesize
nanoparticles from atomic or molecular level. Different synthesis procedures such
as chemical precipitation, sol-gel, chemical vapor deposition, atomic molecular
condensation, arc discharge, and evaporation (Bachilo et al. 2002; Hafner et al.
1998) were successfully employed.

Table 15.2 Classifications of nanoparticles

Nanoparticle
type Examples Reference

Metal
nanoparticles

Au, Ag, Pt, Fe, Zn, Cu,
Mn, Co, etc.

Kim et al. (2018a), McNamara and Tofail (2017)

Metal oxide
nanoparticles

TiO2, Al2O3, SiO2, ZnO,
Fe3O4, Fe2O3, etc.

McNamara and Tofail (2017), Qin et al. (2011)

Polymeric
nanoparticles

Polypyrrole, chitosan,
dendrimer, liposome, etc.

Bharathiraja et al. (2018), Manivasagan et al.
(2018), Mondal et al. (2020a) Phan et al. (2018)

Ceramics
nanoparticles

Calcium phosphate,
hydroxyapatite, bio-glass,
etc.

Mondal et al. (2018a, 2020c)

Carbon-based
nanoparticles

Carbon nanotube, SWNT,
MWNT, etc.

Cherukuri et al. (2004), Mondal et al. (2019a)

Composite
nanoparticles

Composite of above mate-
rials together

McNamara and Tofail (2017), Mondal et al.
(2016b)
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15.3.2 Metallic Nanoparticles

As long as for 5000 years ago gold served as novel metal for different medicinal
purposes. Gold (Au) categorized under metallic nanoparticles exhibits exclusive
electronic and optical properties along with strong chemical stability. Gold also
possess most active surface functionality which allows different positively charged
materials to bind on its surface by strong ionic interactions (Manivasagan et al.
2019c, d). For fabricating contrast agents strong optical absorption of noble metals
with surface plasmon resonance (SPR) property is important (Liao et al. 2006). The
fundamental phenomenon of metal based nanoparticle for biomedical application is
its surface plasmon resonance (Mondal et al. 2017b). With different morphologies
(rod, cube, caged, star, triangle, spherical, etc.) the absorption spectra also changed,
and due to this property, the application of gold nanoparticle is always demanding.

Fig. 15.2 Different morphologies for nanostructured materials and their multifunctional applica-
tions (De Crozals et al. 2016)
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The absorption in the visible and near-infrared regions already utilized for several
photothermal therapy for cancer ablation, as a sensor, and biomedical imaging
purpose (Bhattacharya and Mukherjee 2008). The most important factor is its
versatile morphologies with unique stability makes gold is a first choice for metal
based medicinal application. The second most important metal nanoparticle is silver
nanoparticles which exhibit almost equal optical property compared to similar group
of metals and additional functional properties such as antibacterial and anti-
inflammatory which makes silver as the important metal for biomedical application.
Due to this antibacterial property silver is also used for textile industry, food
industry, medical devices industry such as antibacterial cream, surgical instruments
coating, wound healing materials, etc. (Kim et al. 2018b; Aziz et al. 2014, 2015,
2016). Several other important metals such as Zn, Mg, Cu, Pt, Fe, Co, Cr are also
used in medical industry for different biomedical applications such as micronutrients
in drugs, coating agents, or doping agents, etc. Similar to single metal bimetallic or
more than two metal (alloys) are also used for enhancing individual metal property
or to produce a completely new property for different biomedical application such as
enhancing chemical stability, or thermal stability, increased enzymatic activity a
prosthetic group, enhancing drug loading efficiency etc.

15.3.3 Metal Oxide Nanoparticles

Metal oxides are derivative of metals with unique chemical properties. Among
widely used metal oxide nanoparticles titanium dioxide (TiO2), zinc oxide (ZnO),
mesoporous silica (SiO2), cerium oxide (CeO2) are the most important. The appli-
cation of those material is not only restricted in a particular field, whereas a wide
application is observed including food color agent, sunscreen, tooth paste, pharma-
ceutical and cosmetics industry. Recently, CeO2 nanoparticles are as potential
biological antioxidant and anticancer agent along with its extended application in
biosensor (Alpaslan et al. 2015). Another important nanoparticle is silica-based
hybrid nanomaterials.

The use of SiO2 nanoparticles is well known for greater surface area which could
accommodate large number of drug molecules. This type of nanoparticles also could
be useful for triggered and controlled drug delivery application due to its tailored
morphology including variable pore structure, particle size, and tunable biocompat-
ibility (Moorthy et al. 2018, 2019). Research study suggested that silica particles can
successfully carry and deliver the therapeutic or imaging cargoes (Moorthy et al.
2017). As a biomolecule carrier agent ZnO is also in the priority list. Its unique
electronic properties make this molecule a bioimaging contrast enhancer. Though its
only drawback is its solubility in biological fluids. To overcome such limitations
different coating materials are employed to coat the ZnO surface to protect them in
biological system (Ngo et al. 2009).
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15.3.4 Quantum Dots

Quantum dots (QDs) are tiny fluorescent semiconductor nanocrystals (specifically
1–10 nm in range) with exclusive optical properties (Choi et al. 2007). QDs possess
more stability compared with organic dyes and fluorescent proteins, while their
brightness could be controlled by different synthetic process. The other exclusive
characteristics are narrow linewidth emission spectra, comparatively long (5 to
>100 ns) fluorescence lifetime (1–5 ns for organic dyes), and negligible
photobleaching over minutes to hours (Resch-Genger et al. 2008). The luminescence
property of QDs is widely used as a tagging molecule for medical imaging applica-
tions. Synthetic techniques directly control the absorption and emission characteris-
tics and optical properties of QDs. Different synthetic routes were reported by
researchers for the synthesis of cadmium selenide (CdSe), cadmium sulfide (CdS),
or cadmium telluride (CdTe) QDs (Murray et al. 1993). QDs photoluminescence
efficiency could be enhanced by different core shell techniques such as CdSe core
and a ZnS shell that shields the core (Talapin et al. 2004). Use of ZnS capping also
enhances the stability of QDs by decreasing the oxidative photobleaching.

15.3.5 Iron Oxide Nanoparticles

One of the most commonly used nanoparticles in biomedical research is iron oxide
nanoparticles. Iron oxide is a common name, whereas different oxidation states of
the nanoparticles may change its property and corresponding applications. To
discuss the oxidation levels, we can categorize including iron (II) oxide (FeO),
iron (III) oxide Fe2O3 and Fe3O4. Different crystalline polymorphs are observed
for iron (III) oxide (Fe2O3) [α-Fe2O3, β-Fe2O3, γ-Fe2O3 and ε-Fe2O3]. For biomed-
ical application maghemite (γ-Fe2O3) and magnetite (Fe3O4) are the most suitable
material, whereas in terms of super paramagnetic iron oxide (SPION) nanomaterial
magnetite (Fe3O4) is the best choice as its facile synthesis process and high magnetic
saturation with low remanence and coercivity (Mondal et al. 2017a; Abd-Elsalam
et al. 2019). Different doping activities reported to enhance the magnetic as well as
biological properties. Such doping is accompanied with magnetically susceptible
elements such as cobalt (Co), manganese (Mn), and nickel (Ni) (McNamara and
Tofail 2017).

15.3.6 Carbon-Based Nanoparticles

The main constituent of organic molecule is carbon. So, for biomedical application
there is no substitute of carbon in respect of favorable biochemical properties. The
advanced nanotechnology research helps us to tailor the morphology of carbon
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nanomaterials with superior characteristics. Different morphologies with carbon
nanoparticles such as carbon nanotubes (CNTs) have expand their application in
multidisciplinary fields. The advanced research reports different surface modifica-
tion of carbon-based nanoparticles with biological molecules has increased their use
in drug delivery, and bioimaging research. CNTs are the most discussed and
promising nanostructure which is basically a monolayered graphite sheet rolled
into tubes. Single and multi-walled CNTs structure could be useful for different
applications. The CNTs are the most important carbon-based nanostructure due to its
exclusive high electrical and thermal conductivity and enhanced tensile strength
properties.

15.3.7 Liposomes

Bangham and Horne (Bangham and Horne 1964) first reported about small artificial
lipid-bilayer spherical vesicles called “Liposomes.” Liposomes are a promising drug
delivery carrier especially used in ophthalmic therapy. The synthesis of liposome is
also highly tunable compared to size, surface charge, shape, etc. By changing
different lipid molecules liposome fluidity and rigidity could easily be controllable.
There are several classifications already reported for different liposomes. The clas-
sification is primarily based on their size (diameter). The size of liposomes ranges
between 10 and 100 nm diameter considered as small uni-lamellar vesicles (SUVs)
and ranges above 100–1000 nm considered as large uni-lamellar vesicles (LUVs).
There are other classifications also considered for liposomes based on the number of
lipid bilayers. Different multiple phospholipid bilayers could be used for
multilamellar liposome vesicles in aqueous media with a comparatively bigger size
range of 400–3500 nm in diameter (Akbarzadeh et al. 2013). Liposomes have been
engineered to deliver a wide range of therapeutic agent or target molecules which
could not be possible for conventional nanoparticle system. For example, liposomes
can transport a wide range of compounds, such as aqueous soluble or insoluble
drugs, antibiotics, enzymes, antioxidants, proteins etc. for different vaccination,
therapeutic purposes. Due to protective lipid bilayers the functionality of these
carrier molecules is well preserved and the efficiency or circulating time enhanced
dramatically even in harsh conditions (Akbarzadeh et al. 2013).

15.3.7.1 Dendrimers

In modern drug delivery application polymeric biomaterials are most promising
(Fig. 15.3). Among different polymeric materials dendrimers are the new carriers
with highly branched molecules and variable morphologies. The molecular structure
could be tailored according to the demand with low polydispersity. The wide range
molecular cargo trafficking with tunable size and shape makes dendrimers as a
promising biomolecule. The other advantage of this molecule is to carry more than
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one type of target molecules in specific site. Gadolinium-polyamidoamine (PAMAM)
starburst dendrimers were first reported by Wiener et al. which could be useful for
MRI contrast agents (Wiener et al. 1994). The long-term effects of dendrimers in
body system were studied by Kobayashi et al., who reported that the different sizes
of dendrimer show variable blood retention, circulation, and clearance rates
(Kobayashi et al. 2003).

15.3.7.2 Lipid-Based Nanoparticles

Most of the oral drugs are based on lipid-based nanoparticles such as liposomes and
micelles (Muchow et al. 2008). Lipids contain both hydrophobic and hydrophilic
parts with a unique property of self-assembling in aqueous environments. Lipid-
based nanoparticle is comparatively a new field of research for bioimaging applica-
tion. There are very few and small number of successful research work reported till
date. To address this relatively new technique Muller et al. first reported the lipid-
based nanoparticles for contrast enhancing agent for MRI application (Mulder et al.
2006). Another study was performed by Koole et al. on silica nanoparticles coated
with paramagnetic lipid molecule for multimodal imaging purpose. The fabricated
nanostructure contains a core quantum dot which acts as a contrast agent for MRI
and fluorescence imaging (Koole et al. 2008). Among the few successful study
Cressman et al. reported lipid incorporated liposomal nanoparticles labeled with
RGD on its surface for imaging biomolecular movements in endothelial cells
(Cressman et al. 2009).

Fig. 15.3 Different biomedical applications of polymeric nanoparticles (Eggermont et al. 2020)
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15.3.7.3 Apatite Nanoparticles

The most reliable and widely used nanoparticle is calcium phosphate material which
received its attention due to extremely low or no toxicity, excellent biocompatibility
and bio-absorbability (Liu et al. 2005; Mondal et al. 2016a, 2018a; Mondal and Pal
2019). The most widely used apatite material as bone tissue engineering application
is hydroxyapatite. Other different types of apatites are calcium phosphate
(CP) dicalcium phosphate (DCP), tri calcium phosphate (TCP), tetra calcium phos-
phate, etc. Calcium phosphate is mostly used for biomedical purposes such as
delivery vehicle for drugs, biotherapeutics, gene, proteins, peptide, DNA, etc.
(Maitra 2005). The study with calcium phosphate is not exhaustive as delivery
agent only, whereas recent studies suggested its potential use for biomedical imaging
and contrast agent also (Mondal et al. 2020d, e).

Mondal et al. reported a rapid microwave assisted facile synthetic technique to
synthesize gold loaded HAp nanoparticles (Au-HAp). Further the Au-HAp
nanoparticles were coated with collagen and used for doxorubicin drug delivery
applications. Though the authors reported different concentration Au loaded HAp
but the DOX loading and releasing study was performed with optimized for 0.1 wt%
Au–HAp–Col nanoparticles. A high drug loading efficiency of ~58.22% and a pH
responsive releasing of ~53% (at pH 4.5) were observed. To evaluate the cytotox-
icity osteoblast-like MG-63 cells were studied for AO/PI and MTT assay. The
promising nontoxic results extend with scaffold fabrication and cellular attachment
study (Fig. 15.4). The overall result qualifies the Au-HAp nanoparticles for drug
delivery and tissue engineering application (Mondal et al. 2019b).

Fig. 15.4 FE-SEM study of (a) 0.1 wt.% Au-HAp-Col scaffold prior to MG-63 cell treatment
(b) attached MG-63 cells (green arrow) on 0.1 wt.% Au-HAp-Col fabricated scaffold (Mondal et al.
2019b)
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15.4 Biomedical Applications

15.4.1 Sensing

Due to its variable color property with different shape and morphology gold
nanoparticles are widely used as a colorimetric sensing agent (Zhao et al. 2008).
Different biochemical reactions associated with colloidal gold solution produce
different color intensity due to gold nanoparticles unique plasmon resonance effects
and that help to clue the sensing property of Au nanoparticles. In simple words the
assay is directly depend upon the formation of color due to surface plasmon
resonance of Au nanoparticles. The plasmon resonance frequency is controlled by
different factors such as shape, morphology, sizes, average distance between gold
particles and this might change the color from red to purple or even blue. Mirkin and
co-workers first reported the DNA-gold sensors which rely the same color changing
phenomenon (Mirkin 2000). This biosensing property is used for detecting various
biomolecules, including different proteins, peptides, metals, enzymes, nucleic acids,
etc. (Liu and Lu 2004; Singh et al. 2020).

15.4.2 Imaging

Kee and Danila et al. demonstrated that gold nanoparticle is an excellent blood pool
contrast agent and targeted imaging of myocardial scar in a rat model of myocardial
infarction with CNA35-gold nanoparticles (Fig. 15.5). A molecular imaging
approach was taken by gold nanoparticles contrast agent which successfully detects
the CT-based specific imaging for myocardial scar.

