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Preface

Vaccination is so far the most effective way of eradicating infections. Nanoparticle
(NP)-based delivery vehicles like microemulsions, liposomes, virosomes, nanogels,
micelles and dendrimers offer promising strategies to overcome limitations of tradi-
tional vaccine adjuvants. Flexibility in the design of nanomedicine allows for the
programming of immune responses, thereby addressing the many challenges
encountered in vaccine development. The conjugation of antigens to nanoparticles
by covalent bonds ensures co-delivery of these components to the same subset of
immune cells in order to trigger the desired immune responses. Whereas, nanovac-
cines can improve targeted delivery, antigen presentation, stimulation of body’s
innate immunity, strong “T’-cell response combined with safety to combat infec-
tious diseases and cancers. Further, nanovaccines can be highly beneficial to gener-
ate effective immutherapeutic formulations against cancer, malaria, HIV and serious
microbial infections as well as control SARS-CoV2 or COVID-19 viral pandemic
worldwide. Hence, this book emphasizes conjugation strategies for the develop-
ment of protein-based subunit nanovaccines and the advantages and disadvantages
of each strategy. Indeed, the most significant research trends emphasizes in this
Springer book series Nanovaccinology subtitled Clinical Application of
Nanostructured Materials Research to Translational Medicine exploring recent
breakthroughs of exciting novelties finding inter-and cross multidisciplinary biosci-
ences belongs to micro- to nanofabrication of bio-engineered nanomaterial for spec-
troscopic characterization and promising avenues of eco-friendly products as well
as sustainable biomedical applications industrial potential scale. This book com-
prises 19 significant chapters written in diverse fields of studies on Green Chemistry,
Nanotechnology, Advanced Materials processing, Nano-Biotechnology as well as
Next-Generation Biomedical Technology. Throughout innovative performance
explores the ‘vaccine’ candidate capable of eliciting robust immune responses
against different diseases.

The book is informed by evidence from academicians, scientists, scholars, doc-
tors, engineers and medical industry. Overall investigation illustrates wide variety of
research interests in these areas and provides a background to the later chapters,
which address importantly, some antigen-conjugated nanoparticles, can induce
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robust immune responses without the use of additional immunopotentiators, such as
TLR agonists. However, many of them still require the use of external adjuvant for
optimal efficacy. Still, there are clear advantages of these delivery systems com-
pared to non-conjugated strategies. As the use of NP-based vaccine delivery sys-
tems becomes increasingly popular, we can expect further development in
protein—NP conjugation techniques, as well as greater application in vaccine
designs. Hence, brand new strategies are leading in various implications of Green
Nanotechnology based multifunctional nanomaterials potential applications. Liable
appropriate regulation alongside the topics indicated that commercial production of
manufactured novel composite materials can be realized. Furthermore, the many
brilliant discoveries and explorations highlighted in this book can modulate spectro-
scopic performances with technical excellence in the nanovaccinology research
with high competence.

Lastly, I would like to express my overwhelming gratitude to all the authors/co-
authors for their excellence of research contributions throughout this significant
book. I would like to thank the entire team of the Springer members for their effi-
cient handling of this book at all harder stages of its publication. As an editor am
very much confident and also pitty sure is that, the Springer book series will be
more popular world-wide readers from academic Institutions, Universities and
libraries and within short interval hopefully will achieve the highest citation.

Mohali, Punjab, India Kaushik Pal
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Chapter 1
Diversities of Various Nanomaterials-Based
Vaccines for Healthcare Applications

Amjad Islam Aqib, Mahreen Fatima, Kaushik Pal, Sana Zia,
Muhammad Arslan, Asyia Shafiq, Junaid Sattar, Tean Zaheer,
and Tasleem Kausar

1.1 Introduction

Few preventive health initiatives are as successful as vaccine development. Active
acquired immunity to a specific disease is provided by vaccines, which are biologi-
cal preparations. Vaccines come in a wide range of forms, such as attenuated,

A. L Aqib (24)

Department of Medicine Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Punjab, Pakistan

e-mail: amjadislamaqib @cuvas.edu.pk

M. Fatima
Faculty of Biosciences, Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Punjab, Pakistan

K. Pal
University Centre for Research and Development (UCRD), Chandigarh University,
Mohali, Punjab, India

S. Zia - T. Kausar
Department of Zoology, Govt Sadiq College Women University, Bahawalpur, Punjab, Pakistan

M. Arslan
Department of Poultry Science, Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Punjab, Pakistan

A. Shafiq
Department of Clinical Medicine and Surgery, University of Agriculture, Faisalabad, Punjab,
Pakistan

J. Sattar
Faculty of Veterinary, Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Punjab, Pakistan

T. Zaheer
Department of Parasitology, University of Agriculture, Faisalabad, Punjab, Pakistan

© The Author(s), under exclusive license to Springer Nature 1
Switzerland AG 2023
K. Pal (ed.), Nanovaccinology, https://doi.org/10.1007/978-3-031-35395-6_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35395-6_1&domain=pdf
mailto:amjadislamaqib@cuvas.edu.pk
https://doi.org/10.1007/978-3-031-35395-6_1

2 A.1. Agibetal.

inactivated, DNA, vector, live, and toxoid vaccines (Li et al., 2016). In the past two
decades, vaccines based on nanomaterials have emerged as an innovative vaccina-
tion strategy (Butkovich et al., 2021). It has been shown that nanomaterials as vac-
cine carriers or delivery vehicles have significant adjuvant effects than solid particles
with diameters ranging from 1 to 1000 nanometers (Sun & Xia, 2016). Infectious
diseases, including viral, bacterial, parasitic, and cancer, have been controlled by
effective vaccines. Developing next-generation vaccines requires the development
of adjuvants and delivery systems that can be applied to next-generation molecules
(O’Hagan & Valiante, 2003). As vaccine use enters the fourth century, it faces
numerous challenges in protecting against many complex infectious diseases
(Harandi et al., 2010). Due to the problems associated with conventional vaccines,
new delivery systems and adjuvants have been developed to address those issues
(Rice-Ficht et al., 2010). It has been reported that polymer particles have elicited the
most protective immune response among all the delivery systems developed so far
(Look M et al., 2010).

Polymer particle-based delivery systems have primarily been investigated for
developing single-dose vaccines for various diseases. However, as nanotechnology
has advanced, the scope and application of vaccine development have expanded
significantly. One of the major applications of nanomaterials is drug, vaccine, and
therapeutic delivery, where systems such as nanoemulsion, liposomes, nanoparti-
cles, polymer micelles, dendrimers, and others provide higher therapeutic indices.
Using a nanomaterial-based particulate system to entrap a candidate vaccine, an
adjuvant/immunomodulator and a dendritic cell activator provide an enormous
opportunity for vaccine development (Draper & Heeney, 2010). The development
of a universal vaccine is challenging since it does not utilize live pathogens to induce
sustained immune responses. A biodegradable nanoparticle that mimics a virus’
structure and function but is not contagious and does not reproduce might serve
this need (Basu et al., 2018).

1.2 Role of Nanoparticles as Adjuvants in Vaccines

1.2.1 Nanoparticles in Vaccine

Vaccine development is increasingly relying on nanotechnology. Formulations that
increase antigen effectiveness are required more and more as vaccine development
shifts toward “minimalist” compositions that are less immunogenic. Improved
immunogenicity and antigen stability are made possible by the use of nanoparticles
in vaccine formulations, along with targeted delivery and slow release. There are
many different types of nanoparticle vaccines that have been approved for use in
humans, and the number of candidates is growing. It is fundamentally important to
understand how nanoparticles behave in vivo, whether they are used as delivery
systems for antigens or as immunostimulant adjuvants to enhance immunity.
In-depth summaries of recent advances in preventative nanovaccinology are
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provided in this review. Various types of nanoparticles that are used are described,
along with how they interact with immune cells and the biosystem. Developing
rational vaccines containing nanoparticles will be more effective when we know
more about nanoparticle mechanisms of action both in immunostimulatory and
delivery modes, and also how nanoparticles distribute and behave in vivo (Zhao
etal., 2014).

1.2.1.1 Nanoparticles as Adjuvants in Vaccines

An excellent foundation for creating a new generation of vaccines is provided by
nanotechnology, which are based on nucleic acids, proteins, and synthetic peptides
made from recombinant DNA, polysaccharides, or purified subunit proteins. These
vaccines might not be sufficiently immunogenic, so adjuvants that boost their
immunogenicity are necessary. An adjuvant (NA) is a nanoparticle (NP) that can act
as an adjuvant for a vaccine (NA). In a suitable formulation, vaccine antigen or
DNA can be encapsulated or adsorbed by nanoparticles, enhancing stability, cellu-
lar uptake, and immunogenicity. Different NA formulations can also be used to
regulate a vaccine’s biodistribution and systemic release (Garg & Dewangan, 2020).

1.2.2 Role of Metallic Nanoparticle

For subunit vaccines, the adjuvant choice is crucial for boosting immunogenicity,
directing innate immunity stimulation, and creating the proper protective response
to fight the target microorganism. Adjuvants can be immunomodulatory molecules,
particulate formulations, or a combination of the two. A number of ways in which
they may function include reducing the vaccine dose, enhancing the immune
response, or extending the immune response, as well as providing a variety of
immune responses, including humoral and cellular responses. Of the seven vaccine
adjuvants that have been approved for use in humans, three are categorized as par-
ticulate formulations: aluminum salts (alum), extended immune response emulsions
(like MF59), and virosomes. Alum increases antibody production as well as T-helper
1 (Th1) and Th2 responses, while the other two can also stimulate these responses.
A TLR4 agonist, monophosphoryl lipid A, was combined with immunomodulatory
molecules in AS 01 and 04, along with a particulate formulation of this molecule.
As01 combined saponin (QS-21) with liposomes to favor Thl responses, whereas
ASo4 contained alum to enhance humoral responses. As agonists of TLR7 and
TLR8S, imidazoquinolines, as well as lipid A analogs, can trigger a Thl response
through their immunomodulatory effects (Marques et al., 2017).

1. Vaccines serve as essential triggers for activating both the innate and adaptive
defenses of the body, enabling a robust response against infections. As a result,
vaccines emerge as highly valuable and effective tools in promoting public
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health. By harnessing the power of vaccination, we can enhance the body’s
natural ability to combat diseases and significantly reduce their impact on com-
munities, thereby safeguarding the well-being of the population. With increased
knowledge about cancer and how it affects the immune system, the goal of acti-
vating host immune defenses to provide a targeted and comprehensive antitumor
response is becoming more important. It is promising to use nanoparticle
systems as vaccines to deliver antigens efficiently and as adjuvants to enhance
immune responses (Wen et al., 2019).

. Mucosal tract pathogenic infiltrations cause most infectious diseases. There is
extensive research underway on vaccinations to prevent a number of diseases,
including infectious diseases, infertility, immune disorders, cancer, and aller-
gies. It has been investigated how to stimulate the immune system more effec-
tively against particular antigens using broad-spectrum adjuvant substances.
Adjuvants have been developed that are inorganic, emulsion-based, oil-based,
and bacterial-derived, both with cytosine-guanine dinucleotide motifs and with
cytokines. Delivery of vaccines through the mucosa is an alternative to trigger
cellular and humoral immune reactions. Antigen stability and immunogenicity
can be increased, and targeted delivery and concentration of antigens are
enhanced when nanoparticles are incorporated into vaccine formulations.
Chitosan nanoparticles have mucoadhesive and immunologically active charac-
teristics. Many antigens have served as a mucosal vaccine delivery system
(Mehrabi et al., 2018).

. There is a need for improvements in traditional vaccines due to their low immu-
nogenicity, toxicity, instability, and multiple vaccination administration require-
ments. Recently, nanotechnology has been incorporated into vaccine development
to address the aforementioned issues. The development of vaccines using
nanocarrier-based delivery systems, which provide a chance to boost cellular
and humoral immune responses, is becoming increasingly dependent on nano-
technology. Nanoparticles enable targeted delivery, slow release, and improved
immunogenicity and antigen stability in vaccine formulations. Polymeric, inor-
ganic nanoparticles, ISCOMs, virus-like particles, liposomes, and emulsions are
examples of nanoscale-size materials that have drawn attention as potential vac-
cine antigen delivery systems because they can both stabilize vaccine antigens
and function as adjuvants. This benefit is due to the nanoscale particle size,
which makes it easier for antigen-presenting cells (APCs) to absorb the material,
resulting in effective antigen recognition and presentation. By adding various
targeting moieties to the surfaces of nanoparticles, it is possible to deliver anti-
gens to particular cell surface receptors, inducing specialized immune responses
(Kheirollahpour et al., 2020).
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1.2.3 Carbohydrates Containing Nanoparticles as Vaccines

Vaccine adjuvants are necessary for immunopotentiation, which induces the produc-
tion of protective immunity. Unfortunately, traditional aluminum-based adjuvants
are only capable of stimulating limited cellular responses. Developing vaccines
against emerging pathogens requires adjuvants with better profiles in order to be
effective. A greater balance of humoral and cellular immune responses can be stim-
ulated by carbohydrate-containing nanoparticles (NPs) with immunomodulatory
activity. We looked at a number of carbohydrates that have immunomodulatory
effects. They include mannan, saponins, glucan, chitosan, and others that have been
incorporated into vaccine formulations. These carbohydrate-containing NPs’” mode
of action, preparation techniques, characterization, and associated vaccines are pre-
sented. Numerous NPs that contain carbohydrates have either reached the clinical
stage or have been included in approved human vaccines. A vaccine against the
pathogen responsible for the global pandemic, SARS-CoV-2, is being tested that
contains saponin. Preclinical research and late-stage clinical trials are both stages of
the development process for vaccines containing NPs that contain carbohydrates.
The development of next-generation vaccines against cancer and infectious diseases
may benefit from understanding the mechanism of action of carbohydrate-contain-
ing nanoparticles as carriers and immunostimulants (Smith et al., 2015).

1.2.4 Polymer-Based Nanoparticles

Polymer-based nanoparticles are solubilized, stable, safe, and have a sustained
release, they are able to enhance drug absorption, protect them from deterioration,
so that they can travel through the body for a longer period of time, and can increase
targeted drug delivery. Vaccination is the best method of preventing and managing
infectious diseases. There are several drawbacks to vaccines, including immunity
tolerance, low immunogenicity, low expression levels, and the induction of patho-
logical changes in respiration, including live attenuated vaccines, inactivated vac-
cines, protein subunit vaccines, recombinant subunit vaccines, and synthetic peptide
vaccines. The antigens of vaccines are released more slowly through the use of
biodegradable natural and synthetic polymers. Furthermore, these polymers enhance
vaccine immunogenicity as well as act as adjuvants (Guo et al., 2019).

1.2.5 Nanomaterial Vaccines

As engineering devices have been modified to deliver drugs to and interact with cell
environments, nanomedicines have gained increasing interest from the medical
community in recent years (Shah et al., 2015). A wide variety of biodegradable
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materials, including cholesterol, phosphatidylserine, and other lipids, have been
used to manufacture nanoparticles (NP) in addition to natural and synthetic poly-
mers (PLGA) and metals (gold, copper oxide, silver, zinc oxide, and aluminum
oxide) (Pati et al., 2018).

It is widely accepted that nanoparticles (NPs) and microparticles (MPs) are use-
ful methods for delivering drugs, especially cytotoxic drugs or immunosuppressing
treatments for organ transplants. Drug delivery is controlled using these NPs as they
target specific organs to distribute medications. In transporting drugs to cancerous
sites or other diseased organs, these carriers protect drugs from degradation (He
et al., 2011). Metal nanoparticles themselves may work as carriers and targets for
the delivery of tumor-associated markers since they are incorporated into the mem-
branes of cancer cells. The outer layer of PLGA nanoparticles was coated with
membranes derived from mouse melanoma cancer cells, according to Fang et al.
2014. In response to these molecules, cellular endocytosis caused dendritic cells to
mature, presenting a special presentation to T cells with TCRs that bind to gp100
and produce IFN-y.

A second finding was that PLGA-covered membranes were equipped with recep-
tors for interacting with cancer cells and allowing drugs to be delivered (Fan et al.,
2019). To prevent the rejection of organs, drugs were delivered through the NPs to
the transplant site. The use of immunosuppressive agents in high doses is harmful to
organ transplant recipients, as it can lead to infection and even death. Researchers
have previously established that rapamycin MPs prevent islet rejection in vivo in
diabetic mice with islets transplanted into the eye. Islets transplanted into immuno-
suppressive drug MPs survived for more than a month, while islets transplanted into
a control group (empty MPs) were rejected after the second week (Sridhar et al.,
2015). We have gained a greater understanding of infectious diseases and immune
evasion mechanisms in the past few decades. Designing new vaccines and adjuvants
to combat antibiotic-resistant pathogenic microorganisms is becoming increasingly
challenging. It is currently possible to develop vaccines from live-attenuated micro-
organisms or killed pathogens (first-generation vaccines) (Lugade et al., 2013). In
the third generation, there are DNA vaccines (Levine & Sztein, 2004), subunit vac-
cines (Levine & Sztein, 2004), and synthetic peptides (second-generation vaccines).
In addition to these three vaccine types, an adequate adjuvant or delivery system is
required to eliminate the risk of developing the disease (Eidi et al., 2010).

There should be no strict storage requirements for the vaccine and adjuvant com-
bined, and it should induce long-lasting memory B and T cell responses (Levine &
Sztein, 2004). The vaccine should be safe, stable, and able to induce memory B and
T cell responses. The last three vaccine types must be combined with an adequate
adjuvant or delivery system to eliminate the risk of developing the disease (Eidi
etal., 2010). Recombinant proteins or DNA from another vector are needed to boost
DNA and RNA vaccines. Some studies have demonstrated that nanoparticles
improve vaccine efficacy by slowing antigen release, allowing for easy antigen
uptake, and inducing humoral and cellular responses (Lugade et al., 2013).
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1.2.5.1 Concept of Nanomaterial-Based Vaccines

One of the best methods for triggering immune responses that protect against infec-
tious diseases is vaccination (Whitney et al., 2001; Pulendran 2006). Vaccination
has prevented millions of deaths since Edward Jenner used cowpox materials to
treat smallpox in 1796. It has virtually eradicated poliomyelitis and smallpox and
significantly reduced the prevalence of diseases like hepatitis A, hepatitis B, diph-
theria, tetanus, pertussis, measles, and others (Rappuoli et al., 2011). Additionally,
vaccinations can ward off conditions that can result in cancer. In terms of preventing
infections, chronic disease, and liver cancer, the hepatitis B vaccine has a 95% suc-
cess rate. A vaccine for human papillomavirus (HPV) that prevents HPV-related
vulvar cancer, vaginal cancer, and cervical cancer can prevent 50% of these dis-
eases. Gardasil is effective against two varieties of HPV. To achieve optimum and
long-lasting immunogenicity, vaccines need protective antigens and adjuvants
(Wegmann et al., 2012). Vaxjo, a website that houses vaccine adjuvants and their
uses in vaccine development, reports the use of 93 vaccine adjuvants in 379 vac-
cines designed to combat 78 pathogens, cancers, and allergies (Sayers et al., 2012).
Adjuvants for vaccines are only approved for use in humans in a limited number of
cases. A total of four adjuvants have been approved by the U.S. Food and Drug
Administration (FDA), including aluminum salts, AS03, AS04, and MF59. Whether
they enhance innate or adaptive immune responses or improve antigen delivery to
the immune system, nanomaterials act as adjuvants (Smith et al., 2013). To elicit
robust immune responses, researchers have developed different ENM-based adju-
vants. Alum-based vaccine adjuvants have been used for many years in vaccinations
for hepatitis A and B, human papillomavirus, pneumococcal disease, and DTaP
(Diphtheria, Tetanus, and Acellular Pertussis) (Baylor et al., 2002). In addition to
aluminum hydroxide (Alhydrogel), aluminum phosphate (Adju-Phos), aluminum
potassium sulfate (Alum), and aluminum hydroxy phosphate sulfate (AHSA), some
commercial sources offer aluminum and magnesium hydroxide mixtures (Inject
Alum) (Baylor et al., 2002).

These aluminum salts that are offered for sale have various physicochemical
characteristics. In-depth research is being done on gold nanoparticles (AuNPs) with
controlled physicochemical properties for use in biology and medicine (H. Sawa
et al., 2013). Silver nanoparticles are widely used in commercial products due to
their special antimicrobial properties, and more than 30% of consumer products
based on nanomaterials contain nano-silver (Niikura et al., 2013). It is important to
get vaccinated against infectious diseases and conditions that may lead to cancer in
order to prevent these diseases and conditions. It is common for vaccine formula-
tions to include adjuvants because many recombinant and synthetic antigens are not
immunogenic, improve immune response, and reduce antigen requirement for pro-
tective immunity. More than 400 vaccines are either in development or commer-
cially available, employing over 100 different types of adjuvants. In addition to
nanomaterial-based vaccines that enhance immunity caused by different antigens,
there are many vaccines under development or on the market today. A better under-
standing of the molecular mechanisms is required, however, in order to ensure
safety (Sun et al., 2016).
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1.2.5.2 Current Market Scenario of Nanomaterial-Based Vaccines

A potential strategy for creating efficient and secure vaccinations against a variety
of infectious illnesses is the use of nanomaterials. Due to the rising incidence of
infectious diseases, the demand for targeted drug delivery systems, and the expan-
sion of research and development efforts in the field of nanotechnology, it is antici-
pated that the global market for nanomaterial-based vaccines will experience
significant growth in the upcoming years. The COVID-19 pandemic has also sped
up the development and usage of vaccines based on nanomaterials, with a number
of candidates now in clinical studies or authorized for use in an emergency.
Nevertheless, in the near future, market expansion can be hampered by the high cost
of production, regulatory obstacles, and the lack of knowledge and infrastructure in
developing nations (Datta & Mandal, 2020).

Nanotechnology is used in vaccinations made of nanomaterials to increase their
effectiveness. There are currently just a few vaccines in clinical trials, and the mar-
ket for vaccines based on nanomaterials is still in its infancy. Yet, given the potential
benefits of these vaccines, including enhanced stability, tailored distribution, and
greater immunogenicity, there is a rising interest in this subject. As the need for safe
and efficient immunizations increases, it is projected that the market for vaccines
based on nanomaterials would expand fast in the future years (Bachmann &
Jennings, 2019).

There were a number of nano material-based vaccines being developed, some of
which were for COVID-19 and some of which had previously received emergency
use authorization, but their market performance and effect were still in the early
stages and were still being studied (Pardi et al., 2018).

The pharmaceutical industry’s field of nanomaterial-based vaccine research was
one that was expanding quickly. These vaccines include nanotechnology to increase
their potency and the antigens’ ability to reach the immune system, potentially
enhancing vaccination effectiveness and lowering adverse effects. There were sev-
eral nanomaterial-based vaccinations for infectious illnesses such as COVID-19,
influenza, and cancer that were in various phases of clinical studies. Yet, regulatory
clearance and consumer and healthcare professional acceptability might be deter-
mining factors in their commercial availability and market penetration (Dadu
et al., 2021).

1.2.6 Inorganic Nanoparticles

There have been studies on the delivery of vaccines using silica, carbon, and gold,
and these are biocompatible inorganic NPs (Wang et al., 2011). There are various
forms, sizes, and surface modifications that can be used to synthesize these nanopar-
ticles. It has been demonstrated that inorganic nanoparticles can successfully deliver
viral antigens. Proteolytic enzymes couldn’t prematurely digest antigens this way.
When influenza, immunodeficiency virus, foot and mouth disease, and TB antigens
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were delivered with gold nanoparticles, a robust immune response was induced in
mice (Villa et al., 2011). In mice infected with Mycobacterium tuberculosis, the
causative agent of human tuberculosis, gold nanoparticles encapsulating plasmid
DNA encoding the hsp65 antigen reduced the burden of the bacterium by a signifi-
cant amount (Silva et al., 2005). As adjuvants for enhancing immunogenicity and
antigen delivery, hollow mesoporous silica, nanotubes, and spherical carbon
nanoparticles have been used in many studies (Kawano et al., 2013). A significant
amount of silanol groups can be introduced on the surfaces of silica-derived
nanoparticles to provide access to the target cells for vaccine molecules (He et al.,
2003). Inorganic nanoparticles have the advantages of being low-cost, reproducible,
and safe.

1.2.6.1 Liposomes

Among the nanomedicine delivery vehicles, liposomes are the second most widely
tested after polymeric nanoparticles. It is through liposome fusion that vaccines are
delivered to target cells. Both hydrophilic and hydrophobic substances can be
encapsulated by structurally flexible liposomes. An aqueous core can accommodate
hydrophilic molecules, while phospholipid bilayers enclose hydrophobic mole-
cules. Multilamellar lipid vesicles have previously been shown to elicit strong T-
and B-cell responses when they transport antigenic proteins (Moon et al., 2011).
APCs readily internalized phosphatidylserine liposomes containing antigenic pep-
tides to potentiate T-helper cell-mediated immunity (Ichihashi et al., 2013). Vaccine
DNA encoding heat shock proteins delivered using liposomes induced strong pro-
tection against fungal infections (Ribeiro et al., 2013). Clinical trials of liposome-
based vaccine nano-formulations against intracellular pathogens have been approved
as a result of their expected applications, including viruses and M. tuberculosis
(Watson et al., 2012). The effectiveness of liposomal aerosol carriers has already
been demonstrated for the generation of protective immunity against Mycobacterium
tuberculosis infection (Vyas et al., 2005). DDA-lipid liposomes and various immu-
nomodulators have also been used in other studies to boost immunity against influ-
enza and chlamydia (Alving et al., 2016). The delivery of lipid-DNA complexes to
monkey lungs has been successful in the context of DNA vaccines.

1.2.6.2 VLPs (Virus-Like Particles)

VLPs have been demonstrated to be capable of serving as vaccine carriers and stim-
ulating host immune responses in several studies. An immunologically active VLP
consists of an epitope-rich monomeric complex viral membrane that self-assembles
(Grgacic & Anderson, 2006). Fusing proteins with the particles can also enable
VLPs to endogenously express multiple antigens, as well as express additional pro-
teins. The surface of VLPs can also be chemically conjugated to produce bioconju-
gates with nonprotein antigens (Patel & Swartz, 2011). This distinguishing feature
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of VLPs enables them to provide both virus and antigen protection (Grgacic &
Anderson, 2006). When SV40 virus capsid protein is delivered to mammalian cells,
a specific immune response is induced (Kawano et al., 2013). The immunogenicity
of weak antigens was also increased by VLPs. Salmonella typhi membrane anti-
gens, the influenza A M2 protein, and GnRH-assembled VLPs from HIN1 Nef all
evoked antigen-specific humoral and cellular immune responses (Gao et al., 2018).
According to some theories, VLP-based nanoformulations can help antigens to
produce conformations that are similar to those of native antigens, thus stimulating
the immune system more effectively (Gao et al., 2018).

1.2.6.3 Dendrimers

Benzene amines and amides are the essential ingredients in dendrimers, which are
three-dimensional, monodisperse, and hyperbranched nanostructures. Dendrimers
have been used to deliver antigenic molecules in a few studies. PPl and PAMAM
dendrimers are two of the most widely used dendrimers for vaccine delivery. It was
found that dendrimers encapsulating multiple antigens produced well-trained anti-
bodies and T cells against the Ebola virus, HIN1 influenza, and Toxoplasma gondii
(Chahal et al., 2016). Dendrimers are efficiently absorbed by the host cells, generat-
ing robust immune responses. In a similar study, increased cellular uptake of PMAM
dendrimers led to significant improvements in HIV transactivator of transcription
(TAT)-based DNA vaccine efficacy (Bahadoran et al., 2016). Dendrimers have
proven to be a promising candidate for developing new-generation vaccines with
enhanced immunogenic properties because they can be tailored to achieve specific
biological and physicochemical properties and are capable of conjugating multiple
ligands into one molecule.

1.3 Applications of Nanomaterials-Based Vaccines
in Healthcare

(a) Viral Diseases

Before a vaccine is approved for production and marketing, it must undergo sev-
eral preclinical and clinical testing stages. An infectious agent is screened for
immunogenic antigens at the beginning of the vaccine development process,
which stimulates an immune response in the host. Once clinical studies have
been reviewed by the regulator, the developer will be allowed to begin clinical
trials if the potential benefits of the new vaccine outweigh the risks of toxic or
unpleasant side effects (Kim et al., 2020). Three phases of clinical trials are
used to evaluate the effects of vaccines currently being developed on human
subjects. The effects of vaccines currently being developed on human subjects
are examined in three phases throughout clinical trials.
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Phase 1 of vaccine development involves testing the vaccine on a small group of
healthy adult volunteers to evaluate the induced immune response and address
any safety concerns. The phase 2 trials begin with a pilot efficacy study, which
confirms safety. Potential vaccines will be enrolled in phase 3 clinical trials if
they demonstrate efficacy and low toxicity risks. As part of phase 3 trials, a
wider number of people from a wide range of populations are involved to con-
firm the safety, efficacy, and dose levels of the vaccine in these groups. Tens of
thousands of volunteers are often recruited from regions where viral transmis-
sion is prevalent. The higher the rate, the older the age. This includes individu-
als over the age of 18, as well as those suffering from underlying health issues.
Phase 3 vaccines that are effective can apply to regulatory agencies for market-
ing approval before being produced in large quantities and marketed. Phase 4 of
pharmacovigilance, during which the vaccine product is continuously and care-
fully monitored for safety and efficacy, will begin after marketing authorization
is granted (Shin et al., 2020). It is possible to develop a vaccine under an emer-
gency use authorization (EUA) to make it available for mass vaccination in
emergencies and pandemics like the current COVID-19, even if a clinical trial
is still ongoing (Kuwentrai et al., 2020). Almost 320 SARS-CoV-2 vaccine
products are currently in development, with about 126 undergoing clinical trials
and 194 undergoing preclinical testing (Chen et al., 2019). Only eight candi-
dates, though, have entered phase 4 clinical trials. Because more candidates
must be developed and marketed before being evaluated in real-world situations
and for population-wide effects (Boopathy et al., 2019), out of these eight, only
Pfizer-BNT162b2 BioNTech’s and Moderna’s mRNA-1273 are nonviral vector
nanocarriers that rely on LNPs.

Despite the drawbacks of traditional vaccines, such as time-consuming manufac-
turing, very few fully approved vaccines against viruses are developed and
delivered using advanced biomaterials or nonviral nanocarriers. Process, toxic-
ity, and over infection are ongoing concerns (Tebas et al., 2021), especially the
prophylactic HPV vaccines, virosomes, and VLP systems, as well as the HAV,
HBY, and influenza vaccines in the past (Petkar et al., 2021). As an alternative,
Shingrix®, which contains a liposomal carrier that delivers the viral antigen
cargo, is authorized for clinical use by GlaxoSmithKline, a manufacturer of
nano vaccines (Petkar et al., 2021). Therefore, developing clinically approved
nano vaccines that meet regulators’ strict quality, safety, and efficacy require-
ments still requires much work. SARS-CoV-2 vaccines based on LNPs, which
are undergoing phase 4 clinical evaluation, have made it possible to develop
additional nano vaccines using cutting-edge nanotechnological methods
(Gutjahr et al., 2016). BNT162b2 and mRNA-1273 contain nucleoside-
modified mRNA encoding SARS-CoV-2 spike (S) glycoproteins. As a result of
these vaccines, SARS-CoV-2 was protected from infection by both humoral
and cell-mediated responses. It is the stability of Pfizer-BioNTech and Moderna
vaccines that makes them the most difficult to store at temperatures below 80 to
60 °C or 50 to 15 °C. It is only possible to freeze the Pfizer-BioNTech vaccine
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for two weeks at 25 to 15 °C, which necessitates specialized transportation and
storage equipment (Sulczewski et al., 2018).
(b) Bacterial Diseases

As a result of the global pandemic caused by SARS-CoV-2, antiviral defenses are
urgently needed. Public health measures such as vaccination are effective.
There is evidence that these vaccines are effective against specific species of
Mycobacterium, Burkholderia, Listeria monocytogenes, Chlamydia trachoma-
tis, Borrelia burgdorferi, Brucella abortus, and Shigella flexneri, but not against
other species of bacteria (Palmer et al., 2016). During their invasion and persis-
tence inside host cells, intracellular bacterial pathogens create a blockage to the
development of defense mechanisms, which explains their success. It is com-
mon for bacteria to take advantage of nutrients, environments, locomotion
potential, or other properties of host cells by exploiting antigen-presenting cells
(APCs) or epithelial stromal cells. Antigenic variation, the release of immuno-
modulators, or the suppression of immune responses are some of the tactics
bacteria can employ to evade detection inside the host cell (Chai et al., 2020).
Thus, bacterial invasion of the host cell creates a safe environment that enables
some bacteria to develop long-lasting or persistent and hard-to-treat infections
(Thakur et al., 2019). There are multiple strains of bacteria that are drug-
resistant, which complicates treatment and contribute to ongoing transmission.
Despite the fact that these bacterial infections can sometimes be treated with
antibiotics, new classes of antibiotics are slow to reach the clinic.

Subunit vaccines and attenuated or inactivated organisms are used in conventional
vaccination methods. Live attenuated vaccines, such as the oral typhoid vaccine
and Mycobacterium bovis bacillus Calmette-Guarin (BCG), may be dangerous
in susceptible populations (such as the immunocompromised) (Acosta et al.,
2005; Hanley, 2011). However, inactivated organisms are usually at low risk of
losing their immunogenicity due to the inactivation process. Subunit vaccines
are significantly less dangerous than live attenuated vaccines, but they must also
be administered with adjuvants because of their low immunogenicity. In devel-
oping vaccines, the challenge is to maintain safety while delivering potent cell-
mediated and humoral responses (Gonzélez-Mir6 et al., 2018).

(¢) Parasitic Diseases

TBYV targets the sexual stages of malaria transmission and is the ideal intervention
to lessen the disease’s impact by preventing the vector-mediated spread and
eventually eradicating the parasite from the population in endemic areas (Ariey
et al., 2014). The parasite development inside the mosquitoes is hampered by
immune reactions to sexual-stage antigens, which reduces transmission. Pfs230,
Pfs48/45, and Pfs25 are three of the primary target antigens for TBVs, and their
orthologs exist in P. vivax. Pfs25, which is expressed on the surface of zygotes
and ookinetes, is one of the most promising targets for TBV development.
Clinical trials in phase 1 and preclinical models have been conducted on the
drug (Nunes et al., 2014). Recombinant Pfs25 expression in yeast and cell-free
translation using wheat germ, plants, and algae has all been reported in some
studies with varying degrees of transmission-blocking efficacy in preclinical
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studies and phase 1 clinical trials has been reported (Kumar et al., 2014).
Generating Pfs25 in its native form in any heterologous expression system has
been difficult due to its complex tertiary structure, which is characterized by 22
conserved cysteine residues important for the structural integrity of the antigen
(Kumar et al., 2013). An antigen formulation must trigger potent and, ideally,
long-lasting antibody responses to be a successful vaccine. Effective adjuvants
are incorporated, delivery methods are optimized, and particulate vaccine size
is adjusted to modulate immune responses (Jones et al., 2013). Since there are
no reliable adjuvants or delivery mechanisms, vaccine development has been
generally difficult. Nanoparticles can be used to deliver antigens faster, result-
ing in a better immune response than soluble antigens (Reed et al., 2013). This
is because gold nano (GN)-particles can be molded into various particle shapes
and sizes, are biocompatible, and have unique physicochemical properties
(Rana et al., 2012). Dendritic cells and other antigen-presenting cells can easily
take up GN particles because they are nontoxic and can enhance vaccine anti-
gen delivery. Few studies have reported GN particles’ ability to deliver vaccine
antigens, despite their enormous potential in biomedical imaging and diagnos-
tics (Arndiz et al., 2012).
(d) Cancer Diseases

Cancer, a major public health concern, is now seriously threatened by people’s
safety and health. In addition to vaccination, vaccines have also been found
effective in treating cancer to reduce the risk of contracting infectious diseases.
Vaccines that are known as cancer vaccines prevent both infections with cancer-
causing viruses and prevent cancer from developing known as prophylactic
vaccines) and treat cancer that has already developed known as therapeutic can-
cer vaccines (Bolhassani et al., 2011). In 2010, sipuleucel-T (Provenge), the
first therapeutic cancer vaccine, received US approval to treat prostate cancer
(Melief et al., 2015). Recent clinical findings suggest that cancer vaccines can
improve overall survival and reduce cancer recurrence. Therefore, the clinical
value of therapeutic cancer vaccines has been proven. Various methods are used
in cancer vaccination to produce, enhance, or skew antitumor immunity (or a
combination of these) (Jia et al., 2017). Creating more effective cancer vaccines
requires a thorough understanding of how they work. Cancer vaccines are
exposed to APCs when administered intradermally, subcutaneously, or intra-
muscularly. Vaccine antigens are presented on MHC class I or II by APCs after
they have ingested the vaccine.

APCs enter the lymph nodes via the afferent lymph, prime, and activate T cells.
The activated effector T cells recognize the cancer cells in the tumor bed as they
move through the efferent lymph and into the blood (Chen & Mellman, 2013).
Among the various cell types that can serve as APCs, dendritic cells (DCs), B
cells, and macrophages are the most effective (Schlom, 2012). Two main path-
ways are thought to be involved in DCs’ mediation of antigen presentation. In
the first pathway, proteasomes in the cytosol of DCs break down endogenous
antigenic proteins. CD8+ cytotoxic T lymphocytes (CTLs), the primary immu-
nosuppressive cells that kill tumors, are stimulated by MHC-I molecules and
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their peptide fragments (Gordon et al., 2014). On the other hand, exogenous
antigenic proteins are taken up by DCs via endocytosis and degraded by lyso-
somes after they’ve been tinged with endosomes. The peptide fragments pres-
ent in MHC-II molecules activate CD4 T lymphocytes, allowing lymphocytes
to become activated, function, and survive (Alloatti et al., 2016). As such, CD4+
T cells and CTLs must be activated in order to effectively administer cancer
vaccines for antitumor immunotherapy.

1.4 Challenges in the Development of Nano-Based Vaccines

Vaccination is an effective solution in fighting infectious diseases by activating
immune responses for more than 200 years; however, the advancement in immunol-
ogy and molecular biology demands improvement regarding the adjuvant and
immunostimulant properties of vaccines. The use of nanotechnology in vaccine
development provides numerous benefits over conventional vaccines (Panda,
2012a). Nano-based vaccines are the modern generation of vaccines developed by
using nanoparticles as a carrier or adjuvants which have multiple benefits including
improved immunogenicity, lower dosing frequency, optimum size, stability of vac-
cine, excellent presentation of antigen with the loading of antigen in an optimum
way (Yin et al., 2022). Undoubtedly, the use of nanocarrier-based vaccines is a quite
effective tool to combat infectious diseases.

This safety risk is probably the main public concern regarding nano-based vac-
cines. The application history of the nanoparticles with short history produces some
serious concerns about long-lasting safety profiles. The prolonged exposure of inor-
ganic nanoparticles might cause inherent toxicity while it can also cause cytotoxic-
ity in dose-dependent manner. The biocompatibility and biodegradability profiles of
nanoparticles are also important for the development of future vaccines. The scal-
ing-up process after manufacturing is another barrier to nanovaccine development.
The nanoparticles can cause unexpected immune responses after biodegradation
due to varying physicochemical properties of these particles after manufacturing.
Lack of guidelines regarding nanoparticle production can cause certain degrees of
ambiguity for developers. The elevated production cost of nanoparticles, such as
liposomes, along with various other drawbacks associated with these particles, may
hinder the progress of vaccine development (Vincken et al., 2007).

The unforeseen safety risks can be compensated through the use of nanotechnol-
ogy that requires good considerate of the nanoparticle’s effects on immune response
(Azharuddin et al., 2022). Vaccines could potentially face various types of vaccine-
dependent problems and challenges including storage, administration, manufactur-
ing, administration, acceptability, ethical considerations, and adverse reactions
(Helmy et al., 2022).
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The commercialization of the nano-based vaccine, cost of production, and
increased complexity are also significant challenges in vaccine development. While
the toxicity, lack of regulatory framework, and scaling-up process are even more
important limiting factors for nanovaccine development (Bhardwaj et al., 2020).

Furthermore, lack of safety testing and analytical procedures for nano-based vac-
cine development regarding various compositions are to be focused for future con-
siderations (Azharuddin et al., 2022).

1.5 Future Perspectives

Nano-based vaccines have many advantages over traditional vaccines including
adjuvancity, controlled release of antigen, antigenicity, efficiency, dose regimes,
nanoparticles variety, biodegradability, and administration routes. These vaccines
are developed against highly infectious diseases including COVID-19, HIV, and
influenza. While traditional vaccines typically necessitate frequent booster doses,
nano-based vaccines have the potential to induce memory effector responses, along
with humoral and cellular immune responses. Consequently, frequent boosters are
not required. Various nano-based vaccines are being studied in pre-clinical trials to
combat the future pandemics but the adaptation of these vaccines is not reasonable.
The slow adaptation is mainly ascribed to certain issues including regulatory frame-
work, manufacturing, and safety risks. The application of the nanoparticles in terms
of their safety profiles is not well studied and, therefore, detailed studies and clinical
trials are necessary to ensure the safety of nanoparticles for vaccine delivery. The
provision of good regulatory framework for vaccine developers can be helpful in the
development of good standard vaccines in future. Nevertheless, the successful utili-
zation of nano-based vaccines such as the Pfizer/BioNTech and Moderna mRNA
COVID-19 vaccines has provided valuable experience and highlights the potential
future applications of nanobased vaccines in combating infectious diseases
(Vincken et al., 2007).

Nanotools are helpful in developing seasonal or personalized vaccines to gener-
ate better immunity with broader spectrum. However, certain issues necessitate the
development of an optimal solution, which should be determined through a compre-
hensive risk-benefit analysis. The safety testing of nano-based vaccines against vari-
ous risk factors and development of analytical procedures for development of the
vaccines will be required to be prioritized (Azharuddin et al., 2022). However, the
advancement in nanoparticle design and upgraded knowledge of virus entry will
provide further improvement in future to develop nano-based vaccines with
advanced features (Ftouh et al., 2021). This advanced nanotechnology will provide
innovative vaccine formulations against infectious, metabolic, and complex dis-
eases as well as cancer (Panda, 2012b). Future vaccines are expected to be safe and
more stable with strong antitumor responses (Yin et al., 2022).
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1.6 Conclusions

Vaccines activate the immune system and produce adaptive immunity against a
pathogen; a person is vaccinated by injecting an antigenic substance into their body.

It will be advantageous to use NPs to deliver vaccine components because they
can easily encapsulate target antigens, proteins, bacteria, and parasites. NPs can
also deliver a sustained release of vaccine payload into immune cells and produce
long-lasting immunological effects after crossing biological barriers. Although
these NP vehicles might offer promising possibilities for upcoming vaccination
strategies, it’s important to be aware of any potential risks, particularly those related
to cytotoxicity. The recent medical history of NPs makes them unfit for long-term
human use. However, the medical community has become more confident about
nanovaccines with high efficacy and even a good safety profile as a result of the
recent success of LNP-based COVID-19 vaccines.
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2.1 Scope of Nanomedicine

The concept of “nanomedicine,” first put forth by Freitas in 1993, was used to
describe the observations, control, and treatment of biological systems of human
physiology at molecular level using nanodevices and nanostructures (Freitas, 2000).
With advances in research, nanomedicine (NM) has evolved to enable the
diagnostics, therapeutics, and prevention of various disorders and ailments. The
wide-ranging applications of nanotechnology (NT) in different industrial
advancements are attributed to the novel physicochemical properties of nanoparticles
(NP) like smaller size and larger size: charge ratio enhancing their efficiency when
compared to other larger compounds. Numerous examples of NT can be enlisted in
the field of drug design and delivery, owing to the superior specificity toward target
molecules, larger size: charge ratio, reduced toxicity toward nonspecific tissues, use
of “green synthesis” techniques, and so on. But on the downside, the physicochemi-
cal properties of nanoformulations have certain drawbacks like alterations to
pharmacokinetics of absorption, distribution, metabolism, and elimination, the
potential to cross biological barriers and persistence in human body and environ-
ment. NPs are predominantly utilized in medical applications in three areas, i.e.,
nanodiagnosis, nanotherapy (drug delivery), and regenerative medicine in addition
to theranostics. Nanoformulations have recently been applied in treating neuro-
pathic pain and are being tested in clinical trials, in addition to few of these formula-
tions that have obtained FDA approval for commercialization (Ventola, 2017).
Novel properties of NM include integration of effective molecules that otherwise
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possess high toxicity, utilization of multiple mechanisms of action, maximization of
efficiency, reduction in dosage and toxicity, and enabling controlled and targeted
drug delivery combined with site-specific release. NP possesses high surface area:
volume and consequently a high particle surface energy. This renders them more
reactive and enables them to readily absorb biomolecules like proteins, lipids, and
so on (Soares et al., 2018). Organic NPs have been known to be easily degradable
into their elemental forms, thus eliminating any cytotoxic effects, and in animal tri-
als they have been proven to be tolerable (Kuthati et al., 2020). Hence, NM encom-
passing a thorough understanding of pathology and diagnostics will provide efficient
and effective ways to alleviate problems associated with diagnostic and therapeutic
techniques.

2.1.1 Nanomedicine: R&D in Prophylaxis

Nanovaccines (NVs) are made up of polymers, macromolecules, and metals and
they can be designed to interact with immune cells like B cells, phagocytic cells,
etc. (Zaheer et al., 2021). Some NPs can carry antigens or immunostimulatory
molecules encapsulated or as a structural element of the particle itself; however, the
majority of NVs have antigens of interest coated on their surface, which allows for
direct interaction with B-cell receptors (Facciola et al., 2019). In recent times, the
rate of virus mutations is so high, and thus rapid development of vaccines is
necessary against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection. Compared to nucleic acid vaccines, subunit vaccines have less safety
concerns and they also showed good results in clinical trials (Chen et al., 2020). In
arecent study, biodegradable silica NP encapsulated with CpG (cytosine-phosphate-
guanine oligodeoxynucleotide) and coated with genetically engineered cell
membrane, containing SARS-CoV-2 receptor binding domain (RBD), was used as
a vaccine. After extensive studies, the specific vaccine was administered to mice to
initiate immunization. After receiving this NV, they exhibited strong immune
defenses and high titers of SARS-CoV-2 neutralizing antibodies. Also, using a flash
nanocomplexation technique, the mass production of this vaccine was possible
(Chen et al., 2022).