Magnetic resonance imaging is a noninvasive extremely efficient tool for imaging
deep tissues inside body system. Nowadays clinician highly depends upon imaging
modules for diagnosis and treatment. With the advances of therapeutic approach
deep tissue penetration imaging could be possible by using nanoparticles. Noninva-
sive is a non-painful technique which could visualize the structure and morphologies
of tissues. To better visualize nowadays different nanoparticles have been used as
contrast in noninvasive imaging. Among all different nanoparticles iron oxide is the
most widely used and FDA approved due to its superparamagnetic property with
adequate biocompatibility. To enhance its biocompatibility surface modification
could be performed by different polymeric coating agents with antibody, peptide,
or small molecule conjugation for active targeting in affected tissues
(Wunderbaldinger et al. 2002). Hainfeld et al. reported 1.9 nm size gold
nanoparticles mediated contrast agent for detecting tumors in mice by X-ray CT
(Hainfeld et al. 2006). After 24 h post injection the gold nanoparticles were not
traced in the blood, whereas significant accumulation observed in kidney. Due to
extreme small size of gold nanoparticles there was no accumulation evidence found
inside liver or spleen.
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For cancer treatment and diagnosis purposes carbon nanotubes successfully
synthesized and applied. Several researchers have reported CNTs based bioimaging
system applied for detection and destruction for cancer cells. Different fluoroprobes
have already been successfully linked with single wall nanotubes (SWNTs) by
means of covalent bonding which make possible visible wavelength imaging
(Kam et al. 2004). Kam et al. conjugated SWNTs with streptavidin to detect
human T cells and promyelocytic leukemia cells by confocal microscopy. Another
study reported by Pantarotto et al. synthesized amino-modified SWNTs with FITC in
dimethylformamide (Pantarotto et al. 2004) to detect cancer cells. The capacity of
the FITC-labeled SWNTs confirms after successful images captured by confocal
microscopy. Cherukuri et al. also reported the cytotoxicity study of pristine SWNTs.
In the reported article NIR imaging was performed by fluorescence microscope and
spectrofluorometer (Cherukuri et al. 2004). The fluorescence property of SWNTs
has been opened the paves for nanoparticle based promising imaging techniques
which could be useful as a powerful tool for tracing diseased or damaged tissues
conjugated with CNTs.

15.4.3 Drug Delivery

Drug delivery is an important characteristic for nanomaterials in biomedical appli-
cation. The affinity between nanoparticles and drug molecule is very important for
drug loading and releasing purposes. The strong attraction between drug molecules

Fig. 15.5 Management of patients suffering from myocardial infarction is based on the extent of
coronary artery stenosis and myocardial scar burden. (Upper panel) Gold nanoparticles (AuNPs)
functionalized with collagen-binding adhesion protein 35 (CNA35) perform vascular imaging at
early phase and molecular imaging at late phase. (Lower panel) Myocardial infarction imaging at
6 hours after injection. Reproduced with permission. Copyright 2018. Elsevier. (Kee and Danila
2018)
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and the nanocarriers is mainly due to covalent and ionic interactions. With strong
interactions drug loading and stability will enhance, whereas for drug releasing
purpose these interactions may hamper the releasing efficiency. On the other hand,
carrier molecules could give stability and long circulating time inside body system.
Drug loading and releasing could be externally controlled by different characteristics
such as for releasing purposes external stimuli by ultrasound, heat, magnetic effects,
etc. and for loading purposes pH, heat, morphologies, etc. In targeted drug delivery a
special type of carrier molecule is necessary such as magnetic nanoparticles. To be
specific superparamagnetic nanoparticles are most important. When the external
stimuli are applied by magnetic fields the SPIONs will be activated and targeted to
specific direction, whereas in absence of the external magnetic field the nanoparticle
will behave like nonmagnetic particles. This strategy could help nanoparticles to
target in specific location. Also, iron oxide nanoparticles sometime cause toxic effect
when circulating inside body system, and to overcome such unwanted toxic effects,
nanoparticles are coated with biomolecules such as polymers, ceramics, etc. In
general iron oxide nanoparticles are coated with biopolymers such as collagen,
poly ethylene glycol, polyvinylpyrrolidone, chitosan, fucoidan, dextran, etc. More-
over, the nanoparticles are also loaded with specific drug to treat and target specific
disease to control. Several research studies demonstrate pH dependent drug release
capability to target specific tumor cells. The tumor cells have acidic pH compared to
normal healthy cells. In this respect mesoporous silica, nano HAp, mediated drug
delivery agents are investigated and reported. The release efficiency is also studied
by different enzymatic activity, changes in temperature, or in different osmolality
environment (Chatterjee et al. 2014). It is always recommended that specific target-
oriented drug delivery is most beneficial to manage disease control and treatment.
For favorable tumor targeting nanoparticles are always conjugated with target
ligands, or receptor molecules complementary to target site. A large number of
different targeting receptor and ligand molecules are already studied and reported
by several researchers. Nowadays, selection and modification of nanoparticle surface
with specific target-oriented biological molecules are well practiced and pharma-
ceutical companies are running phase II and III clinical trials on this drugs
(De Crozals et al. 2016).

15.4.4 Magnetic Hyperthermia

Hyperthermia is a heat mediated therapeutic approach where heat is applied to
destroy affected cells and tissues without damaging the healthy cells. The funda-
mental phenomenon of hyperthermia relies on 41–46 �C mediated cell apoptosis of
cancerous cells when heated specifically. Thermal ablation is also another type of
hyperthermia where temperature rises more than 50 �C for treatment of affected
tissues. In general, three different types (local, regional, and whole-body hyperther-
mia) were performed to treat cancer. In local hyperthermia, radio frequency, micro-
wave, or ultrasound mediated heat is generated to specific small target site. Large
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tissue areas are being treated with regional hyperthermia, whereas whole-body
hyperthermia is rarely used for treat cancers to encounter metastatic phase. For all
this hyperthermia mediated treatment the use of nanoparticle enhances the success
rate of treatment. Different magnetic nanoparticles generate different heat energy, so
application specific nanomaterials need to be selected for treatment purpose.
Nanoparticles are sometime coated with different polymeric materials to enhance
its biocompatibility. Magnetic nanoparticles might be injected directly to the tumor
or cancer region or might be targeted to specific region by binding with specific
target molecules such as specific antibody or peptides.

15.4.5 Photoablation Therapy: Photodynamic
and Photothermal Therapy

Different approaches are invented to inhibit cancer cells activity and photoablation
therapy is one of the most promising techniques to counter act. Photodynamic
therapy (PDT) and photothermal therapy (PTT) are the two classification of
photoablation therapy. PDT uses photosensitizers a nontoxic light sensitive material
or complex which become toxic to targeted cells or tissues upon light exposure. To
activate the sensitizer a specific excitation wavelength is required. This therapeutic
approach is mainly used for cancer cells management. In the PDT procedure
photosensitizers (TiO2, Ce6, etc., nanoparticles) are exposed to excitation wave-
length, which results in formation of photo-induced electrons and holes. The subse-
quent electron and hole react with system surrounding water molecules which
generates hydroxyl ions, oxidative radicals [reactive oxygen species (ROS)], and
singlet oxygen. The final step of this PDT is free radical mediated cell organelles
damage to targeted or affected cells which results in cell death.

Photothermal therapy uses a suitable near-infrared (NIR-I: 700–900 nm, NIR-II:
1000–1700 nm) light source to irradiate cancer cells. The exposure of this light
energy subsequently converted to heat energy due to surface plasmon resonance
(SPR) effect which can cause hyperthermia mediated cell death. Manivasagan et al.
reported a dual modal multifunctional theragnostic agent for imaging-guided
photothermal treatment (Fig. 15.6). In this study gold nano shell was wrapped
with chitosan conjugated with paclitaxel drug and anti-EGFR antibody for specific
targeting tumor cells. The promising in vivo results show successful thermal ablation
of tumors from nude mice model.

With gold the second most widely used nano metal is silver (Ag). There are many
promising characteristics of Ag nanoparticles and the most important is its near equal
optical characteristics like gold. The other advantage is its low cost and antibacterial
activity and easy synthesis process. In spite of having excellent opportunities the
main limitation of Ag is its low stability. Though with different approaches such as
coating the stability of Ag nanoparticles enhanced. Therefore, Ag could act as a
promising material for different therapeutic applications. Different research activities
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have reported the promising performance of Ag nanoparticles in different clinical
activities such as drug delivery, diagnosis, imaging, antibacterial activity, etc.
(Prasad 2014). Franco-Molina et al. reported the anticancer activity of colloidal
silver nanoparticles with MCF-7 human breast cancer cells (Franco-Molina et al.
2010). MCF-7 cells were incubated with different concentrations colloidal Ag
nanoparticles to determine its cytotoxic efficacy. The trypan blue cell exclusion
assay was performed to determine cell viability. The results suggested that colloidal
Ag had a concentration dependent cytotoxic effect on MCF-7 cell line. The apoptotic
cell death confirms the anticancer activity of the colloidal Ag nanoparticles (Franco-
Molina et al. 2010; Aziz et al. 2019).

Qin et al. (Qin et al. 2011) reported two different methods to load TiO2

nanoparticles with doxorubicin (DOX). The two methods non-covalent complexa-
tion (TiO2/DOX) and the covalent conjugation (TiO2–DOX) were employed to load
drugs. Further studies were performed to evaluate the best outcomes in respect with
cellular uptake, cytotoxicity, and glioma (C6) cell line mediated intracellular distri-
bution. TiO2 nanoparticles are widely used for sunscreen agent. The UV light is
harmful for human skin due to its mutagenic effect. Fortunately, TiO2 nanoparticles
have unique absorption capability which could be helpful for protecting from direct
sunlight. On the other hand, researchers are using this unique property of
nanoparticles as photosensitizers for PDT treatment to treat cancer.

Fig. 15.6 Representation of anti-EGFR-PTX-TCS-GNSs mediated near-infrared fluorescence/
photoacoustic imaging-guided chemo-photothermal therapy for cancer treatment (Manivasagan
et al. 2019d)
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Bimetallic nanoparticles could show unique property combining the effect of
individual element. Among these bimetallic nanoparticles Fe–Pt is widely studied as
contrast agents for diagnosis of tumors. Liang et al. reported the potential application
of Fe–Pt nanoparticles coated with L-cysteine for MRI/CT imaging. The study was
performed with three different glioma cell lines (SGH44 and U251 from humans, C6
from rat). The results concluded with nontoxic effect of Fe-Pt-Cys nanoparticles
strong contrast signals could be useful for potential biomedical imaging application
(McNamara and Tofail 2017).

15.4.6 Nanotechnology to Engineer the Surface of Metallic
Implants

Another major application of nanotechnology is found in tissue engineering and
prosthetic implantation. The surface modification of implants is very important to
make the materials biocompatible and favorable to accommodate on its host envi-
ronment. Nanoparticle mediated surface modification of implant may play a crucial
role for tissue engineering application. Attachment of cells on implant surface is a
big challenge in tissue engineering. For example, poly lactic acid (PLA) is an
example of excellent biomaterials but its major drawback is its smooth surface
which cannot allow cells to attach or grow. To overcome such situation, we need
to modify the surface of the scaffold or implant by means of chemical, physical, or
structural modifications (Mondal et al. 2020b). The enhanced surface activity may
facilitate the cells to attach and grow firmly. Till date titanium (Ti) and its alloys are
considered one of the best materials for bone replacement applications due to its
adequate mechanical properties, high resistance to corrosion, and bioinert property.
The limitation of Ti implant is a thin fibrous layer which separates the scaffold from
the host bone causing loose bonding and subsequent implant failure. In this situation,
for more successful bone implant surgery, a better bone–scaffold interaction is
necessary by improving scaffold surface (Le Guéhennec et al. 2007). Mondal et al.
reported a composite biomaterial formulation with HAp, Al2O3, bio glass, and starch
for enhanced mechanical support and better biocompatibility (Fig. 15.7). The scaf-
fold was fabricated by gel-casting and achieved compressive strength of
~157 � 2 MPa and tensile strength of ~83 � 2 MPa with 20–25% porosity when
sintered after 1200 �C for 2 h. The study extends with successful MG-63 mediated
cytotoxicity evaluation and cell attachment and proliferation study on its surface.
The result confirms the nontoxic behavior of the scaffold formulation which facil-
itates cell attachment and proliferation on its surface (Mondal et al. 2018b).

Due to excellent bioactivity CaP nanoparticles were used as a coating mate-
rial over different implant surface. Kokubo et al. reported that simulated body
fluid (SBF) is most commonly used biomimetic solution (Kokubo et al. 1990)
which consists of a precursor Ca and P ionic formulation that mimic human body
fluids. This biomimetic procedure helps to promote immobilization of apatite
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structure, growth factors, therapeutic agents, drugs, proteins, etc. on its surface along
with paving its way to promote new cell generation.

15.5 Limitations and Challenges

Several materials, including ceramics, polymers, metal, metal oxide nanoparticles,
bio glasses, and polymers, are in top priorities for biomedical applications. However,
each of these materials also has exclusive limitations. Poor shape holding, low
mechanical strength, inadequate cell adhesion, and in vivo toxicity are the key
features for experimental failure. To date, no such absolute nontoxic biomaterials
can be used without further modifications. The prime limitations associated with the
failure of present approaches are toxicity for in vivo application. The use of suitable
dose of nanoparticles as drug needs to be prudently measured. The toxicity of
nanomaterials is associated with multiple factors such as morphology, surface
charge, sizes, chemical structure, and obviously on dose and composition. Low
contrast efficiency for bioimaging application, synthesis reproducibility is another
concern regarding synthesis of nanoparticles. Therefore, it is always be prime
concern to choose the biomaterials according to the specific target region with
tailored shape and biological properties. The limitations of nanoparticles as a drug
delivery agent depend upon its payload capacity, drug intake, and release efficiency.
Also, specific targeting (to avoid killing healthy cells) is the most important charac-
teristics of nanoparticles. Therefore, targeted drug delivery is one of the biggest
challenges. Nanoparticle colloid stability, aggregations, and storage in clinical
locations remain a big challenge to consider. Reproducible large-scale production
for clinical application with a cost-effective way is also a big challenge. Establishing
the real consequences of nanomaterials in body system is an extremely important,
challenging, and in the similar way interesting task.

15.6 Summary

Nanotechnology, a multidisciplinary field of research brings all the concepts from
physics, chemistry, biology, medicine, engineering, and others under a single roof of
science and technology. The future of nanotechnology for biomedical application
must integrate a multiple factors-based technology to promote a strong host mate-
rials interaction with all chemical, biological, and physiological supports. Though
the current trends of nano-research in biomedical application appear promising, till
there are many miles to go to achieve the direct benefits. This study recapitulates
emerging research and their promising results for healthcare applications. Different
nanoparticles with diverse characteristics are aimed to employ for noninvasive
imaging, drug delivery, photothermal/photodynamic therapy for different cancer
treatment. The developed nanoparticle will cross the limits for conventional
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materials which restricts their application for therapeutic approaches. Till date many
nanomaterials such as quantum dots, gold, silver nano particles are most promising
for fluorescence, photoacoustic, X-ray, CT imaging applications. The rich surface
chemistry and precise control over size and composition of iron oxide nanoparticles
are useful and FDA approved contrast agents for MRI. As a most reliable bioactive
biomaterial hydroxyapatite nanoparticles win the race since 1970s and till going
on. Nonetheless, in order to take advantage of the potential application of
nanomaterials, extensive safety and toxicology studies will need to consider along
with its clinical trials.

Conflicts of Interests The author declares no conflict of interest.

References

Abd-Elsalam K, Mohamed AA, Prasad R (2019) Magnetic nanostructures: environmental and
agricultural applications. Springer International Publishing, Cham. ISBN 978-3-030-16438-6.
https://www.springer.com/gp/book/9783030164386

Akbarzadeh A, Rezaei-Sadabady R, Davaran S et al (2013) Liposome: classification, preparation,
and applications. Nanoscale Res Lett 8(1):102

Alpaslan E, Yazici H, Golshan NH, Ziemer KS, Webster TJ (2015) pH-dependent activity of
dextran-coated cerium oxide nanoparticles on prohibiting osteosarcoma cell proliferation. ACS
Biomater Sci Eng 1(11):1096–1103

Aziz N, Fatma T, Varma A, Prasad R (2014) Biogenic synthesis of silver nanoparticles using
Scenedesmus abundans and evaluation of their antibacterial activity. J Nanoparticles, Article ID
689419. https://doi.org/10.1155/2014/689419

Aziz N, Faraz M, Pandey R, Sakir M, Fatma T, Varma A, Barman I, Prasad R (2015) Facile algae-
derived route to biogenic silver nanoparticles: synthesis, antibacterial and photocatalytic prop-
erties. Langmuir 31:11605–11612. https://doi.org/10.1021/acs.langmuir.5b03081

Aziz N, Pandey R, Barman I, Prasad R (2016) Leveraging the attributes ofMucor hiemalis-derived
silver nanoparticles for a synergistic broad-spectrum antimicrobial platform. Front Microbiol
7:1984. https://doi.org/10.3389/fmicb.2016.01984

Aziz N, Faraz M, Sherwani MA, Fatma T, Prasad R (2019) Illuminating the anticancerous efficacy
of a new fungal chassis for silver nanoparticle synthesis. Front Chem 7:65. https://doi.org/10.
3389/fchem.2019.00065

Bachilo SM, Strano MS, Kittrell C, Hauge RH, Smalley RE, Weisman RB (2002) Structure-
assigned optical spectra of single-walled carbon nanotubes. Science 298(5602):2361–2366

Bangham AD, Horne R (1964) Negative staining of phospholipids and their structural modification
by surface-active agents as observed in the electron microscope. J Mol Biol 8(5):660–IN10

Bharathiraja S, Bui NQ, Manivasagan P et al (2018) Multimodal tumor-homing chitosan
oligosaccharide-coated biocompatible palladium nanoparticles for photo-based imaging and
therapy. Sci Rep 8(1):1–16

Bhattacharya R, Mukherjee P (2008) Biological properties of “naked” metal nanoparticles. Adv
Drug Deliv Rev 60(11):1289–1306

Chatterjee K, Sarkar S, Rao KJ, Paria S (2014) Core/shell nanoparticles in biomedical applications.
Adv Colloid Interf Sci 209:8–39

Cherukuri P, Bachilo SM, Litovsky SH, Weisman RB (2004) Near-infrared fluorescence micros-
copy of single-walled carbon nanotubes in phagocytic cells. J Am Chem Soc 126
(48):15638–15639

15 Recent Progress on Nanostructured Materials for Biomedical Applications 369

https://www.springer.com/gp/book/9783030164386
https://doi.org/10.1155/2014/689419
https://doi.org/10.1021/acs.langmuir.5b03081
https://doi.org/10.3389/fmicb.2016.01984
https://doi.org/10.3389/fchem.2019.00065
https://doi.org/10.3389/fchem.2019.00065


Choi HS, Liu W, Misra P et al (2007) Renal clearance of quantum dots. Nat Biotechnol 25
(10):1165–1170

Cressman S, Dobson I, Lee JB, Tam YYC, Cullis PR (2009) Synthesis of a labeled RGD� lipid, its
incorporation into liposomal nanoparticles, and their trafficking in cultured endothelial cells.
Bioconjug Chem 20(7):1404–1411

De Crozals G, Bonnet R, Farre C, Chaix C (2016) Nanoparticles with multiple properties for
biomedical applications: a strategic guide. Nano Today 11(4):435–463. https://doi.org/10.1016/
j.nantod.2016.07.002

Eggermont LJ, Rogers ZJ, Colombani T, Memic A, Bencherif SA (2020) Injectable cryogels for
biomedical applications. Trends Biotechnol 38(4):418–431

Franco-Molina MA, Mendoza-Gamboa E, Sierra-Rivera CA et al (2010) Antitumor activity of
colloidal silver on MCF-7 human breast cancer cells. J Exp Clin Cancer Res 29(1):148

Hafner JH, Bronikowski MJ, Azamian BR et al (1998) Catalytic growth of single-wall carbon
nanotubes from metal particles. Chem Phys Lett 296(1–2):195–202

Hainfeld J, Slatkin D, Focella T, Smilowitz H (2006) Gold nanoparticles: a new X-ray contrast
agent. Br J Radiol 79(939):248–253

Kam N, Jessop T, Wender P, Dai H (2004) Nanotube molecular transporters: internalization of
carbon nanotube-protein conjugates into mammalian cells. J Am Chem Soc 126(22):6850–6851

Kee PH, Danila D (2018) CT imaging of myocardial scar burden with CNA35-conjugated gold
nanoparticles. Nanomedicine 14(6):1941–1947. https://doi.org/10.1016/j.nano.2018.06.003

Kim H, Mondal S, Bharathiraja S, Manivasagan P, Moorthy MS, Oh JJCI (2018a) Optimized
Zn-doped hydroxyapatite/doxorubicin bioceramics system for efficient drug delivery and tissue
engineering application. Ceram Int 44(6):6062–6071

Kim H, Mondal S, Jang B, Manivasagan P, Moorthy MS, Oh J (2018b) Biomimetic synthesis of
metal–hydroxyapatite (Au-HAp, Ag-HAp, Au-Ag-HAp): structural analysis, spectroscopic
characterization and biomedical application. Ceram Int 44(16):20490–20500. https://doi.org/
10.1016/j.ceramint.2018.08.045

Kobayashi H, Kawamoto S, Jo S-K, Bryant HL, Brechbiel MW, Star RA (2003) Macromolecular
MRI contrast agents with small dendrimers: pharmacokinetic differences between sizes and
cores. Bioconjug Chem 14(2):388–394

Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro T (1990) Solutions able to reproduce
in vivo surface-structure changes in bioactive glass-ceramic A-W3. J Biomed Mater Res 24
(6):721–734

Koole R, van Schooneveld MM, Hilhorst J et al (2008) Paramagnetic lipid-coated silica
nanoparticles with a fluorescent quantum dot core: a new contrast agent platform for
multimodality imaging. Bioconjug Chem 19(12):2471–2479

Le Guéhennec L, Soueidan A, Layrolle P, Amouriq Y (2007) Surface treatments of titanium dental
implants for rapid osseointegration. Dent Mater 23(7):844–854

Liao H, Nehl CL, Hafner JH (2006) Biomedical applications of plasmon resonant metal
nanoparticles. Nanomedicine 1(2):201–208

Liu J, Lu Y (2004) Accelerated color change of gold nanoparticles assembled by DNAzymes for
simple and fast colorimetric Pb2+ detection. J Am Chem Soc 126(39):12298–12305

Liu T, Tang A, Zhang G et al (2005) Calcium phosphate nanoparticles as a novel nonviral vector for
efficient transfection of DNA in cancer gene therapy. Cancer Biother Radiopharm 20
(2):141–149

Maitra A (2005) Calcium phosphate nanoparticles: second-generation nonviral vectors in gene
therapy. Expert Rev Mol Diagn 5(6):893–905

Manivasagan P, Bharathiraja S, Santha Moorthy M et al (2018) Marine natural pigments as
potential sources for therapeutic applications. Crit Rev Biotechnol 38(5):745–761

Manivasagan P, Hoang G, Santha Moorthy M et al (2019a) Chitosan/fucoidan multilayer coating of
gold nanorods as highly efficient near-infrared photothermal agents for cancer therapy.
Carbohydr Polym 211:360–369. https://doi.org/10.1016/j.carbpol.2019.01.010

370 S. Mondal et al.

https://doi.org/10.1016/j.nantod.2016.07.002
https://doi.org/10.1016/j.nantod.2016.07.002
https://doi.org/10.1016/j.nano.2018.06.003
https://doi.org/10.1016/j.ceramint.2018.08.045
https://doi.org/10.1016/j.ceramint.2018.08.045
https://doi.org/10.1016/j.carbpol.2019.01.010


Manivasagan P, Jun SW, Truong NTP et al (2019b) A multifunctional near-infrared laser-triggered
drug delivery system using folic acid conjugated chitosan oligosaccharide encapsulated gold
nanorods for targeted chemo-photothermal therapy. J Mater Chem B 7(24):3811–3825

Manivasagan P, Khan F, Hoang G et al (2019c) Thiol chitosan-wrapped gold nanoshells for near-
infrared laser-induced photothermal destruction of antibiotic-resistant bacteria. Carbohydr
Polym 225:115228. https://doi.org/10.1016/j.carbpol.2019.115228

Manivasagan P, Nguyen VT, Jun SW et al (2019d) Anti-EGFR antibody conjugated thiol chitosan-
layered gold nanoshells for dual-modal imaging-guided cancer combination therapy. J Control
Release 311-312:26–42. https://doi.org/10.1016/j.jconrel.2019.08.007

McNamara K, Tofail SA (2017) Nanoparticles in biomedical applications. Advances in Physics: X
2(1):54–88

Mirkin CA (2000) Programming the assembly of two-and three-dimensional architectures with
DNA and nanoscale inorganic building blocks. Inorg Chem 39(11):2258–2272

Mondal S, Oh J (2019) Nanostructured materials and their biomedical application. In: Biomedical
engineering and its applications in healthcare. Springer, pp 205–227

Mondal S, Pal U (2019) 3D hydroxyapatite scaffold for bone regeneration and local drug delivery
applications. Journal of Drug Delivery Science and Technology 53:101131. https://doi.org/10.
1016/j.jddst.2019.101131

Mondal S, Dey A, Pal U (2016a) Low temperature wet-chemical synthesis of spherical hydroxy-
apatite nanoparticles and their in situ cytotoxicity study. Advances in Nano Research 4(4):295

Mondal S, Pal U, Dey A (2016b) Natural origin hydroxyapatite scaffold as potential bone tissue
engineering substitute. Ceram Int 42(16):18338–18346. https://doi.org/10.1016/j.ceramint.
2016.08.165

Mondal S, Manivasagan P, Bharathiraja S et al (2017a) Hydroxyapatite coated iron oxide
nanoparticles: a promising nanomaterial for magnetic hyperthermia cancer treatment. Nano 7
(12):426

Mondal S, Reyes MEDA, Pal U (2017b) Plasmon induced enhanced photocatalytic activity of gold
loaded hydroxyapatite nanoparticles for methylene blue degradation under visible light. RSC
Adv 7(14):8633–8645

Mondal S, Dorozhkin SV, Pal U (2018a) Recent progress on fabrication and drug delivery
applications of nanostructured hydroxyapatite. WIREs Nanomedicine and Nanobiotechnology
10(4):e1504. https://doi.org/10.1002/wnan.1504

Mondal S, Hoang G, Manivasagan P et al (2018b) Nano-hydroxyapatite bioactive glass composite
scaffold with enhanced mechanical and biological performance for tissue engineering applica-
tion. Ceram Int 44(13):15735–15746. https://doi.org/10.1016/j.ceramint.2018.05.248

Mondal S, Hoang G, Manivasagan P, Kim H, Oh J (2019a) Nanostructured hollow hydroxyapatite
fabrication by carbon templating for enhanced drug delivery and biomedical applications.
Ceram Int 45(14):17081–17093. https://doi.org/10.1016/j.ceramint.2019.05.260

Mondal S, Hoang G, Manivasagan P et al (2019b) Rapid microwave-assisted synthesis of gold
loaded hydroxyapatite collagen nano-bio materials for drug delivery and tissue engineering
application. Ceram Int 45(3):2977–2988. https://doi.org/10.1016/j.ceramint.2018.10.016

Mondal S, Manivasagan P, Oh J (2020a) Marine polysaccharide-based nanomaterials. Encyclope-
dia of Marine Biotechnology 2:1231–1248

Mondal S, Nguyen TP, Hoang G et al (2020b) Hydroxyapatite nano bioceramics optimized 3D
printed poly lactic acid scaffold for bone tissue engineering application. Ceram Int 46
(3):3443–3455

Mondal S, Nguyen TP, Pham VH et al (2020c) Hydroxyapatite nano bioceramics optimized 3D
printed poly lactic acid scaffold for bone tissue engineering application. Ceram Int 46
(3):3443–3455. https://doi.org/10.1016/j.ceramint.2019.10.057

Mondal S, Nguyen VT, Park S et al (2020d) Rare earth element doped hydroxyapatite luminescent
bioceramics contrast agent for enhanced biomedical imaging and therapeutic applications.
Ceram Int. https://doi.org/10.1016/j.ceramint.2020.08.099

15 Recent Progress on Nanostructured Materials for Biomedical Applications 371

https://doi.org/10.1016/j.carbpol.2019.115228
https://doi.org/10.1016/j.jconrel.2019.08.007
https://doi.org/10.1016/j.jddst.2019.101131
https://doi.org/10.1016/j.jddst.2019.101131
https://doi.org/10.1016/j.ceramint.2016.08.165
https://doi.org/10.1016/j.ceramint.2016.08.165
https://doi.org/10.1002/wnan.1504
https://doi.org/10.1016/j.ceramint.2018.05.248
https://doi.org/10.1016/j.ceramint.2019.05.260
https://doi.org/10.1016/j.ceramint.2018.10.016
https://doi.org/10.1016/j.ceramint.2019.10.057
https://doi.org/10.1016/j.ceramint.2020.08.099


Mondal S, Nguyen VT, Park S et al (2020e) Bioactive, luminescent erbium-doped hydroxyapatite
nanocrystals for biomedical applications. Ceramics international 46(10, part B):16020-16031.
https://doi.org/10.1016/j.ceramint.2020.03.152

Moorthy MS, Subramanian B, Panchanathan M et al (2017) Fucoidan-coated core–shell magnetic
mesoporous silica nanoparticles for chemotherapy and magnetic hyperthermia-based thermal
therapy applications. New J Chem 41(24):15334–15346

Moorthy MS, Bharathiraja S, Manivasagan P et al (2018) Synthesis of Fe 3 O 4 modified
mesoporous silica hybrid for pH-responsive drug delivery and magnetic hyperthermia applica-
tions. J Porous Mater 25(4):1251–1264

Moorthy MS, Hoang G, Manivasagan P et al (2019) Chitosan oligosaccharide coated mesoporous
silica nanoparticles for pH-stimuli responsive drug delivery applications. J Porous Mater 26
(1):217–226

MuchowM, Maincent P, Müller RH (2008) Lipid nanoparticles with a solid matrix (SLN®, NLC®,
LDC®) for oral drug delivery. Drug Dev Ind Pharm 34(12):1394–1405

Mulder WJ, Strijkers GJ, van Tilborg GA, Griffioen AW, Nicolay K (2006) Lipid-based
nanoparticles for contrast-enhanced MRI and molecular imaging. NMR in Biomedicine: An
International Journal Devoted to the Development and Application of Magnetic Resonance In
vivo 19(1):142–164

Murray C, Norris DJ, Bawendi MG (1993) Synthesis and characterization of nearly monodisperse
CdE (E¼ sulfur, selenium, tellurium) semiconductor nanocrystallites. J Am Chem Soc 115
(19):8706–8715

Ngo C, Yoon S, Chua S (2009) Ambient temperature dependence on emission spectrum of InAs
quantum dots. Phys Status Solidi B 246(4):799–802

Pantarotto D, Briand J-P, Prato M, Bianco A (2004) Translocation of bioactive peptides across cell
membranes by carbon nanotubes. Chem Commun 10(1):16–17

Phan TTV, Bui NQ, Cho S-W et al (2018) Photoacoustic imaging-guided photothermal therapy
with tumor-targeting HA-FeOOH@ PPy nanorods. Sci Rep 8(1):1–13

Phan TTV, Huynh T-C, Manivasagan P, Mondal S, Oh J (2020) An up-to-date review on
biomedical applications of palladium nanoparticles. Nano 10(1):66

Prasad R (2014) Synthesis of silver nanoparticles in photosynthetic plants. J Nanoparticles, Article
ID 963961. https://doi.org/10.1155/2014/963961

Prasad R, Pandey R, Barman I (2016) Engineering tailored nanoparticles with microbes: quo vadis.
WIREs Nanomed Nanobiotechnol 8:316–330. https://doi.org/10.1002/wnan.1363

Prasad R, Pandey R, Varma A, Barman I (2017) Polymer based nanoparticles for drug delivery
systems and cancer therapeutics. In: Kharkwal H, Janaswamy S (eds) Natural polymers for drug
delivery. CAB International, London, pp 53–70