Another study was done by designing a nasal NV which can be inhaled against
COVID-19. This vaccine to a greater extent mimics the structure of SARS-CoV-2
and promotes better mucosal immunity (Zheng et al., 2021). The vaccines which
brought us hope in the midst of COVID-19 pandemic were BNT162b2 (Pfizer-
BioNTech) and mRNA-1273 (Moderna). Lipid NPs were used in these two vaccines
as nanocarriers. These nanocarrier-based vaccinations demonstrate the significance
of NT and the power of nanoscale delivery systems to shield payloads from deterio-
ration and to deliver drugs directly to cells (Khurana et al., 2021). In another study,
gold NPs were used as an antigen carrier and also as an adjuvant of recombinant S
protein (spike protein) present in the spikes of SARS-CoV virus. Gold NP adju-
vanted protein showed a very high immune response (IgG) (Sekimukai et al., 2020).
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Even after the century-old BCG vaccination routine, TB remains as one of the
topmost infectious diseases. In a study, BCG-primed mice were immunized with
Ag85B CD4+ T cells, coated in peptide nanofibers (PNFs). After the immunization
there was a steep increase in antigen-specific T cells along with resident memory
(Trm) and effector memory (Tem) cells and also cytokines (Megan et al., 2022). An
intranasal vaccine was developed against Mycobacterium based on a goal to create
mucosal protection and thus prevent the infection at the site of entrance. In this study
polymeric nanocapsules (NCs) were used with a chitosan polymer shell and an oily
core. A Toll-like receptor-7 (TLR-7) Imiquimod, which is an immunostimulant, was
encased in the oily core, and a fusion protein made with two antigens was expressed
in the NC surface. This study was successful after trials in mice but prior immuniza-
tion with BCG showed heightened immune response was observed (Diego et al.,
2022). Johne’s disease caused by M. avium subsp. paratuberculosis affects ruminants
and is a major reason for economic losses in the dairy industry. A novel polyanhydride
NP-based vaccine was designed against this bacterium with a core composed of cell
lysate and culture filtrate. Immunization in mice was successful with no inflammatory
lesions and sizable increase in T cell responses, cytokines, etc. (Thukral et al., 2020).

Infections caused by Pseudomonas aeruginosa are challenging because of the
drug resistance these strains exhibit. Engineered mesoporous silica nanospheres
(MSNs) containing cytosolic and membrane antigens from PAOI, which is a drug-
resistant P. aeruginosa strain, were used as vaccines without any additional adjuvants.
The vaccine showed a notable increase in humoral and cellular immune response in
mice and protected them from drug-resistant Pseudomonas (Guo et al., 2022).
Influenza is a persistent health hazard that causes high morbidity and mortality rate.
Due to frequent changes and drifts in antigens, the efficacy of vaccines is limited to
only 10-60%. A biepitope NV was discovered recently, which showed full protection
against H3N2 and HINI viruses. The vaccine contained two conserved epitopes
(M2e and CDhelix) expressed on the ferritin surface. Subcutaneous injection in mice
with this vaccine showed a rise in humoral and cellular response (Qiao et al., 2022).

The Zika virus spreads through the bite of infected Aedes mosquitoes and this
disease is creating a threat to humans, leading to epidemics. Therefore, the efficient
development of vaccines is a challenge. In a recent study, a self-assembling NV was
constructed with complete protection against Zika virus infection. zEDIII, a Zika
virus envelope protein domain III, was expressed on recombinant human heavy
chain ferritin NPs (rHF). Without any adjuvants, this zEDIII-rHF vaccine showed a
remarkable upshoot in both humoral and cellular immune responses in mice.
Another advantage of this vaccine is that it does not counteract with the dengue
virus-2, thus overcoming the antibody-dependent enhancement (ADE) problem,
which was a safety issue in Zika virus development (Rong et al., 2022). To better
tackle infectious diseases and malignancies, NVs can enhance targeted delivery,
antigen presentation, stimulation of the body’s innate immunity, strong T cell
response, and safety. Various modes of NV strategies against superbugs have been
explored (Santhosh et al., 2022). Future objectives of ideal NVs include more logi-
cal design, enhanced antigen loading, extended functionalization, and targeted
administration (Das & Ali, 2021).
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2.1.2 Nanomedicine: R&D in Diagnostics

The use of NPs help address the quantum confinement effect. This is demonstrated
with the blue shift with widerenergy gaps and more discrete energy levels, increasing
the distance between the ground state and the excited state (Malhotra & Ali, 2018).
They can be visualized by acting as probes or being labeled as probes while
frequently acting as biosensors due to antigen-antibody reactions, allowing the
diseases to be identified in the primitive stages on the basis of their biochemical
markers. Based on sizes, NPs can be classified as zero-, one-, two-, and three—
dimensional particles. A zero-dimensional particle includes quantum dots and metal
NPs; one-dimensional particle includes nanomaterials made of metals like gold,
palladium, etc.; A zero-dimensional particle includes quantum dots and metal NPs;
one-dimensional particle includesnanomaterials made of metals like gold, palladium,
etc.; two-dimensional particles which are bifacial, includes oneside on the nanoscale
and the other in macro scale and three-dimensional particle includes bulk NPs com-
posed of individual nanoblocks. As mentioned earlier, several modifications can be
made to the NPs for them to be visualized or for them to act as biosensors. The fact
that they have a large surface area makes them ideal candidates for the immobiliza-
tion of larger biomolecules and as efficient biosensors. Microfluidic analyses have
revealed that, by virtue of the association with groups complementary to the target
biomolecules, NPs can be quite efficient. For the synthesis of these bioparticles, a
signal transducer, bioreceptor, a signal processor, a site to display, and biocompati-
bility of the parts are essential. Precisely designed NPs can detect a multitude of
diseases at initial stages itself, even with only a miniscule amount of the target bind-
ing biomolecule.

Meanwhile, NPs with high contrast can be efficient when it comes to functional
and molecular imaging. NPs of sizes ranging from 5 to 100 nm are highly efficient
when it comes to visualization for diagnostic purposes (Kiessling et al., 2014).
Being of smaller size and capable of bonding to functional groups, they are more
specific and have less noise during visualization. They have a long half-life and can
be efficiently transported through the reticuloendothelial system, which helps
in locating the disease or tumor site. Liposomes, iron oxide NPs, and gold NPs are
examples of efficient contrast agents, supporting visualization at a nanoscale.
Quantum dots are semiconductors which upon exposure to UV light shift to a higher
energy level, demonstrating optical and electronic properties which can be
visualized, aiding in diagnosis. They help to redimension the magnitude of the
scale, allowing for ease in diagnosis at a molecular level. Iron oxide and other metal
NPs can be put into resonance with the magnetic NPs. Interesting properties of iron
oxide NPs however are superparamagnetic characteristic and low toxicity, making
them ideal for diagnosis as well as treatment. This indicates that they display
magnetic properties upon exposure to an external magnetic field allowing for
MR-based imaging (Thorek et al., 2006). By increasing the specificity and precise
synthesis of NPs, multimodal imaging using various techniques such as optical,
MRI, CT, and PET is possible, some of which are listed in Table 2.1.
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Table 2.1 Applications of nanoparticles in the molecular diagnostics of diseases
Disease
Sl biomarker Type of Method of
no | Disease name | detected nanoparticle visualization Reference
1. |HIV CD4+ cells Nanobiosensor Biosensor that allows | Farzin
produced during | like NPs and QDs | for real-time etal.
the infection ligand-receptor (2020)
interaction
2. | Sepsis C reactive protein | Metal, magnetic, | Colorimetric & Lim et al.
and procalcitonin | or lipid-based electrochemical (2021)
NPs detection and
magnetic separation
respectively
3. | Coronary Fibrin deposition | Metallic-like iron | In vivo by ultrasound | Lanza and
artery disease | accompanied with | oxide NPs and in vitro by MRI | Wicklin
tissue factor (2003)
4. | SARS-CoV-2 2 | Presence of the N | Gold NPs with Plasmonic Talebian
gene in the virus | oligonucleotide | photothermal effect et al.
dual-function and localized surface | (2020)
biosensor plasmon resonance
(LSPR) sensing
transduction
5. | Traumatic Plasma levels of | Gold NPs By high-resolution Liao et al.
brain injury ubiquitin-C- microscope or by (2012)
terminal fluorescence
hydrolase-L1 microscope or Raman
(UCH-L1) spectroscopy
6. | Alzheimer’s AP peptides t Iron oxide NPs | PET to view amyloid | Luo et al.
(Thr181 and plaque, MRI for (2020)
Thr231) proteins visualization of alpha
in varied levels beta aggregation along
between CS fluid with morphological
and structural
modification
7. | Brain tumor Uptake of particle | Multimodal NP | Fluorescence and MRI | Kumar and
CDI11b + cells CLIO-Cy5.5 Das
and primary (2017)
tumor cells
8 | Cardiovascular | Myoglobin and NDs in HsGDY | Real-time detection Wang
disease cardiac tropin 1 through label-free et al.
visualization (2021)

2.1.3 Nanomedicine in Therapeutics

Physicochemical characteristics such as particle size (>100 nm), shape (rod, sphere,
wire, sheets), and chemical composition enable these nano-sized compounds to
attain their function (Yetisgin et al., 2020). Since nanodrugs can move through the
blood vessels and lymphatic vessels throughout the body, they can easily bind to the
target site. Major goals in nanomedical research are (i) targeted drug delivery, (ii)
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site-specific drug delivery, and (iii) designing of biocompatible nanocompounds
(Bawarski et al., 2008).

2.1.3.1 Nanomedicine in Drug Delivery

NM can be delivered intracellularly through oral, buccal, intravenous, and subcuta-
neous routes (Sultana et al., 2022). Intracellular transport of NM facilitates its
absorption, diffusion, and excretion. NM coated with surfactants and polymers
degrades after the NM is absorbed by the cell surface (Patra et al., 2018). NPs
coupled with proteins or antibodies open at the specific tight junctions where the
permeability of the drug is easier. Anticancer drugs capped with NPs are also studied
to bind with the target sites making the drug release and treatment easier (Liu et al.,
2021). The enhanced permeability and retention property of the NP help them to
transmit the NM directly at the target tissues by combining with polysaccharides,
antigens, enzymes, or peptides. Internal and external stimuli also trigger some of the
NP which helps in releasing the drug at the target site. Magnetic and electric fields
developed by the NP also release the drugs to gather at the target site for target-
specific action (Mullner, 2022).

2.1.3.1.1 Polymer-Based Nanoparticles

Biodegradable polymers include natural polymers like chitosan, alginate, gelatin,
and albumin and synthetic polymers like poly D,l-lactide (PLA), poly D,I glycolide
(PLG), polylactide-co-glycolide (PLGA), etc. The wide availability and the stability
of the biopolymeric NP together with the body fluids is a characteristic of polymeric
NP. The therapeutic agents will be coated at the surface of the polymer, and on
entering the body fluids, the drugs will be released and the polymer degrades to
monomers and polymers further leading to adsorption (Naki & Aderibigbe, 2022).
NP coated with polyethylene glycol (PEG) is widely studied to increase the
circulation of NP through blood. Polymer-based NP includes dendrimers, polymeric
NP, micelles, drug conjugates, protein NP, and nanogels. The main disadvantages of
polymeric NP include its high cost, complex preparation method, and agglomeration
in blood streams (Ebhodaghe, 2022).

(a) Dendrimers—Dendrimers are nano-sized artificial macro molecules designed
by a combination of a large number of functional groups with a dispersed
structure (Marwah et al., 2022). Biological properties like nontoxicity, stability,
self-assembling, electrostatic interaction, solubility, etc., make them compatible
in the field of NM. Dendrimers also have the property of controlled drug
delivery, making them a potential platform for drug delivery. Dendrimers are
used in transdermal drug delivery and gene delivery. Dendrimers functionalized
with vitamins, proteins, and antibodies improve biocompatibility further
increasing site-specific drug delivery (Seidu et al., 2022).
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(b) Micelles—Polymeric micelles are spherical shell-shaped NPs formed by self-
assembly of polymers in aqueous solution (Jhaveri & Torchilin, 2014). The
small size (30—100 nm), shapes (cylindrical, spherical, bilayer), and solubility
property make the polymeric micelles a good candidate for drug administration.
Polymeric micelles act as an efficient drug carrier for poorly water-soluble
drugs. Advantages of micelles include reduced side effects of the drug encapsu-
lated, easy to scale up the preparation, longer circulation time due to hydropho-
bic moieties, etc. A drawback of polymeric micelles is the sudden rupture of the
micelles due to low molecular weight, where the drugs are released before
reaching the target site. Thermosensitive micelles are used in drug delivery
where structural changes occur due to thermal stimuli leading to the release of
drug (Khot et al., 2022).

(c) Protein NP—Natural bio-molecules such as proteins are used as an alternative
for polymers in developing nanodrug formulation (Habibi et al., 2022). The
biocompatible, biodegradable, availability in natural environment, easy
synthesis process, and cost-effectiveness of the proteins gives the advantage of
using them in drug delivery. Protein NPs are delivered intracellularly through
endocytosis. Different proteins including silk protein fibroin, human serum
albumin, gelatin, legumin, lipoprotein, ferritin, etc., are used as nanocarriers (Li
et al., 2022). Protein NPs are used to deliver genetic materials, anti-cancer
drugs, growth factors, etc. Compared with other NPs, protein NPs are nontoxic
and enable targeted drug delivery to tissues and organs. NMs from natural
compounds are also studied for the treatment against cancer, diabetes mellitus,
neurodegenerative diseases, etc., which has to studied further. Proteins and
peptides of therapeutic importance are clustered to form nanoclusters for drug
delivery (Danielsen et al., 2022).

(d) Nanogel—NGs are cross-linked polymeric NP or hydrogels with 3-D property,
which are used as drug carriers (Shah et al., 2020). NGs are highly stable,
permeable, and environment friendly. NGs encapsulated with hydrophilic or
hydrophobic drugs can produce responses to temperature pressure and to
stimulus. NGs encapsulation includes conjugation, self-assembly, physical
entrapment, etc. NGs doped with ligands are developed for achieving targeted
drug delivery where the ligands directly bind to the protein at the target site.
Drug release from the NGs includes diffusion, ion movements, pH, and
thermosensitive techniques (Sindhu et al., 2022).

(e) Nanofibers—Nanofibers are developed using electrospinning techniques and
are studied for its therapeutic application (Odularu, 2022). The fundamental
principle of NPs is that higher the surface area of the drug carrier, faster is
the drug dispersal. Polymers coated with therapeutics are woven as fibers
and are used in wound healing as the drug is having direct contact with the
wound and healing occurs. Antifungal nanofibers are also used in wound
healing function. Table 2.2 shows the use of different types of NP in
therapeutics.



30

Table 2.2 Application of polymeric nanoparticles in therapeutics
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Types of

Compounds used for

Nanoparticles | Size therapeutics Application References
Dendrimers 1-5nm | Poly(amidoamine) Antibacterial activity | Chauhan et al.
dendrimer Tumor therapy (2020)
Tryptophan-rich peptide
dendrimer
Micelles >100 nm | Micelles with Anticancer Majumder et al.
polyesteramide and therapeutics (2020)
poly(urea-urethane) Treatment of gout
PEGylated uricase
micelles
Drug >100 nm | Polyethylene glycol with | Cancer-targeted drug | Manandhar
conjugates cisplatin, carboplatin delivery et al. (2021)
PEG-Embelin conjugate | Antidiabetic,
anti-inflammatory
Protein >100 nm | Gelatin nanoparticles Anti-cancer drugs, Kianfar (2021)
nanoparticles Gliadin nanoparticles anti-AIDS drugs,
antimalarial drugs
Gastric diseases
Nanogels >100 nm | Alginate (ALG) nanogel | Antitumor activity Yin et al. (2020)
Paclitaxel nanogel Hepatocellular
carcinoma
Chemo
immunotherapy
Nanosponges | >1 pm | Curcumin nanosponges | Tumor treatment Tiwari and
Bhattacharya
(2022)

2.1.3.1.2 Lipid-Based NPs

Lipid-coated NPs are considered more efficient than polymeric NP. Physiological
and biodegradable lipids carriers are used as nano-safe carriers of drugs. Surface
modification of the lipid NP using carbohydrates is also used in drug delivery
technology (Gagliardi et al., 2021). Lipid-based NPs are used for the delivery of
various biomolecules like enzymes, hormones, ribozymes, nucleic acids,

and mRNAs.

(a) Solid-lipid NPs—Solid-lipid NPs have solid matrices ranging in size from 1 to
1000 nm. They are spherical, pellet, rod, or anisotropic in shape (Hamid &
Manzoor, 2020). Lipid NPs are studied extensively in gene delivery, cancer
therapy, protein, peptide therapy, etc. They are studied as oral drug delivery
systems where rifampicin, isoniazid, and pyrazinamide-loaded nanodrugs for
tuberculosis and camptothecin and tamoxifen for cancer are examples
(Shirodkar et al., 2019). Lipid NPs are also studied in brain drug delivery where
the particles easily pass through the blood-brain barrier. Solid-lipid NPs
containing cationic lipids serve as a reservoir for hydrophobic drugs and the
positively charged lipids enable cellular intake of drugs, which helps in blood-
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brain penetration. Drug leakage, drug storage, and crystallization of the NP are
the major drawbacks.

(b) Liposomes—These are vesicles made of one or more phospholipid bilayer with
an aqueous pore at the center. Liposomes are nontoxic and biodegradable with
a size of 100 nm to 5 pm (Lamichhane et al., 2018). The phosphor lipid layers
of the liposomes are arranged in an order that both hydrophobic and hydrophilic
molecules can bind to the liposomes. The most important advantage of
liposomes is to bind itself with the cell membrane and release the drug into the
cytoplasm which can be used for targeted drug delivery. Another advantage of
liposomes is that more than one type of drug can be attached with the different
layers of liposomes. Liposomes coated with drugs are studied to travel through
the blood-brain barrier and release the drug at the target site (van der Koog
etal., 2022). Liposomes are studied extensively for their therapeutic application
for brain-targeted drug delivery, as vaccines, and in cancer diagnostics.

(¢) Exosomes—These are extracellular vesicles of 30—-150 nm size and are found
in breast milk, saliva, urine, and blood (Pegtel & Gould, 2019). The vesicles
isolated from the body fluids are studied to improve targeted drug delivery since
the cells have an advantage over immune systems. Exosomes are studied to
deliver drugs for autoimmune disease, cancer, and tissue regeneration.

(d) Virus-like particles—VLPs are nonreplicative, noninfectious proteins origi-
nated from viruses (Tornesello et al., 2022). Virus-like particles encapsulate
molecules like nucleic acid and other drug compounds for drug delivery appli-
cation. Hepatitis B virus cores are highly efficient NPs ranging from 30 to
34 nm in diameter for drug delivery. VLP vaccines were studied against Epstein-
Barr virus-related cancer, cancer caused by T-lymphotropic virus, and cancer
caused by human HPV.

2.1.3.1.3 Nonpolymeric Nanoparticles

(a) Carbon Nanotubes—CNTs are made of carbon compounds having tubular
structure with a particle size of 1 nm in diameter and 100 nm in length. CNT is
formed as multiwalled, single-walled nanotubes and C60 fullerenes
(Kazemzadeh & Mozafari, 2019). The nanotubes enter cells by endocytosis or
through insertions in cell membranes. C60 fullerenes are studied for their ability
to protect mitochondria as they release free radicals, which is considered a
positive property to use them as an agent for targeted drug delivery (Kaur et al.,
2019). CNTs are studied for their ability to deliver antibiotics, antiviral drugs,
and cancer drugs. Surface-functionalized nanotubes are used to deliver
therapeutic materials at specialized target sites.

(b) Metallic NPs—Metallic NPs (1-100 nm in size) made of gold, iron, nickel,
cobalt, and its oxides are synthesized with an outer functional group so that the
therapeutic agent can be bound to the functional group (Kovdcs et al., 2022).
Since these compounds have magnetic properties, they are used for diagnostic
purposes. Many such NPs have been explored as having multiple modes of
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antibacterial activity too (Sarojini & Jayaram, 2021). Gold NPs are widely used
in cancer therapy and diagnostics as they are relatively less cytotoxic and
targeted to tumor tissues to kill cancer cells using its photothermal therapeutical
characteristics which in response to light or magnetic stimuli were studied for
controlled drug release (Clasky et al., 2021).

Quantum dots—These are NPs with 2—10 nm in diameters and are made with a
semiconducting material (Campbell et al., 2021). They are made of inorganic
core and aqueous outer shell. The outer shell is used to conjugate biomolecules.
Quantum dots are highly toxic on exposure to UV light or aqueous regions
which is considered as a major drawback in therapeutic research.

Silica-based NPs—Silica NPs have high surface area, have larger pore size
ranging from 2 to 50 nm, are biodegradable, and exhibit aqueous dispersal
property, which make them a good drug carrier (Trzeciak et al., 2021). Poorly
water-soluble drug camptothecin (cancer drug) incorporated with silica
mesoporous NPs was used for targeted drug delivery resulting in apoptosis of
cancerous cells. Mesoporous silica NPs are biocompatible with high loading
capacity with targeted drug delivery capacity.

2.2 Nanoparticles in Cancer Diagnosis

Early-stage detection is of paramount significance for successful cancer therapy,
which can lead to a drastic reduction in cancer-related mortality (Zhang et al.,
2019). The large surface area and volume ratio make NPs an excellent material for
cancer detection compared to bulk material. Due to their adaptability and
affordability, NT-based solutions are presently being created and developed as a
viable tool for real-time cancer diagnosis and detection (Chen et al., 2018). NPs can
be easily surface functionalized with functional groups, making cancer diagnosis
more efficient (Chaturvedi et al., 2018). Figure 2.1 shows some of the applications
of biosensors in the field of medicine.

f Drug
& discovery

S

Biosensor
Applications
in medicine

Pathogen Disease

\ discovery 4 A detectio

Fig. 2.1 Applications of biosensors in the field of medicine
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2.2.1 Nanoparticles in Bioimaging/Biosensing

Early disease identification and development of novel treatments are made possible
by biosensing and bioimaging techniques, which enable researchers to visualize the
internal structures and investigate the physiological processes of living systems at
molecular level (Pu, 2019). They are particularly useful for examining the dynamics
of tumor progression by locating tumor sites, characterizing cell phenotype, and
visualizing key biological processes using cell composition and other indicators
inside the tumor microenvironment (Chung et al., 2021). An analyte-binding input
modality and a detectable output modality are both included in a biosensor (Yur
etal., 2021). Optical imaging (fluorescence (FL), two-photon FL, and Raman imag-
ing) (Berckman & Chen, 2020), PET/SPECT (positron emission tomography/sin-
gle-photon emission computed tomography) (Cui et al., 2018), MRI (magnetic
resonance imaging) (Wu & Huang, 2017), PAI (photoacoustic imaging) (Lemaster
& Jokerst, 2017), and multimodal imaging CT (computed tomography) represent
some of the molecular imaging techniques currently adopted using NPs (Lin et al.,
2016). Each bio-imaging strategy is distinct and has its own set of benefits and
drawbacks. As a result, single imaging will not meet the requirements. To overcome
the issue a series of modulation imaging for visualization is being researched
(Rostami et al., 2019). Biomedical imaging probes based on inorganic NPs have
been intensively researched as a potential alternative to conventional molecular
imaging probes. They have better adaptability in terms of enhanced multimodal,
stimuli-responsive, and targeted imaging performance. Revolutionary findings in
the field of imaging probes have led to excellent molecular and subcellular
bioimaging (Kim et al., 2018).

2.2.2 Nanoparticles in Drug Delivery

One important area of NT with many potential applications in the field of cancer
research is the delivery of drugs and the targeting of malignant cells using a variety
of nano-based biomaterials (Limeres et al., 2019). The drug nanocarrier system is
versatile as it enhances cancer treatment efficiency, selectively raises the number of
drugs accumulated within target tumor cells, and reduces therapeutic agent toxicity
in neighboring cells. Nanocarriers are highly soluble, capable of transporting a wide
range of medications, have an expanded surface area, and can be used for a variety
of delivery methods (Khodabandehloo et al., 2016). The difficulty for the drug
delivery system is to deliver drug molecules exactly at the target region without
harming healthy cells (Yaqoob et al., 2020).

Two targeting techniques—active targeting and passive targeting—are used to
deliver NPs to the tumor tissue. Enhanced permeation and retention effect (EPR) is
the phenomenon in passive targeting. The most promising and efficient method for
increasing the specificity of the NPs is termed “active targeting” (Ingle et al., 2017).
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Due to their optical, mechanical, electrical, and thermal properties, several carbon-
based nanomaterials (CNMs) have recently attracted significant research interest in
the development of cancer treatments. They are more biocompatible and safer than
metal-based nanomaterials (Kumari et al., 2016). These CNMs can be functionalized,
either covalently (chemical bond formation) or noncovalently (physio adsorption),
as per the requirement, to make them biocompatible (Clemons et al., 2018).

Photodynamic therapy (PDT) is used to treat abnormal cells in the presence of
light. Earlier, Eosin was used as a photosensitizer for tumors which developed
cytotoxicity and skin damage. The issue was addressed by introducing
hematoporphyrin as a photosensitizing agent, which acts as a carrier too. The
superior high mechanical strength, optical properties, low toxicity, and
biocompatibility have made carbon-based nanomaterials a potential material in
PDT (Bhattacharya et al., 2016). NPs are an effective material in PDT because of
their distinctive properties as carriers, sensitizers, energy transducers, or enhancers
for reactive oxygen species (ROS) formation. Compared to other therapeutic
techniques, PDT is considered less harmful to healthy cells. Metal-organic
frameworks are yet another class of nanomaterials used in PDT. These highly
flexible hybrid structures are designed from metal ions or clusters using organic
linkers. In order to increase blood flow time and improve their ability to target
tumors, MOF NPs are loaded and altered (van Straten et al., 2017).

Another technique used for the cancer treatment is photothermal therapy (PTT),
in which near-infrared radiations are used. In this therapeutic technique, radiations
are used to inflict heat for damaging the cancer cells (Fig. 2.2). PTT uses photothermal
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Fig. 2.2 Schematic illustration of PTT mechanism
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agents (PTAs) with high PT conversion efficacy to convert light to heat using NIR
(Lucky etal., 2015). The anticancer effects of FA-GO/SF (folic acid (FA)-conjugated
polyvinyl pyrrolidone functionalized graphene oxides) were improved by the pho-
tothermal effect while exposing GO to near-infrared irradiation (Babu et al., 2022).
FA-GO transforms it into an anticancer drug carrier capable of pharmacological and
photothermal effects. Gold NPs and CNTs have attracted interest recently for poten-
tial PTT applications. A two-step reduction technique was used to create the hybrid
of gold nanostars and MWCNTs. The biocompatibility of these hybrids exhibited
high photothermal efficiency compared to the gold nanostars (Zou et al., 2016).

2.3 Challenges in Nanomedicine R & D

NM has potential advantages such as the delivery of NP-based drugs, vaccine deliv-
ery, and cell-based diagnosis. Research and development in this field has greatly
enhanced NP-based screening, diagnosis, and treatment of diseases (Kargozar &
Mozafari, 2018). However, very few NP-based drugs get clinical approval to use
because of challenges at different stages in drug development.

The safety challenges arise when nanotherapeutics interact with the body once it
enters the bloodstream, extracellular matrix, cell organelles and cytoplasm. Different
NMs require different pharmacokinetic parameters that are very different from the
commercially available drugs. Thus, there remains a lack of proper methods and
standards to evaluate the safety of nanodrugs. In recent years, researchers are
addressing toxicity issues of nanodrugs for human health. These NMs upon
interacting with intracellular organelles, proteins, polysaccharides, and enzymes
may alter their signaling pathways, complicating the safety issues. Thus, the
development of standard tests for toxicity evaluation of NM becomes the need of
the hour (Wu et al., 2020; Zhang et al., 2020).

Scale-up issues—For clinical and pre-clinical studies of NM, only a small amount
of product is needed; thus, robustness and effectiveness can be maintained in small-
scale production of the nanodrugs. On the other hand, large-scale production of nano-
drugs shows polydispersity and changes in physical and chemical properties such as
drug composition, size, surface charge, crystallinity, and therapeutic outcomes of nano-
drugs, thus compromising the stability in manufacturing process. Methods for synthe-
sis and characterization of nanoformulations and upscaling their production remains a
time-consuming and costly affair (Metselaar & Lammers 2020; Zhang et al., 2020).

Biological Challenges—First challenge is the increased biodistribution of nano-
drugs to target sites such as cells and tissues and reduced accumulation in healthy
tissues. Secondly, the interaction between nanodrugs and biological barriers such as
cells, skin, organs, etc., may interfere with the drug delivery system thereby, affect-
ing the efficiency and stability of nanotherapeutics. The understanding of nano-bio
interactions with the goal of overcoming and transporting the nanodrugs to target
sites is the need of the hour. Another problem is the storage of NM leads to loss of
its stability. The nanomaterials used in the preparation of NM are usually
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Fig. 2.3 Schematic representation of challenges faced in nanomedicine R&D

biodegradable, so while storing, its property could alter (Wu et al., 2020; Abdel-
Mageed et al., 2021).

Regulatory Challenges—Regulations laid down by FDA and EMA (European
Medicines Agency) are very different and change from time to time which may
affect the approval of nanodrugs, which are in the clinical trial stage. Another obsta-
cle is nanotherapeutics approved in one country do not get approval from other
countries. Thus, due to the lack of proper standards and regulation policy, detailed
guidelines for proper characterization and quality control for nanodrugs are the
major barriers to develop nanotherapeutics (Farjadian et al., 2019). Major challenge
in developing cancer-targeted anti-angiogenic NM demands intensive understand-
ing of cancer-related metabolic processes, their interaction with immune cells and
body, optimizing pharmacokinetic parameters, and grasping their biodegradative
property (Mukherjee et al., 2020). A few of the challenges faced in nanomedicine
R&D is depicted in Fig. 2.3.

2.4 Future Perspectives

Recent times have witnessed the emergence of different diseases, many of which
have their underlying pathophysiology in the disturbances at the nanoscale levels of
genes and molecules (like gene mutations and protein misfolding). The correlation
between nanoscale understanding of disease mechanisms, progression, and therapy,
with the need for comprehensive knowledge about physicochemical properties of
NP, forms the basis of NM for targeted and effective approaches. There exists an
additional concern that needs to be resolved to eliminate nonspecific toxicity, i.e.,
regulating the interaction between NP and the biological environment. Here, con-
siderable importance needs to be given to understand the interactions between the
surface of NPs and surrounding biological components and fluids (phospholipids,
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vesicles, etc.) that could subsequently affect the pathophysiological responses. This
interaction is affected by the composition of NP and nature of the suspending media
(solvents, water molecules, salts, etc.) used. Together, there arises variations in the
physicochemical properties of NP size, surface area, shape, surface charge,
roughness, porosity, conduction states, hydrophobic/hydrophilic nature, and so on.
In tandem, these factors will affect the physiological responses brought about by the
cells being targeted with these NP (Nel et al., 2009). Small-scale setups enable easy
regulation of nanoformulations, but at the larger scale, even slight errors could
result in significant changes in physicochemical properties of NP that will impact
their efficiency, quality, reproducibility, and safety. Subsequently, these erroneous
particles when administered in diagnostics or therapy would elicit inappropriate
physiological responses. Hence, in accordance with specific disease pathophysiology,
we need to augment the physicochemical properties of NP and tailor them to resolve
the disease or diagnostics being targeted. A global consensus aimed toward
harmonizing and integrating the regulatory, safety, and scientific protocols of NM
will further catalyze the standardization of the usage of NP with maximum
reproducibility, safety, efficacy, and specificity.
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Chapter 3
Nanomedicine: Therapeutic Approach

of Vaccinology to Fight Against
SARS/COVID-19

Anjali Yadav, Manpreet Kaur Aulakh, Kirtanjot Kaur, Kaushik Pal,
and Vishal Mutreja

3.1 Detection of SARS/COVID-19

In December 2019, in Wuhan, the capital of China’s Hubei territory, the unrivaled
COVID-19 came out of nowhere, which brought the world down to its verge. It
caused adverse break-outs on human health (such as diseases related to lungs), life,
and economies worldwide. The well-established fact is that in people it originates
through respiratory tract syndrome coronavirus-2 (SARS-CoV-2). Coronavirus is
well recognized for its fleeting spread and high infectivity which led to threats
across the globe and was manifested by the great mortality in the past 27 months
(Abd Elkodous et al., 2021). The ailment is usually set about with cough, fever, and
difficulty in breathing, coming after with different acute lung disorders such
as chronic obstructive pulmonary diseases (COPDs), which may result in death. But
somehow, there are asymptomatic cases that have been reported. This has created an
urgency for the development of sensors for SARS-CoV-2 to promptly and accu-
rately confirm the presence of coronavirus.

To this time, the development of these tests has verified that spike (S), envelope
(E), membrane (M), and nucleocapsid (N) are the only notable structural and basic
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proteins for the COVID-19 virus. It has been revealed through various studies that
the spike (S) protein holds the highest importance in the entry of viruses and bind-
ing with the human renin-angiotensin system’s (RAS’s) enzyme, i.e., angiotensin-
converting enzyme (ACE-2) which is also responsible for blood pressure controls.
The spike binds to the ACE-2 receptor over the cell surface; hence, the spike (S)
protein could be the most favorable noble target site for sensors/detectors
(Mushtaq, 2022).

Several methods were summoned for the identification of coronavirus like
nucleic acid, reverse transcription-polymerase chain reaction test (RT-PCR),
CT-imaging, enzyme-linked immunosorbent assay (i.e., ELISA), point-of-care
tests, and tests for some hematological parameters. Even though such methods hold
appreciable comfort in spotting the SARS-CoV-2, diagnosing COVID-19 many
have limitations. For instance, the most commonly employed, however, question-
able, reverse transcription real-time-PCR (RT-PCR), which requires viral genetic
substance (i.e., RNA) in samples collected from nasopharyngeal swabs, demands
high expertise. It is also a time-consuming process and is prone to give false nega-
tives (Bidram et al., 2021). This fastens the need for a more sensitive, simpler, accu-
rate, and reliable method for the timely treatment of patients and preventing it from
spreading (Krishnan et al., 2021).

Numerous researchers have been working to create cutting-edge nanoparticles
(NPs)-based viral sensors for effectively managing and preventing the pandemic
ever since the uncovering of COVID-19 and its mechanism of influence. The term
“nanoparticles” refers to particles which are having a size of less than 100 nm in at
least one dimension. NPs are distinctive because of their tiny particle size, greater
surface area, shape and size-dependent activity, unique bonding and conjugation
characteristics (such as interactions between gold and thiol), encapsulation of unsta-
ble biomolecules (such as mRNA), and surface plasmonic nature. Therefore, efforts
are being made to fabricate ultrasensitive biosensors by using NPs for obtaining
different sensors such as colorimetric, scientometric, electrochemical, and fluoro-
metric, etc., to detect well-known human viruses (Bidram et al., 2021; Liu
et al., 2022).

3.2 Diagnosis of SARS-CoV-2

The recent developments in nanobiotechnology have opened up new avenues for
diagnostic and therapeutic science. Nanomaterials’ distinctive characteristics, as
opposed to those of their bulk counterpart, are advantageous in several biomedical
applications. For instance, the size and morphology of the NPs could influence their
efficiency in diagnostic applications, and their surface can be modified with various
types of ligands covalently or non-covalently bonded to improve detecting limits
and selectivity or sensitivity (Mahmud et al., 2022).

The main obstacle in the detection of biological materials like DNA (deoxyribo-
nucleic acid), RNA (ribonucleic acid), and spike proteins is their very low
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concentrations, which produce a weak signal. However, unique properties like the
plasmonic characteristics of gold nanoparticles (AuNPs), the magnetic characteris-
tics of some metal NPs, the distinctive electrochemical characteristics of carbon-
based NPs, the fluorescence properties of quantum dots, and a range of polymeric
NPs provide a stage for quick and inexpensive diagnostic platforms with the lowest
detection limit (LOD). Selectivity is a significant obstacle to biological material
detection that can be removed by coating the surface of the nanoparticles with a
particular ligand (such as antibodies, proteins, or thiolated molecules).

3.2.1 Colorimetric

The colorimetric analysis is a straightforward method that is uncalled for any com-
plex instrumentation. Specifically, metal NPs are usually employed in the colori-
metric assay to detect human aliment, and the establishment of such biosensors has
validated the easiness of a quick detection test that doesn’t require highly skilled
manpower. Particularly, AuNPs are repeatedly used in colorimetric analysis owing
to their easy synthesis, comprehensibility, viability, distinctive optical properties,
and effective surface areas. Colorimetric assays equipped with gold nanoparticles
grasp merit in the change of color from red to purple, into colloidal suspension
through antigen-antibody (Ag-Ab) interaction. This approach improves the detec-
tion of coronavirus spike protein with greater specificity and sensitivity (Jeevika
et al., 2021).

The LSPR (Localized Surface Plasmon Resonance) results in cohesive and non-
moving oscillations of self-directing electrons in metal NPs when they fraternize
with an electromagnetic (EM) wave whose frequency is in resonance with a plas-
monic one, is the physical mechanism underlying this category of biosensors. For
instance, a colloidal suspension of AuNPs could show color changes from red to
blue due to LSPR coupling in a colorimetric-based diagnostic method (Liu et al.,
2022; Jeevika et al., 2021). AuNPs clustering can be synchronized by biological
mechanisms namely antigen-antibody (Ag-Ab) interaction. Though different tech-
niques can be inclined to inactivate antigen-antibody (Ag-Ab) when rightly encoun-
tered with the facet of the Au nanoparticles, the sophistication of such standard
methods leaves them impractical for commercial processes on a huge scale.

High-density functionalized surface can be created in a matter of minutes via the
Photochemical Immobilization Technique (PIT) with UV (ultraviolet) activation of
the antigen-antibody system. PIT was shown to be successful for holding antibodies
(Abs) upright on surfaces other than flat surfaces, such as AuNPs, which were either
used to counterweight small antigens or to create a colorimetric biosensor for rec-
ognizing estradiol and IgGs?. In the later instances, antigen presence showed a shift
in absorbance that was simple to measure with a spectrophotometer or even with the
human eye. The influenza A virus was also detected using a method that relied on
NPs aggregation by the occupancy of the antigen Although no clinical trials were
reported to show the procedure’s efficacy in actual clinical situations (Syed, 2020).
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A study by Sergio et al. (Christian, 2011; Ventura et al., 2020) revealed that the
development of a colorimetric biosensor that was applied to SAR-CoV-2 mass test-
ing with both susceptivity and explicitness of greater than 95%, as shown by a
comparative evaluation performed over 94 samples (45 positives and 49 negatives),
tested by conventional RT-PCR in the Virology unit of A.O.U. Federico II/
Department of Translational Medicine of the University of Naples. The detection
method depicted in Fig. 3.1 involves the use of the colloidal solution of PIT-
functionalized Au nanoparticles (f-AuNPs) against the membrane, spike, and enve-
lope surface proteins of coronavirus (M, S, and E respectively, in Fig. 3.1a). In this
method, the specimens were dipped into a solution of Universal Transport Medium
(UTM, Copan Brescia, Italy) after being taken from the patient and without any
further processing. For analysis, 100pL of the sample, SOpL of f-AuNP colloidal
solution, and 100pL of ultrapure water were combined to conduct the test. The pres-
ence of virions (i.e., the viral protein particles) caused a coating of AuNPs to develop
on their surface (Fig. 3.1b), which caused a redshift in the optical density (OD)
(Fig. 3.1c). When the viral levels were considerably large, the change in color from
red to purple was visible even through naked eyes (Fig. 3.1a, b) (Ventura et al., 2020).

The COVID-19 proteins (S, M, and E) are highlighted in red, dark green, and
violet, respectively, and are associated with respective antibodies. The purple col-
loidal solution with anti-SARS-CoV-2 synthesized functionalized AuNPs (f-AuNP)
is depicted in the inset of Fig. 3.1b. The f-AuNPs encircle the virion and create a
coating of nanoparticles on its upper surface. Due to their interaction, there is a shift
in the extinction spectrum of the resonance peak, which results in the change of
color as shown in Fig. 3.1c. Extinction spectra showing the optical density of
f-AuNPs colloidal mixture combined with patient samples having various virus
loads. The extinction spectra of virions cannot be distinguished from the spectrum
of f-AuNPs at very low virion concentrations (curve Cgz,) (black continuous line).
The extinction spectrum is slightly redshifted at intermediate virion concentrations
(curve Cy5), and this difference from the control (f-AuNPs) results in the curve C,s-
(f-AuNPs), which shows the virion’s involvement. The extinction spectra for Cy
(high virion concentration) peak at 560 nm (f-AuNPs) are shown in Fig. 3.1c
(Ventura et al., 2020).
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Fig. 3.1 A layout of the SARS-CoV-2 detection method using nanostructured AuNPs (Reprinted
with permission from Ventura et al., 2020)
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3.2.2 Biosensor

Biosensor is a self-contained integrated device that is capable of providing specific
quantitative or semi-quantitative analytical information using a biological recogni-
tion element that is in direct spatial contact with a transducer element. Various bio-
logical elements such as antibodies and enzymes have been employed as receptors.
AuNPs-based biosensors have been tailored in such a manner that they owe rare
optical and plasmonic properties. They are a great option for sensitive biosensors
for numerous pathogens and biomarkers due to their customizable size, simplicity
of production, stability, and biocompatibility. Because of their compelling interac-
tions with sulfur (S), AuNPs are frequently used in colorimetric viral detections.
The fundamental idea behind AuNPs-based biosensor assays is to target RNA/DNA
with thiol-altered nucleic acid surfaces in the vicinity of an electrolyte that is posi-
tively charged, which then interfaces with AuNPs and alters its color due change in
the charge. Recently, Pramanik et al. (Mahmud et al., 2022; Chauhan et al., 2020;
Christian, 2011) disclosed a methodology for the rapid identification of SAR-CoV-2
via surface-enhanced Raman scattering (SERS)-based detection using 4-amino
thiophenol (4-ATP) nanostructured AuNPs. To cause aggregation inside the AuNPs
colloidal system, 4-ATP functionalized AuNPs are further modified with an anti-
spike antibody, which subsequently reacts with the antigen present in the coronavi-
rus. Because of the shift in absorbance occurring in the visible band of the light
spectrum, this aggregation behavior can be seen by the naked eye and can be mea-
sured using a UV-absorbance spectrometer (Liu et al., 2022). SERS and the AuNPs
sulfur bond open the door for detecting at the POC (point of care). Viral membrane
protein can interact with AuNPs and organic substructure in paper-like strips, break-
ing the connections between the metal and the organic scaffolding. This property
can be utilized in making masks having high coronavirus sensitivity. The intensity
and color of SERS’s AuNPs would appear to alter as a result of the protein-AuNPs
interaction, which is effectively thought of as an electron-hole effect. One clear
example is that when the bare AuNPs are encountered with SERS the AuNPs due
change in the conjugation site, leaves a hole in the previous site, hence, creating an
electron-hole effect. Therefore, rapid detection using AuNP-based point of care is
feasible. Such a technique can be adapted for common use by making a mask with
NPs having different properties when interacting with the foreign particles specifi-
cally SARs-CoV-2 by binding and locking system, depicted through color change
as shown in Fig. 3.2 (Mahmud et al., 2022).

3.3 Types of Nanocarrier for Delivery of Drugs

There are several approaches made for nanomaterial-based drug delivery systems.
These include the use of metal nanoparticles such as gold, silver, and organic
nanoparticles in drug delivery systems without any adverse effect over vaccinology.
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Fig. 3.2 Mask-embedded AuNPs undergo SERS intensity and color variations in the environment
of SARS-CoV-2 (Mahmud et al., 2022)

There are abundant organic materials-based drug delivery systems such as lipo-
somes, dendrimers, nanoemulsions, nanosuspensions, hydrogel, etc. Some widely
acknowledged benefits of nanocarriers that make them excellent choices for the
delivery of antiviral drugs are as follows: (1) Under the right circumstances, medi-
cations with low water solubility and hazardous substances could host themselves
inside the nanocarrier to gain increased stability and solubility. (2) Phagocytotic
cells, that rapidly absorb nanocarriers are the main viral reservoirs. (3) Nanocarriers
increase the bioavailability of capsulated active ingredients. (4) Nanocarriers give
adhesiveness to microbicidal gels. (5) The medicine must be delivered intracellu-
larly using nanocarriers (Jagessar, 2020). (6) Nanocarriers have the potential to
lower the toxicity of antiviral medications, improve yield, and postpone the onset of
resistance. (7) Nanocarriers are purported to be able to traverse biological barriers,
for example, the blood-brain barrier which is a semipermeable membrane that sepa-
rates the blood from cerebrospinal fluid, due to their nano-size. (8) Nanocarriers
may improve tissue tolerance, cellular uptake, and transportation, enabling efficient
administration to the intended destination. (9) Nanocarriers can always be released
sustainably. Nanoparticle-based drug delivery systems can be of various types as
shown in Fig. 3.3, depending on (1) the type of material, (2) the size, (3) the type of
shape or geometry chosen, and (4) the type of surface epitome used in the fabrica-
tion of nanoparticles.

3.3.1 Liposomes

Liposomes are lipid vesicles that resemble cells and have a sequenced phospholipid
bilayer. They have many benefits, including non-toxicity or immunogenic nature,
altering the distribution of drugs in vivo, enabling sustained drug release,
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Fig. 3.3 Schematic representation of shape, size, material, and a surface group of nanomaterial-
based drug delivery system

lengthening drug action time, uplifting drug treatment index, and lowering side
effects specifically for entrapping hydrophilic, ionic molecules, and hydrophobic
drugs. Interestingly, reticuloendothelial (RES) phagocytic cells are specialized for
their removal from regular circulation.