Prasad R, Jha A, Prasad K (2018) Exploring the realms of nature for nanosynthesis. Springer
International Publishing, Cham. ISBN 978-3-319-99570-0. https://www.springer.com/978-3-
319-99570-0

Prasad R, Siddhardha B, Dyavaiah M (2020) Nanostructures for antimicrobial and antibiofilm
applications. Springer International Publishing, Cham. ISBN 978-3-030-40336-2. https://www.
springer.com/gp/book/9783030403362

Qin Y, Sun L, Li X et al (2011) Highly water-dispersible TiO2 nanoparticles for doxorubicin
delivery: effect of loading mode on therapeutic efficacy. J Mater Chem 21(44):18003–18010

Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T (2008) Quantum dots versus
organic dyes as fluorescent labels. Nat Methods 5(9):763

Singh S, Kumar V, Dhanjal DS, Datta S, Prasad R, Singh J (2020) Biological biosensors for
monitoring and diagnosis. In: Singh J, Vyas A, Wang S, Prasad R (eds) Microbial biotechnol-
ogy: basic research and applications. Springer Nature, Singapore, pp 317–336

Srivastava S, Usmani Z, Atanasov AG, Singh VK, Singh NP, Abdel-Azeem AM, Prasad R, Gupta
G, Sharma M, Bhargava A (2021) Biological nanofactories: using living forms for metal
nanoparticle synthesis. Mini-Rev Med Chem 21(2):245–265

372 S. Mondal et al.

https://doi.org/10.1016/j.ceramint.2020.03.152
https://doi.org/10.1155/2014/963961
https://doi.org/10.1002/wnan.1363
https://www.springer.com/978-3-319-99570-0
https://www.springer.com/978-3-319-99570-0
https://www.springer.com/gp/book/9783030403362
https://www.springer.com/gp/book/9783030403362


Talapin DV, Mekis I, Götzinger S, Kornowski A, Benson O, Weller H (2004) CdSe/CdS/ZnS and
CdSe/ZnSe/ZnS core – shell � shell nanocrystals. J Phys Chem B 108(49):18826–18831

Thangadurai D, Sangeetha J, Prasad R (2020a) Nanotechnology for food, agriculture, and environ-
ment. Springer International Publishing, Cham. ISBN 978-3-030-31937-3. https://www.
springer.com/gp/book/9783030319373

Thangadurai D, Sangeetha J, Prasad R (2020b) Functional bionanomaterials. Springer International
Publishing, Cham. ISBN 978-3-030-41464-1. https://www.springer.com/gp/book/
9783030414634

Wiener E, Brechbiel M, Brothers H et al (1994) Dendrimer-based metal chelates: a new class of
magnetic resonance imaging contrast agents. Magn Reson Med 31(1):1–8

Wunderbaldinger P, Josephson L, Weissleder R (2002) Crosslinked iron oxides (CLIO): a new
platform for the development of targeted MR contrast agents. Acad Radiol 9(2):S304–S306

ZhaoW, BrookMA, Li Y (2008) Design of gold nanoparticle-based colorimetric biosensing assays.
Chembiochem 9(15):2363–2371

15 Recent Progress on Nanostructured Materials for Biomedical Applications 373

https://www.springer.com/gp/book/9783030319373
https://www.springer.com/gp/book/9783030319373
https://www.springer.com/gp/book/9783030414634
https://www.springer.com/gp/book/9783030414634


Chapter 16
Nanotechnology-A New Frontier in Medical
Microbiology

Silpa Somavarapu, Bellamkonda Ramesh, Ch. Venkatrayulu, and
M. Subhosh Chandra

Abstract Nanotechnology relates to microbiology at a number of levels as the
microbial entities are nano-machines. In the second half of this decade, nanotech-
nology expanding its applications in the field of medical microbiology. Nanotech-
nology is clinically appropriate and retains the potential to be valuable in the
diagnosis of general and microbial infections. The rapid detection of pathogenic
microbes at the point of care is extremely critical. The application of nanoparticles
permits for the detection of infectious pathogens in small sample volumes directly in
a sensitive, specific, and rapid format at lower costs than current in-use technologies.
A bio-conjugated nanoparticle-based bioassay for in situ pathogen quantification can
detect a single microbe. The waveguide technology is an emergent area in the
medical microbiology for the fast and successful diagnosis of infectious diseases.
Nanotechnology is demonstrated for the detection of Avian influenza virus H5N1,
Respiratory Syncytial Virus (RSV), HIV, and Severe acute respiratory syndrome
(SARS) Coronavirus in clinical samples with a great degree of sensitivity.
Nanoparticle-based bio-barcode amplification (BCA) assay is being applied for
early detection of HIV-1 capsid antigen. The gold nanoparticle interferometer sensor
has been validated for detection of Herpes simplex virus (HSV) and silver nanorod
array substrates can detect spectral differences between the viral strains. A nanopar-
ticle label technology with highly fluorescent chelated nanoparticle label has been
developed for Adenovirus and Human papillomavirus (HPV). The nano-gold
labelled amplification is a novel technique for the detection of Hepatitis B virus,
Hepatitis C virus, and Hepatitis E virus in patient’s samples. Norovirus is a leading
cause of gastroenteritis and nanospray mass spectrometry is evaluated for norovirus
detection. With the manifestation and intensification of microbes resistant to antibi-
otics, silver nanoparticle antiseptics have been evaluated for the antimicrobial
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activity against Gram-positive and Gram-negative bacteria. All these technologies
would have to be assessed in clinical settings prior to their complete admission is
highly recommended.

Keywords Nanotechnology · Microorganisms · Virus · Bacteria · Infectious
diseases

16.1 Introduction

Microbiology is the science that deals with microscopic analysis of microorganisms,
which are not visible to the naked human eye. Microscopic invention by Antony van
Leeuwenhoek in the year of 1676 marked the beginning of microbiology.

Advent of light microscopy by Ernst Abbe and Carl Zeiss (1880s) and electron
microscopy by Ernst Ruska (1931) produced high resolution images for visual
characterization and released a new avenue in the study of biological structures.
Microorganisms were the primitive life recorded on earth. Microbes occupy a place
as significant component of biota with peculiar cell structure and ability to survive
under extreme environmental conditions. They exist as unicellular, multicellular,
and acellular organisms. Microorganisms are beneficial as well as harmful to human
beings (Minocheherhomji 2016). They can be divided into six major types: bacteria,
archaea, fungi, protozoa, algae, and viruses.

Nanotechnology is a highly promising field of research in the modern era of
scientific research. Eric Drexler popularized the word ‘nanotechnology’ in 1986 in
his book ‘Engines of creation: The Coming Era of Nanotechnology (Shinde 2012). It
is an interdisciplinary science, whose potential has been widely touted in various
domains of lifecycle with its development from submissive nanomaterial to active
nanotechnology (e.g., drug delivery system) and nanosystems (e.g., robotics). Nano-
technology, in other forms, means building things from the bottom up, with atomic
precision. This theoretical capability was envisioned as early as 1959 by the
renowned physicist Richard Feynman in his talk ‘There’s Plenty of Room at the
Bottom’ at Caltech, USA (Feynman 1960) and promoted by Eric Drexlerby his book
Engines of Creation: The Coming Era of Nanotechnology in the 1980s.

Nanotechnology is the study and application of nanoparticles. Nanoparticles are
particles that exist on a nanometre scale (i.e., below 100 nm in at least one
dimension). They possess physical properties such as uniformity, conductance or
special optical properties and are of pronounced technical interest (Prasad et al.
2016). They form a bridge between bulk materials and atomic or molecular struc-
tures. Nanoparticles were used by artisans as far back as the ninth century in
Mesopotamia for generating a glittering effect on the surface of pots. In the fourth
and fifth centuries BC it was used by traditional medical practitioners in the world
with the name ‘Swarna Bhasma’ for therapeutic purposes in treating cognitive
disorders and syphilis (Paul and Chugh 2011; Balzani 2005; Drexler and Peterson
1989; Dykman and Khlebtsov 2011). The worldwide market of nanomaterials used
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in the biomedical, pharmaceutical, and cosmetic industries showed an elevation from
$170.17 million in 2006 to $684.4 million in 2012.

16.2 Role of Nanotechnology in Medical Microbiology

The boom of Nanotechnology revolutionized microbiology. Nanotechnology
proved significant in medical microbiology in the detection of pathogens. Microbial
nanotechnology has gained prominence with the advancement of chip-based DNA
control, quantum dots, and carbon nanotubes (CNTs). Secure and cost viable novel
materials are designed utilizing the viral like protein frames for biomedical imaging,
Bioengineering, Drug Design, Enzyme Technology, etc. Additionally, synthesis of
nanomaterials utilizing the energy of microorganisms also opens a new-fangled
opportunity for ‘green’ synthesis, which is eco-friendly cost-effective process
(Ahmad et al. 2016; Prasad et al. 2016, 2018; Prasad 2019a, b; Srivastava et al.
2021). Multidrug resistance is the present day concern (Andersson and Hughes
2010; Magiorakos et al. 2012). Biofilms offer resistance to antimicrobial agents
while present in the human body and oblige as a reservoir of bacteria that can cause
continuous and chronic infections (Watnick and Kolter 2000; Inamuddin et al.
2021). A 80% of infections in the hospitals are reported due to biofilms (Costerton
1999; Beyth et al. 2015).There is an immense need for substitute to antibacterial and
anti-biofilm agents (Prasad et al. 2020). The nanotechnology can provide novel
diagnostics and treatments for the bacterial infections and encouraged extensive
investigation. Nanotechnology marks an innovative tool to address this challenge.
Antibacterial nanodrugs are active against MDR bacteria and biofilms. A
nanoporous polymer matrix composed of sodium dodecyl sulfate proved to have
excellent anti-biofilm activity against E. coli. Vitamin E-conjugated cationic
polymer cross-linked hydrogels were found to have good bactericidal and antifungal
effects (Lee et al. 2013).

16.2.1 Broad Spectrum of Nanoparticles

Liposomes are the nanoparticles comprised of lipid bilayer membranes, which is
surrounded by an aqueous interior. Liposomes can be widely applied for delivery of
antibiotics to the target sites (Drulis-Kawa et al. 2009). Liposomes exhibited biofilm
inhibition and minimum sensing distraction on clinical variants of E. coli,
Acinetobacter lwoffii, A. baumannii, Bordetella bronchiseptica, Klebsiella
pneumoniae, and P. aeruginosa (Drulis-Kawa et al. 2009). Dendrimers with lower
molecular weight peptides are proven to be efficient antimicrobials against E.coli
and S. aureuswithout any further antibiotics (Johansson et al. 2008). Fucose-specific
lectins (LecB) from fucose peptide dendrimers prevented the formation of biofilm in
P. aeruginosa. A lipid dendrimer hybrid nanoparticle (LDHN) delivered vancomy-
cin against methicillin resistant Staphylococcus aureus (MRSA) infections
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(Sonawane et al. 2016). Nano-emulsions with antimicrobial activity against bacteria
such as E. coli, Salmonella sps, S. aureus, enveloped viruses (Human immunodefi-
ciency virus and Herpes simplex), fungi (Candida), and spore forms of B. anthracis
have been reported.

Bio-responsive smart nanoparticles, which are comprised with peripheral energy
and energy absorbing NPs having the therapeutic properties towards respective
antimicrobial infections (Ramasamy et al. 2016). Quantum dots (Qdots) are nano-
scale semiconducting nanoparticles that can transport electrons. Qdots emit various
colors (wavelength) when the light is excited in different wavelengths according to
their size. Qdots have been extensively used in the Fluorescent Resonance Energy
Transfer (FRET) based immunoassays for fast and accurate detection of Aspergillus
sps. Qdot barcodes have been widely applied in the detection of HIV (Kaittanis et al.
2010; Kattke et al. 2011).

16.2.2 Nanoparticles with Intrinsic Antibacterial Properties

Silver is a renowned potent antimicrobial agent since prehistoric times (Rai et al.
2009; Reidy et al. 2013; Duran et al. 2015; Franci et al. 2015; Aziz et al. 2014, 2015,
2016). Silver based nanoparticles (AgNPs) exhibit antimicrobial activity against
Pseudomonas aeruginosa, one of the important opportunistic pathogens triggering
nosocomial infections,Mycobacterium tuberculosis (Mapara et al. 2015; Singh et al.
2015; El-Zahry et al. 2015; Pal et al. 2015) and Staphylococcus aureus (Actis et al.
2015). Silver nanoparticles are also inhibited the formation of biofilm by means of
P. aeruginosa and S. epidermidis by more than 95% (Sinha et al. 2011).

Gold nanoparticles (AuNPs) adapted with various surfaces exhibit various
enzyme-like accomplishments including peroxidase, glucose oxidase, superoxide
dismutase, and catalase mimetics (He et al. 2013). MSN-AuNPs can inhibits the
biofilm formation in Bacillus subtilis and even be able to collision existing biofilm
(Tao et al. 2015). They proved effective against enteropathogenic Escherichia coli
(EPEC), Enterococcus faecium, Enterococcus faecalis (including vancomycin-resis-
tant strains) (Kaittanis et al. 2010). Gold and silver nanoparticles have been applied
in resonance scattering confocal microscopy or two-photon luminescence confocal
microscopy and as a transporters for drugs (Dykman and Khlebtsov 2011). ZnO NPs
have better antibacterial activities and low toxicities in mammalian cells and is
effective against E. faecalis, S. aureus, S. epidermidis, Bacillus subtilis, and
E. coli (Lee et al. 2014).

Gold nanoparticle interferometric approach is a sensitive and quantitative detec-
tion method for sensing single particle, which is calibration-free allowing molecular
counting and capable of directly processing with complex biological samples. Gold
nanoparticles are used for sensing due to localized surface plasmon resonance
(LSPR). The detection is typically based on the shifting of wavelength of the
Localized surface plasmon resonance by scattering of light through a single gold
nanoparticle. The experiment utilizes a nonlinear confocal microscope and interfer-
ometer arm similar to a Michelson interferometer. The modifications to the local RI
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(refractive index) signal or absorption of molecules on the nanoparticle surface are
captured. Gollmer et al. (2014) described the Gold nanotriangle (GNT) arrays
synthesized by e-beam lithography. A biosensor designed from electrochemically
produced with Gold nanoparticles-modified screen-printed carbon electrode coupled
with the thiolated aptamer AG3 might achieve a limit of detection of around
180 virus particles of MNV (Giamberardino et al. 2013). Gold nanoparticles that
have enzyme-like catalytic activity (i.e., NanoZyme activity) are immobilized with
the AG3 aptamer (Kd of 18.5 nM) for Mouse norovirus (MNV) recognition.

16.2.3 A Bio-Conjugated Nanoparticle-based Bioassay

Cancer is a deadly disease caused by the abnormal cell growth, which affects any
part of the human body. Early diagnosis of cancer (prior to metastasis) is a critical
aspect in its treatment. Nanomaterials demonstrated as excellent materials for the
early stage diagnose of many cancers. Gold nanoparticles (AuNps) comprised with
biomolecules corresponding to target molecule are used for early detection of cancer
by means of colorimetric detection. Kang et al. (2010) established a colorimetric
procedure using anionic citrate coated AuNps for the diagnosis of cancer. Zhang
et al. (2016) proposed Gold nanoparticles with telomerase primer on its surface and
treated with human cell lines of leukaemia (HL-60, K562), hepatocellular carcinoma
(HepG2), embryonic kidney (293 T), and normal skin fibroblasts (HSF). Guo et al.
(2014) conjugated folic acid to Au nanorods (FGNRs) and produced optical
detecting sensor with fluorescence and Localized surface plasmon resonance absorp-
tion feature, which facilitated in the cancer diagnosis.

The biomolecule-conjugated AgNPs shows exciting applications by challenging
the clinical complexities such as multidrug resistance, designing biocompatible
nanopharmaceutics, cancer therapy superior drug delivery transporters, fluorescence
biosensors, and the next-generation antibiotics. The bio-conjugated Gold
nanoparticles clenched unique optical and plasmonic features, which are exploited
for developing diagnostic sensors and for the detection of biomarkers using immu-
noassays. Liu et al. (2013) reported a highly sensitive technique for the quantitative
detection of HIV nucleic acids. Abbaspour et al. (2015) reported an assay for the
detection of Gram-positive bacteria Staphylococcus aureus by dual-aptamers
bio-conjugated AgNPs sandwich immunosensor. Kurdekar et al. (2017) explored
the application of fluorescent AgNPs bio-conjugated with streptavidin for early
diagnosis of HIV infection.

16.2.4 Nanotechnology for Viral Detection

Development of a variety of novel isolates of pathogenic viruses presently marked
universal fatality challenging human health and demanding urge to develop suitable
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detection methods, nanovaccines, and therapeutic nano-based options. Most respi-
ratory tract infections are caused by frequently Influenzae virus, Respiratory syncy-
tial virus (RSV), Rhinovirus (RV), and Severe/acute respiratory syndrome (SARS)
Coronavirus. Respiratory viruses affect infants, children, elderly people, and
immune compromised patients. Nanomaterials are considered to be suitable aspi-
rants against many viral infections, especially Coronaviruses due to their capability
to move into cells effortlessly and interact with viruses and interfere with viral
genome replication. Gold NPs and quantum dots (QDs) form new
nanotechnology-based detection procedures for several respiratory viruses. Au
NPs comprised with silver staining and employed for the recognition of HPV
(Human papillomavirus) in a cancer type called cervical carcinoma cell lines
(Zehbe et al. 1997). Nanostructures like metal NPs, graphene oxide (GO), Quantum
Dots, carbon nanotubes are used for virus testing and detection (Wang et al. 2009).
Gold or silica based nanoparticles synthesized on thin silicon membranes form
nanochips, which are used to screen clinical samples. This method enabled the
diagnosis of HIV 1 virus in the plasma samples (Lee et al. 2004).

Mass spectrometry is employed in the detection of nuclear NoV(CCN3) protein
and this was first evidenced by Colquhoun et al. (2006) using matrix-assisted laser
desorption ionization coupled with a time-of-flight(MALDI-TOF) and nano-
electrospray ionization mass spectrophotometry (ESI-MS) in the detection of NoV
virus like particles (VLPs) in clinically significant mediums. Khoris et al. (2019)
demonstrated a silver-enhanced nanozyme-based immunoassay for the analysis of
NoV with unaided-eye. Moreover, a LSPR-based fluorescence nanobiosensor
reported by Takemura et al. (2017), which is capable to accomplish a limit of
detection of 0.4 pg/mL of NoV VLPs, through incorporating antibody-mediated
AuNPs and quantum dots.

Bio-barcode amplification assay (BCA) with nanoparticles have been reported for
the detection of nucleic acid (DNA or RNA) and proteins at ultra-low level with
short oligonucleotides as surrogate targets, which can be measured with light
scattering, calorimetry, fluorescence or gel based assay (Singh et al. 2018; Draz
and Shafiee 2018). NP-I-PCR is a modification of BCA, where real-time PCR is used
for detection. It helps in identification of infectious microorganisms and can be used
for biomarker discovery for different infectious diseases. In general, gold
nanoparticles are being used in the BCA. Kim et al (Kim et al. 2008) developed
235 NP-based BCA for the detection of HIV-1 Gag p24 protein in blood samples,
and after the conjugation of anti-HIV 1 p24 Gag pAbs (coated on MMPs) to p24 Gag
present in samples, the biotinylated anti-HIV p24 Gag mAbs were added followed
by the addition of streptavidin coated GNPs and the biotinylated oligonucleotides.
Perez et al. (2011) developed Nanoparticle-amplified I-PCR technique for the rapid
detection of RSV surface protein with the help of synthesized GNPs.
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16.2.5 Nano-based Antimicrobial and Anti-Biofilm Coatings

Catheters are coated with copper (Cu) and silver (Ag) nanoparticles to accelerate
killing of E. coli (Rtimi et al. 2016). Silicon coated urinary devices killed different
bacterial strains that commonly cause urinary tract infections (UTI) such as E. coli,
Staphylococcus aureus, Staphylococcus epidermidis, and Pseudomonas aeruginosa.
ZnO andMgF2 nanoparticles proved to prevent biofilm formation of Staphylococcus
aureus and Streptococcus pneumonia. Catheters coated iron NPs inhibited biofilm in
S. aureus and P. aeruginosa (Anghel et al. 2012) iron NPs eliminated S. epidermis
infection on orthopaedic implants.

Nanocantilevers consist of tiny pieces of silicon-based materials that can recog-
nize proteins and detect pathogenic bacteria and viruses (Kumar 2006). A technique
was developed using 16S rRNA gold nanoprobe-nucleic acid sequence-based ampli-
fication (NASBA), for the detection of Salmonella (Mollasalehi and Yazdanparast
2013). Surface Enhanced Raman Scattering (SERS) nanoparticles help in sensitive
detection of pathogens in complex samples (Weidemaier et al. 2015)

16.2.6 Nanosystems for Food Borne Pathogen Detection
and Biofilm Inhibition

Surface enhanced Raman spectroscopy (SERS) is applied as a nano-biosensing
technique for the detection of highly sensitive infectious microorganisms directly
in a rapid and accurate way (Chandra et al. 2011). Different types of nano-biosensors
have been employed to identify foodborne pathogens (bacteria and virus) (Thakur
and Ragavan 2013; Li et al. 2004). Silver nanocolloids are commonly used in SERS
(Baranwal et al. 2016) to detect microbes as silver nanocolloids increase Raman
signals. In addition to silver nanocolloids, graphene oxide (rGO), magnetic beads,
carbon nanotubes, and plasmonic gold are most commonly used nanomaterials for
the detection of foodborne pathogens. Furthermore, synthetic DNA molecular bea-
con probes labelled with colour-codes are used as nanobarcodes to detect food
pathogens (Li et al. 2004). Therefore, surfaces of refrigerators and storage containers
are coated with silver nanoparticles to prevent growth of foodborne pathogens and
food spoilage bacteria.

Nanofibers are efficiently employed in the prevention of biofilm-associated
infections (Zhang et al. 2011). Furthermore, nickel oxide nanoparticles (NiO-NPs)
are proposed as potential antibacterial and antitumor agents. Over and done with a
green approach and using Eucalyptus globulus leaf extract, researchers (Sallem et al.
2017) synthesized NiO-NPs, which are in the size of 10–20 nm and evaluated their
anti-biofilm activity.
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16.2.7 Nanotechnology for Designing Vaccines

Nanoparticles/nanocarriers act as vaccine adjuvants and nanovaccine delivery plat-
forms as they retain physicochemical characteristics that enhance their immunoge-
nicity. This offers novel opportunities of novel nano-therapeutics and diagnostics
which is the urge of present drug resistance age. These vaccines are more effective,
safe, and convenient over conventional vaccines. Silver Nanoparticles inhibited the
viral entry into host cells, for HIV-1 virus by interacting with the cell receptors
(Kerry et al. 2019; Zhu et al. 2019). Gold Nanoparticles stabilized by biocompatible
polymers showed antiviral activity against HIV-1 and influenza virus (e.g., H1N1,
H3N2, H5N1) (Seo et al. 2020; Rauch et al. 2018). Multidrug nanoparticles (with
great biocompatibility and drug loading) for the reduction of uncontrolled inflam-
mation is very promising, particularly in the case of COVID-19 (Callaway 2020; Le
et al. 2020; Martinez 2020).

16.3 SARS-COVID

Severe acute respiratory syndrome (SARS) is a respiratory disease caused by novel
coronavirus called SARS-associated corona virus (SARS-CoV) that caused the
major pandemic of this decade (Drosten et al. 2003). For the first time, SARS has
been reported in Asia in 2003 and then the infection was transmitted to more than
12 countries including America, Europe, and other Asian countries before the SARS
global outbreak of 2003 is contained.

Recently, the global outbreak has outstretched by the novel pathogenic viral
transmission caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) which is identified on January 2020 by Chinese scientists and
originated in Wuhan, China and spread around the world (Pandemic). The World
Health Organization (WHO) officially declared the COVID-19 epidemic as a public
health emergency of global concern. Infection with SARS-CoV-2 virus can cause
sickness, ranging from common cold to more severely, respiratory diseases, such as
SARS and MERS. The virus is highly transmitted human-to-human with rapid rate.
The beginning of SARS-CoV-2, since the SARS-CoV in 2002 and Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012, manifests the third intro-
duction of a highly pathogenic and large-scale epidemic coronavirus into the human
population in the twenty-first century. Coronavirus is a betacoronavirus, enveloped,
non-segmented, single-stranded, positive-sense RNA virus. Coronavirus resembles
a crown and the electron microscopic image of Coronavirus is illustrated in
Fig. 16.1.

Progressive resources are the principal basis of various technologies that can
reduce the effect of Coronavirus. Nanovaccines are the influential proxies that could
inhibit viral contaminations and nanosystems with antiviral activity might diminish
the virus for its inactivation. Nanotechnology is a versatile technology that can serve
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the solution to the pandemic situations such as Coronavirus outbreaks.
Nanodiagnostics resemble nanoparticles, which encounter molecules of interest to
generate a signal by permitting the recognition of infective viruses (Jackson et al.
2017). Nanotechnology provides significant benefits including rapid analysis, sen-
sitive, highly accurate, and reproducible results. Nanotechnology-based biosensors
can greatly reduce the use of chemical reagents needed for the analysis. A biosensor
is a device that assembles with a profound biological detection module and a
physical transducer to recognize viruses in the body fluids.

The characteristics of nanomaterial based biosensors include stability in fluids,
suitable surface chemical properties, more surface energy and high amplification
effect to generate measurable signals. Biosensors designed with the Metallic
nanoparticles (MNPs), carbon-graphene based nanotubes, and photonic crystals
(PCs) are widely used in the field of viral diagnostics. Figure 16.2 illustrates the
various types of nanoparticle-based biosensors for SARS-CoV-1 and MERS-CoV
detection. The principle involved in the technology is specific adsorption. The
developed biosensors are the prominent modules for the development of SARS-
CoV-2 biosensors. Table 16.1 presents the Biosensors developed for the detection of
closely related COVID19 viruses.

16.4 SARS-CoV-1, MERS-CoV and SARS-CoV-2

16.4.1 Nucleic Acid-based Biosensors

Researchers designed a biosensor based on the surface plasmon resonance (SPR) on
a chip with nucleotides for targeting the general respiratory viruses such as SARS-
CoV. The test RNA samples were collected and subjected to the RT-PCR and
hybridization has been carried out on the nanochip, which intensifies the signal
and enhances the biosensor accuracy. The multi-target biosensor for the identifica-
tion of target genetic materials from different infectious pathogens such as MERS-
CoV was evaluated. The arch-shaped biosensors are applied to detect the other

Fig. 16.1 Electronic
microscopic image of
Coronavirus (Courtesy: The
COVID-19 Pandemic: A
Summary. A special
supplement from
Thepathologist.com)
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Table 16.1 Detection of COVID19 viruses (SARS-CoV-1 and MERS-CoV) by Biosensors

Biosensor Virus Detection Probe
Detection
mechanism Major findings Reference

SPR chip with
immobilized
specific
oligonucleotides

SARS-
CoV-1

Oligonucleotide
(DNA)

RI signal Simultaneous
identification of
SARS-CoV-1,
influenza A
and B, H1N1,
PIV-1, PIV-2,
PIV-3, RSV,
Adenovirus

ShiL et al.

Photo crystals
based biosensor
chip

SARS-
CoV-1

Surface enve-
lope protein

RI signal Detection of
protein-protein,
DNA-DNA and
protein-metal
interactions

Park et al.

Carbon nanotube
field-effect tran-
sistor (FET)-
based biosensor

SARS-
CoV-1

Engineered anti-
body mimic
protein (AMP)

Conductance Efficient detec-
tion of SARS
nucleocapsid
protein

Ishikawa
et al.

Arch-shaped
multi-target
sensor

MERS-
CoV

Oligonucleotide
(DNA > 50 bp)

Resonance
wavelength

Rapid detection
of MERS-CoV

Koo et al.

RCA
microfluidic
device

MERS-
CoV

Oligonucleotide
(ssDNA)

Naked eye Multiple detec-
tion of
pathogens

Na et al.

ESPS
microfibers
(electrospun
polystyrene)

MERS-
CoV

His-MERS NP
antigen protein

Fluorescence MERS NP
detection

Hoy et al.

Electrochemical
immunosensor
based on an
array of carbon
electrodes (DEP)
modified with
gold
nanoparticles

MERS-
CoV

S1 protein Square wave
voltammetry

Detection in
spiked nasal
samples

Layqah
et al.

S. aureus
nanobioparticles

MERS-
CoV

MER-CoV
nucleoprotein

Agglutination
test

MERS NP
detection

Qiao et al.

Dual-functional
plasmonic
biosensor

SARS-
CoV-2

Oligonucleotide
(DNA)

Plasmonic
resonance
wavelength

High sensitivity
towards selected
SARS-CoV-2
sequences

Qiu et al.

FET-based bio-
sensor (COVID-
19 FET)

SARS-
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infectious pathogens including Zika virus, Ebola virus, and SARS-CoV-1.Recently,
the plasmonic photo-thermal (PPT) and localized surface plasmon resonance (LSPR)
sensing transduction based biosensors are developed to detect the RNA from SARS-
CoV-2. The sensor is assimilated on a chip by two-dimensional gold nanoislands
(AuNIs). The developed device was also validated for the detection of various
genome sequences from both the SARS-CoV-2 and CoV-1 and the significant
outcomes are exhibited.

16.4.2 Antigen-based Biosensors

A photosensitive based biosensor is designed for the detection of SARS-CoV-1 S
antigen. The biosensor comprised of photonic crystals (PCs) synthesized with
chemical carboxyl groups (aldehyde or ketones) for the attachment of S protein,
which endorsed identifying SARS-CoV-1 S antibodies. Researchers proposed
biosynthesized nanoparticles inside the Staphylococcus aureus cells, where the
MERS and Ebola virus nucleoproteins ((MERS NP and EBOV NP) are coupled
with the help of a cell wall binding domain (CBD) from a bacteriophage lysin
PlyV12. The nanoparticles are designed using responding the monotetrazolium
redox dye at room temperature for 15 min to produce insoluble formazan crystals
inside the cells followed by inactivation at high temperature (65�C). S. aureus
nanoparticles are used to execute an agglutination test to detect the IgG antibodies
of Ebola virus and MERS nanoparticles.

16.4.3 Antibody-based Biosensors

Ishikawa et al., invented biosensors with carbon nanotubes which work based on the
field-effect transistor. The designed nanotubes are capable to detect the nucleocapsid
(N) protein of SARS-CoV. A novel biosensor based on antibody for the detection of
S protein from SARS-CoV-2 is developed. The sensor containing grapheme bundles
of the field-effect transistor (FET), which are smeared with CoV-2 antibodies.
Furthermore, the performance of biosensor was evaluated for the detection of
nasopharyngeal swab samples from COVID-19 patients.