The liposome-based nanoparticles are quintessential for endovenous administra-
tion. Such nanomaterials could be identified by lipoproteins and plasma opsonins
(antibodies or other substances which bind to foreign microorganisms), proceeding
with their speedy phagocytosis and discardation from circulation (Christian, 2011).
In a liposomes-based drug delivery system, as illustrated in Fig. 3.4, drug molecules
can be loaded into the aqueous core of the liposomes which are shielded from the
body’s aqueous environment by a lipid bilayer to protect the drug from the auto-
immune system. The surface is an epitome with a specific surface protein for bind-
ing to the targeted site. Over time, the bilayer deteriorates and the liposome releases
its internal drug essence. Further, a study depicted that liposomes usually are posi-
tively charged and carry the raised potential for mucosal vaccinations because nasal
cavity retention carries a negative charge resulting in a vigorous immune effect,
giving rise to the generation of enormous levels of immunoglobins to fight
COVID-19 (Jagessar, 2020; Christian, 2011).
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Fig. 3.4 Schematic representation of liposome-based nanoparticles

3.3.2 Dendrimer

Dendrimers are artificial, branched drug delivery structures that have diversity in
configuration and are frequently engrossed to infuse insoluble medicines. Moreover,
these can be conjugated with different surface functional groups, leading to an
eccentric drug delivery product, and their molecular weight is tuneable.

Furthermore, these are frequently employed in biomedical and pharmaceutical
applications because of their excellent biological properties. Additionally, den-
drimers showed enhanced antiviral potential due to their strong interactions with
some viruses, which helps them to control the host’s illness. Thus, they emerged as
leading contenders to treat viral diseases like HIV, COVID-19, and influenza virus.
It was discovered that dendrimer nanoparticles had a replicon mRNA that expresses
an antigen, enabling critical CD8+ T-cells as well as antibody responses to protect
against deadly viruses including Ebola and HIN1. Dendrimers naturally incorpo-
rate conjugation with the chemical species to their surface which functions as a
detecting agent (for instance dye molecules). The main conclusions can be screened
against SARS-CoV-2 which can lessen COVID-19’s onslaught (Chelliah et al.,
2021). Dendrimers have promising potential for such applications as their structure
leads to a multivalent system. Moreover, one dendrimer has hundreds of feasible
localities to couple an active species as shown in Fig. 3.5.
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Fig. 3.5 Schematic representation of dendrimer-based nanoparticles

3.3.3 Polymer-Based Nanoparticles

Polymer-based nanoparticles are usually summoned as nanospheres and nanocap-
sules. Such kinds of nanostructures are hollow and contain polymer membranes and
can be loaded with drug molecules. Polymers such as synthetic homopolymers,
natural polymers, and co-polymers can be employed in the preparation of NPs. The
drug delivery systems could work by (a) phagocytosis, (b) pinocytosis in the fluid
process, (c) endocytosis mediated by receptors, and (d) pit-mediated endocytosis
coated with clathrin. To return to the cell, these systems travel from primary endo-
somes to secondary endosomes, which eventually combine with lysosomes. There
is a time constraint for engagement with the target cells since they are rapidly con-
sumed by the RES or in an opsonized state. According to studies, a disproportion-
ately high proportion of monocyte-macrophage cells take up these components,
acting as carriers for the virions to spread and multiply in other tissues throughout
the body. The polymeric NPs can be made compatible with both hydrophilic and
hydrophobic medicines which is more advantageous than other drug delivery sys-
tems. Thus polymeric drug delivery systems could be employed as a formulation or
a tool enabling the introduction of therapeutics into the body. It improves the safety
and efficacy of the drug because of its unique geometry by controlling the rate, time,
and place of release of drugs into the body as shown in Fig. 3.6.

Such NPs can also be employed in diagnosing sensors for identifying viral
pathogens, physical barriers like masks and shields to ward off viruses, and
vaccinations.
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3.3.4 Coating with PEG

Coating the NPs with PEG (polyethylene glycol) makes them more liable as thera-
peutic agents. PEG is being exhaustively used in the formulation of nanomaterials
or nanoparticles due to its strength of having specialized structure and performance.
PEG coating provides nanomaterial a significant modification such as dispersion,
structure-directing nature, functionalization, and protection of bio-molecules
including proteins, peptides, and oligonucleotides from degradation. Owing to their
unique polymeric structure, it has been seen that coating is feasible for both types of
the drug, i.e., hydrophobic as well as hydrophilic. These properties are useful to
extemporize the dissolving ability of the drug and can minimize coupled issues like
environmental precipitation, perniciousness, etc. Eventually, these properties hinder
the fast production and destabilization, which successively enable drug regulation
in the slightest dosage. The miniature size of NPs permits the chemical or drug to
probe inside the cells without any extracellular deterioration, thus, enabling intra-
cellular drug delivery. Consequently, being small-sized particles, these can over-
come the mucosal barriers namely mucus, altogether with epithelial and subepithelial
penetration (Liu et al., 2013). Coatings of PEG on nanoparticles shield their surface
from aggregation, and phagocytosis, and enhance the prolonged systematic circula-
tion period of Au nanoparticles as shown in Fig. 3.7.
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A study revealed that tailoring the NPs surfaces with PLGA {i.e., poly(lactic-co-
glycolic acid)} has boosted the specific surface area of polymer NPs by adding them
with magnificent penetrating and transporting properties. Moreover, such NPs have
a lesser molecular weight in contrast to pure PLGA NPs and better grafting capac-
ity. These formulations have led to an effective fight against COVID-19 without side
effects (Bidram et al., 2021; Liu et al., 2022).

3.3.5 Nanosuspension

Nanosuspension-based drug delivery system is a submicron colloidal dispersion
containing therapeutic particles and/or oil droplets that are nanosized and stabilized
by surfactants. A biphasic solid-in-liquid or solid-in-semisolid system known as a
nanosuspension comprising dispersed components such as a pure active ingredient
or a mixture of pure active compounds. However, active components can be lyophi-
lized, spray-dried, or combined with NPs in a nanosuspension to form a solid carrier
matrix. The transporting challenges of drugs that are lipid as well as water-soluble
can also be handled by nanosuspension compositions. Nanosuspensions are also
suitable to incorporate drugs that are poorly soluble in water as well as lipid media.
As a result of enhanced solubility, the rate of emerging the active compounds
increases and the maximum plasma level is achieved faster. Hence, such an approach
is a boon for molecules with poor solubility, permeability, and both as illustrated in
Fig. 3.8.

These systems can quickly enter the cell due to their nanosized shape, which
allows them to pass the cellular barrier and demonstrate a variety of uses in the case
of oral, intravenous, and pulmonary delivery systems. Additionally, these are uti-
lized for a variety of medication methods including ophthalmic, parenteral, pulmo-
nary, and nasal and their antiviral actions have been the subject of extensive research
(Wilson & Mukundan, 2022).
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Fig. 3.8 Schematic representation of drug incorporation in nanosuspensions
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3.3.6 Nanoemulsions

The terms “oil and water dispersions” are frequently employed to refer to emul-
sions, finely dispersed emulsions, or submicron emulsions, which are surface-active
films made up of both surfactant and co-surfactant that disperse and stabilize nano-
sized liquid droplets (20-200 nm). Nanoemulsions are transparent or translucent,
optically isotropic, and composed of a kinetically stable heterogeneous system of
two immiscible liquids, i.e., water and oil stabilized via amphiphilic surfactant for
enhancement of drug solubility depicted by Fig. 3.9.

These can be differentiated from suspension by a high degree of steadiness,
which is primarily the result of strong steric stabilization among droplets. They
offer several benefits that enhance their medication delivery platforms and
nanocarriers.

Due to the minute droplet size, the force due to gravity is significantly reduced
owing to Brownian motion which is strong enough to counteract gravity effects and
shows zero creaming (i.e., the forced migration of the dispersed phase of an emul-
sion under the influence of buoyancy) or sedimentation during storage of nanoemul-
sions. Besides having various benefits, these systems nowadays have some flaws
that prevent wider adoption. The main barrier to the evolution of nanoemulsions is
stability. Prolonged shelf times during the chilling process may cause hydrophilic
medicines to recrystallize in the aqueous phase in nanoemulsion systems (Shen
etal., 2017).

3.4 Conclusion

To cure viral illnesses, therapeutics have been investigated by employing a multi-
tude of conventional carriers along with sophisticated nanocarriers such as den-
drimers and polymeric nanoparticles. However, there are limited reports on
carbon-based nanomaterials such as carbon dots, nanotubes, and chitosan NPs
which could be potential alternatives as drug carriers. It is necessary to put more
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Fig. 3.9 Schematic representation of nanoemulsions
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emphasis on researching antiviral delivery nanocarriers which could concentrate
especially on viral entrance routes. The methods through which nanocarriers are
employed for viral suppression is the thrust area that demands further research.
Eventually, these nanocarriers will boost medicinal compliance and eliminate the
possibility of partial or total resistance.

Apart from therapeutics, employing nanomaterials in the fabrication of sensors
for the detection of COVID-19 has also shown promising results. Specifically, mod-
ifying the surface of nanomaterials with functional groups or proteins could improve
the selectivity and decrease the response time of sensors. The efforts in this approach
might lead to the development of rapid detection kits for viruses with high selectivity.
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Chapter 4
Drug Delivery and Therapeutics
for the Treatment of Infectious Diseases

Dominic Augustine, K. V. Sandhya, Jithu Jerin James, S. V. Sowmya,
C. Pushpalatha, G. R. Saraswathy, Arshiya Shakir, and Reshma Dhodwad

4.1 Introduction

Infectious diseases are a leading cause of death worldwide, mainly in low- and
middle-income nations, especially in infants. Infectious diseases, whether intracel-
lular, extracellular, biofilm-mediated, or medical device-associated, have always
been a global problem in public health causing millions of deaths each year
(Michaud, 2009). Tuberculosis, Brucellosis (Brucella spp), Salmonellosis (genus
Salmonella), and Lysteriosis (Lysteria monocytogenes) are some of the common
infections affecting most of the population. The discovery of antibiotics at the turn
of the twentieth century greatly reduced morbidity and mortality due to infectious
diseases (Rahman et al., 2020). Antibiotic resistance and the emergence of new
diseases are caused by alterations acquired over the course of a person’s lifetime
from exposure to the environment combined with the constantly changing
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characteristics of bacteria (Michael et al., 2014). Existing antibiotics can be phar-
macologically modified to overcome microbial resistance. However, even these
modifications and new antimicrobial drugs fall short of ensuring that there will be
no development of resistance in the future. There exists a dire need to curb the phe-
nomena of antibiotic resistance (Fair & Tor, 2014). The key factor in antibiotic
resistance is patients’ sublethal antibiotic doses, which allows organisms to resist
the antibiotic’s effects. The effects can be witnessed by rising nosocomial infections
(Zhang et al., 2020). Researchers have hypothesized that viral infections could be
transmitted at a very rapid rate even in a technologically advanced world. The Johns
Hopkins Centre for Health Security has ranked aerosol-transmitted viral infections
as a primary reason for any wide-spreading pandemic (Triggle et al., 2021).
Development of effective anti-infectious drug delivery strategies to overcome resis-
tance is the need of the hour.

Current research should enable us to effectively combat new emerging infections
and maintain a high level of preparedness to future infections that could challenge
healthcare systems globally. Climate change and shift in geographical distribution
also play pivotal roles in disease transmission leading to increased incidence of
infectious disease: the Zika and dengue viruses transmitted by mosquitoes or the
spread of Borrelia burgdorferi by ticks are a few well-known examples (Rocklov &
Dubrow, 2020). Lower respiratory tract infections (LRTIs) continue to be one of the
top-ten fatal diseases worldwide, which are more prevalent in low-income coun-
tries. Infectious diseases such as malaria, tuberculosis, and HIV/AIDS closely fol-
low LRTI (Saleri & Ryan, 2019). Challenges always present various opportunities.
The current awareness of the threats of infectious disease and their impact on mod-
ern life further emphasize the need for effective drug delivery mechanisms that will
play an imperative role in these intercessions (Feddema et al., 2021). There are
many possibilities for drug delivery technologies. More research is required to
develop and evaluate alternative approaches, particularly based on human cells and
tissues, and to use (patho)physiology-based pharmacokinetics to examine interac-
tions between the patient, the microorganism, and the treatment either In vitro or In
silico. Establishment of these novel drug delivery systems will change the treatment
protocol of infectious diseases. This chapter focuses on drug delivery modalities
and therapeutic strategies for infectious diseases. It also discusses the limitations of
conventional drug delivery, and the advantages of various novel drug delivery sys-
tems as effective therapeutics for infectious diseases.

4.2 Conventional Drug Delivery and Therapeutics
for Infectious Diseases

Antimicrobial treatment is the treatment of infectious diseases using chemothera-
peutic agents, antibiotics, anti-virals, and anti-parasitic drugs by either killing the
microbes or interfering with their growth leading to death (Dhingra et al., 2020).
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Conventional Drug Delivery Systems (CDDS) encompass the oral and parenteral
route of administration. These routes have been proven to eliminate infections, how-
ever, not without its own adverse effects and drawback as well. The conventional
DDS have several limitations, and a higher dosage cannot be used to ensure there is
no systemic toxicity. Plasma concentration of the drug is not a constant; it varies and
so multiple doses must be administered. A significant reduction in concentration
occurs through first-pass metabolism and intestinal barriers further reduce the final
desired concentration resulting in poor bioavailability (Adepu & Ramakrishna,
2021). Low therapeutic indices and poor water solubility are some of the other dis-
advantages of the conventional DDS as well. Without an effective delivery system,
the active drug is most often rendered hopeless.

In terms of infectious diseases, the limitations of CDDS can be catastrophic if the
drug is not adequately delivered to the site of infection or if the desired bioavail-
ability is not reached. Apart from the development of resistance, the infection could
spread leading to sepsis if the management is compromised (Philip & Philip, 2010).
To overcome the above-mentioned constraints, researchers are in quest to develop
polymeric and novel drug-based delivery systems. These materials act as excellent
carriers to ensure targeted delivery and high local concentrations.

4.3 Drug Delivery Systems (DDS) to Combat
Infectious Diseases

In addition to the conventional dosage forms, there are many novel drug delivery
systems which could be effectively used for the delivery of drug. One of the most
popular novel drug delivery systems is nanoparticulate DDS (Devi et al., 2010).
Nanotechnology is used to develop and fabricate nanostructures for medicine deliv-
ery systems. It is possible to see perforated vasculature and an overexpression of
certain epitopes or receptors in the localized diseases like infection and inflamma-
tion. Nanomedicines can target these areas (Brusini et al., 2020). Infectious disease
therapy is hampered by pathogen resistance. In addition to forming biofilms, adopt-
ing an intracellular life cycle, secreting drug-inactivating enzymes, or becoming
obligatory intracellular pathogens, pathogens can also suppress metabolic function
(Kirtane et al., 2021). Drug effectiveness, pharmacokinetics, toxicity, stability, and
regulatory control are some technology challenges.

Fast, accurate, and sensitive disease diagnostics, the formulation of antimicrobial
drugs from metals, metal oxides, and biological particles to combat pathogens resis-
tant to antibiotics, and targeted drug delivery that enhances biodistribution and drug
accumulation in resistant body sites are all potential applications of NPs in the con-
trol of infection (Sanchez-Loépez et al., 2020). Drug delivery strategies include bio-
degradable, polymeric, lipid, and metal NPs. Systemic, oral, pulmonary, transdermal,
and other administration methods employ NPs to explore medication targeting, bio-
availability, bioactivity, and stability (Begines et al., 2020).
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NPs can transport greater doses of antimicrobials to the site of infection, bypass-
ing resistance mechanisms with fewer side effects. NPs target infections passively
or actively. Passively targeted NPs extravasate in infection locations. Actively tar-
geted NPs include ligands that activate infection-site receptors. Controlling NP size,
surface properties, and drug release produces site-specific action at the appropriate
price and dose (Yoo et al., 2019).

NPs of metals, metal oxides, and many biologically derived compounds are effi-
cient antimicrobials owing to their nanosize and unique chemical and physical fea-
tures, such as high surface-to-volume ratio and reactivity. Silver, gold, copper,
oxides of zinc, magnesium, titanium, aluminum, copper, iron, and nitric oxide NPs
are antimicrobial against enterotoxigenic E. coli (Wang et al., 2017). The popular
drug delivery systems include oral route, local delivery, pulmonary delivery, topical
delivery, ocular delivery, brain delivery, etc. (Nikolova & Chavali, 2020). Oral
delivery is the most preferred route despite various limitations. Local distribution to
the infection site may increase on-target medication exposure compared to systemic
administration, whereas pulmonary delivery may increase on-target medication
exposure for respiratory infections and is non-invasive (Date et al., 2016). Chronic
infections caused by opportunistic bacteria may be treated topically. Chronic
wounds are caused by malfunctions in the wound-healing pathway. In mouse skin
infection models including methicillin-resistant S. aureus biofilms and S. aureus
infections, nitric oxide-releasing NPs decreased wound bacterial load (Negut
et al., 2018).

Ocular delivery may deliver medications insoluble in lachrymal fluids. SLN
delivered tobramycin to rabbit eyes dramatically increased medication bioavailabil-
ity within 6 hours (Gaudana et al., 2010). The blood-brain barrier (BBB) is a chal-
lenging barrier. Polyamidoamine dendrimers loaded with lamivudine, a standard
HIV therapy, were tested in HIV-1-infected MT2 cells. Figure 4.1 shows the differ-
ent types of nanoparticulate systems for delivering various therapeutics to treat
infectious diseases.

4.3.1 Polymer-Based Nanoparticulate Drug Delivery System

Polymer-based NPs are submicron-sized polymeric colloidal particles in which a
medicinal substance may be embedded, encapsulated, adsorbed, or conjugated.
Polymer—drug conjugates (PDCs), polymer—protein conjugates (PPCs), and den-
drimers are prominent polymeric therapies (Larson & Ghandehari, 2012). PDCs
consist of a polymeric carrier, bioactive drug molecule, linking agent, solubilizing
group, and targeting moiety. Nicoletti et al. (2009) demonstrated that N-(2-
hydroxypropyl) methacrylamide—drug conjugates have increased antileishmanial
effectiveness. PPCs overcome limitations associated with protein delivery by conju-
gating proteins onto polymers resulting in physicochemically better therapies.
Polymeric NPs protect bioactive compounds from enzymatic and hydrolytic break-
down (Bailly et al., 2012). Therapeutic polymeric NPs are made of biodegradable or
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biocompatible materials, such as poly (e-caprolactone) (PCL), poly(lactic acid)
(PLA), poly(lactic-co-glycolic acid) (PLGA), alginic acid, gelatin, and chitosan. In
a study by Fattal et al., oral treatment of S. typhimurium phosphorylcholine antigen
encapsulated in PLGA particles protected mice against S. typhimurium (Fattal
et al., 2002).

Polymeric therapeutics also include polymeric micelles, niosomes, nanocap-
sules, and nanospheres. Their benefits make them potential drug-resistance systems.
Some benefits include decreased toxicity and immunogenicity, increased specificity
that protects healthy cells, tissues, and organs from toxic side effects, better bio-
availability, greater water solubility, prolonged half-life resulting in lower renal
clearance, and protection of incorporated drugs against premature degradation by
enzymatic reactions and other scavenging mechanisms (Yetisgin et al., 2020).
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4.3.1.1 Dendrimers

Dendrimers are highly branched, nanosized 3D macromolecules with great surface
functionality, stability, and versatility. They are highly structured, globular, layers of
branched repeat units, and functional end groups on the outside layer (Khandare
et al., 2010). Dendrimers are manufactured from biocompatible materials including
polyamidoamine (PAMAM), polyethylene oxide (PEO), polypropylene imine
(PPI), polyethyleneimine (PEI), polyethylene glycol (PEG), etc. Hyperbranched
structures can be functionalized to improve physicochemical qualities. They are
used to administer therapeutically effective drugs. The results exhibited excellent
therapeutic benefits. Amphotericin B was conjugated to poly(propyleneimine) den-
drimers for Leishmaniasis by Jain et al. (2015).

4.3.1.2 Polymeric Micelles

Micelles are submicroscopic surfactant molecule aggregates that self-assemble in
aqueous conditions to create structures with a hydrophobic core out of amphiphilic
block copolymers, polymer-lipid conjugates, or other surface-active molecules
(Hanafy et al., 2018). Small size, excellent stability, biocompatibility, safety profile,
etc., affect micelle functionalization. By altering the co-polymer composition, these
micelles’ disintegration behavior can be altered, making them ideal drug carriers.
For pediatric HIV medication, efavirenz was encapsulated in polymeric micelles to
increase oral bioavailability of the drug (Chiappetta et al., 2010).

4.3.1.3 Niosomes

Niosomes are vesicles composed of non-ionic surfactants, such as creatinine, creati-
nine derivatives, a-tocopherol, and other renewable resources which are biodegrad-
able, biocompatible, relatively nontoxic, more stable, and inexpensive, a substitute
for liposomes because phospholipids in the GIT are susceptible to oxidative break-
down (Kazi et al., 2010).

4.3.1.4 Nanocapsules

In nanocapsules, the pharmaceutical is contained inside an aqueous or oily chamber
that is encircled by a polymeric barrier which provides protection from rapid degra-
dation. Drugs diffuse out of the core under appropriate conditions, by responding to
environmental, chemical, thermal, or biological triggers. Nanocapsules range in
size from 5 to 1000 nm, although most are between 100 and 500 nm. Nanocapsules
are colloidal in nature and are synthesized by interfacial deposition of preformed
polymers (PLA, PLGA, PCL, and PEG). It could be produced using several tech-
niques, including layer-by-layer synthesis, double emulsification polymer coating,
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emulsion diffusion, and nanoprecipitation (Mora-Huertas et al., 2010). These hol-
low nanocapsules could encapsulate chemicals, including pigments, medications,
catalysts, and biopolymers including proteins and nucleic acids. Additionally, they
display stability, delayed and prolonged release of loaded medicines, and site speci-
ficity. These hollow nanocapsules could encapsulate chemicals, including pigments,
medications, catalysts, and biopolymers including proteins and nucleic acids.
Additionally, they display stability, delayed and prolonged release of loaded medi-
cines, and site specificity (Patra et al., 2018). Incorporation of pH-sensitive,
temperature-sensitive, or redox-sensitive polymers could alter the permeability of
capsule.

4.3.1.5 Nanosphere

Nanospheres are matrix systems in which the pharmaceutical is equally spread in
the polymeric core and released through diffusion. Nanospheres can absorb phar-
maceuticals on its surface. These nanostructures offer a high loading capacity for
weakly water-soluble medicines because they can integrate hydrophobic pharma-
ceuticals at concentrations above their inherent water solubility (Rizvi & Saleh,
2018). They possess sustained and controllable drug-release profiles. Emulsification-
evaporation and nanoprecipitation can produce nanospheres.

4.3.2 Lipid-Based NPs (LBNP)

LBNPs are potential colloidal carriers for bioactive compounds. LBNPs have great
temporal and thermal stability, high loading capacity, easy preparation, cheap man-
ufacturing costs, and large-scale industrial production from natural sources. LBNPs
include liposomes, solid lipid NPs (SLN), and nanostructured lipid carriers (NLC)
(Martins et al., 2007). These NPs can carry hydrophobic and hydrophilic molecules,
have minimal or no toxicity, and extend pharmacological activity by prolonged half-
life and controlling drug release. Lipid nanosystems may be chemically modified to
prevent immune system detection or increase medication solubility (Tenchov et al.,
2021). They could also be manufactured in pH-sensitive formulations to increase
drug release in an acidic environment and linked with antibodies that identify their
receptors.

4.3.2.1 Liposomes

Liposomes are phospholipid bilayers with an entrapped aqueous volume. Liposomes
are small spherical vesicles in which one or more aqueous parts are surrounded by
molecules that have hydrophilic and hydrophobic functionality (Akbarzadeh et al.,
2013). Drugs are distributed in the hydrophilic or hydrophobic compartments of
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liposomes according to their lipophilicity (Bozzuto & Molinari, 2015). Liposomes
offer potential qualities for drug delivery, including high biocompatibility, entrap-
ment efficiency, regulated drug release, a favorable safety profile, easy drug loading
and surface modification, and payload protection. Composition, size, surface charge,
and production process affect liposomes. Single or multiple bilayers of liposomes
are possible. They are classified into multilamellar (diameter more than 200 nm),
unilamellar (large unilamellar vesicles (diameter between 100 to 400 nm), and
small unilamellar vesicles (Liu et al., 2022).

4.3.2.2 Solid Lipid NPs (SLN)

SLNs are colloidal drug carriers or lipospheres. SLNs are a controlled drug delivery
alternative to emulsions, liposomes, and polymeric NPs. 50-100 nm submicron-
sized particles consist of biocompatible lipids that stay solid at body and room tem-
perature and distributed in aqueous solution. SLNs are emulsified from lipids,
waxes, and surfactants. (Naseri et al., 2015).

4.3.2.3 Nanostructured Lipid Carriers (NLCs)

NLCs comprise lipids, surfactants, and co-surfactants that are biocompatible and
physiological. NLCs are made using biodegradable solid and liquid lipids and emul-
sifiers. NLC has replaced SLNs, polymeric NPs, emulsions, microparticles, and
liposomes. Incorporating liquid lipids produces structural defects in solid lipids,
resulting in a less ordered crystalline arrangement that prevents drug leakage and
increases drug load. Nanocarriers can transport hydrophilic and hydrophobic medi-
cines (Elmowafy & Al-Sanea, 2021). NLCs are a potential carrier for oral, paren-
teral, ophthalmic, pulmonary, topical, and transdermal drug administration. NLCs
improve skin moisture, occlusion, bioavailability, and targeting. NLC’s easy prepa-
ration, biocompatibility, scalability, non-toxicity, increased drug loading, and stabil-
ity make them a potential drug delivery system (Czajkowska-Kos$nik et al., 2019).

4.3.3 Metal-Based Nanoparticulate Drug Delivery System

Diverse shaped and sized metal-based NPs (between 10 and 100 nm) have been
studied as diagnostic and medication delivery systems. Gold, nickel, silver, iron
oxide, zinc oxide, gadolinium, and titanium dioxide particles comprise most metal-
lic NPs (Paduraru et al., 2022).
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4.3.3.1 Metal Colloids

Linear polymers and metal NPs comprise colloidal metal NPs. The linear polymers
can produce a first protective shell as a ligand and a second protective shell as a
steric hindrance, which stabilize NPs by interacting with the particle surface and
heteroatoms (Clarkson et al., 2017). Poly(N-vinyl-2-pyrrolidone) (PVP) is a linear
polymer used to produce metal NPs because of its nontoxicity, solubility in numer-
ous solvents, and excellent metal stabilization efficiency (Franco & De Marco, 2020).

4.3.3.2 Carbon Nanotubes

Carbon nanotubes (CNTs) are cylinder-shaped allotropic carbon structures gener-
ated by chemical vapor deposition. They have remarkable chemical, electrical,
mechanical, and optical characteristics (Eatemadi et al., 2014). Multiwalled and
single-walled carbon nanotubes are common. After functionalization, carbon nano-
tubes could be used for biosensing and medication delivery. It is indeed chemically
and mechanically stable and non-cytotoxic. Carbon nanotubes act as a good medi-
cation delivery mechanism since it is chemically modifiable (Dresselhaus
et al., 2000).

4.3.3.3 Fullerene

A brand-new kind of carbon called a fullerene comes in three shapes: a hollow
sphere, an ellipsoid, or a tube. They provide therapeutic potential due to their tiny
size, spherical form, and hollow interior. The Buckminsterfullerene (C60), which
has 60 carbon atoms organized in a spherical configuration, is the most prevalent
kind of fullerene (Bhakta & Barthunia, 2020).

4.3.3.4 Gold Nanoshells

Silica serves as the dielectric core of gold nanoshells, which are then covered in a
thin coating of gold. Typically, gold nanoparticles (gold NPs) are attached to the
dielectric core initially, and then grow under certain conditions to create a shell.
This process of fabricating gold nanoshells is known as seed-mediated growth. Gold
nanoshells are highly biocompatible, water-soluble, and commercially available
(Wang et al., 2018).
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4.3.3.5 Silicone NPs

Silica materials are appropriate for several crucial biological applications, including
oxygen transport, imaging, drug administration, and controlled release (Colilla &
Vallet-Regi, 2020). Silica materials have been shown to be effective antibiotic deliv-
ery systems, which may be relevant in the context of biofilm-associated infections,
and which provide a significant issue for contemporary medicine (Selvarajan
et al., 2020).

Zeolites are solid, hydrated, crystalline minerals having regular-sized nanochan-
nels and cages and silicon, aluminum, and oxygen-based frameworks. Oxygen bal-
ances the silicon ion’s positive charge. The ratio of silica to alumina in the structure
affects the capacity of cation exchange (Liguori et al., 2019).

4.3.3.6 Quantum Dots

With their appealing photophysical features, high quantum yield, photobleach resis-
tance, and harmonic photoluminescence, quantum dots which are nanocrystals gen-
erated by semiconductor materials have the potential to be effective in a variety of
biomedical applications (Wagner et al., 2019).

4.3.4 Biologicals

Antimicrobial oligonucleotides: To inhibit the production of harmful genes, short
synthetic nucleic acid sequences called oligonucleotides may be utilized therapeuti-
cally. To inhibit the production of harmful genes, short synthetic nucleic acid
sequences called oligonucleotides may be utilized therapeutically. Antisense oligo-
nucleotides (ASOs) and short interfering RNAs are two oligonucleotide-based plat-
forms for regulating gene expression (Dhuri et al., 2020). Both ASOs and siRNAs
possess complementary sequences to their target mRNA.

Monoclonal antibodies (mAbs): Before the antibiotic revolution, serum treat-
ment was routinely employed. In the early 1900s, animal sera were used to treat
diphtheria, tetanus, scarlet fever, and pneumococcal pneumonia. Humanized and
completely human mAbs provide great specificity and lower toxicity in today’s anti-
body treatments (Stray-Pedersen et al., 2005).

Phage therapy: Phages are viruses that infect bacteria alone. Exploiting these
viruses’ bactericidal effect enables a very targeted therapy. Some phages may infect
a variety of bacterial groups, although most are strain-specific. Receptor type deter-
mines host range. Phages inject their genetic material after attaching to a receptor.
Lytic phages hijack bacterial replication machinery to make offspring in the bacte-
rial cytoplasm (Lin et al., 2017).

Each alternative therapeutic agent faces several challenges before broad use.
Since these medicines are extremely specific to the pathogen being treated,
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high-specificity diagnostic testing is needed. Minimum inhibitory concentrations
can only be used to estimate the in vivo effectiveness of directly bactericidal or
static drugs. Parallel diagnostic and therapeutic panel design is an intriguing idea
(Streicher, 2021). A fast multiplex nucleic acid test might identify genes targeted by
antisense or CRISPR-Cas treatments. Such a technique would be particularly useful
for diagnosing and treating infections in sterile bodily areas like blood or spinal
fluid, where most infections are caused by a well-defined set of microorganisms
(Jolany Vangah et al., 2020). Rare polymicrobial illnesses need prompt treatment.

4.4 Biomimetic/Bioinspired Nano Therapies to Combat
Infectious Diseases

Nanotechnology and biomimetics have been combined to generate bioinspired NPs
for medication delivery and vaccine development. These biomimetic NPs combine
synthetic nanomaterial diversification, tolerability, and repeatability with biological
functioning, complexity, and biocompatibility (Zhou et al., 2020). They may also
function as site-specific nanocarriers for medicines or vaccinations. NPs produced
from viruses, bacteria, and mammalian cells have been generated for infectious ill-
ness management. These biomimetic nanovehicles can carry cargo molecules to
diseased areas without triggering immune reactions (Naskar et al., 2021). Here, we
explore biomimetic and bioinspired NPs for infectious disease treatment.

4.4.1 Biomimetic NPs for Treatment

Biomimetic techniques have developed virus-mimetic NPs. Hydrophilic and hydro-
phobic pharmaceuticals may be encapsulated in virus-mimetic nanocapsules com-
prised of iron oxide NPs and lactoferrin. Albumin NPs packed with antiviral
medication efavirenz were developed for HIV therapy, resulting in better drug deliv-
ery to organs. Similarly different membrane components of bacteria/fungi have
been used to generate NPs that partly reproduce their natural features or treat bacte-
rial or fungal diseases (Yang et al., 2019). Chitosan, an essential component of
Cryptococcus neoformans vegetative cell wall, was used to manufacture NPs,
resulting in a tailored drug delivery method. Also NPs mimicking mammalian cells
like the actions of red blood cells (RBCs), platelets, leukocytes, dendritic cells, and
stem cells have been produced. PLGA NPs were applied to erythrocyte membranes
to increase in vivo circulation. Other biomimetic nanoplatforms, such as hepatitis B
virus envelope L particles and lipid NPs, have been studied as drug delivery vehi-
cles. High-density lipoproteins are the most investigated drug delivery nanovehicles
(Chen et al., 2021).
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4.4.2 Biomimetic/Bioinspired NPs as Vaccines

Virosome-based nanovaccines contain antigens and adjuvants which activate
humoral and cellular immune responses. Lederhofer et al. (2018) produced a viro-
somal respiratory syncytial virus (RSV) vaccine by incorporating 3-deacyl-
phosphorylated hexa-acyl disaccharide, a lipid adjuvant into viral membranes
containing G and F glycoproteins. Mice immunized in vivo produced RSV-
neutralizing antibodies.

Vaccines from virus-like particles (VLPs) generated from capsid or envelope
proteins are appealing preventive and therapeutic vaccination candidates because of
their unique structural properties, safe manufacture, fast development time, and
various expression platforms (Nooraei et al., 2021). Some VLP-based vaccinations,
such as hepatitis B and HPV-based VLPs, are authorized for clinical use, while oth-
ers are under clinical testing. VLPs may be utilized to deliver exogenous antigens in
immunogenic and multivalent forms (Tariq et al., 2022).

Self-assembling NPs containing antigens have been studied as viral vaccina-
tions. It has been found that ferritin-viral hemagglutinin (HA) NPs induce wider and
more powerful protection than standard influenza vaccinations (Kanekiyo
et al., 2013).

In addition to the virus-mimicking vaccination techniques, additional ways have
been explored. Recombinant influenza virus HA was incorporated into HDL-like
nanodisc particles made of lipid bilayers and membrane scaffold proteins. Intranasal
immunization with HA-loaded nanodisc induced a robust anti-HA IgA response,
protecting against influenza (H1N1) virus challenge with effectiveness equivalent to
Fluzone and FluMist (marketed vaccines) (Bhattacharya et al., 2010). Bacterial
extracellular vesicles have gained interest in vaccine research due to their immuno-
genic features, self-adjuvant capacity, modification potential, antigen-presenting
cell uptake ability, and ability to deliver exogenous antigens. Nanotechnology and
bacterial mimic methods have been used to build vaccination platforms. By cavitat-
ing nitrogen, double-layered membrane vesicles (DMVs) can be easily made (Pati
et al., 2018).

Biomimetic nanotherapy has advanced considerably in the recent decade.
Bioinspired NPs have varied activities, such as extended circulation, greater accu-
mulation at infected areas, and decreased off-target effects in healthy tissues.
Despite virosomes and VLPs being approved as new vaccines, most biomimetic
nanotherapies face translation difficulties.
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4.5 Oral Nanobiotics: Delivery and Therapy
for Infectious Diseases

Resistance to antimicrobial treatments threatens hospitals and communities, leading
to fewer effective medications to address “old” well-known bacterium diseases.
Nanotechnology with antibiotics is a potential antibacterial treatment. Different
antibiotics have been incorporated into NPs with diverse bio-physicochemical char-
acteristics to enable site-specific or intracellular delivery of medicines, especially
for treating multidrug-resistant bacteria (Alabresm et al., 2021). Antibiotics of dif-
ferent forms may be physically absorbed on, entrapped in, or covalently coupled
with metal, inorganic, and polymer NPs, nanogels, nanoemulsions, liposomes, and
hybrid nanovehicles. Synergistic effects may be achieved by co-delivering antibac-
terial agents using nanocarriers. In addition to diffusion, antimicrobial payloads
may be released by pH, reactive oxygen species, bacterial toxins, or lipases. Drug-
loaded antibiotic NPs showed improved drug stability, targeted release, longer
retention, sustained or responsive release, and penetrating ability. Antibacterial
nanotherapies may overcome lower drug absorption and enhanced efflux, inhibit
biofilm development, and target intracellular bacteria (Baptista et al., 2018).

4.5.1 Benefits of Nanoantibiotics

Drug-loaded surface-modified NPs can bypass immune systems and target specific
tissues. Nanocarriers may reduce drug-induced adverse effects and improve drug
solubility or stability. Nanotechnology may allow co-delivery of two or more medi-
cations for combination treatment. NP-based antimicrobial medication delivery can
help overcome pathogens’ antibiotic resistance. NPs can improve therapeutic index,
lengthen drug circulation, and accomplish controlled drug release, enhancing phar-
macokinetics. It can be utilized for oral, nasal, parenteral, and intraocular adminis-
tration. Thus, antimicrobial NPs are of tremendous interest because they offer
several advantages over free antimicrobial drugs (Garg et al., 2019).

4.5.2 Drawbacks of Nanoantibiotics

This intriguing technology’s clinical use faces several hurdles. The harmful effects
of antimicrobial NPs on central nervous system (CNS) cells and tissues remain
unclear. NPs’ size-specific features restrict the broad application of in vitro research,
and there is no defined definition for NP dose in mass, number, surface area, and
biological samples (e.g., blood, urine, and inside organs) (Kashizadeh et al., 2022).
This indicates that novel characterization approaches not impacted by NP character-
istics and biological media are needed. NPs have a limited half-life owing to the
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mononuclear phagocytic system’s innate defensive mechanism for removing them.
To avoid opsonization, particle surfaces must be modified.

4.6 Future Scope, Emerging Trends, and Road Ahead

The unveiling of the human genome presents enormous data to the researchers to
adopt various rational approaches to design strategies to block infections. Targeting
the viral genome would be a realistic strategy for designing therapeutic agents with
highly selective toward virus. To enhance selective toxicity, application of drug
delivery systems (DDS) is being seriously considered. The control of various viral
infections by artificial oligonucleotides has been tried since it was assumed that
artificial oligonucleotides including antisense DNA were effective against commu-
nicable diseases. In the summer of 1998, an antisense drug product (Fomivirsen) for
cytomegalovirus received FDA approval as the first antisense DNA (Hui, 2006).
The most severe complication is lead blindness. In advanced-stage AIDS patients,
blindness from cytomegaloviral infection becomes an important issue when other
antiviral medication is contraindicated and is serious from the point of view of qual-
ity of life. Fomivirsen, the first antisense DNA, is administered directly into the
vitreous. Cationic carriers utilize a carrier in order to avoid complexity involving
chemical modification of oligonucleotide. GS2888 cytofectin has been reported
recently, and is assumed to promote cytoplasmic delivery (Juliano et al., 2008).
Cytofectin is a complex of a new cationic lipid, GS2888, and dioleophosphatidyl-
ethanolamine. Transfection efficacy is enhanced when polycation such as poly-L-
lysine or protamine is added to cationic liposomes. An oligonucleotide that
specifically binds to protein is called an aptamer (Nchinda et al., 2002). Selection
and isolation of aptamers have been enthusiastically carried out.

Below the human body’s temperature, pluronic gel is a liquid, but when it reaches
body temperature, it transforms into a gel. Pluronic gel is liquid below the body
temperature while it starts gel form at the body temperature. This characteristic has
advantage in adjusting appropriate formulation and easiness for administration.
Antisense DNA to c-myc and c-myb was administered to the perivascular aspect of
injured rat carotid arteries via polymer-based delivery system (Al Khateb et al.,
2016). Gene-gun is a unique physical method to increase the delivery efficiency of
gene. The DNA- or RNA-coated gold microcarriers are directly transferred in vivo.
Because special apparatus is necessary, it is not widely used. However, transfection
efficiency is extraordinarily superior. Further, as companies like Incyte company are
offering inexpensive genome data to individual researchers, it could be suggested
that the future of gene medicine looks bright despite the major challenges.

IDs are a major driver of morbidity and mortality globally, and their impact on
low SDI countries is particularly grave. Simplifying the use of medicines and mak-
ing drugs safer and more efficacious can improve patients’ quality of life and reduce
disease burden. In this sense, drug delivery scientists are searching for the ideal
vehicle for delivering drugs (Tsoumpra et al., 2019). One system that would
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dramatically reduce drug dosage, improve in the drug absorption so that the patient
can take a smaller dose, and yet have the same benefit, deliver the drug to the right
place in the living system, increase the local concentration of the drug at the favorite
site, and limit or eliminate side effects.

This chapter highlights many promising therapeutic strategies for developing
medicines like the nanotechnology-based approach, and biomimetic delivery to
treat and prevent IDs. However, to have the maximum impact, all these formulations
will need to overcome several financial, manufacturing, and regulatory challenges.
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Chapter 5
Emerging Vaccine for the Treatment
of Cancer Via Nanotechnology

K. Jagadeesh Chandra Bose and Jyoti Sarwan

5.1 Introduction

The immune system of homo sapiens is organized as a complex network comprising
of various cells, organs, proteins, and chemical modulators along with anatomical
and physical barriers which work collectively to resist many pathogens and antigen-
causing infections. It can be also explained as the capability of the body to vanish
foreign molecules in the body reduce risks for severe infections, but it has observed
if it has not strength enough can lead to numerous diseases. Sometimes even an
extremely active immune system can lead to autoimmunity and some inflammatory
responses to the production of healthy tissues (Rosenblum et al., 2015; Wang et al.,
2015). The immune system not only functions against external antigens with which
our body encounters the clinical illness in the form of exo-antigens, but also can
respond to numerous endo-antigens such as intracellular pathogenic viruses as well
as certain tumour antigens. The natural immune system always tries to eliminate
foreign pathogens, including cancer cells. The proper functioning of the immune
system is a very important aspect of the treatment of cancer patients as either cancer
itself can weaken the individual immune system or various cancer therapies might
also weaken the immune system instead of fighting against the cancer.
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5.2 Cancer and Treatments May Weaken Immunity

Cancer generally targets human immunity and generally undermines the functions
of the immune system, especially when it causes the metastasis of bone marrow
which makes diverse blood cells that will be the sole part of resistance to fight
against infection. This will be most often observed in the case of certain types of
cancers such as lymphoma or leukaemia in addition to other cancers. Cancer therapy
inhibits bone marrow from being effective hemopoiesis that can make so many
blood cells. Certain cancer treatments, such as radiation and chemotherapy, will
target cell division and cannot have selective toxicity by which only the cancer cells
will be destroyed and equally toxic to cancer cells as well as normal dividing cells
which will temporarily weaken the immune system. This is because of the drop in
the number of blood leukocytes which are generated in the bone marrow. Among
the cancer treatments that are most likely to weaken the immune system are
chemotherapy, radiotherapy, and high doses of steroids.

5.3 Cancer Treatments That Use the Immune System

Some of the cells of our immune system can recognise a wide range of different
cancer cells as abnormal cells and effectively kill them through the identification of
tumour markers on their surfaces. But this mechanism may not be sufficient to
dispose of a cancer altogether. Hence some treatment strategies will aim to induce
the individual immune system to fight against cancer, either with the inbuilt immune
protection or with the protection methods developed after exposure to certain
disease-causing agents by acquired immunity. Some advanced types of
cancer treatments are currently used to boost the immune system to fight effectively
against cancer, such as immunotherapy. This is one of the best treatment options for
some types of cancer. It induces the immune system to precisely find the cancer
cells, target them and kill cancer cells. They are much more helpful in cancer
treatment since the cancer cells are metabolically and immunologically different
from the normal cells of our body. Hence the targeted immune therapy helps the
immune system to differentiate and kill the abnormal cancer cells. There are
different types of chemicals that are part of the immune response with immunotherapy,
such as monoclonal antibodies (MABs), which exclusively recognise and attack
certain protein markers generally known as targeted antigens on the surface of
cancer cells.

But if we can block the cellular transformation

e Vaccines to help the immune system to recognise and attack cancer,

» Cytokines to help to boost the immune system,

e CAR T-cell therapy (also called adoptive cell transfer) to change the genes in a
person’s white blood cells.



5 Emerging Vaccine for the Treatment of Cancer Via Nanotechnology 81
5.4 Cellular Genomic Changes and Cancer

All cancers begin within a single cell. Our body are made up of more than a hundred
million million cells. Generally, the cancer starts with genomic changes within one
cell or a small group of cells. The cells will have cellular machinery to create signals
to control the cellular growth and cell division. If any of these regulatory signals are
faulty or missing, these cells attain the capacity to start to grow and multiply
excessively, thereby leading to uncontrollable proliferation to form a lump called a
primary tumour. A primary tumour of the body is generally brought about by
genomic instability and escape from the natural defence of our immune system,
making it the site where the cancer starts. Some types of cancers, such as like
leukaemia, are associated with blood cells; in some circumstances, abnormal
immature blood cells will be accumulated, and routine functions will not be held.
They will not form solid tumours. Instead, the cancer cells build up either in the
blood or in the bone marrow. For a cancer to start, certain cellular changes take
place within the genes of a cell or a group of cells. Diverse types of cells in our body
perform different functions, even though they are basically similar. But each of the
cells have a unique genetic makeup to engage typical functionalities by expressing
diverse proteins via RNA (ribonucleic acid). Genes will make sure that cells grow
and reproduce in an orderly and controlled way to keep the body normal and
healthy. Sometimes, a sudden change may happen because of either intrinsic or
extrinsic factors in the genes when a cell divide is known as mutation. These
mutations are also time to time restored by DNA damage repair, a natural
phenomenon that occurs in all cells. If these mutations accumulated more and
irreversibly damages the DNA, then this may lead to the genomic instability, which
is a hallmark of cancer. These mutations can happen by chance when a cell is
dividing. Some mutations insensitive to the cell no longer recognises cellular
instructions. It can twitch to grow out of control. There must be about 6 diverse
mutations before a normal cell transform into a cancer cell. Mutations results in a
cell cause the expression of many proteins that trigger cell division; with mutation,
a cell may stop protein expression that normally causes a cell to stop dividing.
Alternatively, an abnormal proteins expression may produce a cell that works in an
abnormal manner.