16.4.4 Virus Inhibition Using Nanosystems

Virus inhibition can be done with Nanosystems against SARS-CoV-2 and worked
based on the detection of inactivate enveloped viruses. The hydrophobic regions
present on the nanosystems interact with the fatty acids on the surface portion of the
virus endorsing its denaturation, which causes the inhibition of virus. Researchers
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developed various types of nanoparticle-based nanosystems to detect the viruses by
following the inhibition mechanism. The graphene oxide and their derivatives act as
antiviral agents against Porcine epidemic diarrhea virus (PEDV) and Pseudorabies
virus. Graphene oxide-silver nanosystems (GO-Ag) are verified against enveloped
and non-enveloped virus including feline Coronavirus and infectious bursal disease
virus. The magnetic hybrid colloids (MHC) comprised with Ag nanoparticles have a
vital role in inactivation of viral pathogens. Functionalized carbon quantum dots
(CQD) are the most effective therapy against human coronavirus (HCoV-229E). The
carbon quantum dots are produced using an aqueous carbonization process. Ag2S
nanoclusters (NC) having quantum dots with glutathione are the good inhibition
properties against coronavirus proliferation. The curcumin based carbon dots are
developed with the antiviral activity against intestinal Cononavirus.

Nanosystems can be effectively applied to destroy the virus as well. The electro-
magnetic irradiation is engaged by producing reactive species (RS) or photo-thermal
heating. Hence, the viruses might be destroyed by the redox or denaturation pro-
cesses. The carbon nanohorns (CNH) synthesized with a polyethylene glycol (PEG)
derivative on one side and a T7 promoter tag antibody on the other side PEG is
effective approach to kill the virus.

16.4.5 Nanovaccine Models Against COVID-19

Nanotechnology proved effective in combating COVID-19 with the production of
nanovaccines. Nanovaccines consist of nanoparticles functioning as delivery vectors
for antigens that activate defensive immunity. Various nanoparticles have the inher-
ent immune-stimulatory characteristics that favour vaccine activity. Hence,
nanosystems can be effectively used for the designing of vaccines. Virus like
Particles (VLPs) mark significant in nanovaccine production. Most of the recombi-
nant vaccines available in the healthcare industry are, indeed, based on VLPs
(HBsAg and HPV). Additionally, other nanoparticles based vaccines are being
explored including liposomes and particles comprised of gold and chitosan. Addi-
tionally, gold nanoparticles (AuNPs) based nanosystems have been demonstrated in
the development of nanovaccines against Coronaviruses.

16.5 Conclusion

Microbial nanotechnology is the present day promising field. Nanotechnology-based
advancements are commonly denoted to as systematically extracted information and
open new avenues of research and applications that will progressively affect all
portions of the world. Hence, there is an immense requirement from the scientific
community for a complete and comprehensive understanding of the toxicity of the
particle if any, their interactions within the ecosystem and ultimately the fate of the
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biosynthesized nanoparticles so that this powerful technology could be adapted for
the welfare of the human and animal welfare as well in the environmental conser-
vation. The lack of exhaustive and complete toxicological data is also due to the
actual difficulty to characterize, detect, and measure nanoparticles alone and in
complex matrices like food/feed and biological samples. Concerns are elevated as
no administration has established a monitoring structure that reveals the
nanoparticles. Therefore, extensive research is prerequisite to reach strong and
dependable risk assessment procedures for nanomaterials to be applied in medical
the field of microbiology and disease diagnosis.
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Chapter 17
Chitosan Nanoparticles: An Overview
on Preparation, Characterization
and Biomedical Applications

Arundathi Mesa, Grace Sugandha SowjanyaMythatha, Rathna Silviya Lodi,
Sudheer Ravuri, and Ramesh Balli

Abstract Chitosan (CS) and Chitosan nanoparticles (CNPs) have multifaceted
applications in medicine, agriculture, pharmaceutics, tissue engineering, waste
water treatment and food industries. CS is recognized as a less or non-toxic,
biocompatible polymer by US Food and Drug Administration (FDA) for wound
dressing as well as in dietary application. The properties of CS have upgraded by
making their nanoparticles. Due to their exceptional properties including nanosize
with large surface area to volume ratio, presence of reactive groups (�NH2 and
�OH), cationic nature (NH3

+), bioadhesivity, biocompatibility, bioavailability and
biodegradable nature; CNPs are explored in many ways in biomedical filed as an
antimicrobial agent, wound healing agent, scaffolds for tissue engineering, anti-
tumour agent in cancer therapy, carriers for gene and drug delivery, etc. In this
chapter we highlight on CNPs preparation, characterization and certain important
biomedical applications.
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Abbreviations

AFM Atomic force microscopy
CNPs Chitosan nanoparticles
CS Chitosan
DA Degree of acetylation
DD Degree of deacetylation
DLS Dynamic light scattering
ELS Electrophoretic light scattering
FTIR Fourier-transform infrared spectroscopy
HMW High molecular weight
IBV Infectious bronchitis virus
LMW Low molecular weight
MMW Medium molecular weight
nAg Silver nanoparticles
nCu Copper nanoparticles
NDV New castle disease virus
NPs Nanoparticles
nTiO2 Titanium dioxide nanoparticles
nZnO Zinc oxide nanoparticles
PDI Polydispersity index
PEC Polyelectrolyte complex
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TPP Tripolyphosphate
XRD X-ray diffraction

17.1 Introduction

Marine products have been in the forefront of natural materials used in the thera-
peutic applications against several human diseases (Venugopal 2008). Majority of
marine products are derived from exoskeletons of crustaceans such as crabs,
shrimps, krills and lobsters. Chitin (polysaccharide) is one of the biopolymers
majorly extracts from shells of crustaceans, cell walls of fungi and certain insects.
Since chitin is insoluble in many common solvents, it is not widely used for
fabrication of products or a food commodity (Tsigos et al. 2000; Crini 2006). The
deacetylated chitin, i.e., chitosan has remarkable properties including biocompati-
bility, biodegradability, mucoadhesive, non-antigenic, non-toxic, solubility in weak
acids, cationic nature, and hence, used in many biomedical applications (Gupta et al.
2019; Onsosyen and Skaugrud 1990; Felt et al. 1998; Han et al. 1999; Zhang and
Zhang 2002; Kmiec et al. 2017; Guo and DiPietro 2010). The United States Food
and Drug Administration (USFDA) has recognized chitosan as a GRAS (Generally
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Recognized as Safe) material, and approved to use in food, agriculture and biomed-
icine (Kumar et al. 2019). For the last two decades, extensive studies have been
conducted on fabrication and application of chitosan based nanocomposites in
various fields including medicine, pharmaceutics and agriculture. Most of the
research studies revealed that chitosan nanoparticles have superior physiochemical
and biocompatible properties over CS, and have significant attraction in tissue
engineering, biomedicine, drug delivery and cancer therapy. Due to small size,
CNPs possess larger surface area to volume ratio, and hence, used as delivery
vehicles for anti-cancer drugs, anti-inflammatory drugs, vaccines, antibiotics, pep-
tides (arginine-glycine-aspartate; RGD), aptamers, folate, glycoproteins, polysac-
charides, genes, growth factors, etc. (Jayasuriya 2017). However, due to the larger
surface area and charge, CNPs can be readily absorb impurities from the medium,
and hence, to overcome this limitation, selection of appropriate method for their
fabrication and further characterization is an important key parameter. This chapter
describes various methods and their principles for fabrication and characterization of
CNPs for biomedical applications.

17.1.1 Chitin

Chitin is the most abundant linear biopolymer and structural polysaccharide widely
occurring in the nature after cellulose. It is found in the exoskeletons of crustaceans,
cell walls of fungi and in certain invertebrates. Various crystalline allomorphs of
chitin are α, β and γ, which differ in orientation of microfibrils. The α-forms are more
abundant and stable than β and γ forms. The α-forms are mainly present in cell walls
of fungi, shells of crustaceans and arthropods, whereas β and γ forms are found in in
squid pens, Ptinus beetles and Loligo squids (Jang et al. 2004; Carlstrom 1957).
Insolubility of chitin in solvents such as water, organic solvents and basic solutions
is due to the generation of intra- and intermolecular hydrogen bonds with acetyl,
amino and hydroxyl groups of its polysaccharide chain. Insolubility of chitin affects
the production of chitin based products. Crustacean’s wastes from fish processing
industries are the main source of chitin.

17.1.2 Chitosan

Chitosan is a natural linear polysaccharide synthesized by deacetylation of chitin. It
is composed of D-glucosamine and N- acetyl D-glucosamine sub-units. The
polycationic nature of chitosan is remarkable as most of the polysaccharides in the
acidic solutions are either neutral (or) negatively charged. Because of this specific
property, it forms electrostatic complexes with negatively charged polymers, lipids,
proteins and DNA (Venkatesan and Kim 2010; Pavinatto et al. 2010; Madihally and
Matthew 1999; Takahashi et al. 1990; Kim et al. 2007). CS has exceptional
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properties such as non-toxicity, low allergenicity, biocompatibility, hydrophilicity,
antimicrobial activity, bioactivity (Kumar et al. 2004; Gällstedt and Hedenqvist
2006; Pillai et al. 2009), and hence, it is widely used in various applications include,
among other, wound healing (Chandy and Sharma 1990), waste water treatment
(Onsosyen and Skaugrud 1990; Kumar et al. 2019), drug carrier (Felt et al. 1998),
treatment for obesity (Han et al. 1999), and as a scaffolds for tissue engineering
(Zhang and Zhang 2002).

CS is insoluble in aqueous solutions, however, it is soluble in dilute aqueous
acidic solutions such as acetic acid (pH < 6.3). CS solubility decreases as pH
increases. At lower pHs, CS becomes protonated and shows stronger antimicrobial
activity. Solubility of CS in aqueous solutions can be improved by chemical
modifications, such as quaternization of nitrogen atoms of the amino groups (Goy
et al. 2009).

17.2 Chitin to Chitosan Nanoparticles

Fabrication of CNPs from exoskeletons of crustaceans or composite chitin involves
many methodologies including, extraction of pure chitin, chitin deacetylation for
chitosan, preparation and characterization of CNPs. Further, these CNPs can be used
for various biomedical applications and drug delivery. Overall strategies for CNPs
fabrication are represented in the pictorial diagram (Fig. 17.1)

Marine bio-wastes such as shells of crustaceans used as a principal raw material
for industrial production of chitin. The exoskeleton of crustaceans is composed of
chitin (15–40%), proteins (20–40%), calcium carbonate (20–50%), pigments and
lipids (Yan and Chen 2015). This composite chitin is much harder than the pure
chitin. Two main extraction methods including conventional chemical extraction
and biological extraction were followed to extract the pure chitin from composite
chitin in industrial processing. Further, the chitin is converted to chitosan by
deacetylation (chemical or enzymatic deacetylation). Chemical extraction of chitin
is suitable for large scale production, however, it has many disadvantages like high
energy consumption, high environmental pollution and difficulty in recovering
waste products (pigments and proteins) (Gortari and Hours 2013; Cheung et al.
2015; Manni et al. 2010). Proper washing, drying, grinding and sieving up to 1 mm
size of shells of crustaceans are the common initial steps in both extraction methods.

17.2.1 Chemical Extraction

In this extraction method, the composite chitin under goes demineralization,
deproteinization and decoloration/bleaching to produce pure chitin. Demineraliza-
tion majorly involves separation of minerals such as calcium carbonate and calcium
phosphate by concentrated/diluted acid (HCl, HNO3, H2SO4 and CH3COOH)
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Fig. 17.1 Diagram representing overall fabrication methodologies of CNPs from chitin and their
applications
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treatment at room temperature. Then the alkaline (NaOH/KOH) treatment at high
temperature (100

�
C to 120

�
C) separates proteins (deproteinization). Order of these

two methods is interchangeable based on the source and proposed use of chitin. The
third phase involves separation of pigments such as carotenoids (mainly astaxanthin
and its esters) by NaOCl, H2O2 or KMnO4 treatment. The fine white powder of pure
chitin is subsequently deacetylates and converts into chitosan by alkaline treatment
(25–50% NaOH) at high temperature (80

�
–140

�
).

17.2.2 Biological Extraction

In this method, demineralization and subsequent deproteinization are carried out by
means of microbial (bacteria: Lactobacillus sp. Pseudomonas sp. Bacillus sp./Fungi,
Aspergillus sp.) fermentation and proteolytic enzymes (chymotrypsin, trypsin
alcalase, pepsin, papain, devolvase and pancreatin) treatment, respectively. Demin-
eralization must be the prior step to deproteinization, since the minerals can inhibit
the activity of proteases. The resultant pure chitin is then deacetylated by chemical
(NaOH)/enzyme (chitin deacetylase) treatment to convert into chitosan.

17.3 Preparation of Chitosan Nanoparticles

Nanoparticles (NPs) are small solid colloidal particles ranging from 10 to 1000 nm,
provide large surface area to volume ratio and unique physiochemical properties that
allows them in enormous applications (Du et al. 2009; Prasad et al. 2016, 2017). NPs
shows more specialized characteristics compared to their bulk materials, because, as
the size decreases, the percentage of surface atoms increases (Gupta et al. 2007).
Studies have revealed that CNPs can be acquired unique physiochemical and
biological properties than to their bulk CS form. Therefore, CNPs are widely used
in drug delivery, tissue engineering and other biomedical fields.

CNPs were first synthesized in 1994 by Ohya and co-workers through emulsifi-
cation and cross-linking method for intravenous delivery of anti-cancer drug
5-fluorouracil (Grenha 2012). Since then, many methods have been employed for
synthesis of CNPs, these include, Ionotropic gelation, microemulsion, emulsification
solvent diffusion, polyelectrolyte complex and reverse micellar method
(Tiyaboonchai 2003). All these methods comprise bottom-up fabrication processes,
which involves the assembly of molecules in solution to form defined structures
(Chan and kwok 2011).

398 A. Mesa et al.



17.3.1 Ionotropic Gelation Method

This method is relatively simple and mild, and conducted at aqueous conditions
without the use of any organic solvent (Fig. 17.2). It was first reported by Calvo et al.
(1997). The main strategy of this method is to establish electrostatic interactions
between the cationic chitosan polymer and polyanion like tripolyphosphate (TPP) or
sodium sulphate with or without stabilizing agent such as poloxamer. In this method,
firstly, chitosan is dissolved in acetic acid aqueous solution to become cationic
polymer and further the solution is allowed to react with polyanions. It leads to the
formation of CNPs under constant stirring at room temperature. Physiochemical
properties of nanoparticles (size and surface charge) could be modulated by chang-
ing the ratio of chitosan and TPP, and the pH value of the solution (Calvo et al.
1997).

17.3.2 Microemulsion Method

In this method, Chitosan nanoparticles are prepared using surfactant, for example,
AOT (sodium bis (2-ethylhexyl) sulfosuccinate) and a cross linker, glutaraldehyde.
Initially, surfactant/hexane mixture is prepared by dissolving surfactant into
n-hexane, thereafter, the chitosan solution and glutaraldehyde are added into the
above mixture by continuous stirring at room temperature. Overnight stirring allows
establishing cross link between free amine group of chitosan and glutaraldehyde.

Fig. 17.2 Schematic diagram representation of Ionotropic gelation method
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Further, the organic solvent and excess surfactant are removed by evaporation under
low pressure and precipitation with CaCl2 followed by centrifugation, respectively.
The resultant nanoparticle suspension is then dialyzed and lyophilized (Maitra et al.
1997). In this method less than 100 nm sized nanoparticles can be produced, and
further the size could be altered by varying the concentration of glutaraldehyde
(Sailaja et al. 2011).Usage of glutaraldehyde (toxic agent) and cumbersome process
could be the disadvantages of this method (Fig. 17.3).

17.3.3 Reverse Micellar Method

This method was reported by Brunel et al. (2008), it is an adoption of microemulsion
method. The method is free from addition of cross linker and toxic organic solvents.
In brief, the surfactant is dissolved in organic solvent, to which added chitosan
aqueous solution under constant stirring to obtain reverse micelles. By this method
extremely thin nanoparticles can be formed (Fig. 17.4).

Fig. 17.3 Schematic diagram representation of microemulsion method
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17.3.4 Emulsification Solvent Diffusion Method

This method was first discovered for the fabrication of poly D, L-lactide/glycolide
(PLGA) nanoparticles (Niwa et al. 1993), and later it was adapted to prepare chitosan
nanoparticles by El-Shabouri (El-Shabouri 2002). In this method, an organic phase
(e.g., methylene chloride and acetone) was injected into chitosan solution containing
stabilizing agent (e.g., poloxamer and lecithin) under high shearing force, followed
by high-pressure homogenization (Fig. 17.5). The resultant emulsion is then diluted
with more water to overcome the organic solvent miscibility in water. Polymer
precipitation occurs upon the diffusion of organic solvent into water, which subse-
quently leads to the formation of NPs. High percentage of hydrophobic drug
entrapment could be achieved by this approach, however, use of organic solvents
and high shearing forces are again the major drawbacks of this method (Mohammed
et al. 2017).

Fig. 17.4 Schematic diagram representation of reverse micellar method
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17.3.5 Polyelectrolyte Complex Method (PEC)

It is quite simple and not requires any catalysts/ initiators or toxic organic solvents
for preparation of nanoparticles. PECs are self-assembled NPs, resulted from elec-
trostatic interactions between cationic polymer and polyanions. The cationic
chitosan polymer (pH < 6.0) is spontaneously associated with polyanions of chon-
droitin sulphate and hyaluronate (Denuzier et al. 1998), dextran sulphate (Chen et al.
2003; Chen et al. 2007), carboxymethyl cellulose (Ichikawa et al. 2005), heparin
(Liu et al. 2001; Tan Tang et al. 2011), and DNA (Erbacher et al. 1998) in solutions
to form PECs (Fig. 17.6).

17.4 Characterization of Chitosan Nanoparticles

Characterization of NPs tells about their physiochemical properties include, among
others, particle size and size distribution, surface morphology and surface charge,
etc. Particle morphology and surface characteristics can be studied by Scanning

Fig. 17.5 Schematic diagram representation of emulsification solvent diffusion method
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electron microscopy (SEM), Transmission electron microscopy (TEM) and Atomic
force microscopy (AFM). Under these microscopic studies, most often spherical
shaped CNPs are observed, however, some authors also reported a mixture of
globular, toroids, rod-like particles (Danielsen et al. 2004; MacLaughlin et al.
1998; Köping-Höggård et al. 2001; Huang et al. 2005). The instrument, Zetasizer
provides other particle characteristics using Dynamic light scattering (DLS), poly-
dispersity index (PDI) and zeta potential (ζ).

17.4.1 Scanning Electron Microscopy (SEM)

SEM is one of the microscopic techniques to study the surface morphology and size
of the nanoparticles. In principle, a high energy beam of electrons scan over the
surface of nanoparticles and emit signals such as low-energy secondary electrons,
backscattered electrons and X-rays, etc., that are detected by a detector and generates
their three dimensional image. Samples to be studied under SEM are mounted on a
metal stub and coated with a thin film of gold or other conducting material under
vacuum. In our laboratory we have prepared chitosan nanoparticles by ionic gelation
method found to have spherical shape with 141 nm in size Fig. 17.7 (Unpublished
data). Spherical chitosan nanoparticles with an average size of 200 nm have
observed under SEM (Jingou et al. 2011).

17.4.2 Transmission Electron Microscopy (TEM)

The size and surface morphology of nanoparticles can be studied by using TEM. It
has much higher spatial resolution over SEM and it provides 2-dimensional image of
the sample. The working principle of TEM is, when a high-energy electron beam
pass through the sample, generates transmitted and diffracted electron beams. The

Fig. 17.6 Schematic diagram representation of formation of PEC
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interference between the two beams forms an image on the fluorescent screen which
is coupled with a charge-coupled device (CCD) detector. Samples are to be exam-
ined under TEM, dispersed on carbon coated copper grid and allowed to dry at room
temperature. TEM images of chitosan nanoparticles showed an average size distri-
bution of 25–30 nm (Phan et al. 2019). Deng et al. (2006) observed, lysosome loaded
CNPs as spherical structures with 50–280 nm in diameter. In a study, polymeric
CNPs are resulted from reverse micellar method, which are spherical in shape with
smooth surface and narrow size distribution of about 90 nm (Manchanda and
Nimesh 2010).

17.4.3 Zetasizer

The instrument Zetasizer can be used to study the particle characteristics such as
particle size, size distribution, surface charge, etc., using Dynamic light scattering
(DLS), polydispersed index (PDI) and zeta potential (ζ).

17.4.3.1 Dynamic Light Scattering

Dynamic light scattering (DLS), also known as Photon correlation spectroscopy or
Quasi-Elastic light scattering is one of the popular light scattering analytical

Fig. 17.7 SEM image of CNPs prepared by Ionotropic gelation method
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techniques used to study size distribution of nanoparticles or submicron particles
include, among others, micelles, polymers, emulsions and proteins. The basic
principle is simple: particles (in solution) to be studied are illuminated with mono-
chromatic light beam, which in turn generates fluctuations in scattered light intensity
are subsequently detected at a known scattered angle (θ) by a photo detector
(Fig. 17.8). When a particle sample is dispersed in a solution, particles move
randomly (Brownian motion) due to the collision of the solvent molecules around
them (Choudhary et al. 2017a). Smaller particles move with greater velocity than the
larger particles, hence, the distance between the particles is constantly varying.
When moving particles in solution are exposed to a single frequency laser beam
over a period of time, generates time dependent fluctuations in scattered light
intensity depending on their sizes. These time dependent fluctuations can be related
to particle speed by autocorrelation function. The autocorrelation function is used to
determine the diffusion coefficient. The Stokes–Einstein equation can be used to
convert the diffusion coefficient to the hydrodynamic diameter (Barth 1984). The
size of CNPs in water measured using DLS ranges from 40 to 374 nm with an
average size of ~ 250 nm (Saharan et al. 2013, 2015; Choudhary et al. 2017a, b). The
CNPs obtained from ionotropic gelation method have shown size ranges from
68–75 nm by DLS (Fig. 17.9) (unpublished data).

17.4.3.2 Polydispersity Index Value (PDI)

The polydispersity index value (PDI) is a measure of the heterogeneity of a sample
based on size. It means, the particles exhibit either monodispersed or polydispersed
distribution in solutions, which can be studied by the instrument that use dynamic
light scattering (DLS). According to the International standards organizations
(ISOs), the PDI value < 0.05 represents that the particles are monodispersed in
nature, whereas the value > 0.7 indicates larger polydispersed particle distribution.

Fig. 17.8 Diagram representing dynamic light scattering principle
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The PDI value of chitosan nanoparticles varies from 0.1 to 0.4 which indicates
uniformity and stability of particles in suspension. Othman et al. (2018) reported that
Chitosan nanoparticles loaded with L-Ascorbic Acid and Thymoquinone
(CNP-LAA-TQs) had PDI values of 0.207 � 0.013. PDI values of Methotrexate-
chitosan–polyanion NPs, i.e. MTX-DCH-PAM-18Na NPs and MTX-DCH-PAM-
18K NPs ranging from 0.238 to 0.485 and 0.247 to 0.339, respectively (Ciro et al.
2020).

17.4.3.3 Zeta Potential (ζ)

Zeta potential is an important parameter which tells about degree of electrostatic
repulsion between charged groups present on particle surface (Saharan et al. 2013,
2015). It is an indicator of the stability of colloidal dispersion, which can be detected
by electrophoretic light scattering (ELS). Formation of aggregation is not observed
when the particles in the suspension have either high negative or positive zeta
potentials as they tend to repel each other, whereas aggregation is observed at low
zeta potentials due to less repulsion forces of particles. In general, nanoparticles with
zeta potentials of > +30 to < �30 have high stability (Kumar et al. 2017). The zeta
potential value of nanoparticles is affected by surface chemistry, particle concentra-
tion, size of particle, pH of the medium, temperature, solvent, and ionic strength
(Mudalige et al. 2019). The optimised zeta potential values for stability of colloidal
dispersion were given in the Table 17.1 (Kumar et al. 2017). In different studies, the
zeta potential values of CNPs ranged between +21 mV and +50 mV, indicating
CNPs are highly stable (Rampino et al. 2013; Li et al. 2018; Kheiri et al. 2017; Ali
et al. 2011).
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17.4.4 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR is one of the absorption spectroscopic techniques widely used in nanoparticles
characterization. It measures all of the infrared frequencies simultaneously, rather
than individually, and provides sufficient information about the functional groups of
a compound. When a sample is illuminated with infrared radiation, it absorbs and
transmits certain amount of radiation, from which a detector generates interpretable
spectrum that provide structural insights of the sample. The spectrum consists
stretching (symmetric and asymmetric stretching) and bending (scissoring, rocking,
wagging and twisting) vibrations. Stretching vibrations changes the bond length,
whereas bending vibrations change the angle between two bonds of the molecules.
In FTIR spectra of chitosan nanoparticles, the peak at 3447 cm�1 is attributed to –

NH2 and –OH groups stretching vibration. These peaks shift hypsochromically to
1639 and 1557 cm�1 in the FTIR spectra of CN which is caused by the interaction
between NH3

+ groups of chitosan and phosphate groups of TPP. The peaks at
1657 cm�1 and 1598 cm�1 are attributed to the CONH2 and NH2 groups, respec-
tively (Lustriane et al. 2018; Qi and Xu 2004; Bhumkar and Pokharkar 2006; Sarkar
et al. 2013). Similar FTIR spectra have been obtained for CNPs in our laboratory
(Fig. 17.10).

17.5 Biomedical Applications

17.5.1 Antimicrobial Activity

Chitosan is a versatile biopolymer has many biomedical applications. Its effective
role on microbes majorly depends on its molecular weight, pH and degree of
deacetylation (DD). Many studies have revealed antimicrobial activity of chitosan
against bacteria, fungi and yeasts; however, exact mode of action is still not fully
understood. As of now, the following possible theories have somehow made an
attempt to explain the mode of antimicrobial action of chitosan.

Table 17.1 The optimized zeta potential values for stability of colloidal dispersion (Kumar et al.
2017)

Zeta potential (mV) Stability behaviour of colloidal Dispersion

0 to �5 Rapid coagulation or flocculation

�10 to �30
Incipient instability

�30 to �40
Moderate stability

�40 to �60
Good stability

>61 Excellent stability
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17.5.1.1 Polycationic Nature of Chitosan

As per this hypothesis antimicrobial activity presumably depends on the alteration of
membrane permeability of microbes such as bacteria, fungi and viruses. The cell
walls of Gram-positive bacteria is largely composed of peptidoglycan layer with
certain composition of teichoic acids (wall teichoic acid and lipoteichoic acid),
which gives negative charge to the bacterial surface, while the Gram-negative
bacteria cell wall outer membrane possess lipopolysacharides (LPS), which provides
surface negative charge. In acidic aqueous solutions, the NH2 groups at C2 position
of chitosan protonates to yield NH3

+, which in turn forms electrostatic interactions
with negatively charged groups (mostly phosphate groups of teichoic acids and LPS)
located on the bacterial cell surfaces, leads to enhance the cell wall/ cell membrane
permeability followed by leakage of intracellular constituents and death of the cell
(Fig. 17.11) (Tsai and Su 1999; Aziz et al. 2014, 2015, 2016; Inamuddin et al. 2021).

In a study, in vitro assays, killing kinetics, cellular leakage measurements,
membrane potential estimation, electron microscopy and transcriptional response
analysis have given a speculation that antimicrobial activity of chitosan (LMW) is
due to electrostatic binding of protonated amine groups with negatively charged
teichoic acids (predominantly with lipoteichoic acids) of bacterial cell wall of Gram-
positive bacteria Staphylococcus aureus (Raafat et al. 2008).

In several studies, CS shown more bactericidal effect in Gram +ve bacteria
(Listeria monocytogenes, Bacillus megaterium, B. cereus, S. aureus, Lactobacillus

Fig. 17.10 FTIR spectrum of CNPs, shown specific peak at 3420 cm�1 due to the overlap of O-H
and N-H stretching, similarly, peaks at 1645 cm�1, 1548 cm�1 and 1383 cm�1 are attributed to the
CO-NH2, NH2, C-H groups, respectively (unpublished data)
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plantarum, L. brevis, L. bulgaricus) than in Gram –ve bacteria (E. coli, Psedomonas
fluorescens, Salmonella typhimurium, Vibrio parahaemolyticus) (No et al. 2002).

Similar mechanisms might also be applicable to fungal pathogens due to presence
of phospholipids in their membrane. At low pH, the protonated amine groups of
chitosan interact with the negatively charged phosphate groups of carbohydrate side
chains of fungal cell wall proteins and decrease the negative charge that leads to
alteration of important metabolic pathways (Ing et al. 2012; Pena et al. 2013). In a
study, LMW CS showed antifungal activity against the pathogenic yeast Candida
albicans by decreasing the cell surface negative charge. Sialic acid, a constituent of
cell wall glycoprotein of C. albicans, which provides negative charge to the cell wall
(Soares et al. 2000; Tronchin et al. 2008). Positively charged groups of chitosan
increase E.coli membrane permeability and lysis of membranes (Li et al. 2015).

Fig. 17.11 Antimicrobial effect of CS by Polycationic nature
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17.5.1.2 Chitosan Interaction with Nucleic Acid

Low molecular weight (LMW), micro and nano size chitosan particles can able to
penetrate into the cytoplasm of microorganisms and bind to the negatively charged
biomolecules such as DNA and RNA by electrostatic interactions and subse-
quently effect on the downstream mechanisms such as transcription and translation
(Fig. 17.12) (Jarmila and Vavrikova 2011; Sudarshan et al. 1992).

17.5.1.3 Chelating Nature of Chitosan

Divalent metal ions are prerequisite for microbial growth, enzymatic functions,
membrane integrity and other (Varma et al. 2004; Hosseinnejad and Jafari 2016;
Rabea et al. 2003; Chien et al. 2016; Matica et al. 2019; Kong et al. 2008). Chitosan
acts as chelating agent for metal ions, at lower pH (below 6.0) its amine groups
(NH2) become protonated (�NH3

+) and compete with divalent ions for electrostatic
binding to phosphate groups of teichoic acid and lipopolysaccharide (LPS) of Gram
+ve and Gram �ve bacteria, respectively (Fig. 17.13). On other hand, chitosan at
higher pH value (above pKa 6.3) also chelates many metal ions. Less availability of
essential metal ions leads to enhancement of cell wall permeability and sensitive to
several chemicals or antibiotics (Clifton et al. 2015).

17.5.1.4 Cell Surface Blocking Nature

High molecular weight (HMW) chitosan molecules deposit as dense polymer layer
on cell surface of microbes and became a barrier to uptake of essential nutrients,
minerals and oxygen (aerobic microbes) as well as excretion of their metabolic
products, leads to death of cells (Fig. 17.14) (Yuan et al. 2016; Devlieghere et al.
2004).

17.5.2 Factors Affecting the Antimicrobial Activity
of Chitosan

The main factors that affect antimicrobial activity of chitosan and its derivatives are
pH, temperature, molecular weight and degree of acetylation.

Higher antimicrobial activity is observed at low pH, i.e.<6.3 while the inhibitory
efficiency is decreased with increased pH (Muzzarelli 1996; Helander et al. 2001).

Temperature may affect the chitosan viscosity, molecular weight and antimicro-
bial activity during storage (No et al. 2006). In a study, it was observed that CS was
remain stable and showed antimicrobial activity against Listeria monocytogenes,
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Fig. 17.12 Antimicrobial effect of CS and CNPs by polycationic nature
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Salmonella enteritidis, Staphylococcus aureus and E.coli even after 15 weeks stor-
age at 4

�
C than 25

�
C (No et al. 2006).