5.5 How Mutations Will Happen in the Cells

Mutations can happen by chance when a cell is in the process of division at the DNA
level. This may occur either by the improper processes of metabolism inside the cell
such as oxidative stress or by carcinogens and mutagens from outside the body, such
as the chemicals in processed food, tobacco smoke, chronic alcoholism etc. In some
cases, people will inherit activated oncogenes, in particular, the genes that make
them more likely to prone to varieties of cancer. Some genes in the cells get damaged
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every day and cells are very good at repairing them. Over time, however, the
damages that may accumulate may lead to the cells to start growing too fast; as a
process, they are much prone to pick up additional mutations and less likely to be
able to repair of these damaged genes.

5.6 What Are Cancer and Cancer Immunotherapy?

Cancer is usually defined as uncontrolled and mutated cells that aggregate at a point
and are responsible for relentless cell proliferation. Tumours of cancers grows
continuously and over time to escape from the recognise and in always make
themselves to get a relief in continues battle with immune system (Kim et al., 2007).
The biggest challenge to the modern technology is that the random behaviour of
mutations in cells of cancers can even lead to high malignancy within the cells of
the tumours. Due to this higher malignancy and the unstable mechanisms of immune
response and against mutant cells still unknown and undetected (de Titta et al.,
2013; Dagogo-Jack & Shaw, 2018). Therefore, a mechanism to target different
cancer mutants and escape the behaviour of the immune system are as yet undefined
Law, 1991). Therefore, cancer cells belong to the normal cells and normal cells
releases a number of waste and unwanted products. These waste products also carry
tumour-specific antigens and resist the parent tumour cells in recognition of
cytotoxic T cells (Fig. 5.1).
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Fig. 5.1 Figure shown Different types of Cancers among both males and females and their per-
centages in cases
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Fig. 5.2 Figure shown estimated cases of cancers worldwide in developed and less developed
countries by 2050

Figure has been taken from the World Health Organization observatory of year
2020, collective research of worldwide cancer cases (Fig. 5.2).

Anticancer vaccines have been developed which allow the immune system to
identify the tumours and enhance the immune response for a particular antigen such
as tumours. This therapy is also known as immune therapy which has its main focus
of training the immune system with releasing many components at a time (Rosenberg
et al., 2004). These immunotherapies are antigen specific in their characteristics
(Fig. 5.3).

Vaccines were made to exercise control over the spreading of diseases all over
the world. These vaccines work upon specific infections to accelerate immunity in
that person. To date, vaccines have achieved benchmarks in health sciences, leading
even in many cases to the complete eradications of some communicated diseases
(Rosenberg et al., 2004; Guo et al., 2013) (Fig. 5.4).

To date, vaccine research has achieved high degree of success in terms of both
antiviral and antibacterial vaccines. Researchers have been continuously trying to
make anticancer vaccines, but the biggest challenge for researchers has been the low
immunogenicity of tumours. The main problem with tumours is that they arise from
the healthy cells, and they are unable to accelerate immune responses. By 2010, the
USA has already approved vaccines for cancer therapy with success rates of cancer
therapies. Nanoparticles are highly advanced tools to cure diseases such as cancer.
As traditional methods are not much enough effective upon tumours because of
their low immunogenicity (Fang et al., 2015) (Figs. 5.5 and 5.6).

Therefore, the mechanism to treat tumours by immune response is non-specific.
To attain specific target therapies, genetic engineering is the most favourable
approach in cancer treatment therapies (Fesnak et al., 2016; Brudno & Kochenderfer,
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Fig. 5.3 Figure shown number of deaths by cancer in both females and males over the time/year
(Siegel et al., 2021)

2018). Chimeric antigen receptors isolated from donor or patient of leukapheresis
(Rosenberg et al., 2008). In these techniques, the modifications can be done in the
cells to identify tumour-associated antigens. These tumour-associated antigens are
capable of recognition and deletion of cancerous cells.

5.6.1 The Current Status of Vaccines and Cancers

Cancer vaccines are made to reduce the tumour formation and their negative impacts
over the immune system. If we are comparing traditional therapies with modern
technology such as nanovaccines, they are specialized to work upon a specific
target, unlike traditional therapies. The Food and Drug Administration of United
States has already given approval to the anticancer vaccines in therapies in April
2010. These approvals were involved in the treatment of prostate cancer with
sipuleucel-T (Cheever & Higano, 2011) (Fig. 5.7).



5 Emerging Vaccine for the Treatment of Cancer Via Nanotechnology 85

_ All sites combined

300
250 Male
200+

Female

8

Deaths per 100,000 population
g 2

[=]

: T . T r T . T v T Y T y T ; T o
1930 1940 1850 1960 1970 1980 1980 2000 2010 2018

100, Males, by site
» Stomach
% 804 == Colorectum
= == Ljver & intrahepatic bile duct
o == Pancreas
S 0. ==|_ung & bronchus
o == Prostate
= = Leukemia
5 40-
a
w
£
@ 204
]
[a]

1830 1840 1950 1960 1970 1980 1990 2000 2010 2018

100- Females, by site . Uterine corpus
@ Stomach 6
® == Colorectum s
E 80+ —Liver & intrahepatic bile duct :
= == Pancreas 5
8 60+ ==| ung & bronchus 1
g‘ ==Eragat e70 180 2010
=] == Jterus (corpus and cervix combined)
5 401
o
2
+§ 20+
o

04 T

1030 1940 1950 1960 1970 1980 1990 2000 2010 2018
Year of death

Fig. 5.4 Figure showing the number of deaths increasing in males and females up to the year 2018
(Siegel et al., 2021)



86 K. Jagadeesh Chandra Bose and J. Sarwan

Types of heterogeneity

Patient Tumour Cellular Genomic ‘Epigenetic

0 Prostate Gland W
IMAR e |
vdabdeh
0 O | 0ddd
@eeTumours m :m:r:'\“::::;e;kﬂ\damn

1
|
\

Different primary Different tumours in Different cell types Different mutations Different methylation
tumours in different the same prostate of within each tumour (small nucleotide and acetylation
patients. a single patient mass. These range polymorphisms, patterns between the
Different metastatic (multi-focal disease). from stem cells to insertions, deletions same genes in the
tumours in different Recurrent tumours terminally or genome same cells, between
locations. that have been diff iated cells. rearrang ) normal and cancer
altered or selected cells and between
for by treatment. different cancer cells.
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These kind of therapies involved prostate cancers as described earlier, involving
the treatment of dendritic cells were isolated and exposed with the prosthetic acid
phosphatase. This acid phosphatase was significantly observed in a number of
patients of prostate cancer (Graddis et al., 2011).

The isolated cells from prostate cancer patients were injected again to the patients
after exposing with granulocytes with macrophages. It was observed in the patient that
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the survival time was up to 4.1 months than other untreated cases. Therefore, the gov-
ernment had to approve this method of treatment (Cheever & Higano, 2011) (Fig. 5.8).
Even now, there are more than 200 active trials for cancer therapies. One of the
most recent examples of these nanovaccines is glioblastoma or oncolytic ovarian
cancer and also the recurrence of breast cancers with dendritic cell therapies.
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5.6.2 Nanovaccines and Their Advantages

Nanotechnology has various applications in different fields such as food, waste treat-
ment and environment etc., but medical sciences also need these advanced and emerg-
ing techniques to interlink different pathways that are unknown. Nanotechnologies
are opening doors for many opportunities in cancer research. Unfortunately, the very
low efficacy rate of traditional technologies in cancer therapies, nanotechnology can
boost various research platforms (Fischer et al., 2013) (Fig. 5.9).

The presence of flexibilities in nanotechnology can stimulate various compo-
nents in cells such as proteins, polysaccharides, hormones, antibodies, adjuvants
and many more. These nanoparticles are encapsulated particularly in biological
components such as membranes, cells and proteins for targeting the specific site in
the cell. There are some special chemicals that are involved in coating nanoparticles
such as calcium phosphate etc. (Tam et al., 2016).

Therefore, nanocarriers are available to carry both antigen and adjuvants at same
time (Tam et al., 2016). Nanoparticle-based vaccines are extremely nanosized in
nature, which is why they can better design to enhance immune response, decrease
the level of immunosuppression and target specificity. As they have narrow-sized
characteristics so they can flow in lymph nodes and can achieve drug delivery in
immune cells (Bachmann & Jennings, 2010; Shannahan et al., 2015; Reddy
et al., 2007).

Nanoformulation can be undertaken in order to maximise biological activity to
the payloads and increase direct penetration of cell membranes, Toll -ike receptors
and surface molecule by coated with nanoparticles (Fig. 5.10).
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Fig. 5.10 Selection criteria based upon surface chemistry for formulations of nanovaccines in
cancer therapies (Kemp & Kwon, 2021)

5.6.3 Nanoparticles Incorporated with Cancer Vaccines
5.6.3.1 Lack of Specificity

There are many immunomodulators based upon nanoparticles; these are the so-
called non-specific because they can boost the immune system but are not target-
specific in nature. These vaccines are not considered as vaccines due to their
non-specificity and only rely upon the immune system of the patient, including
tumour recognition and antigen presentation. Thus, the process can be attained by
manipulations in immune response through a reduction in immunosuppression and
an enhancement of the potential against cancer cells (Wei et al., 2018).

5.6.3.2 Enhancement of Physical Proximity of Immune Cells

The main motive in enhancing the immune system of the patient and the elimination
of the tumour cells from his or her body through specific targeting . In this technique
the nanoparticles are used to design and in association of two antibodies take place.
These two antibodies are being directed; one is to target the immune response to
accelerate and other is to target tumour cells. These phenomena not only enhance
immune system but are also helpful in releasing tumour antigens and antigen pre-
sentation. For example, nanoparticles coated with biodegradable components such
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as poly lactic to load antibodies which works against CD40+ markers that are co-
stimulators of dendritic cells markers and HER2. HER2 are human epidermal
growth factors that are commonly present in its overexpression in breast cancer
patients (Dominguez & Lustgarten, 2010; Ashwini & Kumar, 2011).

5.6.3.3 Immunosuppression Reduction

We discussed earlier that immunosuppression is quite necessary in cases like auto-
immune diseases. In some cases, it can be defined as being like the early stages of
melanoma cancer vaccines are extremely effective in melanoma-specific antibodies.
The specificity does not lead to effective treatment in the later stages of melanoma.
This specificity is not retained in the later stages because of the increased level of
immunosuppression of cytokines such as tumour factors TGF (Xu et al., 2013).

To overcome this condition, nanoparticles are coated with lysosome protamine-
hyaluronic acid. In such cases, drug delivery are made to reduce TFGp tumour
effects with siRNA (Xu et al., 2013). But these nano-based drug deliveries are not
so simple; it has many side effects to reduce immunosuppression such as inflamma-
tion and the blockages of different pathways such as PD1 (Mullard, 2013). One
study suggests that these nano-based drug deliveries are also effective in antibodies
that work against death ligand known as PDL1 (Zhu et al., 2014).

5.6.3.4 Activation of Immune System

Pathogen-associated molecular patterns are those molecules which are responsible
for boosting the immune system of the patient. There are some other factors, such
as co-stimulatory markers, signalling proteins and cytokines which are used to
enhance the mechanisms in immune responses. It has been found that extremely
nonspecific and strong modulator called adjuvants are used in the treatment of
cancer. PAMs are mainly involved lipopolysaccharides, double-stranded RNA and
single-stranded DNA and helpful in the activation of immune responses in cancer.
Polysaccharides are involved in the mechanism of suppressing the effect of
inflammation by the immune system and are recognised by toll-like receptors.
These PAMs are recognised by TLRY and patterns that are being recognized are
CpG oligonucleotides by endosomal TLRY (de Titta et al., 2013; Chinnathambi
et al., 2012).

5.6.3.5 Combination of Immunosuppressive Intervention
and Immune Activation

There are a number of different ways to enhance the immune system and its activa-
tion but combining immunosuppressive intervention with it can yield highly favour-
able results. It can be explained with an example for visualizing the efficacy of the
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immune response in a balanced for with Thl and Th2 cytokines by mimicking the
pathogenic behaviour of nanoparticles when combined with CpG ODN and si RNA
for IL10 (Pradhan et al., 2014). There is an another example to explain it encapsula-
tion of T cells in nanoparticles for targeting PDI (T cell expressing cells) for activa-
tion of R848 (Schmid et al.,, 2017). This technique can further explain the
enhancement of the immune system as well as immunosuppressive intervention by
achieving dual targeting nanoparticles which carry both antagonistic and agonistic
antibodies on a same surface (Kosmides et al., 2017).

5.6.3.6 Nanoparticles Combining with Traditional Methods
of Cancer Treatment

Some studies suggest that traditional therapies rely completely upon the tumour
activation of the immune system in such cases as combine traditional methods with
nanoparticles and relying of them onto tumour cells can give an accelerated response
to new technology. In terms of decreasing the immune activation, nanoparticles
have advantages over tumours. For example, potato virus X clone can be used to
deactivate the growth of B16-F10 cancer cells (Lee et al., 2017). So-called sticky
nanoparticles are being designed to recognise and capture antigens that are available
for phagocytosis for immune cells (Min et al., 2017) (Fig. 5.11).
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5.6.4 Need for Vaccines with Specificity

The main purpose in combining nanoparticles with cancer therapies is to achieve
the target of designing and applicable cancer vaccines with specificity. The already
present vaccines are not so sufficient to downstream the immunosuppression and
low impact on tumours. The ultimate goal of the nanoparticle-based vaccines for
cancer must be specific for the tumours, and contains targeted antibodies and adju-
vants. These cancer vaccines are found to be more effective; they have cross-
representation and their dual targeting nature has an enhanced ability in terms of
immune response. The characteristics of nano-based vaccines in cancer treatment
are detailed below:

I. Entry in cytosol.
II. Targeting immune cells.
III. Dual deliver/co-delivery of adjuvants and antibodies.
IV. Adjuvancy of inherited nanoparticles (Figs. 5.12 and 5.13).

5.6.5 Types of Nanovaccines for Cancer Therapy (Fig. 5.14)
5.6.5.1 The Background of Nanovaccines for Anticancer Therapies
The treatment of diseases such as cancer offer never-ending challenges to medical

researchers. New technologies are always being developed, but they are often slow
to establish a secure footing. Nanovaccines are an advanced technology that can
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have offer many more applications in the field of cancer treatment if they are com-
bined with an appropriate target molecule. Some of the previous studies have shown
that both non-specificity and immunosuppression can play a huge part in cancer
therapies. Upgrading treatment from specific to non-specific and reduction of
immunosuppression has indeed demand of the immune system. Enhancing the
immune response with target-based cell membranes of nanoparticles offer an
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advance in technology and highly acceptable in future perspectives. For example,
RBC-coated cells are used with nanoparticles for an enhancement of immune clear-
ance (Hu et al., 2011) (Fig. 5.15).

The cell-mimicking abilities of nanoparticles are used to transfer proteins of cell
membranes onto the other membranes on the same surface (Hu et al., 2013;
Angsantikul et al., 2018). Another example is to be found in the cases of nanopar-
ticles coated with platelets to reduce bacterial vasculatures (Wei et al., 2018;
Angsantikul et al., 2018; Plotkin, 2014). In another example WBCs are coated with
nanoparticles to release toxins and remove infections such as sepsis (Gao et al.,
2015; Thamphiwatana et al., 2017; Angsantikul et al., 2015).

5.6.5.1.1 Nanoparticles Coated with Cell Membrane as Antibacterial Vaccine

Vaccines can be defined as the world’s most effective and efficient way to resist
infection and enhance the capabilities of the immune system. With the help of vac-
cines it has now become a simple task to combat and overcome many infectious
diseases (Angsantikul et al., 2018). There is an effective form of vaccines which is
known as toxoids vaccines. These vaccines are available in the health sector to kill
infections such as tetanus and diphtheria (Mendoza et al., 2009). In the strategies of
making antibacterial vaccines are meant for reduction of virulent protein present in
the bacteria that is not capable of causing infection but able to generate immune
system. These vaccines are made by reducing harmful virulent proteins, either by
treating with harsh chemicals or through the heat treatment of proteins. When
nanoparticles are mixed with bacterial proteins of RBC, which have the ability to
neutralise bacterial toxins called nanosponges (Angsantikul et al., 2018; Gao
et al., 2015).
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Staphylococcus aureus is also used in making vaccines against bacteria MRSA
infection. In this strategy, bacterial toxins are reduced through the use of heat
treatment to denature the toxins of the proteins and make them nanotoxoids
(Rosenberg et al., 2008; Plotkin, 2014). Outer membrane vesicles (OMVs) are also
used in antibacterial vaccines, for example, sometimes E. coli is coated with
nanoparticles of gold, which makes it appropriate for further use (Wei et al., 2018).

5.6.5.2 Anticancer Vaccines with Nanoparticles Coated by
Cell Membrane

As we have seen, antibacterial vaccines has achieved a great success all across the
world. In the case of cancer, the same scenario hadn’t predicted and not even more
successful targets attained. IN recent studies, RBC have become a source of
anticancer vaccines and came to the attention of researchers. Accordingly, anticancer
vaccines loaded with nanoparticles are becoming the major area of research
nowadays (Wang et al., 2015; Xu et al., 2013; Angsantikul et al., 2018). This
platform of nanoparticles can be further modified with mannose to allow the surface
targeting of dendritic cells. This surface target can enhance the immune response as
well as the draining of lymph nodes. In the case of cancer cell membranes of
autologous tumours contain plethora, which can be used as the nanoparticles coated
cell membrane in anticancer activity. Initially, it was observed in B16-F10
melanoma. These melanoma membranes coated with nanoparticles are significant
in enhancing the stimulation of T cells for antigen presentation and are also helpful
in maturing dendritic cells from bone marrow (Gao et al., 2015) (Fig. 5.16).
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It can also be defined as both an anticancer response, as in the case of antibacte-
rial vaccines and targeting ligand, may work together and led to the artificial stimu-
lation of the immune response. These cell membrane-coated nanoparticles work in
a manner like the artificial generation of the immune response with target specificity
(Zhu et al., 2014; Kang et al., 2018; Rosenberg, 2014; Rabinovich et al., 2007).

5.7 Conclusion

In this review the authors tried to explain different applications of the nanoparticles
in treatment of diseases like cancer. Also, in this review authors tried to summarise
all the factors and challenges that can affect the pathways and delivery system of
cancer therapies. Therefore, it is extremely difficult to achieve a target drug delivery
system and lower the immunogenicity with respect to time. Tumours can generate
an immune response but can also lead to immunosuppression because tumours are
arising from the same cells of the body. Nanovaccines can lead to a revolution in the
field of cancer research with highly specific target attacking and the generation of
an immune response. Nanovaccines have already achieved huge success in antibac-
terial vaccines in a similar manner, nanoparticle-coated cell membranes are princi-
pally effective with regard to tumours and T cells.

Furthermore, nanoparticles are becoming a boon to the medical science through
their specific ability to recognise tumours and dual target abilities and antibodies-
adjuvants loading characteristics. In this review the authors tried to explain the need
for nanovaccines to be used in cancer treatment. By comparing nanovaccines with
traditional medicines, nanoparticles are not non-specific, highly effective, and
mainly work at dual targeting at a time. It is therefore clear that future studies will
be required to developed the use of these nanovaccines as anti-cancer vaccines in an
innovative fashion.
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Chapter 6

Benefits of Molecular Medicine

from Self-Assembled Nanostructured
Materials

S. V. Sowmya, C. Pushpalatha, Dominic Augustine, Ishitha Singh,
Arshiya Shakir, and Reshma Dhodwad

6.1 Introduction to Self-Assembled
Nanostructured Materials

Democritus, a Greek philosopher in 400 BC proposed that the earth and solar sys-
tem have emerged from atomic organization. A French philosopher Descartes
hypothesized that as per the natural laws of physics, the universe had emerged from
self-structure, i.e., organization of small components into large assemblages. Later
in 1935, Langmuir and Blodgett developed a method to form a closely packed
monolayer of amphiphilic molecules on solid and liquid surfaces. Bigelow observed
the assembly of a monolayer of long alkylamine chains on a solid surface in 1946.
Self-assembled monolayers (SAMs) were the initial terminology for self-assembly
since 1983 when Nuzzo et al. developed well-ordered monolayers of alkanethiolate
molecules chemosorbed on gold surfaces. Currently, nanostructures are fabricated
via self-assembly (Castillo-Leén et al., 2011).

Self-assembly is the characteristic assembly of biological structures such as
atoms, molecules, or nanoscale building blocks from their component parts into
structured, non-covalent aggregates through random molecular movement. The
individual components get organized without any human involvement, for example,
the phospholipid bilayer of the cell membrane and the formation of bacteriophage
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and viral particles (Ariga et al., 2019). Molecular self-assembly occurs through
weak noncovalent bonds like electrostatic interactions (ionic bonds), hydrogen
bonds, hydrophobic and hydrophilic interactions, water-mediated hydrogen bonds,
and van der Waals interactions resulting in structurally and chemically stable
structures. These forces and their kinetic pathways are controlled by specific
properties such as charge, binding affinity, and hydrophobicity. Best example of
natural molecular self-assembly is a cell that is formed by biological molecules like
proteins, peptides, nucleic acids, lipids, etc. with self-assembly of complementary
properties (Wang et al., 2019). Molecular self-assembly is also a prominent feature
of antigen—antibody recognition, amyloid fibril formation, and chromatin assembly.
The orderly arrangement of the constructs in the self-assembly is dependent on the
shape, size, and surface properties of the blocks (Zhang, 2002).

6.2 Description of Nanostructures Formed by Self-Assembly

Self-assembled peptide and lipid systems have been described extensively in the
literature due to their wide bionanotechnology applications. The self-assembly of
peptide and protein systems forms nanostructures such as nanofibers, nanotubes,
vesicles, helical ribbons, and fibrous scaffolds. It is the most promising practical
low-cost and high-throughput approach for nanofabrication (Delfi et al., 2021).

6.2.1 Peptide Nanostructures Formed by Self-Assembly
6.2.1.1 Nanofibers

Nanofibers as nanostructures have drawn great attention as building blocks for their
application as the next-generation biosensors. They have been used along with
different structures in a self-assembly configuration. Insoluble amyloid fibrils made
of aggregates of beta sheets of amino acids are associated with rare pathologies such
as amyloidosis. However, this insoluble property has been made use of in biosensor
fabrication as this will ensure long-term stability of the sensor (Jeevanandam
et al., 2018).

6.2.1.2 Nanotubes

Functionalization of peptide shell-coated metal nano-wires and drug-filled cavi-
tated structures can be performed using nanotubes. They can be formed using vari-
ous types of monomers like linear and cyclic peptides, disc-shaped motifs, etc. (Gao
& Matsui, 2005).
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6.2.1.3 Nanoparticles

They cover structures such as solid structures as well as nanospheres with hollow
cores. These hollow nanospheres can be a possible drug delivery system while the
non-hollow nanospheres can be used as the biological counterpart of nanobeads.

6.2.1.4 Nano-tapes

Peptide beta sheets are stacked together to form peptide nano-tapes. Hydrogels are
formed when their concentration increases above a certain limit (Lee et al., 2019).

6.2.1.5 Hydrogels

Hydrogels are materials with the properties of a gel depending on variables such as
ionic strength, pH, salinity, and temperature.

6.2.1.6 Hydrophobic Dipeptides

They can be self-assembled to form nanofibers or nanotubes based on their condi-
tion during the formation process. It includes dipeptides such as diphenylalanine.
Spherical nanostructures can also be formed when a protective group is added to the
amino group of the dipeptide structure. These structures have hydrophobic side
chains attached to both the amino groups of the dipeptide because of which they are
named “hydrophobic dipeptides”. These interactions take place due to hydrophilic-
hydrophobic reactions along with stabilization through hydrogen bonding in
between the peptides (Ahmed, 2015).

6.2.2 Lipid-Based Self-Assembled Nanostructures
6.2.2.1 Liposomes

They are phospholipid vesicles that contain concentric bilayers of lipid which in
turn contain aqueous spaces. Liposomes have been used as drug delivery agents
since the mid-twentieth century in both pharmacy and medicine. The commonly
used liposomes are cholesterol and phosphatidylcholine. They can encapsulate
compounds like glucose, peptides, or proteins. Hydrophobic compounds are stored
in the bilayers of the vesicle whereas the hydrophilic compounds are stored in the
aqueous compartment. Liposomes require vital geometrical analysis for self-
assembly and aggregation. Based on their size and the number of bilayers present,
they can be classified into multi-lamellar liposomes (MLV) and large and small
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unilamellar vesicles (LUV and SUV). The quantity of the drug loaded, the
permeability of liposomes, and their half-life can be varied by modifying these
parameters. Another classification of liposomes includes first, second, and third
generation of liposomes. The first one consists of a liposome with no modifications,
like cholesterol and phospholipids. But, one of their disadvantages includes
accelerated elimination and hence hampers their bioavailability. In the second
generation of liposomes, the liposome group is coated with unreactive polymeric
molecules like glycoproteins, oligosaccharides, PEG, etc. This coating increases
their half-life and bioavailability, due to their hydrophilic nature. In the third group,
antibodies or peptides are attached to the liposome or PEG compounds, which in
turn improves the efficacy of the drug. Various techniques to characterize the
preparation of liposomes in the laboratory have been developed which include
hydrating a previously dried lipid film with an aqueous solution, reverse phase
evaporation method, solvent injection technique, sonication, and homogenization.
Liposomes have made a huge impact on medical care, but regulatory and clinical
limitations are still a challenge. Some of the regularly used liposomes include
Ambisome (injectable liposomal formulation of amphotericin B), Doxil (liposomal
doxycycline), Marqibo (liposomal formulation of vincristine), Visudyne (lyophi-
lized formulation of liposomal verteporfin), etc. (Tan et al., 2019).

6.2.2.2 Solid Lipid Nanoparticles (SLN)

They are nanoparticles that are formed from a lipid matrix that stays in the solid
state at room and body temperature. They provide protection of the incorporated
drug from degradation, physical stability, and controlled release with low
cytotoxicity, they do not require the use of organic solvents for their assembly, and
the synthesis process is cost-effective and readily performed on a large scale. A few
of their limitations include drug expulsion during storage and drug-loading capacity.
Formulation techniques for encapsulation of drug solutions into SLN can be done
using high-pressure microemulsion formation, homogenization, ultrasonication,
solvent injection (or solvent displacement), phase inversion, emulsification/solvent
evaporation (precipitation), multiple emulsion technique, and the membrane
contractor technique. The readily used formulations of SLN includes Acyclovir-
loaded, SLN as carriers of glibenclamide, SLN-based stearic acid, and injectable
soya lecithin, etc. In general, SLNs act as carriers of poorly water-soluble drugs to
improve their bioavailability and therapeutic potential (Scioli Montoto et al., 2020).

6.2.2.3 Lipid Nano-capsules (LNC)

Lipid nano-capsules have the advantageous properties of both lipid delivery sys-
tems and colloidal particles. They contain three principal constituents which include
an oily phase, an aqueous phase, and a non-ionic surfactant. These constituents can
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be varied which in turn changes the stability and formulations of LNC. They are a
hybrid between liposomes and polymeric nano-capsules because their structure is
similar to lipoproteins. LNCs have good stability in contrast to liposomes which are
unstable and leaky in body fluids. The formulation technique needs soft energy
process and is free of organic solvents. LNCs can be used for targeted drug delivery
as a therapeutic and diagnostic cancer agent (Huynh et al., 2009).

6.2.2.4 Microemulsions

They contain solutions with self-assembly systems dispersed disorderly. The inter-
nal structure contains both hydrophilic and hydrophobic regions. These microemul-
sions are consisting of water, oil, and amphiphiles (surfactant, usually in combination
with a cosurfactant) optically transparent and isotropic nanostructured solutions,
thermodynamically stable systems. They can be classified, according to Winsor,
into, Winsor I (oil-in-water) (o/w) ME; Winsor II (water-in-oil) (w/o) ME; Winsor
IIT (bi-continuous or middle self-assembled nanomaterials 75 phases ME); and
Winsor IV (simple phase ME or pure ME). Properties like oil-surfactant ratio, sur-
factant mixture, and temperature change the formation of each type. The use of ME
as a drug delivery agent has been shown to improve the bioavailability at the site of
action of various drugs (Suhail et al. 2021).

6.2.2.5 Self-Microemulsifying Drug Delivery Systems (SMEDDS)

SMEDDS are pre-concentrates of microemulsions which contain oil, surfactant,
and drugs.

6.3 Types of Self Assembled Systems

6.3.1 Discrete System Versus Continuum System

Self-assembled systems can be classified based on the building blocks into two
categories: Discrete and continuum.

A system that uses prefabricated building blocks with fixed sizes and shapes is a
discrete system. A bond forms when two particles are close to each other with
matching orientations. A self-assembled chain of alternating structures is formed
due to selective bonding when there are two bonding sites. When there are multiple
bonding sites they self-assemble into a network of alternating particle chains.
Nanoparticles and nanorods can be assembled into various configurations by
modifying the electric and magnetic fields which induces a dipole-type interaction
or shear forces which utilize hydrodynamic interactions.



106 S. V. Sowmya et al.

Continuum system makes use of the formation of nanoscale domains in the form
of patterns such as binary monolayers, block polymers, and organic molecular
adsorbates on metal surfaces. A binary monolayer is 1-10 nm in size, stable on
annealing, and can be self-assembled into triangular lattices of dots, parallel stripes,
or serpentine stripes patterns in an orderly fashion. Polymer systems develop by
phase separation and consist of two immiscible polymer fragments joined by a
covalent bond. The size ranges from 10 to 100 nm. The advantages of a continuum
system are presynthesied building blocks that are not required as the domains and
their patterns self-assemble simultaneously, it provides significant flexibility and
control of the assembly process and this approach can be used for other different
systems (Lu, 2012).

6.3.2 Static Self-Assembly Versus Dynamic Self-Assembly

The types of self-assembly categorized based on the nature of interactions are static
and dynamic. The process involving the formation of static structures using energy
minimization leads to static self-assembly. Microphase separation and colloidal
crystals are classic examples of this process. When the self-assembly system
dissipates energy, dynamic type is observed with the formation of structures away
from the thermodynamic equilibrium. However, if the influx of energy stops,
structural disintegration occurs. The most typical example of dynamic self-assembly
is a living organism (Subramani & Ahmed, 2018).

6.4 Applications of Self-Assembled Nanostructures

There are various applications of self-assembled nanostructures. The films can be
used as membranes, sensors, insulators, electronic, and magnetic optical devices
such as the construction of Bragg diffraction devices for Raman spectrometers
(Chenetal., 2018). The incorporation of nanoparticles into self-assembled structures
has been employed in optoelectronic devices, plasmon waveguides, focusing lenses,
light generators, optical switches, nanoscale thermometers, plasmon rulers, and pH
meters (Nie et al., 2010). Pharmacological, biological, and medical fields
demonstrate the use of polymersomes, liposomes, or polymer capsules incorporated
self-assembled nanoparticles as carriers for delivering biologically active species
(Puri et al., 2009). The self-assembled nanostructures have also been used to stimu-
late pre-osteoblast cell attachment and growth. They are incorporated in extracel-
lular matrix for the growth of human fibroblasts. They possess therapeutic
applications as wound dressing materials, detection of neurotoxins, antiviral agents,
and as immunosensors (Habibi et al., 2016).
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6.5 Techniques for Characterization
of Self-Assembled Nanostructures

Self-assembled nanostructures play a vital role in various biologic processes and
has led to a lot of research due to their potential use in diagnosis and biosensing or
designing biocompatible products. The designing and development of artificial
nanostructures through different techniques for self-assembly is a method of
analysing the basis of different functional structures with superior and desirable
properties. These factors have made the characterization of self-assembled
nanostructures more challenging. Significant research is being done on polymer
self-assembly for similar reasons.

Researchers consider nanostructures as dynamic systems with continuously
evolving and improving properties and structures, as they interact with the
environment. Hence, the characterization of these nanostructures becomes very
important to utilize their properties in various applications (Kasotakis et al., 2009).

This section gives an overview of the different techniques for characterizing self-
assembled nanostructures based on their properties.

6.5.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is a method of characterization which creates 3-D
images of the surface of a nanostructure at high magnification. This method was
introduced by ‘Gerard Binning and Heinrich Rohrer’ in the year 1986. AFM has
been a topic of interest because it is simple to perform and is very flexible. The main
principle of AFM is measuring the force between a fine probe of the microscope and
the sample. The apparatus contains a cantilever, which has a probe attached at the
tip, made of silicon. As AFM scans the sample, the attraction or repulsion involving
the tip and the surface of the sample may lead the cantilever to deflect. This deflection
can be computed with the help of a laser beam. The final calculation is done by
adding the values obtained through laser alteration and the previously established
cantilever stiffness. AFM tips can also be used to bring about surface reactions by
carrying different catalysts. AFM tips can also cause direct local oxidation on
surfaces.

The three types of AFM-based nanofabrication techniques include nano-shaving,
nano-grafting, and nano-pen reader and writer (NPRW). In nano-shaving, the AFM
tip applies excessive localized pressure at the point of contact of the sample. This
pressure leads to the production of high shear force while scanning, which in turn
leads to the displacement of self-assembled monolayer adsorbates. In nano-grafting,
the self-assembled monolayer and the AFM cantilever are dipped in a solution with
a thiol group. These thiol groups adsorb to the exposed surface of the sample. In
NPRW, the required molecules and groups are pre-coated to the exposed surface of
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the sample under high force. Following this, the nanostructures are characterized by
decreased force.

AFM can function with three types of modes based on the proximity between the
probe and the surface of the sample, into ‘contact’, ‘non-contact’, and ‘tapping’.
Tapping is the most commonly used mode for characterization of nanostructures.
Using AFM an ‘edge resolution” of 1 nm can be achieved, high spatial resolution
characterization of nanostructures can be done in situ, complicated patterns can be
produced automatically, and various constituents can be produced by modifying the
components of the tip or the solution. The fabricated patterns can be modified in situ
without modifying the process of fabrication and the height of the nanostructure can
be analysed and visualized. In addition, the resolution of images produced by AFM
is comparable to SEM and TEM. It is cost-effective and requires minimum
laboratory equipment and space. Nevertheless, AFM displays slower scanning times
than any electron microscope.

6.5.2 Electron Microscopy
6.5.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a dominant and among the most popular
technique used for material characterization and imaging of the surfaces of various
materials. SEM can provide a resolution of up to 1 nm, highly focused, and a fairly
straightforward image interpretation, making the imaging of three-dimensional
nano-structures feasible.

SEM works on a voltage range of 100 V-30,000 V with the electron probe with
a diameter of 1-3 nm and a field emission source. As the electron beam and the
sample interact, it produces secondary electrons. The efficiency of emission of these
secondary electrons varies based on the surface topography and chemical properties
of the sample.

Undesirable excitation of electrons is inevitably involved in this interaction
which makes radiation damage one of the most important set back of SEM imaging
low-voltage SEM has been used for imaging such beam radiation-sensitive
specimens (Zuccheri & Samori, 2011).

6.5.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) has been utilized in the characterization
of nanostructures in the form of a tool that can be used to analyse the spatial
arrangement at high resolution and their chemical nature. A modern transmission
electron microscope makes imaging atoms in crystalline samples directly, possible.
TEM utilizes the interaction between the electron beam with a homogenous current
density and the sample to be investigated, to determine the physical properties of the
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nanostructure. The extent of the interaction depends on various properties including
the density, size, and elemental composition of the sample. The transmitted
electrons, in turn, form an image by utilising the information assimilated from their
interaction with the sample. They can be analysed at resolutions close to 0.1 nm,
which is lower than inter-atomic distance.

One of the most valuable applications of TEM is to determine the shape of nano-
structures. Electron diffusion along with high-resolution lattice imaging can be used
to analyse the facets and structure of nanocrystals. The 3D structure of a nanocrystal
can be identified and analysed by using a minimum of two TEM images which are
captured from different orientations. Simple nanostructures can be determined
directly from TEM images while some of the more complex nanocrystals may
require the analysis of experimental and theoretically obtained images.

TEM has been used as a method of characterization of nanostructures for various
bio-medical purposes such as:

(1) Diagnostics and bio-sensing, where the aggregation changes based on the pres-
ence or absence of the concerned biomarkers.

(2) Therapy, where the aggregation enhances the therapeutic effect of the
nanostructures.

(3) Imaging, in which, the aggregation enhances the response received from the
tissue being visualised, in the form of signals.

TEM also aids in the identification and differentiation between hollow or solid
pathologies which makes it a vital tool in diagnosis. In TEM, high-energy electrons
interact with the concerned tissue so that the intensity of this interaction can be
recorded in the image. The centre of hollow structures appears lighter than its
capsule or wall in the image recorded.

TEM is one of the most readily used techniques to analyse the shape and size of
various nanostructures because it provides the accurate valuation of nanostructure
homogeneity and direct images of the sample. A few limitations of this technique
include inaccurate images due to flawed orientations and the inability to quantify
more particles.

6.5.2.3 High-Resolution Transmission Electron Microscopy

High-resolution TEM (HRTEM) is a technique that uses both scattered and trans-
mitted electrons to produce an image, known as ‘phase-contrast imaging’. Phase-
contrast imaging produces images with the highest resolution among others which
aids in the identification of various atoms in crystalline structures. While conven-
tional electron microscopy can only aid in the statistical characterization of nano-
structures, HRTEM can produce images of a single particle crystal structure.
Therefore, HRTEM is constantly being utilized to characterize the internal structure
of nanostructures. This ability of HRTEM can also be used to assess the structural
defects of these nanocrystals which can explain some of their atypical properties.
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The characterization of all the nanostructures is not always possible using
HRTEM. The random and haphazard orientation of nanocrystals can result in the
formation of complex images that may be inaccurate.

6.5.2.4 Liquid Transmission Electron Microscopy

A vacuum system is used in TEM which protects the filament, used in the apparatus,
along with the reduction of electron beam scattering. Traditional TEM imaging is
not used to assess liquids since it can compromise this vacuum system. Therefore,
liquid systems characterization has not been explored as much as solid systems.
Due to these limitations, the other imaging techniques are only able to produce data
in a single time frame, most commonly after the completion of nanoparticle growth
and not during the growth process. Liquid TEM gives the opportunity to track and
analyse the nanoparticles. It permits the tracking of the course of nanoparticles
while they are growing and hence provide a direct outlook on the evolution of
nanoparticles. Liquid TEM also enables researchers to analyse the movement of
nanoparticles with the liquid, which may be due to Brownian motion or some other
parameters contributing to this movement.

6.5.2.5 Cryo-Electron Microscopy

Cryo-electron microscopy (Cryo-EM) is an effective method of characterization
used to analyse the structure of polymer and protein self-assembly nanostructures.

The sample preparation in traditional TEM comprises drying and staining steps
which might end up affecting their morphology and structure. In contrast, cryo-EM
samples are processed and stored in a hydrated and frozen state, which is close to
their inherent form, by vitrifying them and studying at cryogenic temperature using
a TEM. Liquid nitrogen is commonly used to freeze-dry the nanostructure samples
(Mourdikoudis et al., 2018).

Cryo-TEM can be used to view nanostructures at sub-nanomolar resolutions. It
has been utilised to study the complicated mechanism of nanoparticle aggregation.
Cryo-TEM imaging is vital to observe the atypical form of nanostructures because
the rapid plunge freezing prevents the particles from rearranging during the
preparation process of the sample and its characterization can be done.

6.5.3 Focused Ion Beam

Focused ion-beam (FIB) bombardment is a fascinating and alternative method used to
prepare self-assembly nanostructures. This technique permits in-situ analysis of the
sample using ion-beam or scanning electron beam imaging. FIB enables locating the
desired spot for deposition or removal of materials using ‘high energy ion beam
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sputtering” and ‘ion-assisted chemical vapor deposition’ (Kochovski et al., 2020). The
merits of the FIB technique are high resolution, mask-less processing, provide prompt
prototyping, and flexibility to adapt to different materials and structures. One of its
major drawbacks is the time consumed to analyse nanostructures. A single ion beam
is utilised to analyse various structures, making it inefficient for large-scale produc-
tion characterization of nanostructures. The FIB is a vital tool in defect characteriza-
tion, design modification, failure analysis, and process control for various applications.

6.5.4 Fourier Transformed Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is the method that measures the
absorption of electromagnetic(EM) radiation with wavelengths in the range of the
infrared spectrum. FT-IR spectroscopy gives important information regarding the
various functional groups which are present in a system through the frequency of
vibrations of chemical bonds present in the nanocrystals. It recognizes the
composition of different microorganisms by observing the difference in the
functional groups in their structure. It can produce data about the kind of interaction
that takes place between microorganisms and metal ions.

Biochemical bonds are identified depending on their molecular degree of rota-
tion and the type of movement, like twisting, stretching, or bending.

The mechanism of FTIR includes an infrared source emitting radiation through
an interferometer consisting of a moving and a fixed mirror along with a beam
splitter. The interferometer gauges the wavelength of the emitted light. IR spectra
are found by exposing infrared radiation to the nanostructure sample and quantifying
the intensity of radiation at a particular wavenumber.

Some of the types of FTIR techniques include attenuated total reflectance (ATR—
FTIR), transmittance FTIR, and micro-spectroscopy FTIR (Stephen et al., 2009).

The advantages of FTIR include time efficiency and both solid and liquid samples
can be analysed using this technique. The quantity of samples required for analysis is
also small and is a cost-efficient alternative for the identification of microorganisms.

However, there are a few demerits such as the need for numerous sample and
background scans in order to avoid artefacts. Processing of the sample prior to
analysis is generally needed to avoid peaks due to overlapping. Even after processing,
the information and data require further analysis.

6.5.5 X-Ray Diffraction

X-ray diffraction (XRD) is one of the most commonly used characterization meth-
ods to determine the formation of crystalline self-assembly, as long as there is a
sufficient quantity of the sample. Traditionally, XRD gives information about the
crystalline structure, lattice parameters, phase, and crystalline grain size. The
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spectrum of diffraction can directly be correlated to the atomic structure of the
nanocrystals at high angle regions, while at low angle regions, the spectrum is
linked to the organised arrangement of nanocrystals. This analysis is done assuming
that every particle in the nanostructure is similar in shape, size, and orientation so
that the principles of diffraction physics can be used for the analysis. But practically,
this assumption cannot be made because there is evident variability in their shape,
size, and orientation. XRD is one of the most popular method used to measure the
average inter-particle distance, and it is one of the few techniques that can be used
to study the ‘in situ temperature as well as pressure induced phase transformation’
in nanostructures (Zuccheri & Samori, 2011). XRD can be used to study the powder
form of samples, once their colloidal forms are dried. It leads to statistically averaged
volume values. The intensity and position of the peaks correspond to the composition
of particles, which can be compared with the already available data for reference.
However, XRD peaks are extremely wide and broad for particles with a size less
than 3 nm and hence is not suitable for amorphous nanostructures.

6.5.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique used in thermal analysis that
is readily used by researchers because it is simple to use, easily available, and gives
rapid results. In this technique, a nanostructure sample and a control for reference
are placed in the DSC apparatus. Heaters either gradually raise the temperature at a
specific pace or hold the DSC at a previously determined temperature. This
instrument evaluates the variation in the heat flow among the nanostructure sample
and the control reference.

Modern DSC apparatuses use software that helps the user in characterizing dif-
ferent physical properties of nanostructures like melting points, heat capacity val-
ues, and glass transition temperatures (Koshy, 2017).

The quantitative applications of DSC include the assessment of fusion heat and
the degree of crystallization for nanocrystals. DSC is used for quality control
applications because the melting points of different materials correlate with their
purity. One of the major applications of DSC is glass transition temperature (T,
determination. At T, the polymer undergoes changes in its physical characteristics like
volume and expansion, heat capacity, and heat flow.

6.5.7 Thermogravimetric Analysis

Thermal gravimetric analysis (TGA) helps in the analysis of information about the
composition and mass of nanostructures. In this method of characterization, a
nanomaterial sample is heated which makes its constituents degrade at different
temperatures and end up decomposing and vaporising, which at the end leads to
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variation of mass. This can also help in determining the quantity and type of nano-
particle organic ligands present in the nanocrystal sample.

TGA is used for analysing a few thermal processes like adsorption, absorption,
desorption, sublimation, vaporization, oxidation, decomposition, and reduction. TGA
can also be used to study volatile or gaseous components which are lost during such
thermal reactions for samples such as nanomaterials. TGA can also be utilised to
analyse the kinetics of chemical reactions of nanostructures under various conditions.

The thermobalance is regarded as the functional unit of TGA. The subunits of
TGA include a sample holder, electronic microbalance, temperature programmer,
recorder, and a furnace. It consists of a clamp that is used to stabilize the electron
microbalance.

Some of the advantages of TGA are its simplicity and no requirement for special
sample preparation. A disadvantage of TGA is the requirement of few milligrams of
a sample, which in turn leads to increased cost and lab production feasibility prob-
lems (Table 6.1).

Table 6.1 Characterization techniques corresponding to specific parameters to be analysed
(Zuccheri & Samori, 2011)

Parameter Characterization techniques suitable for analysis

Size Transmission electron microscopy, X-ray diffraction, high-
resolution transmission electron microscopy, scanning electron
microscopy, atomic force microscopy, differential scanning
calorimetry

Shape Transmission electron microscopy, high-resolution

transmission electron microscopy, atomic force microscopy

Chemical and elemental X-ray diffraction

composition

Crystalline structure X-ray diffraction, high-resolution transmission electron
microscopy

Size distribution Differential scanning calorimetry, scanning electron
microscopy

Growth kinetics Transmission electron microscopy, cryo-transmission electron

microscopy, liquid-transmission electron microscopy

Composition/ligand binding/ | Fourier transform infrared spectroscopy, thermal gravimetric

density/surface composition/ | analysis
arrangement/mass
Concentration Differential scanning calorimetry

Agglomeration state

Differential scanning calorimetry, scanning electron
microscopy, cryo-transmission electron microscopy,
transmission electron microscopy

Density

Differential scanning calorimetry

Properties of Single particle
properties

High-resolution transmission electron microscopy, liquid
transmission electron microscopy

Three-Dimensional
visualization

Atomic force microscopy, scanning electron microscopy

Dispersion of nanoparticles

Scanning electron microscopy, Atomic force microscopy,
Transmission electron microscopy

Defects in the structure

High-resolution transmission electron microscopy

Detection of nanoparticles

Transmission electron microscopy, scanning electron
microscopy
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6.6 Advantages of Self-Assembled Nanostructured Materials

6.6.1 Synthesis

Self-assembled nanostructures are synthesised under non-harsh conditions, at room
temperature without specialized equipment. This reduces the cost of these
nanostructures.

They can be used to synthesize structures like nanotubes, nanoparticles, or nano-
fibers, by changing the initial building block used to fabricate these nanostructures.
Hence, it can be used to obtain structures of varying shapes.

6.6.2 Functionalization

Self-assembled nanostructures can be used as agents used in contrast imaging or as
biosensors. They can perform such specific functions because they are combined
with suitable functional molecules which give them desired properties. Some of
these functional groups include functional antibodies, enzymes, magnetic or metal-
lic particles, fluorescent compounds, etc.

6.6.3 Biocompatibility

Studies have shown that these nanostructures can be used as a cell culture medium.
They simplify the loading and handling of the culture medium. The matrix density
of these cultures can be fully structured by tailoring it chemically. It has been seen
that cell growth in these media is unhindered (Pignatello, 2011).

6.7 Mechanisms of Molecular Self-Assembly

Molecular self-assembly is the assembly and arrangement of molecules without
manipulation from an external source. By definition, molecular self-assembly is,
“the spontaneous organization of molecules under near-thermodynamic equilibrium
conditions into structurally well-defined and stable arrangements through non-
covalent interactions”. This is largely regulated by weak noncovalent bonds like
hydrogen bonds, electrostatic interactions (ionic bonds), water-mediated H-bonds,
van der Waals forces, and hydrophilic and hydrophobic interactions. The collective
interaction between these weak bonds produces chemically and structurally stable
nanostructures (Li, 2017).
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Fig. 6.1 The forces acting in the process of molecular self-assembly

Molecular self-assembly depends on two factors: structural compatibility and
chemical complementarity. The molecular constituents require complementary
properties like specific surface charge, surface characteristics, polarizability, surface
functionalities, and mass, in order to self-assemble to give rise to various physiolog-
ical forms. Biological components such as lipids, nucleic acids, and proteins, among
other cellular components, also self-assemble to form a cell. Some of the examples
of molecular self-assembly include antigen—antibody recognition, phospholipid
membrane, chromatin assembly, and amyloid fibril formation.

Self-assembly involves maintaining a balance between three types of forces.
They include ‘driving force (attractive in nature)’, ‘opposition force (repulsive in
nature)’, and ‘directional force’. A non-hierarchical self-assembly is observed in
most of the nanostructures. The process becomes directional because of the supple-
mentary 1 directional forces (Fig. 6.1).

6.8 Benefits of Molecular Medicine from Self-Assembled
Nanostructured Materials

Studies done previously have shown that self-assembled nanostructures can be used
to manufacture various molecular medicines which have properties which are supe-
rior to the ones made conventionally. The benefits of using these nanostructures for
the assembly of molecular medicines for tissue engineering include:
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1. Designing using active biological peptides.

2. Incorporation of different functional groups and their combinations with nano-
structures can help to study cell behaviour.

3. Good biocompatibility since it degrades in the body by natural enzymes.

4. Molecules can be altered at the level of single amino acids based on the require-
ment in a cost effective way using conventional methods.

5. They can be used to analyse cell signalling processes and controlled gene
expression.

Thus, these self-assembled nanostructures derived molecular medicines are being
used readily for ‘bionanotechnological applications’.

Nanoparticles can be used as potential vessels for drug targeting because their
pharmacodynamics and pharmacokinetics in the body are controlled by their
physicochemical properties, such as hydrophobicity, particle size, and surface
charge. Colloidal particles can overcome the setback of bringing a hydrophobic
substance into the aqueous blood medium. Another advantage of colloidal carrier
systems is their protective action towards sensitive drugs, such as specific peptides
and synthetic vaccines (Li, 2017).

Gene therapy is another therapeutic technique that can benefit from nanotechnol-
ogy since it also has the problem of drug delivery given that it faces the same prob-
lems of delivering the gene to the target cell.

In the future, nanostructures can also be used to construct well-defined two-
dimensional and three-dimensional structures. The fabrication of these nanostruc-
tures with different substrates can be explored.

6.9 Challenges When Using Self-Assembled Nanostructures
in Molecular Medicine

Even though self-assembled nanostructures have many advantages, a few chal-
lenges regarding the manipulation, size control, stability in liquids, and immobiliza-
tion have to be considered.

6.9.1 Size Control

Size control becomes a very important parameter when it comes to applications like
drug-delivery systems and biosensors. Due to the process of self-assembly, size
control during the synthesis process is very challenging.
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6.9.2 Stability of Nanostructures in Liquid Environment

The biomedical applications of self-assembled peptide nanostructures, where they
come in direct contact with a liquid environment are numerous, such as drug-
delivery systems, contrast imaging agents, and biosensors. They have to be highly
stable in the solution it is interacting with, in the body. It has been noted that
nanostructures are unstable when dissolved in water, methanol, or phosphate buffer.
This limits their application in various biomedical processes.

6.9.3 Manipulation

Manipulation of nanostructures is a very critical process because of their dimen-
sions. It is a challenge to link nanostructures, such as nanofibers, nanotubes, and
nanoparticles, with macroscopic applications.

It is also very vital to avoid damage to nanostructures when they interact with the
object being manipulated and the instrument. Any alteration in the structure of the
self-assembled nanostructure, during processing and manipulation, can cause a
change in the behaviour required for particular medicine applications
(Pignatello, 2011).

6.9.4 Conductivity

Another factor that makes the application of self-assembled nanostructures chal-
lenging is their low conductivity limits. Their use in the production of biosensors or
diagnostic aids omitting the functionalization step incorporates molecules and com-
pounds to improve conductivity.

6.10 Conclusion

Self-assembled nanostructures are biomaterials with various merits, which makes
them an excellent candidate for biomedical applications. Nanostructures used in
molecular medicine are developed under mild environments, in a rapid and cost-
effective way. It can also be readily functionalized with various other functional
groups like enzymes, fluorescent molecules, and antibodies. Nevertheless, it is
notable to acknowledge the intricacies involved while studying self-assembled
nanostructures. Multiple ways to overcome problems associated with
manipulation, size control, stability, and low conductivity have been continuously
explored. In spite of these limitations, nanostructures play a very important role
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in biomedical applications. Until now, the size and shape of nanoparticles have
been characterized. Some of the other parameters that can also be characterized
and explored include ‘surface area’,‘degree of aggregation’, ‘surface charge’, and
‘size distribution’, and also appraise their ‘surface chemistry’. These parameters
can affect the properties and applications of nanostructures. Reliable and accurate
characterization techniques for nanostructures will significantly have an impact
on the use of these materials, commercially. The next step in self-assembled
nanostructures can be aimed at a comprehensive analysis of the immunogenicity
and biocompatibility of these nanostructures with the purpose of understanding
the outcome of their use.
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Chapter 7
Functional Metal Oxide Nanoparticles
Avenues for Nanomedicinal Research

Praseetha P. Nair and Kaushik Pal

7.1 Research Background and Overviews

The association of nanotechnology with material science, biology and medicine,
combines the knowledge to explore the potential applications to many avenues of
nanomedicinal research. Diverse nanomaterials or its nanoformulations are avail-
able and approved for the prevention, diagnosis, and therapy of physiological ail-
ments (Soetaert et al., 2020). Very small size and the high specific surface area of
nanoparticles define their reactivity and properties (Kaur et al., 2021). Nanomaterials
exhibit astonishing features that are entirely different from their parent elements.
The size range of engineered nanoparticles that are similar to biological entities
make them compatible with the biomolecules and ease their interactions.

The major challenges faced by nanomedicinal research are the inconsistencies
between the preclinical performance of the drug and its clinical application (Soetaert
et al., 2020). The modest performance in in vivo application is due to many factors,
particularly its instability in physiological fluids. This tends to the agglomeration
and precipitation of particles in the body leading to toxicity and safety-related
issues. Functionalization, coating, nanoencapsulation, etc., are the strategies that
are proven and successful to overcome these drawbacks (Boyer et al., 2010; Safi
etal.,2011). Figure 7.1 represents the various possible modifications of metal oxide
nanoparticles for biomedical applications (Nikolova & Chavali, 2020).
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Fig. 7.1 Illustration of possible modifications of metal oxide nanoparticles for biomedical appli-
cations (Nikolova & Chavali, 2020). (Copyright at MDPI, 2020)

7.2 Metal Oxide Nanoparticles

7.2.1 Properties and Biomedical Applications

Nanoparticles are categorized based on the base matrix materials, into polymer,
metal, ceramic, lipid, semiconductor, carbon-based materials, etc. Metal oxide-
based nanoparticles are the next-generation materials that are extensively used for
biomedical applications. The properties of nanomaterials can be tailored for suit-
able applications by optimizing the synthesis procedures. Oxides of metal nanopar-
ticles such as nickel, silicon, copper, silver, gold, tin, magnesium, titanium, zinc,
iron, etc., have broad applications in biomedical and pharmaceutical sectors. Among
the various metal oxide nanomaterials, superparamagnetic nanoparticles, especially
iron-oxide nanoparticles (IONPs), exhibit powerful and promising properties suit-
able for biomedical applications. Based on the size of IONPs, they are classified
into super paramagnetic iron-oxide nanoparticles (SPION) and ultra-small super-
paramagnetic iron-oxide (USPIO) nanoparticles. The average size range of SPIONs
is 50-100 nm and that of USPIONSs is below 50 nm (Boyer et al., 2010).

The characteristic features of IONPs are summarized in Fig. 7.2. As IONPs
exhibit core-shell characteristics, they possess the features of hydrous iron as well
as metallic iron (Kaur et al., 2021). They are known as “nanozymes” as they exhibit
the characteristics of enzymes. They are highly biocompatible, exhibit paramagnet-
ism and antimicrobial property, are stable in liquid media, and are less toxic in
nature. Superparamagnetism is explored for the transportation of MRI contrast
agents and drug-delivery carriers to targeted sites by regulating the magnetic field
externally (Hong et al., 2011; Valdiglesias et al., 2016). Another metal oxide
nanoparticle having a potential biomedical applications is zinc oxide (Rasmussen
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Fig. 7.2 Characteristic features of IONPs

et al., 2010), which has the ability to absorb radiation, is highly stable, and shows
photo catalytic activity. Nano-sized zinc oxide exhibits cytotoxicity against cancer
cells. Zinc oxide has a peculiar feature of generating reactive oxygen species (ROS)
which can be suitably tailored to regulate cell death (Iv et al., 2015). Doping
nanoparticles of zinc oxide with metals like iron enhances its ability to induce ROS,
which leads to the effective killing of cancer cells.

The major biomedical applications of IONPs are given in Fig. 7.3. They include
tissue engineering and bioseparation, drug and gene delivery, magnetic cell sorting,
contrast agents in magnetic resonance imaging (MRI), magnetic particle imaging
(MPI), hyperthermia therapy, especially for cancer treatment, immunoassays, and
stem cell tracking (Boyer et al., 2010; Kaur et al., 2021). A very special application
of IONPs is that it acts as an enhanced contrasting agent for MRI imaging.

7.2.2 Synthesis of Metal Oxide Nanoparticles

IONPs can be synthesized by physicochemical or biological routes (Kaur et al.,
2021). Chemical synthesis methods are co-precipitation, flow injection, microemul-
sion, sol-gel, electrochemical deposition, hydrothermal and thermal decomposition
methods (Walter et al., 2015), whereas physical methods are milling, grinding, and
thermal ablation (Kaur et al., 2021). The popularly used synthesis method of IONPs
is the co-precipitation process. This process offers a major control in size, shape,
strength, and magnetic properties of the particle. It also provides an opportunity to
conduct in-situ functionalization (Boyer et al., 2010). The decomposition of metal-
lic precursors at high temperatures is another method. The nature of the precursor
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Fig. 7.3 Biomedical applications of IONPs

and operating condition decide the size of the particle, and the shape can be opti-
mized by regulating the process conditions.

Flame spray pyrolysis can be used for the synthesis of metal oxides of iron, zir-
conia, silica, titanium nanoparticles, and their composites. It produces ultrafine-
sized nanoparticles with fewer impurities. Scale-up of the process for large quantity
manufacture is an advantage of this method. In microemulsion systems (Dadfar
et al., 2019), controlled growth of nanoparticles is ensured in the dispersed phase
which acts as a reactor. Proper control of the size of the particle and improved dis-
persity are ensured in this method. Sol-gel method produces monodispersed parti-
cles with high yield at room temperature. Further treatment at high temperatures is
needed for obtaining crystal structures (Dadfar et al., 2019). Moreover, a down-
streaming process is required for purification after the synthesis. In electrochemical
method, an electric current is passed between a metal anode and a cathode placed in
an electrolyte solution. Anode oxidizes to form metal ions and the cathode reduces
the metal ions to metal in the presence of a stabilizer which acts as the coating.

A green, safe and environmental friendly approach for the synthesis of metal
oxide nanoparticles is by biological means. The generalized methodology for bio-
synthesis and its mechanism is the one in which the plant extracts or microbes are
treated with metallic precursors followed by downstreaming processes (Mejias
et al., 2010). Microbial extracellular synthesis is advantageous than intracellular
processes as it eliminates the requirement of downstreaming operations for purifica-
tion (Kaur et al., 2021). The mechanism of biosynthesis of nanoparticles is biore-
duction which happens in 4 stages namely activation, nucleation, growth, and
termination stages (Kaur et al., 2021), as depicted in Fig. 7.4. In the activation stage,
biomolecules present in plant extracts or microbes reduce the metallic precursors. In
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Fig. 7.4 Mechanism of biosynthesis of nanoparticles by bioreduction

the second stage, reduction along with the growth of metal nuclei happens. The
growth stage completes the reduction process to the formation of aggregates of
nanoparticles. Finally, in the termination stage, a stable morphology of nanoparti-
cles is formed reducing agglomeration.

7.2.3 Physical and Chemical Characterization of Iron
Oxide Nanoparticles

Different analytical techniques are prevailing to evaluate the physicochemical char-
acterization of nanoparticles. These techniques help us to understand the specific
properties like size, shape, morphology, stability, compositions, etc., of nanoparti-
cles (Dadfar et al., 2019; Kanagasubbulakshmi & Kadirvelu, 2017). It also help to
optimize the synthesis procedure according to the requirement. Estimation of size,
size distribution, and surface-to-volume ratio of nanoparticles can be evaluated with
X-ray scattering techniques. Infrared spectroscopy is used to identify the chemicals
present in the particles. Compositional analysis can be conducted using inductively
coupled plasma mass spectroscopy and flame atomic absorption spectrometry. A
measure of the colloidal stability and aggregation nature of nanoparticles is obtained
by nanoparticle tracking analysis and dynamic light scattering (DLS) technique.
DLS also provide the hydrodynamic behavior and size distribution of particles.
Composition and crystalline structure can be analyzed at the atomic scale with the
selected area crystalline diffraction pattern obtained from high-resolution transmis-
sion electron microscopy. Scanning electron microscopy can be used to evaluate the
morphological characteristics. Three-dimensional magnification of core size distri-
bution is provided by atomic force microscopy. Crystalline structure can also be
analyzed with X-ray diffraction patterns and X-ray scattering techniques (Dadfar
etal., 2019; Rahman et al., 2011). Functional group analysis can be conducted with
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nuclear magnetic resonance spectroscopy (NMR), Fourier transform infrared spec-
troscopy (FT-IR), and X-ray photoelectron spectroscopy. Energy-dispersive X-ray
spectroscopy is used for elemental analysis.

7.2.4 Functionalization Strategies

Nanoparticles, as such, tend to agglomerate in biological medium forming settle-
ments at various sites and adsorption to bio-entities leading to toxicity. Selective
coating of proteins on nanoparticle surfaces results in the phenomena of protein
corona (Torrisi et al., 2014). Better harnessing of their properties especially for
in vivo applications can be achieved by different modification techniques like func-
tionalization or coating. It involves the addition of materials to the surface of
nanoparticles to form a stable morphology with mono-dispersed materials in a bio-
logical medium. Moreover, these modifications can improve the encapsulation effi-
ciency of materials to drugs or genes leading to their targeted delivery to specific
sites. Magnetic properties of the nanoparticles can be customized by incorporating
cobalt, nickel, or manganese (Boyer et al., 2010).

Functionalization is usually done with organic compounds and polymers.
Organic molecules can be grafted to the nanoparticles’ surface by in situ function-
alization technique where the coating is done during the synthesis of particles, or by
post-synthesis functionalization technique where the coating is done after the syn-
thesis of nanoparticles (Walter et al., 2015). Coating with polymers enhances the
stabilization of colloidal particles through steric effect and provides surface func-
tionality (Boyer et al., 2010). This can be done with grafting “onto” or grafting
“from” techniques. These methods are involved in the stabilization of IONPs using
functional diblock polymers, monofunctional polymer chains, and encapsulations
(Boyer et al., 2010). Direct grafting can be done by exposing the molecule to be
grafted to the suspension of nanoparticles. Kadirvelu and Kanagasubbulakshmi
synthesized magnetic IONPs through the green route successfully and found that
alcoholic and acetic functional groups are present in the nanoparticles
(Kanagasubbulakshmi & Kadirvelu, 2017). This makes them hydrophilic and hence
further modification is not required for stabilization. Guyen et al. used orthogonal
click reactions for the preparation of multifunctional, well-dispersed IONPs with
antifouling characteristics (N’Guyen et al., 2013). Carboxylic acids show high
affinity with the surface of nanoparticles and thus modification with such groups
helps to form stable suspensions (Liu et al., 2007). Stability can be enhanced by the
modification of sulphates and carboxylates (Liu et al., 2007). Surface coating with
natural polymers like dextran and chitosan enhances the biocompatibility and
hydrophilicity of compounds (Liu et al., 2007; Wang et al., 2013). Synthetic poly-
mer grafting with polyethylene glycol also provides enhanced biocompatibility, dis-
persion, and biodistribution of nanoparticles and increases blood circulation time.
The longer chain length and density of polyethylene glycol reduce the tendency of
the protein to adsorb on the nanoparticle surface (Walter et al., 2015). Dendrimers
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or dendrons are used for the functionalization of nanoparticles of gold, polymers,
carbon, iron oxide, and quantum dots (Walter et al., 2015). Research shows that the
magnetic resonance imaging properties of IONPs are improved when functional-
ized with dendrons. Safi et al. investigated the nature of coating agents for function-
alization of IONPs and observed that carboxylated polymers with higher molecular
weight exhibit enhanced colloidal stability compared to low molecular weight
ligands (Safi et al., 2011). Thi et al. used heparin-poloxamer to modify superpara-
magnetic iron oxide nanoparticles (SPIONs) and found successful attachment of
both the particles (Hoang et al., 2019). They also conducted studies on the targeted
delivery of anticancer drugs and observed targeted and controlled delivery of the
drug with the prepared SPIONs. Multifunctional chlorotoxin-conjugated SPIONs
were successfully used for the tumor-targeted drug delivery (Sun et al., 2008).
Another challenging problem is the infection caused by the formation of biofilms on
the medical devices implanted inside the human body. The biofilms formed by cer-
tain bacterial strains are resistant to antibiotics. Leuba et al. (2013) investigated the
carboxylated functionalized SPIONs for the reduction of biofilm formed by
Staphylococcus aureus and found that the material could successfully disrupt the
biofilms due to the small size and the magnetic nature of SPIONs. Some of the
important and popularly used functionalization methods are summarized in
Table 7.1 (Walter et al., 2015).

7.3 Advances of Metal Oxide Nanoparticles in Nanomedicine
and Diagnostics

Metal oxide nanomaterials can be applied in biosensing, image probing like MRI,
tomography, drug delivery, theranostics applications like cancer diagnostics, hyper-
thermia, photothermal therapy, gene delivery applications, brain tumor detection,
and characterization, etc. Conventional treatments of chronic diseases like cancer

Table 7.1 Functionalization Methods

Functionalization methods | Description

In situ functionalization Functionalization is done during the synthesis of NPs by mixing
with precursors

Post-synthesis Functionalization and synthesis are done separately.
functionalization

Direct grafting method Functionalization is done by introducing the molecules in the
suspension of NPs.

Grafting by ligand exchange | NPs and the molecule to be grafted are mixed in organic solvent.
process The ligand will be replaced after functionalization and NPs will
be transferred into water

Grafting by ligand exchange | Molecules to be grafted are dissolved in the aqueous phase, and
process with phase transfer | the NPs are dispersed in organic solvent. NP will be transferred
from the organic phase to the aqueous phase under stirring
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have many side effects. The treatment methods, which include chemotherapy and
radiation therapy, while killing the diseased cells, cause damage to the healthy cells
also. Nanotechnology aided treatment methods help to improve tumor treatment, by
effectively targeting the drugs to diseased cells and regulating the release of drugs
(Liu et al., 2007).

7.3.1 Imaging Techniques and Brain Tumor Detection

Magnetic resonance images are widely used in the detection of disorders or abnor-
mal growth in all parts of the body. Magnetic contrast agents like IONPs, SPIONs,
doped quantum dots, etc., play a major role in sensitively detecting ailments. MRI
imaging with IONPs can be used for stem cell therapies (Vallabani & Singh, 2018).
IONPs modified with dopamine and encapsulated with human serum albumin act as
excellent contrasting agents for MRI. A study (Vallabani & Singh, 2018) demon-
strated the synthesis of IONP coated with silica in the core and shell with a gold
layer. This composite functional material finds application in an imaging mode. The
resolution of an image depends on its modality. Multimodal imaging has unique
benefits in comparison with single modality which helps in the confirmation of
diagnosis of disorders. Another imaging technique, CT scan (computed tomogra-
phy), is used to scan internal injuries in body parts like blood vessels, bones, etc.
Gold-coated IONPs act as better contrasting agents for CT, MRI, and ultrasound
(US) images. A hybrid imaging technique is developed with the combination of CT,
MRI, and US to form positron emission tomographic (PET) imaging. It produces
images with better resolution. A combination of PET images, CT scans, and MRI
will give a detailed analysis of anatomy with high-resolution and sensitivity. This
helps in the easy detection of ailments like cancer and also helps in the identification
of targeted sites for delivery. The characteristics and material properties of IONPs
allow them to tune the kinetics and also the easy surface modification, make them
an attractive option as a multimodal agent. IONP-enabled multimodal imaging is
given in Fig. 7.5.

Citrate-coated IONPs exhibit better imaging capability. IONPs doped with gado-
linium and coated with polyethylene glycol act as contrasting agents and exhibit
darker and brighter contrasting MRI. Oleic acid-coated iron oxide nanoparticles
modified with polymers show superior tumor imaging properties. Vascular diseases
can be diagnosed with magnetic resonance angiography (Vangijzegem et al., 2019).
Superparamagnetic IONPs with ultra-small size ranges are used to enhance the con-
trast of magnetic resonance. Studies on blood-brain barrier and detection of brain
tumors can be effectively done using contrast-enhanced MRI. Superparamagnetic
IONPs play a vital role in the detection of brain tumor possibility and development
(Dadfar et al., 2019; Vallabani & Singh, 2018).
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Fig. 7.5 Concept of IONP enabled multimodal imaging (Thomas et al., 2013). (Copyright at
MDPI, 2013)

7.3.2 Cancer Diagnostics and Therapy

Early-stage detection of cancer is possible with imaging techniques using IONPs
and SPIONs as MRI contrast agents (Zhu et al., 2017). IONPs conjugated with
peptides or antibodies accumulate in cancer tissues and provide high-contrast detec-
tion of tumors by MRI. IONPs associated with pH-responsive ligands when targeted
to tumor cells produce MRI signals under acidic conditions. This detects even very
small tumors of 3 mm diameter (Zhu et al., 2017). MRI detects nanoparticle drug
delivery and tumor size.

Hyperthermia is a phenomenon of developing temperature near a tumor growth
using microwaves, radio waves, etc. The side effects of cancer treatment can be
eliminated by combining radiation therapy and chemotherapy with hyperthermia
(Vallabani & Singh, 2018). Cancer cells are very much susceptible to temperature,
while healthy cells are not. Hence hyperthermia technique is used to kill cancer
cells by creating temperature differences at specific tumor sites. Crystalline IONPs
coated with polymer and with anti-biofouling properties can be used for photother-
mal therapy of cancer (Vallabani & Singh, 2018). ZnO nanoparticles can be used for
the early-stage detection of cancer. Polymethyl methacrylate capped ZnO
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nanoparticles can be used as biomarkers that can detect very low concentrations of
cancer cells even with high sensitivity.

7.3.3 Drug and Gene Delivery Applications

The ability of nanoparticles to act as drug carriers have many advantages like target-
ing the tumor cells while leaving the healthy cells, controlling the dosages, reducing
the frequency of dosages, as the medicine is released in a controlled manner for a
longer time, minimizing side effects, enhancing drug stability and minimizing deg-
radation (Soetaert et al., 2020). IONPs coated with derivatives of starch and phos-
phate groups loaded with the drug induce a strong magnetic fields at tumor sites.
Accumulation of drugs at tumor sites for a longer time ensures prolonged and con-
trolled release of drugs, thereby exhibiting high antitumor activity. Drugs can be
conjugated into IONPs or encapsulated into a polymer coating for targeted delivery.
The controlled release of a drug using superparamagnetic IONPs (SPION) coated
with polymer is depicted in Fig. 7.6.

IONPs modified with albumin can effectively perform the delivery of cancer
drugs than conventional treatment with the drug alone (Zhu et al., 2017). IONPs
coated with other agents and combined with drugs will accumulate cytotoxicity in
tumor cells. This damages the tumors alone without causing damage to the
healthy cells.

Gene delivery is a phenomenon of the delivery of nucleic acid for the therapy of
diseases (Vallabani & Singh, 2018). The transport of genes to the targeted sites is
effected with the help of functionalized metal oxide nanoparticles, especially
IONPs. Simultaneous imaging and gene delivery can be used for the treatment of
diseases with IONPs loaded with chitosan and linoleic acid. ZnO nanostructures
coated with silica and modified with amino groups can be effectively used for gene
delivery (Rasmussen et al., 2010). Simultaneous imaging and gene delivery is
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Fig. 7.6 Controlled release of drug with SPION/Polymer core (Hoang et al., 2019). (Copyright at
MDPI, 2019)
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exhibited by modified ZnO quantum dot structures. These can be used for targeted
gene delivery for cancer theranostics.

7.4 Assessment of Safety Aspects of Metal
Oxide Nanoparticles

The in vitro analysis of different metal oxide nanoparticles has successfully proved
its potential in biomedical applications. The direct cellular interaction of nanopar-
ticles offers advantages as well as disadvantages during in vivo applications. The
high specific surface area of NPs during miniaturization imparts both exotic charac-
teristics and toxic effects. This may lead to many issues and challenges which
requires a crucial assessment of the potential toxic effect of nanomaterials on bio-
logical entities (Sun et al., 2010). The critical evaluation of genotoxicity, neurotox-
icity, immunotoxicity, toxicokinetics, biodistribution, degradation, etc. are to be
conducted through nanotoxicology studies. The degradation rate of NPs determines
the duration of their toxic effects (Soenen & De Cuyper, 2010). Yang et al. studied
the toxic effect of IONPs on human fibroblasts and found that surface functionaliza-
tion of IONPs induced slight modification in the toxic effects towards normal and
unhealthy fibroblasts (Yang et al., 2013). Studies show that coating of IONPs with
polymers alters its toxic effect and it has specific consequences for different cells
(Soenen & De Cuyper, 2010). Aminosilane-coated IONPs were synthesized by Sun
et al. (2013). The particles are nontoxic to all types of cells examined at lower con-
centrations. It is also observed that at higher concentrations toxicity depends on the
surface coating and not on the concentration of IONPs. Extensive research should
be conducted in this area to assess the interaction of nanomaterials with cells for
deriving its adverse effect or toxic nature, elucidating the mechanism of interaction
and minimizing the toxicological nature of nanomaterials during in vivo applica-
tions (Tombdcz et al., 2015). The assessment of undesirable biological consequences
is inevitable to harness the interesting and promising applications of nanotechnol-
ogy, especially in the biomedical field. Hong et al. observed that the functionaliza-
tion of superparamagnetic IONPs induces alteration in their cytotoxic and genotoxic
nature (Hong et al., 2011). It is also found that low concentrations of materials are
not cytotoxic or genotoxic to fibroblasts.

7.5 Conclusion and Future Perspectives

Functionalization can enhance the unique properties of metal oxide nanomaterials
which makes them fascinating with plenty of medicinal applications. Synthesis pro-
cedures have to be optimized to enhance and maintain biocompatibility, physico-
chemical, biological, surface, and magnetic properties. Treatment strategies must be
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adopted for the early-stage detection and treatment of chronic diseases, especially
cancer. Functionalized metal oxide nanoparticles can be used for multimodal imag-
ing which helps in detection of diseases. Targeted drug delivery to diseased cells can
be done by protecting healthy cells and tissues. Controlled drug release prevents the
heavy and frequent dosage of medicines. It is necessary to evaluate the risk associ-
ated with the usage of extremely small particles for clinical applications. A deeper
understanding of the mechanism of interaction between nanoparticles and biomol-
ecules is inevitable so that effective nanoformulations can be designed for specific
applications. Material scientists and cell biologists should work collaboratively to
carefully analyze the interactions to translate the research findings into clinical
applications.
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Chapter 8

Recent Advancement of Nanostructured
Materials for Clinical Challenges

in Vaccinology

Mohammad Harun-Ur-Rashid, Israt Jahan, and Abu Bin Imran

8.1 Introduction

Despite the surprisingly impressive success of vaccines in controlling and eradicat-
ing communicable diseases, there persists numerous globally catastrophic diseases
without fully preventive vaccines, especially malaria, flu, AIDS (human immunode-
ficiency virus, HIV), hepatitis, and tuberculosis. Nanotechnology-based strategies
have been developed both to fabricate advanced vaccines to control and eliminate
these diseases and to clear the way for their worldwide administration. The limita-
tions of why a particular pathogen may create difficulties for designing and devel-
oping vaccines are distinctive and connected to the coexisting history of humans
and pathogens; however, there are usually issues that could be successfully addressed
through the effective implementation of nanotechnology products such as nano-
structured materials. Due to technological advancement, conventional materials, as
well as bulk materials, have been replaced by advanced nanostructured and nanoen-
gineered materials such as nanocomposite gels (Chowdhury et al., 2015; Harun-Ur-
Rashid & Imran, 2019; Rezaul Karim et al., 2020), nanomedicine (Yang et al., 2022;
Guo et al., 2021; Sun et al., 2021; Zheng et al., 2021; Cheng et al., 2021; Wei et al.,
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2021), molecular machines (Imran et al., 2019), nanobiosensors (Harun-Ur-Rashid
et al., 2022), and polymer nanocomposite drugs (Diez-Pascual, 2022; Shen et al.,
2021). These structurally engineered nanomaterials have been introduced and inves-
tigated extensively to find out solutions for currently existing problems and to
address and overcome the present challenges and limitations in many different sec-
tors, including building and construction (Janczarek et al., 2022; Quazi & Park,
2022), automobile (Harun-Ur-Rashid et al., 2023a, b; Imran & Susan, 2022), avia-
tion and space (Pathak & Dhakate, 2022), optics (Halali et al., 2020), packaging
(Dey et al., 2022), textiles (Perera et al., 2022), electronics (Mo, 2022), energy
(Adegoke & Maxakato, 2022), catalysis (Zeng et al., 2022), agriculture (An et al.,
2022), food (Wu & Mu, 2022), cosmetics (Fauzi et al., 2022), environment (Wang
et al.,, 2022), pharmaceuticals (Sridharan et al., 2022), biomedical, and health
(Derakhshi et al., 2022).

A successful vaccine will require uplifting immunologic reactions that vary from
immunologic reaction raised by natural infection. Nanostructured materials, with
their specific compositions, basic adaptable construction, and nanoscale size allow-
ing the involvement of major immunologic routes, unitedly facilitate the repeated
design procedures essential to detect such preventive immunologic responses and
attain them with expected reliability. Nanostructured materials also serve as
approaches for engineering the transfer of the major vaccine components to specific
immune cells and key tissues such as lymphoid tissues. They might be highly poly-
valent, enhancing their involvement in the immune response system (Fries et al.,
2021). Vaccines, prepared from nanostructured materials or nanoparticles (NPs)
that serve as antigen transfer vehicles composed of lipidic, proteic, polymeric,
metallic, or graphene, are termed nanovaccines. In nanovaccines, such NPs are
commonly functionalized with the antigen through surface modification or encap-
sulation treatment. Covalent bonds or intermolecular forces of attractions arbitrate
the unification of the antigen to the incorporated NPs. When the nanomaterials are
intended for biomedical purposes, as illustrated in Fig. 8.1, some of the issues are to
be taken care of such as drug toxicity, bioavailability, organ specificity, drug stabil-
ity and solubility, and entire safety. The development and advancement of nano-
structured materials as drug carriers have attracted researchers and commercial
communities because of their outstanding characteristics such as better chemical
and biological stability, greater carrier capacity, suitability for incorporating both
hydrophobic and hydrophilic substances, and regulated drug delivery ability.

Nanostructured materials are widely used in various sectors of nanovaccines,
cancer therapy, biomolecule detection, and regenerative medicine because of their
biological, physical, and chemical characteristics, including flexibility, strength,
performance, durability, surface morphology, surface zeta potential values, surface
charge, and potential antimicrobial activity, which has been schematically repre-
sented in Fig. 8.2 (Foyez & Imran, 2022; Rudramurthy & Swamy, 2018). The rapid
success of nanomaterials in biomedical applications has created a perception that
nanomedicine is the “savior” of mankind. Nonetheless, the successful global
deployment of nanomedicine or nanovaccines that we observe is the consequence of
extensive research, design, improvement, and optimization of products, which must
be commemorated with additional funding for further development. Conversely, the
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Applications of
Nanostructured

Materials in
Healthcare

Fig. 8.1 Applications of nanostructured materials in various biomedical and healthcare sectors.
(The figure has been reproduced with permission from ref. Rudramurthy and Swamy (2018).
Copyright@2018, Springer)

oversimplified aggrandizement of nanomedicine or nanovaccines needs to be cir-
cumvented. Deliberation, awareness, and prospective thinking must triumph in
managing the pandemic situation. This chapter will especially focus on the achieve-
ments of nanostructured materials in nanovaccine applications and the remaining
clinical challenges in nanovaccinology.

8.2 Nanostructured Materials-Based Nanovaccines

The immunologic reaction system is an integrated network of cells, tissues, and
organs that act as the safeguard of the body against diseases. The immune system
comprises inborn and adaptive immunities. Adaptive immunity is capable of detect-
ing a pathogenic component and evolving a durable impression of it. The aim of
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Fig. 8.2 Schematic representation of the antimicrobial activity of nanostructured materials. (The
figure has been reproduced with permission from ref. Rudramurthy and Swamy (2018).
Copyright@2018, Springer)

vaccination is to teach the adaptive immune system to either create immunological
reminiscence before infection or to detect ongoing disease (Koff, 2016). Although
the development of prophylactic vaccines in the case of deadly communicable dis-
eases such as anthrax, smallpox, and plague has made a very remarkable contribu-
tion to healthcare. Recently, modern vaccines have shown great effectiveness in the
treatment of incurable diseases like HIV infection, cancer, and type I diabetes
(Greenwood, 2014). Nanovaccines have been designed and developed to overcome
the limitations of conventional vaccines as well as to provide smart modulation to
facilitate superior efficacy by increasing the stability of antigens, improving immu-
nogenicity, specifying targeted delivery, and delaying the release of drugs
(Azharuddin et al., 2022). Nanostructured materials present in nanovaccines pro-
vide effective protection to antigens and adjuvants against proteolytic and enzy-
matic degradation (Bishop et al., 2015). Nanostructured materials can induce both
antibody-dependent and cell-arbitrated immune responses due to their idiosyncratic
physicochemical properties (Fig. 8.3). In addition, they assist in transferring the
drug in targeted areas and can promisingly load multiple antigenic components into
a single scaffold. Nonetheless, an excellent adjustment of NPs physical characteris-
tics, for instance, size, shape, and surface charge may lead to a great improvement
in the durability of antigen that enhances cell-regulated immunity.
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8.2.1 Key Features of Nanovaccines

Traditional vaccines based on weakened or deactivated pathogens may have the
potential risk of incorporating live pathogens and the incompetence to bring out a
satisfactory level of an immune response, thus motivating the introduction of novel
vaccines. With the advancement of nanotechnology, nanostructured materials-based
vaccines (nanovaccines) have been fabricated to overcome the limitations of con-
ventional vaccines as well as to provide advanced-level treatment. A nanovaccine
should have some key features (illustrated in Fig. 8.4), such as enhanced immuno-
genicity, extended antigen stability, sustained release capability, and targeted deliv-
ery. Antigens present in the vaccine will be protected from enzymatic degradation
since the NPs have a protective nature. NPs are immunogenic and capable of
enhancing the immune response against the targeted antigen. One of the major fea-
tures of nanovaccines is targeted delivery, which facilitates the transfer of antigen to
specific sites and thereby minimizes harmful side effects. Enhanced activation of
both humoral and cell-mediated immune responses can be achieved by the applica-
tion of nanovaccines. Different types of antigens can be effectively loaded into a
single NP that creates the opportunity to treat a wide range of pathogens as well as
diseases. Nanovaccines can persist for an extended period of time without any
change or degradation and thus offer enough opportunity for APCs to trigger the
immune response.
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Fig. 8.4 The expected key features of nanovaccines

8.2.2 Types of Nanostructured Materials Used
in Nanovaccines

Nanostructured materials such as metallic NPs, carbon nanomaterials, liposomes,
silica and magnetic NPs, micelles, polymeric nanocomposites, dendrimers, protein
NPs, and so on, utilized in nanovaccines preparation, act as suitable vehicles for
antigens due to their nanoscale size that is comparable to the size of pathogens.
They are also capable of loading and delivering active biomolecules. Gold NPs
(AuNPs) have been employed in nanovaccines against influenza (Tao et al., 2014),
malaria (Kumar et al., 2015), and cancer (Ahn et al., 2014). Though the gradual
accumulation of nanostructured materials is a safety concern, which required more
specific investigations, inorganic NPs such as carbon nanotubes (Hassan et al.,
2019), silica NPs (Bancos et al., 2014), and magnetic NPs (Guo et al., 2015).
Polymeric nanostructured materials including polylactide-co-glycolic acid (PLGA)
copolymers, micelles, dendrimers, chitosan, protein, and liposomes are widely
employed in the formulation of nanovaccines.
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8.2.3 Impact of NPs Size on Immunogenicity

The size of NPs employed in nanovaccines effectively controls the activation of the
immensity of immune response and thereby affects the performance of the vaccine.
Commonly, it is found that smaller particles are more potential for selected drug
delivery systems due to their greater ability to overcome biological barriers (Mumper
et al., 2003). However, this trend is not true for all conditions, for example, 1000 nm
size bovine serum albumin (BSA)-loaded PLGA particles elicit stronger serum IgG
response than 200-500 nm size BSA NPs (Gutierro et al., 2002). Table 8.1 sum-
marizes the effect of NPs size on the immune response.

Table 8.1 The effect of NPs size on immunological reactions (Azharuddin et al., 2022)

Size (nm) | Material Context Immunological reactions
1.5 Gold Listeria AuNP-LLO (listeriolysin O peptide) plus
Advax™ adjuvant induced LLO-specific T cell
immunity and protection against Listeria
challenge
2-50 Gold Foot and mouth | Specific antibodies were induced by 2, 5, 8, 12,
diseases and 17 nm FMDYV plus cysteine (pFMDV)—
AuNP conjugates. Maximal antibody titer was
generated with 8-17 nm conjugates
10-100, Bilosome “Influenza Larger bilosome particles with influenza A
60-350, antigens elicited immune responses that had a
400-2500 significantly greater Th1 bias than the small
particles
12 Gold “Influenza Matrix 2 protein (M2e)-AuNP conjugates
induced M2e-specific IgG serum antibodies
20-123 Polystyrene | Respiratory IFN-y induction from CD8 T cells was limited to
syncytial virus | 40—49 nm beads, whereasCD4 T cell activation
(RSV) and IL-4 were induced by 93—123 nm beads
30-200 Polystyrene | Tumor Nanobeads of 40-50 nm effectively induced
cellular responses by activatingCD8* T cells with
IFN-y production
40 Gold Tetanus toxoid | Enhanced tetanus toxoid (TT)-specific IgG
(34.53x) and IgA (43.75x) was elicited by
TT-ARE-CsAuNPs
100, 500 PLGA Nicotine The 100 nm particles induced significantly
higher antibodies than the 500 nm particles
200, 500, PLGA Bovine serum | A greater IgG response was elicited by 1000 nm
1000 albumin particle than by 200-500 nm particles
200-600 PLA Hepatitis B Hepatitis B virus surface antigen (HBsAg)
virus encapsulated in 2-8 pm particles generated more
antibodies than 200—-600 nm particles
220, 660, PMMA HIV HIV TAT protein modified NPs of 220 or 630 nm
1990 Eudragit® elicit strong TAT-specific cellular immune

response but weaker anti-TAT antibody response
than NPs of1.99 um
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Antigens transferred by NPs are embodied through multiple endocytic routes. In
addition, the charge and functionalization techniques of selected molecules can
make the transfer of antigens to APCs for antigen dispensing. Cationic NPs are
incorporated by APCs more quickly and assist the transfer of antigens inside the
cells by way of endosomal escape (Gao et al., 2019). Some of NPs such as cationic
dendrimers loaded with antigens exhibit improved delivery performance of antigens
to dendritic cells (DCs), and stimulate DCs including the discharge of cytokines
such as IL-12 and IL-1f at the same time (Lu et al., 2015). DCs perform a critical
role in the harmonization of the natural and accommodative immune system by
antigen uptaking, processing, and dispensing of epitopes to naive T cells (illustrated
in Fig. 8.5). Currently used vaccines are exogenic to the cells, which is why DCs
play an important role in vaccine-mediated immune responses shown by cell against
any diseases.

Different organic nanostructured materials are used to formulate nanovaccines
for the safe keeping and transporting of active ingredients. For example, two vac-
cines for COVID-19 utilize lipid nanoparticles (LNP) for transferring the mRNA
that systematizes to detect S-protein (spike protein) of SARS-CoV-2 where NPs
function as nanocarriers (NCs) having the size ranging from 50 to 200 nm (Guerrini
et al., 2022). Nucleic acid or protein-based nanovaccine, illustrated in Fig. 8.6a,
comprises several components like polyethylene glycol (PEG)-lipids, ionizable lip-
ids, structural lipids, and cholesterol. These nanovaccines are designed and devel-
oped to bring out functional and dynamic immune responses capable of generating
specific antibodies against pathogens. The intramuscular (IM) administration of
COVID-19 nanovaccines confirms an effective biodistribution and builds local reac-
togenicity that provides entire immunogenicity. After IM injection, the nanovaccine
reaches the lymph nodes (Fig. 8.6b, (1) and (2)). Eventually, the objective of all
nanovaccines is the well-controlled delivery of the antigen inside the cell (Fig. 8.6¢)
for triggering T-cell to support B-cell antibody generation, illustrated in Fig. 8.6b, (6).

Nanovaccine type Antigen processing and presentation D i P
Cationic dendrimer ,\"\ E @ Malve CDBT call  Activated CDET cell
Surface antigen a0 1(' NAInGEE FRCRtON Antigenic peptide 2 O KWing nfecied ool
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Fig. 8.5 The mode of action of nanovaccines. (The figure has been reproduced from the ref.
Azharuddin et al. (2022). Copyright@2022, Elsevier)
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Fig. 8.6 Sketch of the nanovaccine components essential for the treatment of COVID-19, immu-
nomodulatory features, and intracellular destination. (The figure has been reproduced with permis-
sion from ref. Guerrini et al. (2022).Copyright@2022, Springer Nature)

The modified metal oxide-based nanostructured materials are used for formulat-
ing antitumor vaccines (Chattopadhyay et al., 2016). The cobalt oxide (CoO) nano-
materials, carefully modified by N-phosphonomethyliminodiacetic acid (PMIDA),
induce an antitumor immune response (illustrated in Fig. 8.7). The metal oxide
nanovaccine can activate macrophage (M®) evidenced by tumor necrotic factor
alpha (TNF-a) and interferon-gamma (IFN-y)-level increment.
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Fig. 8.7 Probable mechanism of PMIDA-modified CoO-based nanostructured materials as anti-
tumor vaccine. (The figure has been reproduced with permission from ref. Chattopadhyay et al.
(2016). Copyright@2016, Elsevier)
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Fig. 8.8 Characterization strategy for nanovaccines. Combination of assays: physical, chemical,
stability, in vitro immunogenicity, in vitro toxicology, and in vivo preclinical testing. (The figure
has been reproduced with permission from ref. Guerrini et al. (2022). Copyright@2022,
Springer Nature)

8.3 Characterization of Nanostructured Materials
for Nanovaccines

The characterization of nanostructured materials should be conducted thoroughly in
order to evaluate the properties, efficacy, and safety of nanovaccines before clinical
practice by assessing stability, physical, and chemical characteristics. Before clini-
cal trials, all the assessments must be performed by in vivo and in vitro testing
(Fig. 8.8). Particle-size distribution of nanomaterials influences and determines
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biodistribution and immunomodulation of the nanocarriers and active ingredients of
nanovaccines. LNP-mRNA NPs of 64 nm and 146 nm both are able to activate
immunoglobulin G (IgG) titer in mice. However, the activation performance of
146 nm particles is better than that of particle size 64 nm. Dynamic light scattering
(DLS) or multiangle light scattering (MLS) methods are preferably employed to
determine particle size, which is very effective for primary screening. Other
approaches like nanoparticle tracking, ultracentrifugation, tunable resistive pulse
sensing, and transmission electron microscopy (TEM) may provide the required
data for the optimization and selection of suitable nanostructured materials for
effective nanovaccine formulation. Chemical characterization of nanostructured
materials is essential for safe and successful nanovaccine preparation. This process
requires meticulous sample preparation and analytical procedures. Commonly used
liquid chromatography (LC), mass spectrometry (MS), and nuclear magnetic reso-
nance (NMR) spectroscopy can provide the required data to evaluate chemical char-
acterization. Electrophoresis coupled with capillary electrophoresis and MS or MS
detector can provide information on protein integrity and molecular weight, concen-
tration, disulfide bonds, aggregation, and glycosylation of nucleic acid for accom-
plishing protein sequence and post-translational modifications.