Molecular weight and degree of acetylation will affect the chitosan antimicrobial
activity. Based on the molecular weight, CS is often classified as high molecular
weight (HMW, 64.8 kDa to 375 kDa), medium molecular weight (MMW, 250 kDa
to 310 kDa), low molecular weight (LMW, 10 kDa to 150 kDa) (Matica et al. 2019).
Relation between antimicrobial activity and molecular weight depends on the type of
microorganisms. High molecular weight (HMW) chitosan accumulate on the surface
of bacterial membrane and inhibit the nutrient transport, resulting in cell death
(Li et al. 2010), whereas low molecular weight (LMW) chitosan could pierce into
the bacterial surface membranes and bind with DNA, thus blocking mRNA and
protein synthesis. (Kulikov et al. 2015). When chitosan molecular weight is

Fig. 17.13 Antimicrobial effect of CS by chelating nature
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decreased bactericidal effect of Gram-negative bacteria was enhanced (Younes et al.
2014).

In the same way the degree of acetylation also influence the chitosan antimicro-
bial activity. Chitosan antimicrobial activity was increased with the decrease in the
degree of acetylation (Goy et al. 2009). More positively charged cations of chitosan
are associated with the degree of acetylation (Kong et al. 2008). Highest antibacterial
activity against S. aureus and E. coli was observed at 30–40% of degree of
acetylation (Takahashi et al. 2008). Chitosan with a higher degree of deacetylation
have more cationic positive amino free groups which influence the antimicrobial
activity.

17.5.3 Wound Healing Activity of Chitosan Nanoparticles

Chitosan plays vital role in wound healing because of its antimicrobial, haemostatic,
film forming and analgesic and anti-inflammatory properties (Gupta et al. 2019).
Chitosans have the similar structure of glycosaminoglycans (GAGs) which are
constituents of extra cellular matrix (ECM), hence, used in skin tissue engineering
(Chen et al. 2008). Chitosan is biocompatible and non-toxic to living cells and
tissues and has been proved in vitro with different types of cells like fibroblasts,
keratinocytes, hepatocytes, myocardial and endothelial cells (Dash et al. 2011).
Wound healing is a natural response to injury, patients with non-healing disorders

Fig. 17.14 Antimicrobial effect of CS by cell surface blocking nature
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due to factors like age, sex hormones, stress diabetes, obesity, alcoholism, smoking
and nutrition makes them stressed and inconvenient or discomfort (Guo and DiPietro
2010).

General programmed phases for wound healing are haemostasis, inflammation,
proliferation and remodelling. Many factors include age, sex hormones, infection,
oxygenation, medication, nutrition, alcoholism, smoking, diabetes, stress and obe-
sity involved in wound healing by disturbing the programmed phases leads to delay
in wound healing (Guo and DiPietro 2010). Impaired healing of wounds enters in to
pathological inflammation which leads to chronic wounds like ulcers, diabetes
mellitus and venous stasis disease. Non-healing wounds result in immense
healthcare expenditures. Thus many studies lead to therapeutics that promote tissue
repair, improve impaired wound healing and at the same time inexpensive easily
available to sufferers. Chitosan is a natural therapeutic that is easily available and
promote tissue repair and improve wound healing. Chitosan reduce the inflammatory
phase and accelerates proliferate phase for wound healing fastly (Liu et al. 2018).
Chitosan can easily mould into desired hydrogels (Ahmadi et al. 2015), sponges
(Huang et al. 2015), membranes (Mi et al. 2001) and films without hazardous
chemicals. Hydrogels moistens the infected area by storing high capacity of water
(Hoffman 2012). Sponges give prefect matrixes to most wound healing areas due to
its open porosity and swelling properties (Mori et al. 2016). Membranes fabricate the
three-dimensional matrices with high surface-volume ratio for nutrient supply and
cell proliferation. Films should be resistant to pathogenic bacteria in biomedical
applications (Zhang et al. 2015).

Chitosan based antimicrobial wound dressing can be incorporated with antibi-
otics (ciprofloxacin, gentamicin, sulfadiazine or tetracycline), metallic antimicrobial
nanoparticles (e.g. nAg, nCu, nZnO and nTiO2) and natural compounds and extracts
(honey, Aloe vera, Juglena regia, etc.) or fabricated alone with native molecules
(Simões et al. 2018; Yang et al. 2016; Ahmadi et al. 2015; Huang et al. 2015; Mi
et al. 2001; Coma et al. 2002).

Chitosan is associated with antibiotics to evoke the antimicrobial effect by
interfering with bacterial metabolic pathways (Bermingham and Derrick 2002)
bacterial structure, cell wall biosynthesis (Patrick 2003), protein synthesis (Hong
et al. 2014). Genotoxic, oxidative and cytotoxic effects with metallic nanoparticles
can be reduced by using chitosan based biomaterials as carriers (Travan et al. 2009).

In recent studies silver nanoparticles (nAg) owed much interest as a potent
antimicrobial agent and in clinical studies in wound dressing to nAg coated medical
equipment (Madhumathi et al. 2010). nAg is the metallic nanoparticle showed broad
inhibitory activity against many antibiotic resistant bacteria (Zewde et al. 2016).

CNPs are used as stabilizing materials as they are having more permeability
towards aqueous solution and its mechanical strength, biofilm formation, liable to
chemical modifications and cost-effectiveness (Javid et al. 2013). CNPs and its
derivatives make it possible for versatile applications in the medical fields in blood
clotting, wounds healing and skin tissue engineering, skin burns, blood lipid cho-
lesterol control, membrane and scaffolds, surgical sutures, etc. (Baghdan et al. 2018;
Li et al. 2018; Mohebbi et al. 2019; Gupta et al. 2019).
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In the recent studies CS-polyvinyl alcohol (PVA)-silver nanoparticles were used
to provoke the wound healing process as it is involved in the wound healing dressing
(Hajji et al. 2019).

In another in vivo study on albino rats CS-nanosilver dressings showed enormous
and best wound healing activities when compared with intra dermal injection of
mesenchymal stem cells injections (Ghannam et al. 2018).

Chitosan-entrapped metallic nanoparticles are safe to use to living cells and have
the properties of anti-bacterial effects; interacts with cell wall composition and
inhibits the membrane of mitochondrial organelle; enhance the mechanical support
and provoke the regrowth of granulation tissue. Chitosan/sodium alginate-Cu
(hydrogel), Chitosan-nAu(film), Quaternized chitosan-nAg (film), Chitosan/algetic
acid-nZnO (sponge), Chitosan/ECM/n-TiO2, Chitosan/gelatine-nFe3O4

(composite)are the chitosan based nanoparticles used in the recent studies against
the microbial activity of Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa,Candida albicans (Wichai et al. 2019; Rahimi et al. 2019; Regiel-Futyra
et al. 2015; Bal-Ozturk et al. 2019; Cai et al. 2016; Woo et al. 2015).

17.5.4 Chitosan Based Nanoparticles in Vaccine Delivery

As the nanoparticles size is small they are easily incorporated into antigen presenting
cells and are used as adjuvant in vaccines (Kreuter 1995). Properties of chitosan like
polycationic, non-reactivity and high affinity for metals make it to be used as carrier
molecule. As the size of pathogens met during proliferation of immune system is
almost same that of nanoparticle carrier it is easily taken up by the antigen presenting
cells (Xiang et al. 2006). Nanoparticle carriers provoke the mucosal uptake of
vaccines and stimulate the mucosal immune response (IgA). Chitosan nanoparticle
enhance the mucosal administration because of its tight binding with mucin, small
size and the opening ability of tight junctions between epithelial cells.

Intra nasal administration of chitosan nanoparticle encapsulated mucosal vaccines
against influenza, diphtheria, pertussis and hepatitis B virus (Illum et al. 2001; Pawar
and Jaganathan 2014) stimulate the production of significant IgG and IgA responses
in mice. Delated clearance time is also observed in the nasal mucosa with this
vaccine and provokes both mucosal and humoral immune response (Pawar and
Jaganathan 2014). Oral chitosan nanoparticles vaccine loaded with tetanus toxoid
have also activated mucosal and humoral immunity (Barhate et al. 2014; Harde et al.
2014).

Mucoadhesive and osmotic properties of chitosan helps in adsorption and passage
of protein peptides through the nasal epithelium (Dodane et al. 1992) and passage of
macro molecules across the mucosal barrier (Huang et al. 2016). In recent studies
glucomannan modified chitosan nanoparticles maintained biological activity of
mediator molecules and blocked antigens. Glucuronidation based chitosan
nanoparticles effectively induced systemic serum IgG, mucosal secretary IgA, cell
mediated immune responses of IL-2 and IFN- γ (Harde et al. 2014).
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N-2HACC and N,O-Carboxy methyl chitosan (CMC) is a vaccine adjuvant for
New castle disease virus (NDV) and Infectious bronchitis virus (IBV). Nanoparticles
containing NDV/IBV can enhance the proliferation of lymphocytes (Zhao et al.
2017) and induce intranasal inoculation of IgG and IgA antibodies. Chitosan
nanoparticles along with plasmid DNA enhance antigen specific immune response
(TaO et al. 2013). Some research studies have done on intranasal DNA vaccination
(Torrieridramard et al. 2011).

Chitosan’s immune stimulatory, mucoadhesive, negative zeta potential, poly
cationic, non-reactive properties made it to use as adjuvant carrier for vaccines in
the nanoparticle plat form.

17.5.5 CNPs in Drug Delivery

Chitosan is used as one of the important natural polymers with vast applications in
drug delivery because of its solubility in the aqueous medium and its cationic amino
groups function (Bellich et al. 2016). CNPs in the drug delivery are used to
overcome the side effects of drugs, to maintain control rate of drug delivery and to
ensure correctly the only targeted area is treated (Teare et al. 1995; Ewart et al.
2019).

The nanoparticles can pierce in to the infected cell (or) tissue due to the presence
of larger junctions of epithelial cells. This piercing is of two types—passive targeting
and active targeting. In actively targeting drug carrier system is conjugated to a tissue
(or) specific cell ligand, whereas in passive targeting due to leaky junctions a
nanoparticle reaches the target organ site (Varshosaz and Farzan 2015).

Desirable nanoparticles drug delivery system should reach, identify, bind and
deliver its load to specific tissues and avoid drug induced harm to healthy tissues.
Targeting ligands on the surface of nanoparticles should be in the form of peptides,
antibodies, designed proteins, small molecules and nucleic acids (Liu et al. 2009;
Friedman et al. 2013). Drugs which are encapsulated with chitosan nanoparticles can
improve their absorption and bio-availability and allowing themselves to deliver
gene and protein drugs and are effectively protected from enzyme degradation
in vivo (Senapati et al. 2018). Cationic charges of chitosan when interact with
anionic charges of nucleic acid molecules form poly electrolyte complex (PEC),
this complex protects the nucleic acids from nuclease degradation (MacLaughlin
et al. 1998). Bio distribution of chitosan can differ depending on the surface charge,
size, molecular weight and hydrophobic nature of chitosan and its derivatives
(He et al. 2010). Elimination of chitosan after the drug delivery is through renal
clearance because of its solubility and low molecular size.

Mucosal membrane surfaces are common and easy routes for delivering drugs
into the body system. Macromolecular drugs such as peptides and proteins are
unable to cross the mucosal barriers as they are degraded by enzymes before
reaching blood flow. To solve this problem, nanostructures based mucoadhesive
polysaccharide chitosan is used (Amidi et al. 2010). Biotin (Vitamin H) has high
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affinity for streptavidin and is used for conjugation with nanoparticles (Pramanik
et al. 2016). It was reported certain tumor cells overexpress folate receptors than to
normal cells, hence, folic acid (vitamin B9) used for targeting in several cancers
treatments due to its immense affinity for folate receptors (Zhao et al. 2008).
Similarly, the smart targeting of nanoparticles with specific carbohydrates, short
peptides, antibodies and small molecules have been designed and studied (Friedman
et al. 2013). Some of the recent studies on various cancers have revealed that CNPs
have exceptional role in targeted drug delivery (Table 17.2).

Table 17.2 Drug fabricated Chitosan nanoparticles for cancer therapy

S. No Compound incorporated with CNPs Treatment References

1 5-fluorouracil (5-FU) encapsulated chitosan
nanoparticles

Cancer
therapy

Tıglı Aydın
and Pulat
(2012)

2 Photosensitizer tetraphenylchlorin Chitosan
nanoparticles (TPC�CS NPs) loaded with
mertansine (MRT) or cabazitaxel (CBZ)

Breast cancer
cell lines

Pandya et al.
(2020)

3 Copper-loaded chitosan nanoparticles (Cu-CNPs) Osteosarcoma
cancer

Jw and Liao
(2017)

4 α-santalol functionalized chitosan nanoparticles
(Sn-CNPs)

Breast cancer Zhang et al.
(2020)

5 Chitosan-PLGA based catechin hydrate
nanoparticles (CS-CTH-PLGA-NPs)

Lung cancer Ahmad et al.
(2020)

6 Quercetin Loaded Chitosan Nanoparticles (Qu-CS
NPs)

Colorectal
cancer

Rashedi et al.
(2019)

7 Curcumin-loaded Chitosan nanoparticles (Cu-CNPs) Cancer
therapy

Le et al. (2013)

8 Arg-Gly-Asp (RGD) peptide-labelled chitosan
nanoparticles loaded with SiRNA (RGD-CH-NPs)

Ovarian
cancer

Han et al.
(2010)

9 Biotinylated chitosan nanoparticles (bio-CNPs) Liver cancer Cheng et al.
(2017)

10 Alginic acid-coated chitosan nanoparticles (A.C.
NPs)

Breast cancer Liu et al.
(2013)

11 Hyaluronic acid (HA)-decorated glycol chitosan
(GC) nanoparticle conjugated to doxorubicin (DOX)
and co-loaded celecoxib (CXB) (HA-GC-DOX/
CXB)

Lung cancer Lee et al.
(2020)

12 Folate-Chitosan Nanoparticles Loaded with Ursolic
Acid (FA-CS-UA-NPs)

Breast cancer Jin et al.
(2016)

13 Folic acid-conjugated temozolomide (TMZ)-loaded
chitosan nanoparticles (CSTMZ-FLA-NP)

Lung cancer Li et al. (2017)

14 Niclosamide loaded chitosan nanoparticles (Nic-Chi
Np’s)

Breast cancer
Lung cancer

Naqvi et al.
(2017)

15 Ketorolac-loaded chitosan nanoparticles Cancer
therapy

Venu et al.
(2018)

16 Gemcitabine loaded fucoidan/chitosan nanoparticles Breast cancer Oliveira et al.
(2018)
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17.6 Conclusion

Chitosan is an inexpensive biopolymer extracted from chitin, shows remarkable
properties such as biocompatibility, biodegradability, non-antigenic, mucoadhesive,
biological activity, cationic nature and low toxicity. A stupendous research has been
done on chitosan and its functionalised derivatives to intend in wound healing, tissue
engineering, drug delivery, antimicrobial and anti-tumour activity, anti-diabetic and
a cholesterol reducing activity. Nanoparticles bio-fabrication transmits desirable
functional characteristics to chitosan. Several effective methods are used for fabri-
cation and characterization of CNPs. CNPs provide larger surface area volume to
ratio, and their size ranges easily penetrate in to the cells and hence, used as a
potential vehicle for delivery of several molecules including drugs, antibiotics,
vaccines, genes, peptides, etc., and scaffolds for tissue engineering. However, all
these CNPs based therapeutics are in preclinical stages and further extensive studies
are required to reveal the safety and effectiveness for their applications.
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