8.4 Stability Testing of Nanostructured Materials

The transportation and storage of nanovaccines are a great concern. Advanced tech-
nology is applied to manufacture stable nanovaccine that can withstand higher tem-
peratures. Protein-based nanovaccine may lose its potency due to protein antigen
unfolding. To avoid this degradation, the thermal decomposition and stability of
protein antigens can be tracked by differential scanning calorimetry (DSC) and cir-
cular dichroism. So all the qualities of the nanomaterials must be evaluated and
monitored at different timeframes by putting the samples under practical transporta-
tion, storage, and application conditions. The transformation from laboratory to
practical applications proceeds through batch-to-batch constant assessment. Various
nanostructured materials and their diverse physicochemical characteristics may
alter the efficiency of nanovaccines. So, it is essential to appropriately select nano-
material for serving specific quality for manufacturing nanovaccine with reproduc-
ible potency, safety, and bioavailability.

8.4.1 In Vitro Immunostimulation and Toxicology Testing

The composition, modification, and optimization of nanostructured materials affect
the in vitro delivery effectiveness, immune cell interaction, and immunomodulatory
characteristics of nanovaccines. Nanomaterials play a vital role in activating
antigen-presenting cells (APCs) that regulate induction and initiation of
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immunologic reactions. The antigen transportation and interaction of NPs are cru-
cial and must be examined to optimize the nanovaccine for initiating cellular and
humoral responses. Currently, unique methods are used to investigate the immuno-
logic reaction in vitro. For example, tissue engineering can provide the platform to
regenerate an in vitro model of human organs that replace the living models to study
the working principles of nanoparticle aggregation and to conduct a toxicological
assessment (Cupedo et al., 2012) and immunological investigation (Wagar
et al., 2021).

Toxicological profiling of nanostructured materials proposed for nanovaccines
formulation is an essential step in biocompatibility assessment. Toxicological esti-
mation can be conducted in vitro by applying the approved standards (ISO
29701:2010, ISO 10993-22, and ASTM E2526-08), though specific and appropriate
target organs or cells are highly appreciated. Specific and appropriate target cells,
including immune cell subtypes (T cell, B lymphocyte, and human monocyte),
blood cells (peripheral mononuclear), and entire blood cells, should be recom-
mended to establish clear exposure-response relationships (Crist et al., 2013; Haile
et al., 2017; Camera et al., 2021). More specifically, peripheral blood cells (espe-
cially mononucleates) are felicitous cells for a micronucleus study that is a prereq-
uisite for the risk estimation of any kind of nanostructured materials selected as
components and excipients for nanovaccines formulation. Usually, nanovaccines
are administered IM, and they interact with blood. So, blood immunotoxicity and
hematotoxicity of nanomaterials are required to be estimated by the following stan-
dard in vitro test techniques (ISO/TR 10993-22:2017, ISO 10993-4, and ASTM
E2524-08) developed for nanostructured materials used for biomedical and health-
care purposes. Systematic dose-response assessment is typically worthy for biofor-
mulations because of prospective hypersensitivity responses (Szebeni &
Moghimi, 2009).

8.4.2 In Vivo Preclinical Testing

The tenacity and biodistribution of nanostructured materials are determined by
in vivo imaging methods that facilitate the optimization of nanovaccines (Pardi
et al., 2015; Tan et al., 2020; Ciabattini et al., 2021). The potency of nanovaccine
depends on antibody neutralization. In vivo preclinical testing is conducted in mice
to investigate the safety and protective role since no united safety gateway is
designed and constructed for humans. Challenge-protection investigations for track-
ing the impact of the defection of the pathogen in aimed organs and any changes
that occur in the body linked to pathological conditions need to be studied.
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Fig. 8.9 Some nanovaccines for COVID-19 treatment. (The figure has been reproduced from ref.
Kisby et al. (2021).Copyright@2021, Springer Nature)

8.5 Achievements of Nanovaccines
and Remaining Challenges

Notably, most vaccines depend on natural or synthetic vector systems composed of
nanostructured materials (Kisby et al., 2021). Almost all vaccine candidates in
Fig. 8.9 fall in between the nanosize range. The advancement of nanostructured
materials has created the opportunity to produce an endurable and efficient mRNA
transfer mechanism composed of complete and perfect LNPs from decade-old lipo-
some research (Kon et al., 2022; Higuchi et al., 2022; Albertsen et al., 2022). Now,
the mRNA-LNPs based nanovaccines are more versatile, powerful, stable, and
effective. Adenovirus particles stay persistently within the nanostructured materials
and can be engineered to facilitate a suitable platform with intrinsic immunogenic-
ity for effective vaccination. This type of vector’s thermal stability is superior to that
of the mRNA systems (Ripoll et al., 2022; Li et al., 2021).

Though there is a remarkable advancement in nanotechnology-based vaccines,
some challenges still exist and need to be addressed. The thermal stability of mRNA
cargo is poor. So, additional optimization of the nanostructured materials is required
to be most pertinent for administration, create target-oriented immune activation,
and extend the effect’s duration. Sometimes, higher production cost is an issue for
underdeveloped or developing countries. So, effective but low-priced alternatives
should be introduced to the market. Ambiguous durability, duration of immunopro-
tection, and the reason for hypersensitivity of nanovaccines are required to be
addressed and clarified wherever necessary. Further development is essential for
selecting and optimizing adjuvants and antigens to improve the efficacy of nanovac-
cines (Fries et al., 2021).



148 M. Harun-Ur-Rashid et al.
8.6 Nanovaccines in Clinical Use and in Clinical Trials

Very few nanovaccines have been successfully transformed from the laboratory ver-
sion to the clinical version. Among these clinical versions mostly trigger humoral
responses only; however, it is critical to design and develop vaccines that are able to
produce robust cellular responses against cancer and other infectious diseases.
Vaxfectin® is a cationic liposomal nanovaccine that is under clinical trials at pres-
ent. Vaxfectin® has been successfully employed for the treatment of herpes simplex
virus type 2 (HSV-2) as well as influenza virus (H5N1). One more clinical version
of nanovaccine is Inflexal® V, which has been utilized to treat influenza. For the
treatment of cancer, another nanovaccine called Stimulax® is currently adminis-
tered. Recently, substantial focus has been given to nanostructured materials for the
development of potential vaccines for the control and eradication of COVID-19
(shown in Fig. 8.10).

In addition to COVID-19, the utilization of nanovaccines in the treatment of vari-
ous diseases is quite common indeed. Many of such vaccines have been approved
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by the respective authorities including the European Medicines Agency (EMA),
FDA, and so on while many are under clinical trials at present. A list of such vac-
cines is provided in Table 8.2.

8.7 Future of Nanovaccines

Variations in the effectiveness of immunization have been observed across different
demographic groups, including different age groups (such as young or adult indi-
viduals), patients with diabetes or without diabetes, males and females, and other
categories during the development of various COVID-19 vaccines. The involvement
of nanotechnology can offer an arrangement of the latest strategies to potentially
develop a periodic vaccine where one infection may potentially facilitate other
infections. For instance, influenza infection can induce bacterial super-infection and
pneumonia. Similarly, coinfection with influenza A virus can intensify the infection
created by SARS-CoV-2. Still, there are scopes to design and develop more effec-
tive and versatile nanovaccines with multiple epitopes and/or adjuvants to elicit a
wide range of immune responses. Nanotechnology products may offer the best pos-
sible non-viral strategy to enclose and transfer nucleic acids. However, the thermal
instability of vaccines remains an unsettled issue. It is undeniable that the natural
immune system is uniquely composed of different individuals, and a general pur-
pose approach is not a sustainable solution, where nanovaccines may play a pivotal
role in the development of a new candidate of personalized vaccines for multifac-
eted and sustainable protection against catastrophic diseases. Figure 8.11 schemati-
cally illustrates the idea of future nanovaccines.

8.8 Comparative Study of NPs Suitable
for Vaccine Development

The key features of the nanostructured materials used for the fabrication of nano-
vaccine have been condensed in Table 8.3 (Rosales-Mendoza & Gonzélez-Ortega,
2019). The following table summarizes the required information such as the ease of
synthesis, price, biocompatibility, FDA approval for medical use, and potentiality
for utilization in clinical trials regarding the nanostructured intent to use in nanovac-
cine formulation. Gold NPs (AuNPs) have been potential applications in drug deliv-
ery, sensing, and imaging since they were first synthesized in 1951. PLGA NPs are
basically utilized in drug delivery systems since their approval by the US FDA for
biomedical implementations. In the vaccinology field, PLGA NPs as drug delivery
systems in parenteral administration have been accepted by the US FDA and EMA
(Nimesh, 2013). AuNPs-based vaccines are manufactured for the treatment of
tumors (Trabbic et al., 2021). Chitosan-functionalized AuNPs (CsAuNPs) have
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Table 8.2 The list of nanovaccines that are already approved or under clinical trial phase
(Azharuddin et al., 2022)

Institution Vaccine Antigen NPs Trial stage
Moderna and mRNA-1273 | mRNA-1273 LNP with mRNA Phase I/11/
NIAID LNP mRNA encapsulated I
BioNTech and mRNA mRNA LNP with mRNA Phase I/IT
Pfizer BNT162b2 encoding the encapsulated (UTRN)
trimerized RBD Phase I/11
of SARS-CoV-2 (Germany)
Phase II/I1T
(USA)
Phase I
(Japan)
Novavax NVX- Full-length Recombinant glycoprotein | Phase I/II/
CoV2373 SARS-CoV-2 S | NP saponin-based I
glycoprotein Matrix-M1 adjuvant
Imperial College, | LNP-nCoV saRNA and LNP with saRNA
London saRNA pre-fusion encapsulated
Acuitas ARCT-021 stabilized
Therapeutics, SARS-CoV-2 S
Vancouver protein
Suzhou Abogen | ARCoV mRNA LNP with mRNA Phase |
Biosciences encoding RBD | encapsulated
Walvax of SARS-CoV-2
Biotechnology S glycoprotein
and People’s
Liberation Army
Novavax ARS-CoV S SARS-CoV VLP Preclinical
protein and nanovaccine
influenza M1
protein
Imophoron and Multiepitope VLP ADDomer™ Preclinical
Bristol University display
Crucell Inflexal®V Influenza Virosome with influenza Phase I1I
virus surface antigens completed
(hemagglutinin and
neuraminidase)
Crucell Epaxal® Hepatitis A Virosome with inactivated | Phase III
virus particles completed
Merck Gardasil®9 HPV Capsomere (major capsid | Completed
protein L1)
Dendreon Provenge Prostate cancer | Each dose of contains a Phase I1I
Pharmaceuticals | (Sipuleucel-T) minimum of 50 million completed

autologous CD54* cells
activated with
PAP-GM-CSF

(continued)
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Table 8.2 (continued)
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Institution Vaccine Antigen NPs Trial stage
Novavax NanoFlu™ Influenza Recombinant HA protein Phase 1T
on Tween
80 NP with Matrix-M
adjuvant
Novavax EBOV GP Ebola 2014 Guinea Ebola virus Phase I
Vaccine recombinant glycoprotein
on Tween 80 NP with/
without Matrix-M adjuvant
DAIDS/NIAID/ | MPER-656 HIV HIV-1 gp41 membrane Phase |
NIH proximal external region
(MPER) with liposomes
BioNTech W_oval Ovarian cancer | Liposome-formulated Phase I
mRNAs.
Three ovarian cancer
tumor-associated antigens
in combination with (neo-)
adjuvant chemotherapy
ImmunoVaccine | DPX-0907 Ovarian, breast, | Liposomes with seven Phase I
Technologies and prostate tumor-specific HLA-A2-
cancer restricted peptides, a
universal T helper peptide,
and a polynucleotide
adjuvant in Montanide
ISA51 VG
Merck Tecemotide Multiple Liposomes with tecemotide | Phase II
myeloma lipopeptide and 3-O-deacyl-
4’-monophosphoryl lipid
adjuvant
Cascadian ONT-10 Solid tumor Liposomal MUC1 cancer | Phase I
Therapeutics vaccine
XEME Oncoquest™ | Follicular Liposomes containing Phase I/I
Biopharma lymphoma autologous tumor-derived
Chronic antigen and IL-2
lymphocytic
leukemia
Lipotek Pty Lipovaxin-MM | Metastatic Multicomponent liposomes | Phase [
melanoma containing tumor antigens

(gp100, tyrosinase, and
melanA/MART-1) with
DC-targeting moiety
DMS-5000

Abbreviations: ARE Asparagus racemosus extract, CsAuNPs chitosan-functionalized AuNPs, F'
RSV fusion protein, HA influenza virus hemagglutinin, HPV humanpapillomavirus, LNP lipid
nanoparticle, melanA/MART-1 melanoma antigen recognized by T cells, MUCI mucin 1, NSCLC
non-small cell lung cancer, PAP-GM-CSF pulmonary alveolar proteinosis granulocyte macro-
phage colony-stimulating factor, RBD receptor-binding domain, RSV respiratory syncytial virus, S
SARS-CoV-19 spikeprotein, saRNA self-amplifying mRNA, VLP vaccine-like particle
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Fig. 8.11 The future of nanovaccines: personalized vaccines from nanostructured materials. (The
figure has been reproduced from the ref. Azharuddin et al. (2022). Copyright@2022, Elsevier)

Table 8.3 Comparative analysis of the nanostructured materials employed in the design and
development of nanovaccine (Rosales-Mendoza & Gonzalez-Ortega, 2019)

Ease of FDA approval for | Used in
Nanomaterial | synthesis Cost Biocompatibility | medical use clinical trials
Gold Simple High Moderate No No
PLGA Moderate High High Yes Yes
Silica Moderate Medium | Moderate No No
Carbon Moderate Low Moderate No No
Nanotubes
Chitosan Simple Medium | High No Yes
Liposomes Hard High High Yes Yes
Nanogels Simple Medium | High No Yes
Virus-like Hard Low High Yes Yes
particles

been used for the oral delivery of tetanus toxoid (TT) where the NPs are 40 nm in
diameter (Barhate et al., 2014). In this case, soluble triterpene glycosides processed
from Quillaja saponaria (QS) have been used as adjuvants for the treatment of teta-
nus. AuNP-based nanovaccine has been formulated for the treatment of influenza
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(Wang et al., 2018). Recombinant trimetric influenza A/Aichi/2/68 (H3N2) hemag-
glutinin (HA) has been combined with 18 nm AuNPs through a metal-chelating
chemical process.

Most nanovaccines adsorbed in PLGA NPs are intended to treat human and ani-
mal diseases (Gu et al., 2019; Chudina et al., 2015). PLGA NPs containing HBsAg
having trehalose and Mg(OH), as stabilizers have been incorporated in vaccines for
oral immunization (Mishra et al., 2011). PLGA NPs have been utilized to formulate
the Helicobacter pylori vaccine (Tan et al., 2017).

Silica NPs can be altered chemically or physically to incorporate antigens or
adjuvants. The toxicity of silica NPs is still a controversy. Hollow mesoporous silica
nanoparticles (HMSNPs) have been used to formulate vaccines for cancer (Lee
et al., 2020) and tuberculosis treatment (Montalvo-Quirds et al., 2020). Currently, a
vaccine candidate against enterohemorrhagic E. coli O157:H7 is being developed
by utilizing the EspA protein produced in recombinant E. coli as the selected anti-
gen. rTEspA has been entrapped onto Silica NPs having a diameter of 96 nm (Hajizade
et al., 2018).

Carbon nanomaterials especially carbon nanotubes have been used as drug-
delivery vehicles since these materials can be functionalized to introduce carboxylic
(—~COOH) or amino (-NH,) groups for attaching antigens, adjuvants, or ligands to
formulate nanovaccines (Holmannova et al., 2022; Bavandpour et al., 2020;
Sawutdeechaikul et al., 2019).

Chitosan is a polymer that contains positively charged moieties derived from the
d-glucosamine units. It is produced commercially by deacetylating chitin, which is
the structural component of the exoskeleton of shrimp and crab, using NaOH
(Rinaudo, 2006). Chitosan is nontoxic, biodegradable, and biocompatible since it is
derived from natural sources; however, it is not approved by the US FDA. Chitosan
NPs (CsNPs) have been extensively studied as drug delivery systems, especially for
protein and gene delivery purposes. CsNPs containing nanovaccines have been
investigated for the delivery of antigens and proteins especially for intranasal and
oral immunization. Multiple attempts have already been taken and CsNPs-composed
vaccines have been developed for the treatment of COVID-19 (Safer & Leporatti,
2021), E. coli involved diseases (Mohammed et al., 2021), Rift Valley Fever or teta-
nus (Gao et al., 2021), and Avian Coronavirus (Lopes et al., 2021).

Nanogels are common hydrogel NPs that are stimuli-responsive and smart nano-
structured materials. They have been employed for diverse biomedical applications
including nanovaccinology applications to transfer proteins or oligonucleotides-
based antigens (Basu et al., 2021). Injectable sustained-release hydrogel NPs based
vaccines have been formulated for COVID-19 treatment from Cowpea mosaic virus
(CPMYV), a plant virus (Nkanga et al., 2022). CPMYV is a potential immunogenic
adjuvant that is very much promising for the development of nanovaccines against
infectious diseases and cancers. Hydrogel NPs modified with polyethylenimine
functionalized graphene oxide (GO)-based RNA nanovaccines have been reported
for sustainable cancer immunization (Yin et al., 2022). Supramolecular polymer
hydrogel NPs have been employed to enhance the performance of influenza vac-
cines (Roth et al., 2021).
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Virus-like particles (VLPs) are considered common platforms for vaccine devel-
opment. Currently, multiple vaccines including hepatitis B virus (HBV) and human
papillomavirus (HPV) vaccines are produced and marketed worldwide. An expand-
able, durable, and highly immunogenic VLP-based nanovaccine effective against
SARS-CoV-2 has been developed by genetically fusing the receptor-binding motif
(RBM) of the spike protein from SARS-CoV-2 into cucumber mosaic virus
(CuMVr) (Mohsen et al., 2022).

8.9 Perspectives and Opportunities for Nanostructured
Materials in Vaccine Arena

In general, each nanostructured material has both pros and cons and an extensive
study of each offers a major advance in vaccine development. For the appropriate
implementation of nanostructured materials as a successful candidate for vaccine
formulation, adequate information such as exploiting immunology advances,
employing bio-nanofabrication methods, and expanding the use of nanocomposites
is crucial to select the best-fitting nanomaterial that is capable of serving the intended
objectives. Understanding the immunologic reaction mechanism is essential to
design and develop a successful vaccine. The immune system associated with pro-
tective and therapeutic effects is a complex biological network. The recent advance-
ments in our understanding of regulatory T-cells have established a reliable platform
for vaccine development.

The implementation of bio-nanofabrication may facilitate the vaccine formula-
tion pathways with the help of nanostructured materials obtained through biocom-
patible synthetic routes. Numerous methods already have been established for the
fabrication of metallic NPs using bioextracts from plants and algae. In the case of
bio-nanofabrication approach, plant extracts act as natural reducing agents for bio-
compatible NPs synthesis that may be suitable for nanovaccine formulation. Bio-
nanofabrication is successfully implemented to synthesize multiple metal and metal
oxide NPs including Se, Ag, Au, ZnO, and TiO, (Agarwal et al., 2019).
Microorganisms like fungi, bacteria, and yeast are also potential candidates for the
synthesis of NPs applicable in vaccine formulation (Ahmed et al., 2017; Hulkoti &
Taranath, 2014).

Expanding the utilization of nanocomposites (NCs) composed of complex com-
binations of nanostructured materials can result in extraordinary physicochemical
features, leading to novel functional characteristics. In vaccine sectors, several com-
posites have been explored, for instance, AgNPs/silica (Zhao et al., 2016), AuNPs/
silica (Nguyen & Shen, 2016), and poly(glycerol adipate-co-w-pentadecalactone)
(PGA-co-PDL) polymeric nanoparticles (NPs) within L-leucine microcarriers
(Rodrigues et al., 2018). Synthesis of polymer NCs may open possibilities to create
multifunctional nanostructured materials having expected immunogenic activity,
which may establish a strategy for future nanovaccines.
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8.10 Concluding Remarks

Majority of the population is not familiar with the utilization of nanotechnology
products. As nanovaccines are prepared using nanostructured material vectors, it
may be challenging for people to readily accept multiple doses. The unfamiliarity
with nanovaccines may lead to immoderate perspectives and conspiracy theories.
That is why awareness, rumination, comprehension, and easy transmission of the
scientific and clinical data produced from unparalleled and deliberate manifestation
of nanostructured materials to the public are required. It should always be remem-
bered and practiced that the safety of patients should never be compromised. The
development of nanovaccines relies on the perspectives of regulators, ethics review-
ers, inventors, and investors in nanotechnology for its introduction in biomedical
applications. The outstanding development in the designing of antigen may provide
multifunctional platforms of nanostructured materials for specifying immune
responses that are effective and appropriate for protection against cancer, HIV/
AIDS, malaria, TB, COVID-19, and many other infectious diseases. Once the
proper and specific immunogens are identified, multiple platforms may provide
nanovaccines with better thermal stability and environment friendly to facilitate
distribution throughout the most resource-limited areas of the world.
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Chapter 9
Flexibility in the Design of Nanomedicine
Using Biomimetic Immunomodulatory

Archana S. Patil, Rajashree S. Masareddy, and Priyanka P. Patil

9.1 Overview of Immune System and Immunomodulators

From invertebrates to humans, the immune system (IS) is essential to the health of
all living things and can either prevent or cause disease. The immune system is a
sophisticated, interconnected system of cells, tissues, organs, and soluble mediators
that protects the body from outside threats to its integrity. The majority of the IS’s
cells, such as neutrophils, macrophages, and monocytes, are phagocytic. Pathogens
and foreign substances can be absorbed and digested by these cells.

The body’s normal immune response to infections and cancers, as well as auto-
immunity, are mediated by lymphocytes, the second-most numerous cells in the IS
(Yatim & Lakkis, 2015). They can be divided into two groups known as T- and
B-cells. Following haematopoiesis, common hematopoietic stem cells (HSCs) in
the bone marrow give rise to all immune cells. Lymphocytes multiply and diversify
exponentially as the immune response is activated. B cells develop into plasma
cells, which are a type of antibody factory that release hundreds of antibodies into
the bloodstream, while T cells differentiate into numerous subgroups with various
specialties (Yatim & Lakkis, 2015).

Two traditional categories of the immune response are innate and adaptive
immunity, which serve various and diverse roles in the immunological defence
responses.
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* A short-term memoryless innate immune system that offers a quick but insuffi-
cient defence against a foreign insult (Netea et al., 2011).

* Long-lived lymphocytes (memory cells) and their highly specialised receptors
are part of an adaptive immune response, which is an antigen-specific system
(Pancer & Cooper, 2006).

* Unbalanced immune responses can be the cause of a wide range of problems,
including allergies, autoimmune diseases, immunosuppression, and AIDS,
despite their high effectiveness and specificity (Yatim & Lakkis, 2015; Lerner
et al., 2016).

Epidemiological data show that immunological disorders are becoming more
prevalent nowadays, which has led to the development of a specific class of
chemicals called immunomodulators that can either stimulate or decrease the
immune response in diseases involving the immune system. While
immunosuppressive medicines are used to reduce the immune response in many
immunological-mediated disorders, immunostimulatory therapies may be useful for
treating infections, immunodeficiency, and cancer (i.e., in organ transplantation and
autoimmune diseases). The creation of new vaccines, therapies for autoimmune
illnesses and allergies, regenerative medicine techniques, and immunotherapies for
cancer are just a few biomedical applications where attempts to boost, decrease, or
qualitatively change the immune response are crucial.

Since the beginning of time, people have been known to get ideas and inspiration
from the natural world and its surroundings. This practise is known as “biomimetics,”
which is derived from the Greek words “bios” (life) and “mimesis” (to copy). It is
the most sophisticated approach for applying biological principles—which underlie
the structures, morphology, and performance characteristics of biological entities—
to man-made designs or models in order to determine the most efficient way to
tackle current issues through revolutionary urban design and innovative information
technologies. Using structural and genetic methods, researchers are only now
learning about the fine ways through which proteins, nucleic acids, metal ions,
carbohydrates, and steroids interact with one another (Perera & Coppens, 2019).
Researchers create materials with improved properties such as peptide-functionalised
gold nanoparticles (NPs), protein-functionalised nanoparticles, and carbohydrate-
functionalised nanoparticles by studying and simulating the complex biological
structures and processes (Speck & Speck, 2019). This can offer solutions to basic
issues in cell biology, biophysics, pharmacology, medicine, and more.

The three types of biomimetic systems are biological (Fig. 9.1), bio-hybrid, and
synthetic. Natural biological molecules like proteins, DNA, and RNA, as well as
synthetic biomolecules assembled or synthesised by biological systems, including
synthetic amino acids created by genetic engineering, are the building blocks of
biological structures. Materials that mix synthetic elements (such as metal particles,
polymeric chains, and so on) with organic living molecules make up the biohybrid
structures. Last but not least, synthetic elements are materials based on artificial
building blocks, such as artificial amino acids and synthetic polymers (i.e., prepared
in vitro such as solid-phase synthesised peptides). Where the underlying molecular
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Fig. 9.1 Biomimetic system classification: The three types of biomimetic systems are biological,
synthetic, and biohybrid. The interface between artificial and biological systems is where biohybrid
systems live. Applications of biomimetic systems in drug delivery

principles are known, one can use and mimic biological processes and interactions
to develop biomimetic systems.

Nanomedicine and nano delivery systems, which use materials in the nanoscale
range, offer new technological advancements in the development of new and
revolutionary pharmaceuticals as well as in the reformulation of currently available
drugs to boost their efficacy, improve delivery, and reduce adverse effects.
Nanomaterials’ potential to more easily pass through biological barriers, persistence
in the environment and the body, toxic qualities as well as their physicochemical
properties that can cause changes to pharmacokinetics, including the absorption,
distribution, elimination, and metabolism, are all causes for concern. Nanotechnology
offers many benefits in the treatment of chronic human diseases by delivering
precise drugs to designated areas and targets. It has also been shown to bridge the
gap between biological and physical sciences by employing nanostructures and
nanophases in a range of scientific domains (Liu et al., 2009). Nanoparticles have
spurred the discipline of biomedicine, which includes medication delivery,
nanobiotechnology, biosensors, and tissue engineering (Mirza & Siddiqui, 2014).

e To achieve their drug delivery goal of achieving the therapeutic concentration of
a specific medication at the site of disorder while limiting off-target effects,
nanoparticles (NPs) must complete the following crucial requirements.

e NPs need to circulate with enough time to get to the desired location (Yoo
et al., 2010).

e NPs need to be able to only affect diseased tissue while insensitive to healthy
tissues unaffected (Moghimi et al., 2001; Friedman et al., 2013).

e NPs must be synthesised from a biodegradable material that can be eliminated
from the body safely (Naahidi et al., 2013).

e NPs engage with the complex biological environment of the human body.

Numerous immunotherapeutic approaches have produced outstanding results in
the therapy of a variety of diseases (Gordon et al., 2014), however immune regulatory
drugs’ performances can be harmed by significant immune-mediated toxicity, poor
solubility, and loss of bioactivity on prolonged circulation (Shen et al., 2018). It is
encouraging to note that nanotechnology has the potential to address the issues at
hand and so produce the anticipated therapeutic outcome. Studies have revealed that
the nanoplatforms exhibit a variety of beneficial characteristics, including;



164 A.S. Patil et al.

1. The simultaneous administration of antigens and adjuvants to intracellular
spaces or antigen-presenting cells (APCs) (Tazaki et al., 2018).

2. Extended half-lives of molecules carrying bioactive payload by preventing their
enzymatic oxidation during blood circulation (Kim et al., 2018).

3. Enhanced permeability and retention (EPR) effect, which is size-dependent,
results in increased accumulation in tumour tissues (Xu et al., 2015; Li
et al., 2016).

4. Surface modification to target particular cells or tissues (Ding et al., 2013; Chen
et al., 2017).

5. Stimuli-sensitive behaviour for secure drug distribution and safe trafficking
(Zhang et al., 2018a; Xu et al., 2017; Gao et al., 2019).

6. Higher tolerated doses of medication due to decreased buildup at tissues and
organs that are off-target (Musetti & Huang, 2018).

7. Antigen and costimulatory surface interaction Antigen and costimulatory mole-
cule surface coupling to create artificial APCs (aAPCs) with strong T-cell activa-
tion potential (Steenblock & Fahmy, 2008).

8. A variety of medication delivery methods, such as subcutaneous microneedle
patch delivery or intranasal administration (Tazaki et al., 2018; Kim et al., 2012;
Yang et al., 2017)

9. How artificial nanoparticles’ inherent immunomodulatory properties work
(Chahal et al., 2016; Li et al., 2018).

9.2 Nanoparticles for Imnmunostimulation

Immunotherapy is the idea that a disease can be treated by either stimulating or
inhibiting the immune system. Engineering of immunostimulatory nanoparticles
and immunosuppressive nanoparticles based on functional nanoplatforms, and their
applications in the treatment of various diseases by regulating immune-related cells,
cytokines, and enzymes.

9.3 Emergence of Biomimetic Nanoparticles

Specifically, nanomedicine has witnessed the evolution of multiple NP generations
during the past few decades. Scientists have created significant progress in enhancing
the medicinal effectiveness of these platforms with each iteration.

NPs in their early years as a generation (Fig. 9.2) were spent developing them with
the sole goal of limiting interactions with the body’s biological components while
passively transporting NPs from site of injection to the illness location. This first
generation of NPs was created primarily to test various chemical contents, non-
fouling coatings, and sizes (Faraji & Wipf, 2009; Albanese et al., 2012). But it soon
became clear that it was difficult to create NPs that are fully unaffected by the in vivo
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complete cell membrane or membrane protein functionalisation onto synthetic carriers to imitate
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environment. As a result, the second group of NPs began to concentrate on more
specialised, bioactive carriers. These delivery systems were created specifically to
allow drugs to access the specific ailment and lessen quasi biodistribution (Mout
et al., 2012). Utilising binding ligands, such as peptides, antibodies, and small com-
pounds, was a frequent technique (Friedman et al., 2013). This developing tendency
in surface functionalisation was first seen in early attempts to direct active contact
between a particle and the cells around it at the nano-bio interface. This second gen-
eration of NPs, in contrast to the first, consisted of particles with signals imprinted on
their surfaces that allowed them to operate as a mediator in cell interactions. This
approach has two variations that handle the two sides of the coin in this scenario of
communicating with immune cells. NPs were functionalised with markers on one
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side, reducing MPS uptake and clearance (Zhou & Dai, 2018). However, studies have
also shown how the addition of affinity ligands makes it possible for NPs to target the
area while activating the immune cells that are already present there (Chen et al.,
2012; Schmid et al., 2017). Despite using these compounds has shown expected out-
comes, by affixing them as solo molecules in their non-native state can prevent them
from performing to their full potential. These molecules’ arrangement and density on
the surface of NP can alter as a result of the conjugation chemistries employed to bind
them, changing or completely eliminating their function (Rambukwella et al., 2018).

Because the second generation of active targeted NPs has shortcomings, scientists
turned to nature for ideas when creating NP formulations for particular uses. Here,
we have witnessed the rise of the third phase NPs, known as biomimetic NPs, which
imitate the characteristics of nature to improve their in vivo therapeutic benefits. In
addition, a group of biomimetic NPs focused on mimicking the behaviour and func-
tion of real cells has arisen to improve these biomimetic NPs’ ability to interact and
connect with the biological environment. Biomaterials can also be created as instru-
ments to influence the tissue, cell, and molecular interactions that affect immune
cells in order to provide fresh insight on the operation of the immune system, just like
in other fields of cell biology. This emerging field of immune engineering utilising
biomaterials is producing innovative and potentially effective new approaches for
vaccination, cancer immunotherapy, the therapy of autoimmune diseases, and the
development of organ transplant tolerance. With this technology at their disposal,
researchers have investigated the potential therapeutic uses for these biomimetic NPs.

Biomimetic nanoparticles based on cell membranes have become one method for
achieving targeted medication administration by active association and interaction
with the biological environment. “The surface features of NPs control their in vivo
fate at the nano-bio interface, which serves as the primary interface for communication
exchange. The interactions at the nano-bio interface, which is the area where the
nanoparticle surface comes into direct contact with its surrounding biological
environment, regulate the interaction between immune cells and NPs (Nel et al.,
2009). This procedure is especially important while circulation because firstly an
immune cell interacts with the NP surface. In the succeeding sequence of interactions
at this nano-bio interface, direct and indirect signalling cues are used to regulate
how the immune cell would respond to their presence in the bloodstream”. As a
result, the NP surface’s physicochemical characteristics and composition
considerably influence how the immune system perceives them and, consequently,
can control their capacity to transcend the immune system’s biological barriers
(Wang & Wang, 2014; Liu & Tang, 2017).

9.4 Disease Applications of Biomimetic Nanoparticles

Immunostimulatory therapy should be utilised to immune system activation in the
treatment of cancer and infectious diseases in order to identify non-self antigens,
eradicate them, and build sustainable results for various disorders. Contrarily,
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immunosuppressive medication is required to reduce immune response and create
specific immune tolerance for overactive immune response in disorders like rheu-
matoid arthritis (RA), atherosclerosis, diabetes, transplantation, and obesity
(Fig. 9.3). Some immunotherapeutic approaches that have demonstrated impressive
results in the treatment of different diseases are listed below;

94.1 Cancer

Biomimetic nanoparticles (NPs) based on cell membranes that target tumours have
techniques that imitate numerous native cell types. The expression of “don’t eat me”
markers such as CD47 was used by RBC-based NPs, to accelerate circulation times
and get to the target tumour without being affected by MPS. Similar techniques
have been utilised to impart these properties to NPs using leukocyte membranes.
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Fig. 9.4 Targeting tumours with bioinspired nanoparticles. Leukocyte mimicking nanoparticles
exhibit decreased mononuclear phagocyte system uptake and enhanced tumour targeting in (a, b).
Leukocyte membrane (LVV) is covering a porous silica nanoparticle in (a) SEM imagery. Scale
bar: 1 mm (b) When compared to bare nanoparticles, LLV showed decreased absorption by
Kupffer cells (left) and enhanced targeting to melanoma tumours (right). Leukocyte-based
liposomes (Leukosomes), which have a stronger affinity for inflammatory tumour vasculature, are
(c). Scale bar: 50 pm (d) Extended lifespan of tumour-bearing mice following administration of
doxorubicin-loaded leukosomes. CpG-encapsulated nanoparticles with melanoma cell coating
(e—g) for immunotherapy (e) Immune cells’ in vitro uptake of CpG-CCNPs (f) In vivo maturation
of dendritic cells after exposure to NPs and other controls (g) Mice inoculated with CpG-CCNPs
and other control formulations both survived overall. (With permission, the images in (a, b) have
been copied from (Parodi et al., 2013). Images in (c) have been copied from with permission
(Martinez et al., 2018). With permission, the photo in (d) has been copied from (Molinaro et al.,
2020). With permission, the images in (e—g) have been copied from (Kroll et al., 2017))

The circulating monocytes do not interact with these biomimetic NPs and identify
them for removal by the MPS because they resemble native immune cells in appear-
ance (Parodi et al., 2013; Corbo et al., 2017a) (Fig. 9.4a, b). Due to this, these NPs
have a higher chance of reaching the tumour since they imitate the circulatory
behaviour of these cells. Along with using these natural coatings for NPs to target
the tumour more effectively while in circulation, researchers have also taken
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advantage of these membrane-based NPs. For instance, when compared to naked
liposomes, integrating liposomes with the leukocyte membrane proteins demon-
strated a 14-times enhancement in attraction to inflammatory vasculature associated
with triple-negative breast cancer tumours (Martinez et al., 2018) (Fig. 9.4c).

It has been found that the superior targeting is caused by “the presence of leuko-
cyte proteins like LFA-1 and Mac-1. These essential signals give these NPs the
potential to act like natural leukocytes that target regions of inflammation, and
blocking these proteins on the NPs greatly decreased their ability to selectively
accumulate within the tumour (Martinez et al., 2018). This leukocyte-based NP was
also demonstrated to enhance doxorubicin administration in two cancer models,
melanoma and breast cancer, leading to an improvement (64% and 142%, respec-
tively) in median survival over untreated mice (Molinaro et al., 2020) (Fig. 9.4d). As
a result, these NPs imitated the targeting capabilities of leukocytes to target the
tumour and deliver the enclosed payload”. Others have used activated platelet mem-
branes coated silica NPs to target the circulating tumour cells (CTCs) responsible
for the development of metastatic disease by utilising the connections between
tumour cells and platelets (Li et al., 2016).

Another study discovered that primary breast cancer tumours accumulated more
platelet-coated nanovesicles that were functionalised with TRAIL (‘tumour necro-
sis factor-related apoptosis-inducing ligand’) and loaded with the chemotherapy
drug doxorubicin (Hu et al., 2015a). The effectiveness of employing cancer cell
membrane-coated NPs was demonstrated, for instance, polymeric NPs coated with
4 T1 breast cancer cell membrane, which showed increased homotypic tumour tar-
geting and longer circulation times (Sun et al., 2016). In this case, as the protein
profiles of the NPs and cancer cells were similar, the cancer cell was able to recog-
nise and internalise the NP. These studies demonstrate the mechanism of biomi-
metic NPs perform earlier generations by making use of natural cellular surface
characteristics to evade clearance by immune cells that prevent tumour formation
and interact directly with the cancer cells.

Another study has shown that the PD-1/PD-L1 immune inhibitory axis, which is
the target of immune checkpoint drugs that have received clinical approval, can be
disrupted using cancer nanovesicles (Zhang et al., 2018b). Studies also looked into
the possibility of using biomimetic NPs as cancer vaccines, whereby the administra-
tion of the NP guards against the growth of a tumour when exposed to tumour cells.
The same was demonstrated in a study, where pro-inflammatory cytokines were
secreted in vitro by immune cells employing PLGA NPs coated with cancer cell
membranes as an antigen-presenting material and an immunological adjuvant (Kroll
et al., 2017). The study showed that these particles were picked up by a variety of
immune cells and were also able to increase Dendritic cell (DC) maturation and
overall lifespan of mice by 60% during the course of 5 months using a mouse mela-
noma model (Fig. 9.4e—g). Additionally, this biomimetic NP platform proved to be
an excellent cancer vaccination and treatment option for existing tumours.
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9.4.2 Cardiovascular Disease

Cell membrane-based biomimetic NPs can be developed to treat and target several
aspects of the pathophysiology of cardiovascular diseases. Researchers have
developed novel technologies that imitate the behaviour of innate cells while
controlling the inflammatory response common to all of these by drawing inspiration
from how native cells behave in this illness scenario.

Myocardial infarction, high blood pressure, and stroke are just a few of the ail-
ments that fall within the broad category of cardiovascular diseases. These condi-
tions are all connected to the heart and blood vessels’ regular activities (Stewart
etal., 2017). High levels of inflammation have been a defining feature of the patho-
physiology of cardiovascular disease from its origin (Golia et al., 2014). However,
an accumulation of atherosclerotic plaque is the root cause of many of these disor-
ders (Bobryshev et al., 2016). In a healthy state, lipid and macrophage buildup is
resisted by artery walls. However, factors that cause atherosclerosis, such as obesity,
hypertension, and high saturated fat diet, start the development of adhesion mole-
cules, which then allow lipids to enter the arterial wall and draw leukocytes to the
damaged area; for these applications, biomimetic NPs based on cell membrane have
been employed primarily to imitate different cell membranes, such as those of leu-
kocytes platelets and protein complexes crucial for cardiovascular health, such as
high-density lipoprotein (HDL) (Park et al., 2020). The body uses HDL, a native
lipid carrier “NP, to move lipids with a natural affinity towards atherosclerotic
plaque (Feig et al., 2014). Such interactions aid in the movement of macrophagial
cholesterol that have accumulated plaque to the liver for processing. This molecule
serves as a model complex whose functions NPs can imitate in order to enhance the
pathophysiology related to plaques”.

Additionally, researchers used artificial HDL-mimicking NPs to stop the growth
of atherosclerotic plaque macrophages in an in vivo study with advanced
atherosclerotic plaques (Tang et al., 2018). This consequently resulted in a 45%
reduction in macrophage proliferation in the aortic roots throughout the course of
the 8-week treatment period, a reduction in the inflammatory gene expression, and
a reduction in atherosclerosis (Fig. 9.5a, b). Similar to normal HDL, these NPs
changed the flow of cholesterol to the liver and prevented the growth of macro-
phages that feed atherosclerotic plaque.

Additionally, platelets have been strongly associated with the onset of cardiovas-
cular disease and have shown a preference for adhering to blood vessel injury
(Kinlough-Rathbone et al., 1983). Using this behaviour as the basis for targeting,
NPs coated with platelet-membrane have been created using a freeze and thaw pro-
cedure, and after which the extracted membranes were adhered to PLGA cores (Hu
et al., 2015a). In a model of rat coronary stenosis, these biomimetic NPs showed
enhanced binding to damaged arteries in addition to inhibiting the growth of neo-
intima (i.e., the creation of scar tissue).

NPs that imitate leukocytes and RBCs have also been created to transport thera-
peutic compounds to help treat cardiovascular disorders. For instance, in a model of
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cerebral artery occlusion, the circulation of a neuroprotective medication was pro-
longed by dextran polymer NPs coated with RBC membrane while ischaemic brain
damage was reduced (Lv et al., 2018). In a mouse model, NPs based on leukocyte
which were loaded with Rapamycin similarly showed enhanced accumulation in
atherosclerotic plaques, lowering macrophage proliferation and reducing local
inflammation (Boada et al., 2020). Additionally, the vessels’ plaque load was
decreased as a result of Rapamycin release from these particles (Fig. 9.5¢c, d). In this
instance, the leukocyte proteins were included into the NP to increase targeting of
the inflamed location as well as to cause effects that were anti-inflammatory and
reduced the localised inflammation at the disease site (Boada et al., 2020).

9.4.3 Infectious Disease

An innovative family of medications that treat infections with three main strategies—
targeting the infection’s source, neutralising the pathogens’ mechanisms for inacti-
vating natural immune defences, and modulating the immune cells which are
responsible for anti-pathogen response has been made possible by biomimetic NPs
based on cell membrane. To reach this level of targeted precision, NPs that resemble
epithelial cells, platelets, and also bacteria themselves have been utilised. For
instance, it has been demonstrated that bacteria can invade platelets and cause
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platelet aggregation (Fitzgerald et al., 2006). However, platelets are essential to the
host’s defence mechanism; excessive activation can result in the formation of diffi-
cult-to-treat thrombi, which can serve as a haven for germs that are immune to the
host’s defences. Utilising this characteristic of bacteria, investigators formulated
platelet-coated nanoparticles to efficiently transport antibiotics (Hu et al., 2015b).
Mice treated with these biomimetic NPs and systemically exposed to a methicillin-
resistant strain of bacteria showed significant antibacterial efficacy. In other methods,
antibiotics have been delivered through stomach epithelial cell membrane nanopar-
ticles (Angsantikul et al., 2018). This strategy is particularly new because the NPs
delivered the surface antigens that the bacteria would ordinarily recognise on the
host’s cells. The bacteria unintentionally ingest these NPs containing fatal antibiotics
due to the identification of these particular proteins on the NP surface. Another strat-
egy is to employ biomimetic NPs to bind the target locations to stop bacteria from
adhering to the host’s cells in a competitive manner (Zhang et al., 2019).This approach
was demonstrated to be successful in a study, H. pylori bacteria were wrapped in
polymeric nanoparticles (NPs) to prevent the bacteria from sticking to the stomach
lining (Fig. 9.6a, b). Binding sites which were typically used by the pathogen to colo-
nise and cause infection were occupied by bacteria that mimicked NPs. In vitro bind-
ing of H. pylori to intestinal cells was reduced by these biomimetic NPs by a factor
of six, while in vivo, bacterial colonisation of murine stomach tissue was diminished
by over 50%. These illustrations show how the biomimetic NPs’ surface characteris-
tics deftly mediate contact with the target pathogen or block the pathogen’s interact-
ing with the host cells, which eventually results in the bacterium’s death.

Cell membrane-based biomimetic NPs have been investigated as toxin-
neutralising platforms to shield immune cells from apoptosis and provide them the
capacity to neutralise the pathogen (Fang et al., 2015). This strategy has been dem-
onstrated largely employing RBC-coated NPs due to their long durations of circula-
tion and their capacity to interact with the pathogens in the circulation. Multiple
pore-forming toxins, including melittin, a-hemolysin, and streptolysin-O were dem-
onstrated to be sequestered by polymeric NPs that were coated around the mem-
branes of RBCs, protecting hemolysis cells (Hu et al., 2013). Additionally, these
NPs, also known as “nanosponges,” did not transport these poisons to host cells,
illustrating the platform is generally safe.

It has also been demonstrated that biomimetic NPs based on cell membranes can
alter the immune response required to treat an infection (Angsantikul et al., 2015).
This was demonstrated in sepsis models, which occur when the infection spreads
beyond the local tissue and results in systemic organ dysfunction, in particular
(Delano & Ward, 2016).

By embedding macrophage membrane proteins into a liposome formulation,
Molinaro et al. were able to minimise the impact of proinflammatory genes like
IL-16 and TNF-a while enhancing the expression of anti-inflammatory genes like
TGF- and IL-10 (Molinaro et al., 2019) (Fig. 9.6e, f). Despite the fact that it ought
to be emphasised that earlier research has demonstrated the ability of pure, artificial
NPs in the therapy of sepsis, this research has only focused on physicochemical
properties as a mechanism of interacting with the surroundings (Casey et al., 2019).
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Fig. 9.6 To destroy, neutralise, and control the immune response to pathogens in infectious dis-
eases, biomimetic nanoparticles are used. Nanoparticles with bacterial membrane coatings hinder
binding to host cells (a, b). (a) Diagram showing the use of bacterial nanoparticles (NPs) to stop
H. pylori from colonising stomach tissue. (b) Confocal pictures of H. pylori (green) adhering to
gastric epithelial cells (blue) with or without treatment with NPs, and quantification of those
images (right). Scale bar: 25 m (¢, d) RBC-coated nanosponges (Nanotoxoid hSP) as bacterial
infection toxoid vaccinations Following NP treatment, sample pictures (left) and haemolysis
quantification are shown in (¢). (d) Mice vaccinated with NPs and controls showed differences in
lesion size (on the left) and overall bacterial count (on the right). (e, f) Using liposomes that imitate
leukocytes to treat sepsis resulted in decreased expression of pro-inflammatory genes (e) and
increased expression of anti-inflammatory genes (f). (With permission, the images in (a, b) have
been copied from (Zhang et al., 2019) Images in (c, d) have been copied from with the permission
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etal., 2019))

9.4.4 Autoimmune Disease

Numerous illnesses fall under the umbrella of autoimmune disorders, including
rheumatoid arthritis, systemic lupus, and type 1 diabetes (Theofilopoulos et al.,
2017). These illnesses are characterised by autoimmunity, a condition in which the
immune system starts to begin to fight the body’s own cells in a variety of ways,
such as by producing antibodies against them (Wang et al., 2015). These illnesses
are also characterised by a persistent inflammatory state in which the immune
system keeps trying to fix the harm that has been done. However, these illnesses are
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now thought to be incurable. “Research using biomimetic cell membrane-based
NPs has demonstrated the growing potential these technologies offer to intervene
and mediate the behaviour of the immune system in several illness states. Biomimetic
NPs have been demonstrated to mimic native cells, which are capable of resolving
inflammation and healing tissue damage and to act as binding decoys for systems
that cause the chronic inflammatory state”. Engineered leukocyte membranes
imitating NPs were developed to bind to inflamed mucosal tissue by overexpressing
a4b7, a key integrin protein on T-lymphocytes in order to exploit the processes of
T-cell activation in the course of IBD pathogenesis (Berlin et al., 1993). These
“specialised leukosomes” showed more firm adherence to inflamed endothelia as a
result of this overexpression. Additionally, these biomimetic NPs enhanced the
crypt shape, decreased CD45+ immune cells, and inhibited edoema in DSS-induced
IBD mice (Corbo et al., 2017b). It was hypothesised that the therapeutic effects seen
after therapy with these customised NPs resulted from NPs binding to receptors that
would normally be bound by the immune cells causing this disorder. With RBC-
mimicking NPs, this method was also used to illustrate how to remove pathogenic
antibodies. These RBC-based biomimetic NPs were very effective at acting as
binding stooges for antibodies that would otherwise bind to native RBCs and mark
them for extravascular haemolysis (Copp et al.,, 2014). In a model of induced
anaemia, RBC numbers and haemoglobin levels returned to normal in mice given
these RBC-NPs. The RBC count was reduced by 60% in mice that did not get the
NPs, and the levels of haemoglobin were reduced by twofold. Finally, it has been
demonstrated that neutrophil-mimicking NPs have important effects on rheumatoid
arthritis treatment. In actuality, these NPs reduced joint degeneration and suppressed
proinflammatory cytokines in two mouse models of arthritis. These results highlight
the adaptability of biomimetic NPs in focusing on and fine-tuning the underlying
pathways that underlie and fuel a variety of autoimmune disorders.

9.4.5 Vaccination

A vaccine consists of an antigen, which serves as the immune system’s target, and
an adjuvant, which is injected along with the antigen to boost the immune system’s
reaction. Nanoparticles (NPs) have recently drawn a lot of attention as vaccine
delivery systems. In addition to improved immunogenicity and antigen stability,
nanovaccine formulations also offer targeted distribution and protracted release.
Additionally, NPs aid in preventing the antigen and adjuvant from being prematurely
degraded by enzymatic and proteolytic processes (Bishop et al., 2015). Although
NPs have the benefits listed above, they also have drawbacks, including an
unfavourable interaction with the reticuloendothelial system and a lack of colloidal
stability under physiological conditions caused by protein corona forms (RES)
(Corbo et al., 2016, 2017¢).

A unique type of nanoparticles known as biomimetic NPs effectively avoids
unfavourable interactions with immune cells like RES and prolongs blood circulation
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Table 9.1 Some of the reported biomimetic nanovaccines and their applications

Nanoparticles Components Application References
Liposomes PLGA NPs with lipid Malarial vaccine delivery | Moon et al. (2012)
antigens
Liposome-polycation- DNA vaccine delivery Li et al. (1998)
DNA NPs
VLPs Genetically modified Anti-viral protection Wu et al. (2012)
VLP
Avian retrovirus with Intracellular protein Kaczmarczyk et al.
Gag fusion proteins delivery (2011)
Self-assembling | Hollow vault protein Self-assembling protein Champion et al.
proteins with Flagellin scaffold (2009)

(Angsantikul et al., 2015; Gao et al., 2013; Rao, 2013). When given to the body,
these nano vaccines’ carrier NPs, which resemble biological membranes, allow for
longer circulation and the evasion of immunological reactions (Vijayan et al., 2018).
A different kind of biomimetic carrier system with a “core-shell” shape is a cell-
membrane-coated NP. A thin layer of plasma membrane serves as the shell, with the
NP acting as the hydrophobic core (Hu et al., 2012) (Table 9.1).

An extruded polymeric NP was covered with red blood cell (RBC) membranes
to create the first membrane-coated nanoparticles, according to Hu et al (Hu et al.,
2012). The creation of membrane-coated NPs has made use of a variety of mem-
branes from various sources, including RBCs (Hu et al., 2012; Gao et al., 2017)
leukocytes (Wei et al., 2019; He et al., 2016, 2018), cytotoxic T-cells (Wei et al.,
2018). Self-assembling proteins can also be utilised to make biomimetic nanovac-
cines since they have excellent symmetry and stability and can be structurally
organised into particles with diameters between 10 and 150 nm (Kang et al., 2009).
Due to their capacity to self-assemble and deploy into a specific shape that repli-
cates the architecture of real microbes, these self-assembling protein NPs serve a
variety of physiological functions and are chosen as vaccine carriers (Castén &
Carrascosa, 2013).

9.5 Conclusion and Future Prospects

The area of biomimetic nanoparticle engineering has made enormous strides in the
previous 10 years and is currently under rapid development. The bioinspired
nanoparticles have a variety of functions, involving increased accumulation at
infected locations, extended circulation, and less off-target effects in healthy tissues.
They do this by utilising the many transport and translocation strategies that viruses
and mammalian cells have devised. Therefore, thorough anti-infective investigations
are required to verify the efficacy and long-term safety concerns of emerging
bioengineered nanotherapies. The cellular and molecular events that dominate the
in vivo pharmacokinetic and biopharmaceutical profiles of the biomimetic
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nanotherapies now being produced should also be the subject of mechanistic stud-
ies. In light of recent developments in the life sciences and biological as well as the
modernisation of nanotechnology, it is essential to increase the variety and utility of
biomimetic nanoplatforms. Other state-of-the-art technologies, such as materials
genome, artificial intelligence, and computational design can be incorporated to find
more effective and beneficial nanoparticles based on bioengineering methodologies.
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Chapter 10
Green Nanotechnology Revolution
in Biomedical Application and Treatments

Lavanya Nallasamy, Girija Sangari Murugavelu, Santhosh Ganesh,
Praveen Kumar Nandhakumar, Deepika Krishnamoorthy,
Sriram Chandrasekaran, and Leeba Balan

10.1 Introduction

Green engineering and green chemistry are fundamental to green nanotechnology.
Wherever possible, less material and renewable inputs are used to limit the usage of
energy and fuel. Green nanotechnology greatly helps to the sustainability of the
environment and human health through the creation of nanomaterials and nano-
products (Verma et al., 2019). These green synthesized nanostructures have been
successfully used as biological agents by providing significant performance
improvements over their conventionally manufactured equivalents. Better clearance
from the organisms and compatibility are a few of these improvements, as well as a
mild synthetic technique that is both affordable and environmentally friendly (Cruz
et al., 2020). The green synthesis techniques for nanoparticles are simpler, less
expensive, more efficient, and environment friendly than chemical or microbe-
mediated synthesis. Most importantly, environmentally benign synthesis methods
paved way for reliable nanotechnology. Although there are many challenges and
issues with green nanotechnology, this does not diminish the benefits of a green and
sustainable approach (Khan, 2020).
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A large-scale, less-polluted product has been made possible by the conflation of
AgNPs employing a variety of sources, including bacteria, fungus, algae, and shops,
as a result of the exploding fashion ability of green technologies. In order to manage
size and help agglomeration, a circumscribing agent/ stabilizer, factory excerpts,
incentive, or bacteria are generally used in the environmentally benign and biocom-
patible process of “ green conflation” (Ahmad et al., 2019). Green chemistry is
defined as “the utilisation of the twelve principles that reduces and eliminates the
use or generation of hazardous substances in the design, production, and application
of chemical products and processes,” whereas green nanotechnology focuses on the
development and application of products in an environmentally friendly manner
(Karn & Bergeson, 2009). The application of environmental technology against
monitoring and assessment, pollution prevention and control and remediation and
restoration is the key component of green technology affecting both production and
consumption of the materials. It is analytical to reduce or eliminate the harmful
compounds to the environment by adapting certain human activities, which helps to
reduce the harm on the environment (Ayaz et al., 2014). Green chemistry offers
solutions for converting biological systems to environmentally friendly synthesis
methods while avoiding any related toxicity.

The field of green nanotechnology is a recent effort taken by the researches all
over the world to make use of nature’s ability to reduce the risk of nanomaterials
usage posing an environmental treat to the human health conditions. It also seeks to
encourage the replacement of current products with new nano-products that are
more environmentally responsible over the course of their lifetimes (Nasrollahzadeh
et al., 2019). With product design and the use of safer materials, it is possible to
develop nanomaterials to be more environmentally friendly, hence reducing any
potential dangers (Maksimovi¢ & Omanovi¢-Miklicanin, 2017). Green nanotech-
nology has the potential to save hundreds of millions of lives every year, so it should
be made widely accessible (Ikhajiagbe et al., 2021). A low-cost, environmentally
friendly agriculture technology called green nanotechnology has the potential to
increase output while using fewer pesticides. Uses in agriculture include improving
plant nutrient uptake, administering nano-pesticides to specific target areas and
detecting diseases (Igiebor et al., 2023). This will enable people to become perva-
sive and deliver fully automated goods and services for individuals, serving as a
cornerstone of social, technological, and economic development (Aithal & Aithal,
2021). Water treatment, climate change, renewable energy, solar energy conversion,
and pollution reduction all present significant environmental dangers. These issues
can be addressed with the help of the green nanoparticles. Given that it results in
more stable and environmentally friendly final products and is highly repeatable,
sustainable, and energy-efficient, green synthesis of nanoparticles is recognized as
an enhanced and distinctive technique in this regard (Bharti et al., 2022).
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10.2 Role of Gold Particles

Biological molecules including proteins and nucleic acids can interact with gold
nanoparticles due to their high surface area to volume ratio (Thipe et al., 2022).
Their usage in several biological applications, including medication administration,
cancer treatment, and diagnostic imaging, is a result of this feature. To selectively
attach to cancer cells and transport therapeutic drugs to the location of the tumor, for
instance, gold nanoparticles can be functionalized with targeting molecules such as
antibodies or peptides (Alhumaydhi, 2022; Hammami & Alabdallah, 2021). Another
usage for gold nanoparticles is in catalysis, where they serve as catalysts for various
chemical processes because of their special electrical and surface characteristics
(Aslan & Pérez-Luna, 2004). Gold nanoparticles are suitable for carbon monoxide
sensors because they can accelerate the oxidation of carbon monoxide to carbon
dioxide at ambient temperature (Menazea & Mostafa, 2020).

Historically, poisonous and dangerous compounds like sodium borohydride and
chloroauric acid have been used in chemical processes to create gold nanoparticles
(Raji et al., 2020). Yet, new developments in green nanotechnology have prompted
the creation of environmentally friendly processes that manufacture gold nanopar-
ticles using natural sources including plant extracts and microorganisms (Menazea
& Awwad, 2020). Overall, gold nanoparticles are a promising nanomaterial with
special qualities that make them beneficial in a variety of biomedical, electrical, and
energy-related applications (Krishnan et al., 2016).

10.3 Green Nanotechnology in Drug Delivery Approach

Green nanotechnology is a promising solution that involves the utilization of envi-
ronmentally friendly processes, living organisms, and biomolecules for the produc-
tion of nanomaterials (Medina-Cruz et al., 2020). Drug delivery systems (DDS) are
widely researched and developed to improve the effectiveness and delivery of active
pharmaceutical compounds, including drugs, vaccines, antibodies, enzymes, pep-
tides, and proteins (Kanwar et al., 2019). The field of “green nanomedicine” has
emerged as a result of the impact of green and environmentally friendly chemistry
on the nanotechnology-driven drug delivery sector. Research has demonstrated that
among the various green nanotechnology-driven drug delivery systems, nanometal
particles, polymers, and biological materials have received the most attention.
Moreover, the development of revolutionary materials for green nanodrug delivery
systems is underway, utilizing environmentally friendly chemical reactions or natu-
ral biomaterials like plant extracts and microorganisms. The use of green chemistry
principles and eco-friendly synthesis techniques with minimal side effects is being
prioritized in the design, synthesis, and application of these drug delivery systems
(Patel et al., 2022).
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Green nanotechnology is a field that combines engineering and green chemistry
principles to develop eco-friendly and safe nanoparticles without using toxic chemi-
cals. This approach offers various types of delivery systems, including quantum
dots, metallic and mesoporous silica nanoparticles, organic polymeric dendrimers,
solid lipid nanoparticles, and metal-organic frameworks (MOFs), without any asso-
ciated toxicity. Green nanodrug delivery systems have already produced innovative
materials that revolutionize the field by utilizing environmentally friendly chemical
reactions or natural materials (Nabipour and Hu (2020). A drug delivery system
based on nanotechnology offers an integrated platform for therapy, which improves
the physicochemical properties of drugs, combats multidrug resistance, and reduces
drug-related toxicity (Rajwar et al., 2023).

The field of nanotechnology has emerged as a highly active area of research due
to the wide range of applications, including catalysis, sensing, electronics, photon-
ics, and medicine. In recent decades, there has been significant attention on the
synthesis of nanoparticles. Since the nineteenth century, scientists have recognized
the potential of biological organisms to reduce metal precursors, although the
underlying mechanisms are not yet fully understood. Researchers have turned to
biological methods for nanoparticle synthesis because of their success in using nat-
ural reduction, capping, and stabilizing agents, as well as their ability to avoid harm-
ful chemicals and high energy consumption (Khan et al., 2022a, b). The combination
of biosensing platforms with drug delivery systems has resulted in efficient treat-
ment approaches for biomedical applications. Nanotechnology, which involves the
manipulation of materials at the nanoscale (1-100 nm), has significantly improved
these biosensing and drug delivery systems by leveraging the unique properties
exhibited by these materials (Noah & Ndangili, 2022).

10.4 Green Nanotechnology Evaluation
of Therapeutic Efficacy

Plants have garnered considerable interest as a source for creating nanomaterials
due to the presence of phytochemicals such as alkaloids, terpenes, saponins, phe-
nols, alcohols, and proteins that act as reducing and capping agents. By isolating
these phytochemicals, the reproducibility of size and shape-controlled nanomateri-
als can be improved. These bioactive nanomaterials have a diverse range of bio-
medical and pharmaceutical applications (Saravanan et al., 2021). The technology
aims to design reactions with high efficiency, utilize renewable materials and energy
sources, use safe solvents and reactants, and minimize waste production. Green
nanotechnology applies the 12 principles of green chemistry to develop new nano-
materials that provide economic, social, health, and environmental benefits
(Jahangirian et al., 2017). Depending on the components used for synthesis or
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structural aspects, nanoparticles can be categorized as polymeric nanoparticles,
liposomes, dendrimers, micelles, and inorganic nanoparticles. The fabrication
methods and properties of nanoparticles play a crucial role in their applications and
utility (Chenthamara et al., 2019).

To address human health-related diseases, the development of new and reliable
therapeutic drug delivery systems (DDS) is crucial. Nanotechnology-based DDS
with advanced features have been designed for biomedical, pharmaceutical, and
cosmeceutical applications. These DDS have shown enhanced bioactivity, bioavail-
ability, drug efficacy, targeted delivery, and improved safety compared to traditional
drug formulations. This novel technology has the potential to overcome the limita-
tions of traditional drug designs (MN Igbal et al., 2016). Targeted therapies have
shown great promise in reducing off-target toxicity and overcoming certain limita-
tions. Nevertheless, biological barriers within the human body continue to pose
significant obstacles to the successful delivery of these therapies (Khan et al.,
2022a, b).

10.5 Application of Green Nanotechnology in Biomedicine

Nanotechnology has numerous applications in various fields, such as biomaterials,
nanomedicines, nanoelectronics, environment, agriculture, and industries. It has
been widely used in healthcare for disease diagnosis and treatment, drug delivery,
and novel drug formulations.

10.5.1 Applications of Cobalt and Cobalt Oxide NPs

Cobalt and cobalt oxide nanoparticles (NPs) have various biomedical applications
because of their distinctive antioxidant, antimicrobial, antifungal, anticancer, larvi-
cidal, antileishmanial, anticholinergic, wound healing, and anti-diabetic properties.
Researchers have recently developed an environmentally friendly, secure, straight-
forward method that uses biotic resources like plant extract, microorganisms, algae,
and other biomolecules like starch and gelatin. These are naturally occurring cobalt
and oxide nanoparticles (NPs) have more benefits than other physicochemical
methods (Waris et al., 2021). Cancer is the second leading cause of human dysphoria,
after cardiovascular disease. CoNPs demonstrated promising anticancer properties.
Synthesized cobalt oxide NPs from Euphorbia tirucalli extract showed anti-prolif-
erative activity against MCF-7 breast cancer cell lines. Investigations into the poten-
tial of green synthesized CoNPs for wound healing revealed that the ointment form
of CoNPs has significant potential (Hou et al., 2020; Khalil et al., 2020).
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10.5.2 Applications of Gold and Silver Nanoparticles

Chemotherapy and radiotherapy, two common methods for treating cancer, have a
number of negative side effects, including drug toxicity, a lack of specificity, unpre-
dictability, and drug resistance. AgNPs produced from the Aerva javanica extract
combined with the anticancer drug (gefitinib) had greater apoptotic potency on the
MCEF-7 cells. The delivery of gefitinib by AgNPs increased drug efficacy while
decreasing side effects. AgNPs conjugated with anti-seizure medications were used
to treat infections of the central nervous system caused by brain-eating amoebae
(Naegleria flowleri) outside of the field of oncology. Anti-seizure drugs (diazepam,
phenobarbitone, and phenytoin) that are known to cross the blood-brain barrier
were added to the surface of AgNPs as capping agents and demonstrated general
anti-amoebic activity against both trophozoite and cyst phases (Simon et al., 2022).

AgNPs were synthesized using various plant extracts and AgNPs produced by
A. calamus (rhizome) exhibited increased activity against A431 carcinoma cells
among those extract-mediated AgNPs (Nayak et al., 2015). AgNPs mediated by
Artemisia vulgaris extract have biofilm reduction and anthelmintic activity. This
activity demonstrated the paralytic effect and could be used to treat biofilm formed
by multidrug-resistant pathogens (Ejaz et al., 2018).

10.5.3 Green Microwave Synthesis of ZnO and CeQ, Nanorods
Jor Infectious Diseases Control

In the microwave-assisted hydrothermal method of green synthesis, the Olea euro-
paea leaf extract is used as a natural medicinal capping agent to control the shape
and size of CeO, nanorods and ZnO nanorods. ZnO and CeO, nanorods synthesized
from green materials have an average crystallite size of about 15 nm. ZnO and CeO,
nanorods were tested against clinical pathogens for their antimicrobial activity.
Antimicrobial and anti-tumor activities were superior against hepatocellular carci-
noma cell lines. ZnO and CeO, nanomaterials can be effectively synthesized by the
green microwave process for many biomedical uses (Gharbia et al., 2022).

10.5.4 Applications of Tin Oxide Nanoparticles

Tin oxide nanoparticles have received a great deal of attention due to their numerous
applications. It can be used for antibacterial, antifungal, antiviral, anticancer, anti-
oxidant, drug delivery, and a variety of other biomedical applications. SnO2 NPs
were synthesized using a sugar apple (Annona squamosa) peel extract-mediated
process and their cytotoxicity against a hepatocellular carcinoma cell line was
investigated (HepG,). The results show that at the tested concentrations, SnO2
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nanoparticles have moderate cytotoxicity against hepatocellular carcinoma (HepG,)
(Roopan et al., 2015).

10.5.5 Platinum Nanoparticles on Biomedicine

Platinum nanoparticles have the potential to revolutionize cancer treatment. PtNPs
mediated by plant extracts containing essential oils, acids, alkaloids, and phyton-
cides are the most promising, with efficacy in various types of cancer. Aloe vera,
Catharanthus roseus, Capsicum annuum, Ocimum sanctum, and many other medic-
inal plants have shown to have anticancer properties. The combined effect of plati-
num nanoparticles capped by various herb compounds may enhance the anticancer
effect while eliminating the metal’s toxic effect (Mikhailova, 2022).

10.6 Applications of Green Synthesized Nanoparticles
in Biomedical Engineering

10.6.1 Bioimaging

Green synthesized nanoparticles have also shown potential in bioimaging. Thanks
to tailored surface properties and controlled release patterns, nanotechnology has
emerged as a promising strategy for diagnosis. Magnetic nanoparticles, such as iron
oxide can be used as contrast agents in imaging techniques such as MRI, CT, and
PET (Computed and positron emission tomography) (Hoskins, 2014).The iron
oxide magnetic NPs are also shown to be efficient in the early diagnosis of malaria
(Lyberopoulou et al., 2015). AgNPs synthesized from the extract of Achyranthes
aspera can be utilized as a sensor for the detection of thiocyanate ions that may be
present in contaminated water (Praveena & Kumar, 2015). AgNPs can also be used
for sensing melamine in milk to detect possible adulteration (Varun et al., 2016).
Gold nanoparticles synthesized using green methods from Osmundaria obtusiloba
are used in bioimaging and cancer therapy due to their good optical properties
(Rojas-Perez et al., 2015).

10.6.2 Tissue Engineering

Green synthesized nanoparticles have received much attention in tissue engineering
applications due to their unique physicochemical properties. Nanoparticles can be
used as scaffolds to support cell growth and tissue regeneration, for example, gold
nanoparticle-integrated scaffolds have shown superior physical and chemical



188 L. Nallasamy et al.

properties that make them a promising tool for tissue engineering (11). Green syn-
thesized zinc oxide nanoparticles extracted from Artemisia annua have been found
to enhance the proliferation, differentiation, and mineralization of osteoblasts,
which are responsible for bone formation. Thus, ZnO NPs show a great promise in
the treatment of bone deformities like osteoporosis (12). Meanwhile, green synthe-
sized chitosan-silver nanoparticles have been shown to have antimicrobial proper-
ties and can promote wound re-epithelialization and tissue regeneration, making
them ideal for enhancing wound healing (13).

10.6.3 Antibacterial Activity

Antibiotic resistance has become a major concern in modern medicine, since high
usage of antibiotics in recent times has led to the development of bacteria that are
resistant to commercially available antibiotic drugs. Particularly, the most signifi-
cant bacteria, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) have
become resilient to drugs (Ruparelia et al., 2018). Therefore, there is a need to
develop better bactericidal agents with better efficacy. Metallic nanoparticles have
proven to be a better substitute for antibiotics. Silver nanoparticles which were
developed using a green approach with Ganoderma lucidum (GL) extract showed
strong antibacterial activity against several strains of bacteria such as B. subtilis,
B. cereus, P. aeruginosa, E. coli, and S. aureus. Similarly, Zinc oxide nanoparticles
synthesized using an extract of Phoenix roebelenii leaves demonstrated significant
bactericidal effect toward several gram-positive (Staphylococcus aureus and
Streptococcus pneumoniae) and gram-negative (Escherichia coli and Salmonella
typhi) pathogenic bacteria (Aldeen et al., 2022). Nanoparticles exhibit their mecha-
nism of action against bacterial strains by inhibiting cell wall synthesis, breaking
down the cell wall and cell membrane, inducing oxidative stress via reactive oxygen
species within the cell, and causing protein and DNA denaturation (Slavin
et al., 2017).

10.7 Conclusion

Green-synthesized NPs show great promise, opening up new prospects not only in
biomedical research, but also in energy and environmental research. Metal and
metal oxide nanoparticles that are synthesized through green protocols have been
shown to have several benefits, including being biocompatible, lucrative, and effec-
tive. Additionally, these nanoparticles have demonstrated notable physical, chemi-
cal, and biological properties that can be effectively utilized in various pharmaceutical
and biomedical applications. Furthermore, the side effects of current treatments are
becoming a significant concern. However, the potential of the metal nanoparticles
still remains untapped for the most part as there are too many candidates of plant
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species that satisfy the requirements for nanoparticle synthesis. To address this
issue, the world is turning to new treatment options, and the development of green
nanotechnology appears promising. The release of such NPs into the environment
might cause odd behaviors; therefore, more scientific research is required in order
to thoroughly study the properties of biologically synthesized NPs.
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Chapter 11 )
Nanoparticles Function as Delivery
Systems for Immune Potentiation

Check for
updates

Sakshi Thakur, Vishal Mutreja, and Ajay Sharma

11.1 Introduction

Nanotechnology entails functional systems at the molecular level. Such systems
have distinctive electrical, optical, physicochemical and biological characteristics
that make them interesting candidates for applications in fields such as materials
science and biomedicine. In biomedicine, drug delivery systems (DDSs) entail the
administration of therapeutic or pharmaceutical components to a precise area of the
body with better efficacy and safety (Hong et al., 2020). Delivering therapeutic
components to the specific targeted site or cells is a noteworthy requirement for cur-
ing several ailments. A conventional DDS is sometimes characterized by a lack of
selectivity, poor biodistribution and limited efficacy. Therefore, the development of
drug delivery techniques could strategically use nanotechnology to expand the drug
market. Nanoparticles (NPs) are colloidal nanocarriers (NCs) of synthetic or semi-
synthetic polymers with a size of 1-100 nm, which are helpful in addressing con-
cerns about the delivery of both modern and conventional drugs (Sur et al., 2019).
NPs have been shown to possess better flexibility in accessing deep molecular tar-
geting tissues and in regulating drug release (Karuppusamy & Venkatesan, 2017).
When formulated properly, nanodrug particles can have greater adherence to bio-
logical surfaces, better saturation solubility, quick dissolution and resistance to set-
tling, all of which contribute to a faster beginning of therapeutic action and higher
bioavailability. In addition, the nanostructure’s surface contains the vast bulk of its
molecules (Bamrungsap et al., 2012). Most of the molecules within a nanostructure
are found on the particle’s surface, maximizing the delivery and loading tendency of
cargoes such as various therapeutic drugs, polynucleotides, enzymes, proteins and
genes to specific tissues or cells. Different types of nanostructures, including NPs,
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nanocomposites, nanotubes and nanofibres, effectively aid in the screening and
treatment of a wide range of disorders (Baskar et al., 2017a, b; Chamundeeswari
et al., 2013; Verma et al., 2012, 2013). Moreover, NCs with optimal biological and
physicochemical properties could be applicable for delivering presently available
bioactive chemicals, as cells can absorb them more readily than larger molecules
(Saman & Igbal, 2012; Zahin et al., 2020; Wilczewska et al., 2012). This chapter
elaborates the different classes of colloidal NCs, which play a significant role in
DDSs and are applied as a suitable factor for biological applications.

11.2 Nanocarriers as Drug Delivery Systems

NCs are the colloidal particle system of NPs that are frequently employed to carry
therapeutic agents or any other compounds to a targeted site (Qian et al., 2012). As
the size of microcapillaries in a body is 200 nm, NCs should be of a size less than
200 nm for their therapeutic applications in the body (Singh & Lillard, 2009). NCs
are inactive and typically regarded as a safe medium and thus offer good biocompat-
ibility, fewer side effects and many other physicochemical features (Kingsley et al.,
2006), depending on their composition, shape and surface (Sun et al., 2014). As a
result, they have a broad spectrum of drug delivery. Several types of NCs have been
reported to exhibit remarkable site-specific drug delivery (Mishra et al., 2010),
including applications such as enhanced pharmacokinetics and biodistribution,
enhanced solubility and stability, toxicity reduction and sustainability.

11.2.1 Types of NCs and Their Classification

NCs possess a high surface-to-volume ratio and are categorized as inorganic,
organic and hybrid NCs, which are further distributed into various classes (Fig. 11.1).

11.3 Inorganic NCs

Inorganic NCs have been classified into various types, including gold NPs (AuNPs),
ceramic and superparamagnetic NCs, quantum dots (QDs), mesoporous silica, car-
bon nanotubes (CNTs), etc. (Fig. 11.2). These NCs have enormous applications in
therapeutics and pharmacology, including biosensing, diagnostics, bioimaging, cell
labelling, biocatalysis and gene delivery and targeting (Santos et al., 2014). Inorganic
NCs also exhibit various other clinical applications, namely the treatment of tumours
(Shi et al., 2020), chronic myelogenous leukaemia (Ghosn et al., 2019), inflamma-
tory disease (Prosperi et al., 2017) and many others. In addition, the modification of
the size and arrangement of inorganic NCs can lead to remarkable plasmonic and
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optical properties (Goldenberg et al., 2020; Gellini & Feis, 2021). Moreover, its
composition with heavy metals could raise significant drawbacks which can lead to
chronic health diseases (Ma et al., 2015).

11.3.1 Gold NCs

AuNPs are inorganic NCs in which the inner core contains the gold atom and its
surface has negative groups. A monolayer of surface ligands can easily functional-
ize the surface for active targeting. AuNPs have surface biofunctionalization with
biomolecules, including proteins, carboxylic acid, enzymes and so on (Mohammed
& Al-Gawhari, 2020). These NPs display low toxicity and high surface area and
thus show greater drug-loading tendency. Due to the uniform dispersity of AuNPs,
they can reach the active targeted site and thus provide new delivery strategies.
AuNPs have shown tremendous biomedical applications in optics, chemotherapy,
photoacoustic imaging, gene delivery, photothermal therapy, etc. Furthermore, due
to their optical properties, biomolecules such as proteins, enzymes, peptides, carbo-
hydrates, genes and fluorophores can be attached to AuNPs, thus making possible
the effective delivery of AuNPs within the cell (Khandeliaetal.,2013). Developments
in the pharmacokinetics, pharmacology and biodistribution of AuNPs are also
imperative for enhancing their applications in medicinal drugs (Wang et al., 2004;
Qian et al., 2008; Garcia, 2011; Lu et al., 2010; Huang et al., 2006).
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11.3.2 Ceramic NCs

Ceramic NCs are made of inorganic materials having pore-like properties, such as
titania, silica and alumina (Medina et al., 2007; Nutter & Ratts, 1973). Silica has
been proven to have better features owing to its biocompatibility, easy synthesis and
surface modification (Bottini et al., 2007; Ohulchanskyy et al., 2007). Well-
understood silane chemistry also makes it easier for drugs to cross-link with silica
particles (Slowing et al., 2007). Furthermore, NCs of mesoporous silica are porous
structures with a two-dimensional network of several mesopores, which resembles
a honeycomb. Recent studies have shown that these NCs show exclusive biocom-
patibility in pharmacological applications as compared to amorphous silica materi-
als of low biocompatibility (Descalzo et al., 2006; Trewyn et al., 2007). To deliver
drug molecules at levels that are pharmacologically efficacious after the vehicle has
been localized in the cytoplasm, it is preferable to have effectual control over their
release. To accomplish this, it is advantageous to be able to selectively functionalize
the internal nanochannel surface of mesoporous silica and their exterior particle
surfaces (Angelos et al., 2007). To attain tissue specificity, the mesoporous silica
surface can be modified with cell-specific moieties, such as organic compounds,
peptides, antibodies and aptamers. Furthermore, versatile DDSs can be created
using optical and magnetic contrast agents (Slowing et al., 2008).

11.3.3 Carbon-Based NCs

Carbon-based NCs have a tube-like assembly of carbon atoms. CNTs are consid-
ered carbon-based nanocarriers, which act as an excellent source of delivering
drugs, due to their unique biological and physical-chemical features. CNTs belong
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to the family of fullerenes, which are made by wrapping graphene sheets into a
tube-like shape (Bianco, 2004). CNTs are suitable for numerous applications due to
their high surface area with ultralight weight, nano-sized needle structure, high
aspect ratio and thermal, mechanical, electrical and distinctive chemical properties
(Ng et al., 2016; O’Regan & Gratzer, 1991). Moreover, their surface modification,
structural flexibility and stability make them effective agents for destroying cancer
cells. According to that theory, anti-cancer medications like paclitaxel are frequently
encapsulated in or linked to functionalized carbon nanotubes (Liu et al., 2008;
Thiruvengadam et al., 2021).

11.3.4 Quantum Dots

Elements such as Te, Se, Zn, As, P and so on are included in QD formulation and
are considered energy carriers (Corrocher et al., 1975). The emission of light in the
ultraviolet (UV) region is dependent on the quantum dot’s size; for example, small-
size QDs (~2 nm) lead to the emission of blue fluorescence, whereas large-size QDs
(~5 nm) emit red fluorescence. Their optical quality sets them apart from other
organic dyes, and thus, they can be utilized for cell imaging. For instance, the in vivo
targeting of rat tumour vasculature uses a quantum dot—peptide conjugate (Akerman
et al., 2002). In addition, QDs are known for their effectiveness as delivery and
reporting systems (Christian et al., 2003; Derfus et al., 2007). In the charge transfer
process, these colloidal nanocrystals are used as an energy transfer quencher
(Medintz et al., 2009), chemiluminescence resonance energy transfer acceptors
(Freeman et al., 2011) and quantum dot—fluorescence resonance energy transfer
system (Geibler et al., 2010).

11.3.5 Magnetic NCs

Magnetic NCs have shown an extensive range of applications for the diagnosis and
treatment of diseases that pose risks to human life, such as cancer and neurological
and cardiovascular conditions (Stergar et al., 2019; Abulibdeh et al., 2019;
Almessiere et al., 2018a). These NCs work by magnetic absorption of specific tis-
sues. They consist of supermagnetic and magnetic susceptibility and super-
saturation properties (Uzek et al., 2019; Almessiere et al., 2018b; Advanced C,
2022). In contrast to metal oxide NPs, metal NPs are often more magnetic. They are
used in biosensing. Among superparamagnetic and paramagnetic NPs, the former
are more susceptible to magnetic fields than the latter. These NCs show good bio-
compatibility and offer good ease of surface modification and are considered for use
in biomedical and industrial applications (Kianfar, 2021).
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11.3.6 Mesoporous NCs

Mesoporous NCs have a porous honeycomb-like structure, which makes it possible
to incorporate more drug molecules into them. These NCs have been applied in the
biomedical industry due to their accessibility and simplicity. Both hydrophilic and
aquaphobic drugs can bind to a ligand for targeted drug administration and can be
encapsulated by mesoporous NCs (Li et al., 2017). Mesoporous silica possesses
thermochemical properties and shows good biocompatibility, a large porous vol-
ume, a high surface area and drug-loading capacity (Wang et al., 2015). Some of the
anti-cancer drugs such as camptothecin and methotrexate are proficiently distrib-
uted by using mesoporous silica.

11.4 Organic NCs

Organic NCs possess good drug-loading capability, biocompatibility and less toxic-
ity. The first-generation NCs were basic excipients called polymeric NCs (PNCs)
and liposomes that were used for drug delivery. Moreover, liposomes and micelles
can amass at the specific spot due to their improved permeability and retention
impact (Peng et al., 2020). Figure 11.3 shows the various classes of organic
drug NCs.

11.4.1 Solid Lipid NCs (SLNCs)

Solid lipid NCs (SLNCs) are submicron spherical colloidal carriers with a typical
size of nearly 40-1000 nm. SLNCs are composed of solid biodegradable lipids and
biocompatible material (Liu et al., 2010). These are non-toxic alternative lipophilic
colloidal drug carriers (Yadav et al., 2013). SLNCs are formed by dispersing melted
solid lipids in water, followed by their stabilization with the addition of emulsifiers
through the process of high-pressure homogenization or microemulsification (Yadav
et al., 2013; Malam et al., 2009). Mono-, di- or triglycerides; steroids; free fatty
alcohol or acids; and wax are some of the solid lipids used for the production of
SLNCs, as shown in Fig. 11.4 (Torchilin, 2011; Rouco et al., 2020; Méder &
Mehnert, 2004).

SLNCs can be classified into two types: solid lipid NPs (SLNPs) and nanostruc-
tured lipid carriers (NLCs) (Naseri et al., 2015; Schwarz et al., 1994). Solid lipids
are the major components of SLNPs, whereas NLCs contain solid and liquid lipids
(Miiller et al., 2002). SLNPs can carry both micro- and macro-molecules (protein
and peptides) (Mu & Holm, 2018), using appropriate excipients and adopting suit-
able method of formulation or preparation, whereas NLCs are designed to improve
the shortcomings of SLNCs (Das & Chaudhury, 2011; Kim et al., 2005). The drug
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loading and release profile are both significantly impacted by the change in the lipid
composition of SLNCs (Das et al., 2012; Balguri et al., 2016). Molecular drugs can
be integrated into the matrix, shell or core of the solid lipid depending on the manu-
facturing conditions and conformation. Due to their versatility, SLNCs can over-
come the limitations of conventional chemotherapy (Hallan et al., 2016). SLNCs,
when loaded with curcumin, have also been investigated for breast cancer treatment
(Wang et al., 2018). Furthermore, ionic and hydrophilic anti-cancer drugs can now
be added to lipophilic drugs using SLNCs. These can also be utilized in parenteral
and oral drug delivery (Chamundeeswari et al., 2019). SLNCs have provided value-
added advantages as drug carriers in the field of pharmaceutics (Yaghmur &
Mu, 2021).

11.4.2 Liposomes

Liposomes are the colloidal spherical structure made up of self-assembled phospho-
lipids or amphiphilic lipid molecules (Guimaraes et al., 2021; Sebaaly et al., 2016).
Liposomal NCs possess a size of 50-100 nm. The liposomal membrane is com-
posed of lamellas, that is, unilamellar or multilamellar lipid bilayers, forming a
spherical vesicle (Nisini et al., 2018; Laouini et al., 2012). The lipid bilayers serve
as the vehicles for hydrophilic and lipophilic drug delivery at the specific site.
However, in systemic circulation, these molecules possess limited half-life.
Therefore, polymeric molecules like polyethylene glycol (PEG) can be used to coat
liposomes to create PEGylated liposomes or stealth liposomes. The stealth lipo-
somes can evade the reticulate endothelial system owing to their long stability in
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blood, which results in producing sustained drug release (Torchilin, 2000).
Liposomes ultimately enhance the biodistribution and pharmacokinetics of incorpo-
rated drug molecules (Wang et al., 2012). Moreover, because of their structural
versatility, biocompatibility and non-immunogenic nature, they are well sought as a
good drug delivery agent. The amphiphilic nature of phospholipids in solution is
similar to that of natural cell membranes, and this results in an effective interaction
of liposomes with mammalian cell membranes to promote cellular absorption
(Laouini et al., 2012). Liposomes are capable of carrying large drug payloads and
have a wide range of physicochemical properties (Sercombe et al., 2015). Liposomes
have enhanced biomedical and therapeutic properties that enable the biodistribution
of drugs to the target site in vivo (Hua & Wu, 2013; Ding et al., 2006).
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11.4.3 Polymeric Micelles (PMs)

Polymeric micelles (PMs) are the multifunctional NPs (10-100 nm) formed by the
spontaneous association of di- or tri-block polymeric components (copolymers) or
synthetic amphiphilic surfactants in an aqueous milieu to form micelle core—shell
structures. A micelle’s hydrophobic inner core is enclosed by a shell of hydrophilic
polymers such as polyethylene glycol. The hydrophobic inner core contains amphi-
philic and poorly water-soluble drugs, whereas the hydrophilic shell stabilizes the
core. However, the hydrophilic shell of PMs allows solubility in aqueous media and
modulates in vivo pharmacokinetics (Begines et al., 2020; Majumder et al., 2020).
Until now, various drug components can be incorporated in PMs via covalent/chem-
ical attachment (Wu et al., 2012) or physical attachment (Din et al., 2017; Batrakova
et al., 1996; Nakanishi et al., 2001). PMs can be prepared by oil-in-water emulsion,
dialysis, cosolvent evaporation, freeze-drying and solvent evaporation methods
(Rapoport, 2007). PMs have been thought of as suitable NCs for the controlled
release of biomedical drug delivery (Kaur et al., 2022). Anti-cancer medications are
aquaphobic, and PMs can entrap these aquaphobic drug components within their
core, which ultimately increases their water solubility. Drugs can be loaded into
micellar systems with efficiency and ease via physical entrapment. Several antican-
cer medications, such as doxorubicin and paclitaxel, have been physically trapped
for ultrasonic delivery in PMs (Rapoport et al., 1999a, b, 2000). In addition,
PM-based nucleic acid carriers have been studied as nucleic acid therapeutics per-
mit for therapeutic modulation of gene expression (Jarak et al., 2021; Toscanini
et al., 2021; Howard et al., 2006).

11.4.4 Dendrimers

Dendrimers are multivalent globular nanoscale macromolecules with an initiator
core in the centre, forming a star- or tree-like shape (Pawar et al., 2020), with a size
of 1-10 nm. They have active terminal groups and provide a high range of surface
functionality. Dendrimers are made up of nucleotides, amino acids and sugar mol-
ecules. The core cavities encapsulate the drug molecules within them via chemical
interaction, hydrophobic bonds and hydrogen (H) bonds or are attached to the active
terminal groups by covalent bonds. This class of NCs is used to encapsulate drugs
like rifampicin, which are further used for the treatment of tuberculosis due to their
structural applications (Mignani et al., 2018). Numerous anti-cancer medications,
including dox and cisplatin, coupled with dendrimers create improved anti-cancer
activity (Lai et al., 2007). Dendrimers play a significant role in DDS which include
Oral drug delivery, transdermal drug delivery, ocular drug delivery, targeted gene
delivery, and anticancer drug delivery (Mathur et al., 2015).
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11.4.5 Polymeric Nanocarriers

Polymeric NCs (PNCs) are made from biodegradable synthetic polymers, semi-
synthetic polymers or natural polymers. Figures 11.5 and 11.6 show the different
classes and chemical structures of synthetic PNCs, respectively (Avramovi¢ et al.,
2020; Wang et al., 2009). The solid colloidal PNCs can act as a reservoir type for
nanocapsules that diffuse or encapsulate the molecular drugs in the matrix of poly-
mers, that is, nanospheres (Prabhu et al., 2015). PNCs undergo a polymerization
reaction involving several monomer units (Calzoni et al.; Zhu & Liao, 2015). When
compared to other NCs, PNCs provide better stability, good drug payload tendency,
adequate half-life in systemic circulation and prolonged drug release. To target can-
cerous cells, an anti-cancer medicine like dox is encapsulated inside PNCs.
Physicochemical changes in the polymeric source can improve the regulated release
of the medication. Multifunctional PNCs can also be made, which allow for the
inclusion of various medications within them (Zhu & Liao, 2015; Nelemans &
Gurevich, 2020). PNCs allow the active and passive modes of drug delivery, provide
high concentration of drug delivery and preserve constancy of volatile pharmaceuti-
cal agents (Lépez-Davila et al., 2012).

11.5 Hybrid NCs

The combination of more than two organic and inorganic NCs, either organic—
organic or inorganic—inorganic NCs, are termed as hybrid NCs. These NCs over-
come all the disadvantages of the individual ones by incorporating two or more NPs
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Fig. 11.5 Different classes of PNCs
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together (Qian et al., 2012). This can be seen in the case of liposomes. Being unsta-
ble, liposomes are easily removed from the bloodstream, which makes them less
effective. On the other hand, using hybrid liposomes can solve such problems.
Further, these are classified into lipid polymer hybrid and ceramic polymer hybrid
(Peer et al., 2007). During the selection of NPs to form hybrid NCs, various param-
eters should be followed such as drug type to be conjugated, site of action, physio-
logical barrier while delivering the drugs and stability and solubility of the NCs.
These hybrid NCs offer larger bioavailability of therapeutic substances with fewer
adverse effects. Some of the most important examples of hybrid NCs are mesopo-
rous silica NP-lipid bilayer hybrid NC system, which is useful for intracellular
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delivery of zoledronic acid with a high retention rate in breast cancer and prevention
of the premature release of drug (Desai et al., 2017).

11.6 Safety Concerns and Future Perspectives

With advancements in the field of nanotechnology, a new field has emerged which
is nanotoxicology. As the name suggests, nanotoxicology is concerned with the
toxic effect of nanomaterials on biological systems. Some of the studies have shown
that nanomaterials lead to the formation of free radicals that can further damage our
brain cells and can also cause unnecessary penetration through the epidermis. This
can lead to many other toxic effects on the biological system (Shvedova et al., 2011;
Niemeier et al., 2006; Oberdorster et al., n.d.; Lovri¢ et al., 2005). This is a serious
obstacle confronted by pharmaceutical companies during NP formulation and encap-
sulation. Nanomaterials have great potential as nanomedicines because of their many
advantages. Thus, a well-defined database is required to be followed by the experts,
which should contain information about the nano DDS, storage, handling protocols
and most importantly its toxicology towards biological systems (Kirchner et al., 2005;
Choi et al., 2007; Chang et al., 2007). Moreover, a detailed investigation over the
issues related to their shape, size, production and surface characterization should be
performed to enhance their bioavailability and long-term advantages.

11.7 Conclusion

Pharmaceutical nanocarriers including micelles, nano emulsions, liposomes, PMs,
NPs, etc., exhibit a wide range of beneficial properties, which includes longevity in
blood, enabling their desired concentration in pathophysiological areas with the
compromised vascular system; precise affected site targeting (due to various target-
ing ligands linked to the NCs surface), and many more. NCs have shown high effi-
cacy and biocompatibility compared to traditional DDSs. Potential for creating
extremely effective and precise systems for medications, diagnostics and genetic
agents using pharmaceutical nanocarriers is practically limitless. Thus, the combi-
nation of nanotechnology and medicinal drugs has produced an offspring that is
expected to lead to significant advancements in the treatment of several ailments. It
is crucial to comprehend how the biodistribution of NCs affects the body’s intricate
biological network and mass transport throughout the compartmental boundaries. In
addition, the development of a toxicological catalogue to facilitate safety and haz-
ard assessments is essential for the healthy progress of this area. A well-defined
database can be of great importance to formulate more nanodrugs. In a nutshell,
NC:s are the future of DDS owing to their specificity and effectiveness in treating a
wide range of diseases, as well as their numerous therapeutic uses.
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Abbreviations

BSA Bovine Serum Albumin

CNTs  Carbon nanotubes

DLS Dynamic light scattering

GNPs  Gold nanoparticles

HIV Human Immuno Deficiency Virus
P phosphorous

pDNA  Plasmid DNA

PEG Polyethylene glycol

S Sulfur

SEM Scanning electron microscope
SiRNA  Small interfering RNA

TEM Transmission electron microscopy

12.1 Introduction

Gold nanoparticle (GNP) bioconjugation has emerged as an important method for
the advanced identification of pathogens (Pissuwan et al., 2010). Unique optical and
surface properties and consistency make GNPs an unavoidable vessel for bioconju-
gation. Many scientists have studied the antibody bioconjugation of GNP to apply
as a detector to find specific type of bacteria. Recently, antibody-conjugated GNPs
have been synthesized for the detection of protein markers via tissue imaging and
immune capture assays. In antibody-conjugated GNPs, antigens were tagged and
noted from gold ions generated by laser ionization mass spectroscopy (El-Sayed &
Huang, 2005). According to the researchers, GNPs can be applied as adjuvants to
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increase the effectiveness of vaccines (Dykman, 2020). It has been done by stimu-
lating antigen-presenting cells and controlled antigen release. According to the
reports, GNPs have been applied to synthesize antibodies and vaccines against more
than 45 types of pathogens of viral, bacterial, and parasitic infections. GNPs as car-
riers and as adjuvants help increase the immune response and support vaccine
design. GNPs have been used as antigen carriers for immunization and vaccination
in the last few decades. Due to their low toxicity, simple preparation, and unique
physicochemical properties, they are applied in the biomedical field. According to
the earlier reports, adjuvant characteristics are inherited in GNPs. This chapter dis-
cusses their synthesis, functionalization, and applications (Fig. 12.1).

12.2 Synthesis and Properties of GNPs for the Synthesis
of Antibodies and Vaccine Development

12.2.1 Synthesis of GNPs

There are two methods for synthesizing GNPs: the top-down and bottom-up
methods.

12.2.1.1 Top-Down Approach

It is a subtractive method, beginning with the segregation of bulk materials and end-
ing with self-assembled nanoscale objects, for example, micropatterning and photo-
lithography (Fu et al., 2018). The top-down approach is fast, but the main concern
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is about achieving a uniform size during the synthesis. Recently developed micro-
contact deprinting overcomes the limitation. It is a fast and cheap method to synthe-
size NPs on a wide range of substrates. Other methods such as pyrolysis, lithography,
radiation-induced method, and thermolysis are also used for synthesis.

12.2.1.2 Bottom-Up Approach

The bottom-up approach is an emerging method. It involves three types of syntheses.

1. Physical Approach: Tt involves microwave irradiation, ultrasound irradiation,
ultraviolet irradiation, laser ablation, ion implantation, and gamma irradiation
(Bandi et al., 2023).

II. Chemical Approach: Tt involves chemical irradiation of metal ions in solution
by adding stabilizing agents, chemical agents, etc. Stabilizing agents include
sodium borohydride, sodium hydroxide, lithium aluminum hydroxide, and eth-
ylene glycol (Huang & Yang, 2004).

III. Biological Approach: In this approach, intracellular and extracellular extracts
of eukaryotic and prokaryotic cells and various extracts from the parts of the
plants are used (Patil & Kim, 2017).

12.2.2 Properties of GNPs

GNPs are used to synthesize antigen carrier systems for immunization. They are
easy to synthesize and exhibit unique physicochemical properties. GNPs are used in
different therapeutics and other applications as they can convert electromagnetic
radiation to heat. GNPs display a unique surface area, size, and shape. They also
possess high uptake efficiency (Jain et al., 2006). Therefore, they can penetrate into
blood vessels and tissue barriers and reach the targeted sites. GNPs possess a large
surface area and can be effectively applied in biomedical applications. They are
applied in drug delivery, therapeutics, photothermal, and gene transfer agents. GNPs
possess properties such as biocompatibility and can be easily conjugated with other
main biological materials. In recent decades, they have been used in designing vac-
cines and other functionalizations. The main advantage of using GNPs in vaccine
development is their ease of usage and functionalization only. These vaccines
exhibit promising outcomes and can be used to treat diseases ranging from infec-
tions to cancers. Due to their biocompatibility, they can be used for in vitro and
in vivo applications (Jia et al., 2017). When GNPs are allowed to bind with biomol-
ecules, a new version of facile tracking of desired targets in aqueous samples can be
obtained.

GNPs are applicable as an efficient antigen carrier system for immunization.
Size, shape, geometry, and functionalization affect GNP functions. GNPs have
unique properties such as biocompatibility and large surface area. They deliver
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antigens to dendritic cells. This facilitates the immune response. GNPs are less toxic
and inert in nature. They can be easily modified with proteins, peptides, and
enzymes. For vaccine development, GNPs are used as adjuvants to enhance the
immune response. GNPs show less toxicity in mammals (Murphy et al., 2008).
They can be used as vaccine delivery vehicles. This is because of their biocompati-
bility and easy functionalization with antigens.

12.3 Functionalization of GNPs

GNPs are functionalized in numerous ways, which helps to design antibodies in
vaccine development or in drug delivery systems. In general, GNPs covalently bind
to the drug through cleavable bonds. The method used for drug delivery is very
important. More important is the modification of the monolayer of GNPs. Presently,
functionalization of GNPs includes the addition of functionalization of groups such
as polyethylene glycol (PEG), bovine serum albumin (BSA), oligonucleotide, albu-
min, amino acid, and antibiotics (Tiwari et al., 2011). In PEGylation, GNPs are
conjugated with PEG alone or with some molecules to confirm the cellulose uptake
of GNPs effectively. Functionalized GNPs are very efficiently used for targeted
drug delivery. Similarly, GNPs are conjugated with peptide/amino acids for targeted
delivery systems. They include aspartic acid, lysine, glutamic acid, phenylalanine,
and L-cysteine (Wangoo et al., 2008). Ammonium ions in the amino acids exhibit
higher targeted drug delivery. Functionalization of GNPs with different molecules
(Fig. 12.2) helps to increase the multilevel characteristics, physicochemical charac-
teristics, etc.

GNPs have more applications in vaccinology. They can act as adjuvants and
delivery agents and enhance the immune response with less toxicity (Table 12.1).

12.4 Characterization of GNPs Functionalized
with Antibiotics

GNP characterization can be observed by a visual color change. The characteriza-
tion of GNPs is done by two methods: (a) spectroscopic methods and (b) micros-
copy methods. Spectroscopic methods include techniques such as ultraviolet—visible
(UV/Vis) spectrophotometry, X-Ray diffraction (XRD) analysis, energy-dispersive
X-ray spectroscopy (EDXS), small-angle X-ray scattering (SAXS), and Fourier
transform infrared (FT-IR) spectroscopy (Balasubramanian et al.,, 2010).
Microscopic methods involve scanning electron microscopy (SEM), tunneling elec-
tron microscopy (TEM), high-resolution TEM (HR-TEM), and atomic force
microscopy (AFM). FT-IR spectroscopy was used to analyze the nature of binding
of antibiotics to GNPs. Dynamic light scattering is used to analyze the size
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Fig. 12.2 Functionalization of GNPs
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Table 12.1 Morphology and application of functionalized GNPs

Dyes

Morphology of
GNPs Application Experiment | Functionalization References
Sphere Adjuvant In vivo Polyinosinic/polycytidylic Tazaki et al.
acid (PolyIC) (2018)
Sphere Bacterial In vivo Oligosaccharides Safari et al.
infection (2012)
Sphere Cancer In vivo Disaccharides Brinas et al.
(2012)
Sphere Viral In vivo Proteins Tao et al.
(2014)
Sphere Parasitic In vivo CHrPfs25 Kumar et al.
(2015)

distribution of GNPs, and the purity and the crystalline nature are confirmed by
XRD analysis. It also provides the data to find the particle size. Chemical composi-
tion of GNPs is confirmed by EDXS. EDXS and SAXS are used to measure the
interparticle distance of GNPs. They help in tumor imaging and tissue engineering.
Surface morphology, shape, and size of the particle are analyzed by SEM, TEM,
and AFM. SEM gives information about the particle at the nanoscale, and TEM
gives information about the material layer composition, size, volume, and shape of
NPs. HR-TEM is used to measure the size, shape, and crystalline structure of NPs.
AFM gives information about the topography of NPs.
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12.5 Applications of GNPS

Vaccination plays an important role in the protection of the immune system against
different infections caused by pathogens. Here mainly used diagnosis method is
called the immunochemical method (Dykman & Bogatyrev, 2007). It completely
depends on the use of pathogen-specific antibodies. Recently, the most demanded
antigen nanocarrier for vaccination and immunization has been only GNPs. It is
mainly due to their low toxicity, high specificity, and ease of synthesis. GNPs are
used to synthesize antibodies and vaccines against bacterial, viral, and parasitic
infections (Carabineiro, 2017),

12.5.1 Designing Antibacterial Vaccines

Due to the emergence of drug resistance in bacterial pathogens, researchers are try-
ing to find an alternative for antibiotics or new antibacterial agents (Roshmi et al.,
2015). The development of nanoparticle-based therapeutic medications helps to
provide treatment for drug-resistant bacteria. They include gold, silver, titanium,
copper, and zinc oxide (ZnO). GNPs are mostly preferred due to their surface prop-
erties, low toxicity, high stability, optical properties, etc. They are successfully
applied against bacterial and fungal infections (Santhakumar & Koperuncholan,
2019). GNPs are good drug carriers due to their antibacterial properties. They dis-
play photothermal effects that can kill bacteria within a short span of time. Surface
functionalization of GNPs increases their properties, and it also increases their anti-
bacterial characteristics (Vijayakumar & Ganesan, 2012). Antibacterial drugs can
bind with GNPs through covalent and noncovalent bonds and act as antibacterial
agents that display high antibacterial properties. The main advantage of GNPs is
that, at certain concentrations, they did not show any toxic effects on normal cells.
GNPs also exhibit antibacterial properties against multidrug-resistant bacteria.

12.5.2 Use of GNPs in Antiviral Immunization

GNPs are a major tool of virologists and are used for the synthesis of antiviral
vaccines.

12.5.2.1 Human Immunodeficiency Virus (HIV)
For treating HIV, 2G12 antibiotics called GP120 are used. GNPs were efficient to

bind to this antibiotic. GNPs carried with thiol-terminated oligosaccharides have
been used for synthesizing HIV vaccines (Dykman, 2020).
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12.5.2.2 Hepatitis B

For this HBs Antigen DNA coated with GNP was injected to the epidemic cells for
the cure. GNPs act as adjuvants and help to trigger fast antibody production
(Negahdari et al., 2019).

12.5.2.3 Hepatitis C

The hepatitis C vaccine was synthesized by using plasmonic GNPs activated by an
electrical discharge. It helps to increase pore formation on the cell membrane (Paul
etal., 2014).

12.5.2.4 Dengue

GNPs in different sizes such as 20 nm, 40 nm, and 80 nm are used against dengue
viruses (Fig. 12.3). GNP conjugation with small interfering ribonucleic acid
(siRNA) helps to promote the stability and delivery of siRNA and develops a high
immune response (Sengupta et al., 2022).

12.5.3 Application of GNPs in Anti-parasitic Inmunization

GNP-based antibiotics and vaccines in parasitic diseases are still being explored. In
general, parasitic infections are caused by Plasmodium falciparum and cause deaths
worldwide. GNP-conjugated antigens with GNP nanovaccine formation help to
treat this type of infection.

Fig. 12.3 Different shapes
of GNPs

R

Nanostars

4

Nanoplates
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12.5.4 Therapeutics

The main issue is bacterial resistance toward antibacterial drugs. GNPs are taken up
by immune cells because of their strong cell affinity. These GNPs specifically
deliver at the infected area, enhancing bacterial inhibition, and cause damage to the
microbial pathogens. GNPs are used as antioxidants too. They block the formation
of reactive oxygen species (ROS) and increase the antioxidant activity of defensive
enzymes. For cancer therapy, photothermal treatment (PTT) is used wherein GNPs
are embedded within the tumor and produce heat in response to the laser effect. PTT
is an important method for cancer treatment (Riley & Day, 2017).

12.6 Recent Developments in the Experimental
and Theoretical Areas of Antibiotic
GNP Functionalization

Bacterial resistance is a major issue in global public health concerns. It leads to find-
ing new antibacterial agents accordingly. In recent decades, nanomaterials have
been proven to be highly effective for antibacterial applications. GNPs have got a
special attention due to their less toxicity, easy fabrication, and biological inertness.
Now, major studies are related to antibiotic functionalized GNPs and their advan-
tages toward antibiotic-resistant bacterial cells. It was found that antibiotic func-
tionalization helps to increase the photothermal stability (Pattani & Tunnell, 2012).

Antibiotics are used against bacterial infections. They either prevent or kill bac-
terial cells, for example, in diabetic patients, chemopatients, and arthritis patients
(EI Domany et al., 2018; Sekar et al., 2022; Lima & Reis, 2015). Bacterial cells
develop resistance towards some antibiotics, which is a large threat to the human
health. The main reason behind antibiotic resistance is the misuse and overuse of
antibiotics and the absence of new drugs. Variation in antibiotic concentration is
also the reason behind antibiotic resistance, which causes changes in gene expres-
sion, horizontal gene transfer (HGT), etc. (Chen et al., 2014; Das & Patra, 2017;
Shwartz et al., 2017).

12.7 Application of GNPs in Medicine
and Antibiotic Developments

Colloidal GNPs are very efficient in the application of biological and medical stud-
ies. There are other nanomaterials that can be used as antibacterial agents. They
include ZnO, titanium dioxide (TiO,), silver, etc. (Zhang et al., 2008; Xu et al.,
2020; Kim et al., 2016). GNPs are highly preferred due to their good functionaliza-
tion with thiol-, amino-, and carboxyl-containing antibiotic molecules (Lin et al.,
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2004; Ghosh et al., 2008; Liu et al., 2005). Real GNPs do not show any antibacterial
activity. Surface functionalization with different molecules makes them good anti-
bacterial agents. This functionalization involves two approaches: ex situ and in situ
(Table 12.2).

12.8 Drug Delivery by GNPs

Nanomedicine exhibits good clinical performance with less tissue toxicity. GNPs
are very efficient nanocarriers for different drugs such as plasmid deoxyribonucleic
acid (pDNA), siRNA, proteins, and peptides (Song et al., 2010; Kim et al., 2013;
Huo et al., 2014). The surface area of GNPs is increased by the functionalization of
GNPs with different methods such as carboxylation, amination, and sulfonation
(Chen et al., 2010; Garaiova et al., 2021).

12.8.1 Plasmid Deoxyribonucleic Acid (pDNA) Vector Delivery

Here, GNPs are conjugated with functionalized DNA. These DNA—-GNP conjugates
are very efficient as drug carriers and applied in biosensors and drug delivery (Ross
etal., 2012; Miao et al., 2017; Tatumi & Fujihara, 2005). DNA is covalently bonded
with GNPs, which enriches their stability. Functionalization of GNPs with

Table 12.2 Characteristics of ex situ and in situ functionalization

Ex situ

In situ

Grafting of antibiotic-functionalized GNPs proceeds
by two or more than two steps.

Conjugation is continued by either Au—N interactions,
Au-S interactions, electrostatic interactions,
adsorption, or coupling reaction.

Au-S thiol-containing ligand interactions are possible
as the deprotonated sulfthydryl group makes the
Au-thiolate bond between Au and S.

In Au—N interactions, the amino group of the antibiotic
is involved in conjugation with GNPs.

Electrostatic adsorption method involves the attraction
of counter ions by Coulombic forces. Physical
adsorption is a reversible process where the adsorbates
are attached to the GNP surface by van der Waals
forces, for example, neomycin-conjugated GNPs.

Antibiotic molecules are mixed during
GNP preparation

In situ grafting is carried out in two
ways.

The first step is in situ reduction or
capping by antibiotic molecule. It is a
one-step, green, and less labor-
intensive method for the synthesis of
antibiotic-conjugated GNPs. This
method mainly depends on some
parameters such as pH, concentration,
temperature, antibiotic gold precursor
molar ratio, etc. This molar ratio leads
to the change in the shape of the GNPs.
The second method is in situ reduction
by reducing agents and capping by
antibiotic molecule. This is a one-step
process. In this method, separate
reducing agents are required along with
antibiotics.
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oligonucleotides helps to develop NP dimers and trimers that contain a sequence
drug carrier pattern (Xu et al., 2006; Giljohann et al., 2007; Pei et al., 2012). The
GNP-DNA covalent linkage helps to increase their stability under DNA denaturing.

12.8.2 Ribonucleic Acid (RNA) Delivery

RNA is used against HIV, cancer, etc. Cancer has been treated by micro-RNA-GNP
drug delivery to the targeted affected area (Sdnchez-Visedo et al., 2020; Yin et al.,
2016; Eissa et al., 2014). GNPs are used to deliver RNA to the targeted site. Small
interfering RNA (SiRNA) delivery needs a vector system that has a specific target
system and excellent biocompatibility (Lytton-Jean et al., 2011). GNPs help to
cover siRNA from enzymatic degradation and mediate gene silencing. Peptides can
be easily conjugated to Au—S bonds and can be used effectively due to low toxicity
(Rajchakit & Sarojini, 2017).

12.9 Advantages of GNPs as Future Smart Materials

Some of the major advantages of using GNPs in biomedical field include the
following:

e Simple and easy synthesis.

» Easy surface functionalization to graft and modify an array of ligands for multi-
ple functionalities such as targeted delivery.

* For the application of contrast imaging and thermal ablation, the physicochemi-
cal properties of gold core are ideal.

* Well-engineered GNPs encompass the capability for early disease
identification.

12.10 Limitations of GNPs

GNPs are considered promising materials for nanovaccine development. The major
concern associated with nanomaterials is their biosafety. GNPs are nonbiodegrad-
able products that cause many side effects. Literature reports suggest that the dis-
ruption of cellular metabolism is due to the precipitation of GNPs in cells and their
organelles. GNPs can be surface-functionalized easily. However, it harms their his-
tocompatibility. Therefore, GNP variants must be characterized individually before
being applied in therapeutics and clinical applications. Positively and negatively
charged GNPs are harmful to the DNA and other cell membranes. The melting point
of GNPs changes with the variation in the size of the particles. GNPs have high
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efficiency in the field of application in drug delivery but have serious side effects
too. This includes nonspecific targeting, negatively affecting the hostimmune system.

12.11 Conclusions and Future Applications

In this chapter, we have analyzed the synthesis, properties, functionalization, and
application of GNPs in the synthesis of antibodies against infections. GNPs are very
efficient for the development of antibodies and carriers for drug delivery due to their
special characteristics such as tunable size and shape, easy functionalization, and
less toxicity. There are many methods and possibilities for tuning the surface of
GNPs, including PEGylation, with amino acids, peptides, and antibodies. In this
chapter, we mainly discussed the efficiency of GNPs for vaccine development for
defeating deadly infections. GNPs are safely used to treat many diseases and for the
development of antibiotics ranging from infections to cancers. GNPs possess inher-
ent adjuvant potential. They exhibit a higher surface area-to-volume ratio. GNPs
display multifunctionalization properties. There are still gaps in studies related to
the influence of GNPs and their association with photothermal stability. GNPs can
be modified effectively to improve antibacterial, antiviral, and antiparasitic proper-
ties. They can be used to synthesize antibodies and vaccines against different patho-
gens. Among the GNPs available in different shapes such as nanorods, nanocages,
nanocubes, nanospheres, nanoprisms, nanostars, and nanoclusters, nanospheres are
the best with a high antigen-carrying capacity. In general, antibody proliferation
happens while immunization with GNP-antigen conjugates. It enhances the secre-
tion of cytokines. Hence, GNPs that have inherent adjuvant efficiency can be used
as effective tools in the design of antibiotics against infectious diseases.

GNPs are highly considered for the development of vaccines and other therapeu-
tic purposes. However, before being widely applied, certain issues are to be
addressed. There is an essential need to analyze the influence of GNPs on immune
cells. Similarly, the impact of GNPs on off-target cells and organs should be ana-
lyzed, and GNPs with polymer coating and application should also be analyzed.
GNPs with thermal and optical properties in inflammatory responses should be
studied.
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Chapter 13 )
Emerging Vaccine for the Treatment
of Cancer via Nanotechnology

Check for
updates

Tahmina Foyez, Yesmin Begum, and Abu Bin Imran

13.1 Introduction

Modern vaccinations have improved public health, saved lives by inducing immu-
nity against infections, and bestowed passive immunity through antibodies or lym-
phocytes. Using the patient’s immune system, cancer immunotherapy possesses
high specificity and low toxicity in order to kill tumors and prevent cancer recur-
rence (Palucka & Banchereau, 2012; Wang et al., 2017). In the last decade, the US
Food and Drug Administration (FDA) has authorized a substantial number of
immunotherapies for clinical use, and many more are undergoing clinical or pre-
clinical testing (Wang & Wang, 2017). Cytokine treatments (Berraondo et al., 2019;
Rosenberg, 2014), immune checkpoint blockades (ICBs) (Auslander et al., 2018;
Pardoll, 2012), chimeric antigen receptor T-cell (CAR-T) therapy (Adachi et al.,
2018; Neelapu et al., 2018; Wu et al., 2019), and cancer vaccination (Banchereau &
Palucka, 2018; Knutson & Mittendorf, 2015) are all potential immunotherapies for
cancer that may produce immunity against tumors with less off-target consequences.
Cancer vaccines trigger immune responses, generate robust immunity, and prolong
immunological memory to suppress tumor growth, metastasis, and recurrence
(X. Li & Bu, 2017; Sahin & Tiireci, 2018; Thomas & Prendergast, 2016). Vaccines
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are exceptional in providing precise, long-term immunity against prevalent infec-
tious diseases. The development of therapeutic cancer vaccines based on nanomate-
rial delivery vehicles, such as polymeric, lipid, inorganic, and bio-inspired vehicles,
often provides unique and attractive benefits (Foyez & Imran, 2022; Harun-Ur-
Rashid et al., 2022). Cancer vaccines based on nanoparticles consist of nanovaccine
core, loading, and delivery (Fig. 13.1), which have key advantages over conven-
tional immunizations. First, the tumor immune microenvironment (TIME) may spe-
cifically activate polymeric nanovaccines, which encourages the transfer of antigens
into the antigen-presenting cells (APCs) located in lymph nodes (LNs) (Ding et al.,
2020; Duong et al., 2018; Knight et al., 2019). Second, utilizing in situ conjugation,
the innate ability of endogenous nanocarriers to target LNs can be exploited to
attach molecular vaccines to LNs (An & Liu, 2017; Lin et al., 2018). Third, lipid-
based nanoparticles may improve the formulation and mass production of cancer
vaccines (Chiu et al., 2015). Effective cancer immunotherapy has made use of bio-
mimetic cell membrane—derived nanovaccines (Fang et al., 2014; Schudel et al.,
2020). The primary objective of cancer vaccines is to activate the power of the
immune system as a living therapeutic agent, with the intention of recognizing
tumor antigens and eliminating tumor cells. By using nanotechnologies, cancer vac-
cines can eventually achieve their ultimate goal. Nanovaccines have flexible fea-
tures, including multivalent target delivery to lymphoid tissues and particular
immune cells, multistage stimulation control release of immune components, and
essential immune pathway interaction (Eppler & Jewell, 2020; Tang et al., 2021).
There has already been effective validation in the clinic of cancer immunotherapy,

Nanovaccine loading

Bioconjugation strategies

LY
Bioactive molecule delivery
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Chemical reactivity 4 Combination therapy

Fig. 13.1 The role of nanoparticles in nanovaccine programming
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notably immune checkpoint blockade (ICB) and chimeric antigen receptor T-cell
(CAR-T) immunotherapy. However, the low response rates from patients and off-
target side effects of nanotechnologies show that there are still many problems to
solve before these technologies are implemented successfully (Kingwell, 2019;
McLeod et al., 2020). Antigen release, presentation, immune cell activation, infiltra-
tion of T cell into the tumor microenvironment, and specific detection and eradica-
tion of tumor cells are all parts of an anticancer immune response (Chen & Mellman,
2013). Without any step, the effective antitumor immune response would ultimately
collapse. As a result, cancer immunotherapy has evolved from targeting only one
stage of the cancer immune system to targeting the whole process. Vaccine nano-
technology may aid in developing more successful techniques and platforms for
activating antitumor immunity. Nanovaccine is created by encapsulating tumor anti-
gens in nanoparticles of synthetic polymer. It is injected, transporting tumor-associ-
ated proteins to lymph nodes. The vaccination promotes the body’s immune defense
system by activating an adaptor protein that stimulates the generation of T cells that
target tumors and destroy cancer cells. Combining nanovaccines with radiation or
other immunotherapy techniques may increase their antitumor efficacy. This chap-
ter focuses mostly on nanoparticles used in cancer vaccines and provides an over-
view of the most recent developments in the field. In addition, it explores the crucial
roles played by immune system activation mechanisms, immune component com-
bination tactics, and various delivery strategies in vaccination.

13.2 Mechanism of Cancer Vaccines

Cancer vaccines have become a great promising therapy, but their practical use is
hindered by the ineffectiveness of the immunological cascade of vaccines. Antigen
recognition, internalization, coencapsulation of antigen and adjuvant, LN-targeted
transport, and subsequent release of antigen and cross-presentation to T cells
(Fig. 13.2) (Jiang et al., 2017; Zhu et al., 2017) are the five key phases in the cas-
cade. Both immunologic adjuvants and tumor antigens are essential elements of
vaccines for effectively generating an anticancer immune response. Despite the fact
that different tumor antigens slightly increase the immune response when adminis-
tered alone (Xu et al., 2020), nanomaterials may encapsulate antigens and adjuvants
in nanovaccine systems via electrostatic, hydrophobic, and covalent interactions
(Warrier et al., 2019). Traditional vaccination systems cannot perform well due to
encapsulating vaccine components effectively, but nanomaterials with 200-nm par-
ticles may enable nanovaccine access to LNs (Liu et al., 2020). Different APCs, like
dendritic cells (DCs), macrophages, and B cells are abundant in LNs and play a
significant role in the presentation of antigens to T cells. APCs have several recep-
tors for vaccine endocytosis, which may be utilized to produce targeted nanovac-
cines (Hu et al., 2020). As dendritic cells have the majority of mannose receptors,
mannose-containing nanomaterials provide efficient drug delivery into DCs (He
et al., 2015). After APCs internalize nanovaccines, endosome migration should be
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Fig. 13.2 Schematic representation of cancer vaccine pathways, which includes antigen detec-
tion, encapsulation, transport, release, T-cell presentation, and combination therapy. (Reproduced
from Chen et al. (2021) with permission)
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addressed for antigen and adjuvant release. Within endosomes, the acidic microen-
vironment can trigger the activation of a variety of acid-responsive polymeric nano-
micelles, which can then rupture the endosome membrane (Feng et al., 2019).
Antigens and adjuvants induce DC maturation, and matured DCs cross-present anti-
gens and produce cytokines to activate effector T cells. Antigen cross-presentation
has two key mechanisms: Lysosomal proteases break down antigens after internal-
ization, and peptides are loaded onto major histocompatibility complex (MHC)
class I molecules for antigen cross-presentation (Tang-Huau et al., 2018). Ingested
antigens are transferred from lysosomes to the cytoplasm and destroyed. The gener-
ated new peptides are transported to the endoplasmic reticulum (ER) for cross-
presentation (Grotzke et al., 2017).

13.3 Cancer Vaccine Composition

Cancer Vaccine include antigens, nanoadjuvants, and nanocarriers (Fig. 13.3).
Tumor antigens are exclusively presented on the MHC molecules in tumor cells.
Endogenous cancer antigens cannot elicit therapeutic immune responses due to
immunodeficiency and immune evasion. By delivering exogenous tumor-relevant
antigens, cancer vaccines enhance antigen-specific anticancer immune responses
(Mellman et al., 2011). Both the cancer cells and healthy cells may express tumor-
associated antigens (TAAs), and different types of cancer cells may express differ-
ent TAAs (Fioretti et al., 2010). Cancer testis (CT) antigens are TAAs expressed
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exclusively in cancer cells but not normal adult cells. HER2/neu, breast, and ovarian
cancer oncoprotein are typical TAAs (Ross & Fletcher, 1998). Neoantigens are pro-
duced from random somatic mutations or aberrant gene expression in tumor cells
(Coulie et al., 1995). They are only expressed in tumor cells, not in normal cells
(Parmiani et al., 2007).

There are two types of adjuvants: (1) vaccine delivery systems that may expose
antigens to the immune system more effectively and regulate the release and storage
of antigens, such as emulsions, mineral salts, liposomes, and virosomes (Felnerova
et al., 2004; Schwaninger et al., 2004), and (2) immune adjuvants that potentially
stimulate the immune system and boost antigen-induced immune responses, such as
toll-like receptor (TLR) agonists, costimulatory ligands, and cytokines (Montomoli
etal., 2011). Immune cells such as APCs are activated by immunostimulatory adju-
vants, enhancing antigen-specific immune responses. Nanoparticles make an effec-
tive delivery system for subunit vaccinations. The delivery of vaccines in cancer
immunotherapy has been done using a variety of nanomaterials. The current devel-
opments of nanocarrier-based cancer immunotherapy vaccines will be addressed in
the subsequent sections.

Biogenic nanocarriers can be biodegradable, biocompatible, and low-toxic.
Exosomes and outer membrane vesicles (OMVs) are typical biogenic nanocarriers.
Exosomes with a size of 30—-150 nm are ideal vaccine carriers. T cells, tumor cells,
B cells, and APCs produce exosomes (Théry et al., 2002). Exosomes can be immu-
nostimulatory or immunosuppressive, indicating a promising role in tumor or auto-
immune disease immunotherapy (Tan et al., 2010). OMVs with a size of about
50-250 nm are ideal for lymph node homing and intracellular transport into APCs.
Gram-negative bacteria produce OMVs to interact with one another and other
microbes (Lin et al., 2018; Wang et al., 2019b).
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Semisynthetic nanocarriers are made up of both biogenic and synthetic parts.
When designed well, semisynthetic nanocarriers can have some of the properties of
biogenic nanocarriers, such as biocompatibility and low toxicity. They can also have
some of the properties of synthetic nanoparticles, such as being easy to make on a
large scale and repeatable. There are three types of semisynthetic nanocarriers like
membrane-coated nanocarriers, virus-like particles (VLPs), and endogenous
protein-based nanocarriers. Nanoparticles coated with cancer cell membrane anti-
gens offer a platform for cancer vaccines (Fang et al., 2014). Cell membrane cam-
ouflage-based nanovaccines can be widely used in clinical applications and allow
the easy design of adjuvants and cell membranes. These investigations show that
cell membrane-coated nanoparticles are promising nanovaccines. VLPs are semi-
synthetic nanocarriers with cancer vaccine potential that are noninfectious because
they lack viral deoxyribonucleic acid (DNA). VLPs are rapidly taken up by APCs;
hence, engineered antigens on VLP-based nanovaccines can stimulate long-lasting
adaptive immune responses (Roy & Noad, 2008). Endogenous proteins are pre-
ferred for vaccine delivery to lymphoid tissues and APCs. Albumin-binding lipid
coupled with subunit vaccines enhanced immunostimulation in lymph nodes.
Immunomodulation effectiveness led to cancer therapy efficiency (Liu et al., 2014).

Synthetic nanocarriers use synthetic nanomaterials as vaccine carriers. Polymer
nanoparticles, liposomes, and inorganic nanoparticles are used in nanovaccines.
Poly(lactide-co-glycolide) (PLGA) has been researched for use in cancer vaccine
delivery. The size, solubility, and stability of PLGA nanoparticles can be custom-
ized to enhance their effectiveness in this area. Compared to molecular antigens,
antigen-loaded polymer nanovaccines have been shown to be more efficient in
boosting T-cell responses (Rietscher et al., 2016). Nanovaccines also use liposomes,
a biodegradable phospholipid bilayer. Immune cells may readily swallow inorganic
nanocarriers. Inorganic nanoparticles conjugated to TAAs decrease murine tumor
development antigen-specifically (Ahn et al., 2014; Meng et al., 2008) (Fig. 13.4).

13.4 Nanomaterials for Cancer Vaccine Delivery

Antigen- and adjuvant-based cancer vaccines have gained popularity due to their
ease of manufacture and safety (Calvo Tardén et al., 2019; Xu & Moyle, 2018).
These cancer vaccines target tumor cells by generating antigen-specific antitumor
immune responses and overcome immune tolerance (Aiga et al., 2020; Wang et al.,
2019c). Nanomaterials provide intriguing ways to solve cancer vaccine delivery
problems (Innovations in Nanomaterials, 2015). The following section will address
stimuli-activatable nanomaterials, self-adjuvant nanomaterials, and modularly
assembled nanomaterials to transport nanovaccine into LNs for enhanced cancer
therapy.
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Fig. 13.4 Nanovaccines designed through physical adsorption, chemical conjugation, encapsula-
tion, or physical mixing of antigens with different nanoparticles

13.4.1 Stimuli-Activatable Cancer Vaccines

Stimuli-activatable polymeric nanoparticles have been used to treat cancer (Imran,
2020; Imran et al., 2010; Lyu & Pu, 2017; Zhang et al., 2020). Researchers created
thermally activatable nanomaterials for cancer immunotherapy (Li et al., 2019;
Zhang & Pu, 2020). These nanomaterials may undergo structural transition or dis-
sociation under appropriate stimulation to regulate medication distribution and
release (Mura et al., 2013; Wang et al., 2019a). Loading a TLR agonist into a semi-
conducting nanocore created a polymeric nanoadjuvant. Irradiation not only ablates
tumors but also induces cell death, promoting DC maturation and anticancer
immune responses (Sun et al., 2021). Stimuli-activatable nanomaterials have also
increased the therapeutic effectiveness of cancer vaccines in LNs (Lin et al., 2019).
Exogenous cues have been used to construct smart cancer vaccines. A thermally
activatable gel nanosystem for combinatorial cancer treatment has been developed.

13.4.2 Self-Adjuvant Cancer Vaccines

Nanomaterials have also been shown to have intrinsic adjuvant qualities that stimu-
late cytokine production, activate the immunological sensing system, and prompt
cell death to produce antigens against tumors (Chen et al., 2016; Zhong et al., 2019).
Xia et al. focused on enhancing the efficacy of cancer vaccinations by improving the
flexibility and the movement of antigens (Xia et al., 2018). Mannosylated nanoma-
terials show much promise in cancer therapy because they have effects on specific
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cells, modify the microenvironment, and boost immunity. (Hu et al., 2018). Based
on these findings, a number of different glycosylation compounds have been devel-
oped as nanovaccines (Buonsanti et al., 2016; Kightlinger et al., 2019).

13.4.3 Modularly Assembled Cancer Vaccines

Cancer vaccines typically involve the combination of antigens and adjuvants into
nanomaterials through the use of covalent bonds. Nanovaccines have a particular
difficulty eliciting antitumor immune responses because the physicochemical prop-
erties of different antigens might vary significantly from one another (Hailemichael
et al.,, 2013; Xi et al., 2018). In recent years, modularly constructed nanomaterials
based on noncovalent conjugation have garnered much attention as customizable
platforms for nanovaccines (Forner et al., 2020; Lou et al., 2019). There are several
different ways in which the therapeutic effects of vaccines based on antigen pep-
tides and adjuvants could be improved, such as (i) making a series of nanomaterials
that can be activated by stimuli to deliver antigens and adjuvants to target cells
quickly and on demand, (ii) creating powerful self-adjuvant nanomaterials that can
be linked to antigen peptides to trigger a combinational immune response against
cancer, and (iii) the modularly assembled approach that is also used to construct
universal and flexible nanovaccine platforms, which are used to alleviate difficulties
with standard formulations of nanovaccines. Despite the availability of these prom-
ising techniques to boost the therapeutic efficacy of classic antigen peptide-/adju-
vant-based cancer vaccines, certain difficulties remain before their clinical
translation. First, certain stimuli activatable nanomaterials’ raw materials, prepara-
tion processes, and conditions are too difficult for mass manufacturing. Second,
inadequate homogeneity, stability, and unexplained in vivo metabolic processes of
certain nanovaccine formulations limit their clinical application. In addition to con-
centrating on nanomaterials, we also need to develop efficient methodologies to
uncover patient-specific antigen peptides and potent immune. Recent advancements
in antigen peptide-/adjuvant-based nanovaccines may enhance clinical cancer ther-
apy results (Table 13.1).

13.5 DNA- or RNA-Based Nanovaccines

Nucleic acid—based vaccines are easy to make, safe, and versatile and may generate
cellular and humoral immune responses (Fan et al., 2018; Yang et al., 2014). Despite
these promising findings, nucleic acid-based cancer vaccines have not advanced
much. The fast development of nanomaterials has suggested realistic techniques to
promote nucleic acid as cancer vaccines (Lindsay et al., 2019; Mascola & Fauci,
2020). Nucleic acid—based cancer vaccines increase immune responses by releasing
DNA or RNA into immune cells and expressing encoded antigens. Virus-like
nanoparticles, mesoporous silica, and lipid-based nanomaterials have transferred
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Table 13.1 Nanotechnology-based cancer vaccines that have been clinically tested and approved

Clinical

Type Formulation status Application
Ribonucleic acid | RNA expressed with liposomes named Phase I/Il | Melanoma
(RNA)-based Lipo-MERIT (Kranz et al., 2016)
nanovaccine
Messenger RNA | Lipid nanoparticle-encapsulated Phase I Solid tumors and
(mRNA)-based mRNA-based therapeutic encoding lymphoma
nanovaccine OX40L T-cell costimulator, interleukin

(IL)-23, and IL-36y proinflammatory

cytokines (Patel et al., 2020)
mRNA-based Lipid-encapsulated mRNA-based cancer | Phase I Melanoma,
nanovaccine vaccine encoding neoantigens (Burris I1I bladder carcinoma

et al., 2019)
Protein-based Antigen-Specific Cancer Phase 1 Metastatic breast
nanovaccine Immunotherapeutic (ASCI), a cancer

recombinant HER2 protein combined

with the immunological adjuvant AS15,

containing monophosphoryl lipid (MPL),

Quillaja saponaria (QS-21), cytosine-

phosphate-guanine (CpG), and liposome

(Hamilton et al., 2012)
Polymer-based SN38, the active metabolite of irinotecan | Preclinical | Neuroblastoma
nanovaccine (CPT-11) is encapsulated in polymeric

nanoparticles (poly(lactic acid)—

poly(ethylene glycol) [PLA-PEG])

(Nguyen et al., 2018)
Liposome-based | Liposome-encapsulated peptide vaccine | Phase III | Lung cancer
nanovaccine consists of a synthetic peptide derived

from the mucin 1 (MUC-1) antigen (Wu

etal., 2011)
Peptide-based Six-transmembrane epithelial antigen of | Preclinical | Prostate cancer
nanovaccine the prostate (STEAP) peptide-loaded

PLGA nanoparticles (Chen et al., 2019)
Peptide-based Heat shock protein (HSP) is encapsulated | Phase I Gastric carcinoma
nanovaccine in polymeric nanoparticles (Shevtsov &

Multhoff, 2016)
VLP-based VLP-based vaccine has been developed | Preclinical | Melanoma
nanovaccine by combining immunopeptide (Mohsen

et al., 2019)
Biadjuvant MC38 colorectal cancer cell-specific Preclinical | Colorectal cancer
nanovaccine neoantigen (ADP-dependent glucokinase

[ADPGK]) are encapsulated into

nanoparticles (Ni et al., 2020)
Poly(lactic-co- Nanoparticles are loaded with the model | Preclinical | Colon cancer

glycolic acid)
-based
nanovaccine

protein/antigen, ovalbumin (OVA)
(Rietscher et al., 2016)

(continued)
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Table 13.1 (continued)

Clinical
Type Formulation status Application
PLGA Nanovaccine loaded with only water- Preclinical | Melanoma, lung
nanoparticles soluble components (Ma et al., 2021) cancer, and
triple-negative
breast cancer
E7- indocyanine | BSA with the E7 antigen and then Preclinical | Cervical cancer
green (ICG)- encapsulating the photosensitizer and
bovine serum adjuvant (Zhang et al., 2022)
albumin (BSA)
nanoparticles
Biomimetic Nanoparticles consist of ultrasmall Cu2-x | Preclinical | Glioblastoma
nanoparticles Se nanoparticles (Wang et al., 2022)
Self-assembling Peptide and polysaccharide antigens can | Preclinical | T-lymphoma
nanovaccines be connected to the nanoparticles (Pan
et al., 2020)

nucleic acid to LNs to enhance cancer vaccination results. There is a reason to
believe that the combination of nanovaccines based on nucleic acids and chemo-
therapy could be a promising course of action.

RNA may express antigens and adjuvants to activate APCs (McNamara et al.,
2015; Reinhard et al., 2020). Nanomaterial-based RNA cancer vaccines have
developed rapidly. They prevent ribonucleases from damaging RNA molecules and
make it easier for RNA to be delivered into APCs (Granot-Matok et al., 2019;
Kowalski et al., 2019). RNA nanovaccines based on nanomaterials employ viral-
like nanoparticles as carriers. Lipid-based nanomaterials are used to transfer
antigen-encoding RNA to LN.

DNA-based vaccines for cancer treatment have proven to be problematic in pre-
clinical studies because of inadequate LNs-targeting plasmid DNA (pDNA) distribu-
tion. pDNA delivery is a developing technology for improving DNA vaccines. In recent
years, nanomaterial-based techniques have presented innovative ways to increase
pDNA delivery (Farris et al., 2017). For instance, thiol-ligand-modified gold nanopar-
ticles are capable of directing DNA-based cancer vaccines (Gulla et al., 2019).

13.6 Cancer Vaccines Based on Biomimetic Nanomaterials

The advancement of nanotechnology provides unique ways to build cancer vaccines.
Viral, lipid-based, and polymeric nanoparticles transport antigens and adjuvants to
APCs (Pardi et al., 2015). To increase the safety and efficiency of nanovaccines,
biomimetic materials have been used to manufacture multifunctional nanomaterials
(Li et al., 2020). Natural and membrane fusion nanomaterials, tumor cell-derived
nanovesicles, and artificial APCs (aAPCs) are examples of biomimetic nanomateri-
als for the administration of cancer vaccines.
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Exogenous nanomaterials are less effective at improving immune responses
against cancer and reducing harmful side effects than natural nanomaterials.
Exosomes (Liao et al., 2019), OMVs (Huang et al., 2020), and proteins have been
examined and shown to transport medications to target areas. Exosomes are nano-
sized extracellular vesicles with the potential to facilitate effective intercellular inter-
actions (Huang et al., 2018). Proteins and vector ligands on exosomes may bind to
target cells to facilitate medication delivery. DCs-derived exosomes might serve as a
cancer vaccine (Lu et al., 2017). Moreover, fused cells (FCs) may develop greater
LN homing potential to improve antigen presentation by T-cells. aAPCs is a biomi-
metic nanovaccine that replicates the biological function of natural APCs to elicit a
tumor-specific immune response without the need for antigens and adjuvants. aAPC-
derived biomimetic nanovaccines use iron oxide nanoparticle-based magnetic nano-
clusters as biomimetic nanomaterials (Hickey et al., 2020). In conclusion, biomimetic
nanomaterials may increase the therapeutic efficacy of cancer vaccines and might be
used to codeliver vaccine components with chemotherapeutic medicines.

13.7 Conclusion

The recent growth of nanostructured materials opened up new ways to make nano-
medicine and vaccines. Here, we studied nanomaterials to deliver cancer vaccina-
tions efficiently. Cancer vaccines boost adaptive immunity to detect and target tumor
cells safely and potently, addressing the high toxicity and insufficient targeting of
current cancer therapies. Recent advances in nanotechnology have introduced new
ways to enhance clinical standard modalities using various nanomaterials. Certain
polymeric nanoparticles release vaccine components on demand when stimulated.
Among the currently known adjuvants, cytosine-phosphate-guanine oligodeoxynu-
cleotide (CpG ODN) is the most efficient immune stimulant, which may be identi-
fied by toll-like receptor 9 (TLRY) to activate humoral and cellular immunity for
cancer prevention and treatment. Cationic and ionizable nanoparticles may boost
proinflammatory cytokines because of their immunogenic characteristics. It is also
important to note that mRNA-based nanovaccine would hold a considerable promise
in the treatment of cancer. Liposomes and lipid nanoparticles have been playing
major roles in the clinical application of nanovaccine. Physicochemical characteris-
tics, biointerfacing, quality control, and cost-effectiveness must be addressed for
nanovaccine clinical translation. By analyzing the nanovaccines already available
and under clinical trials, we would gain insight into the potential future of this field.
Emerging vaccination tactics have hurdles, but nanotechnology and material science
developments may improve their clinical translation for cancer immunotherapy.
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Chapter 14

Nanostructured Materials—Enabled
Biosensors for Drug Delivery and Medical
Diagnosis

Bhagavathsingh Jebasingh, A. R. Sneha, K. M. Thushara, Shaji Ephrin,
and B. Anna Benedict

14.1 Introduction

Sensors have become an integral part of our daily lives, transforming mundane tasks
into smart living. Their importance in the overall Internet of things (IOT) picture
cannot be overstated. Leland C. Clark known as the “father of biosensors” invented
the first biosensor for oxygen detection in 1956. He also invented an oxygen elec-
trode that bears his name: “Clark electrode.” (Heineman et al., 2006). Demonstration
of an amperometric enzyme electrode by Leland C. Clark in 1962 for the detection
of glucose was followed by the discovery of the first potentiometric biosensor to
detect urea by Guilbault and Montalvo in 1969 (Guilbault & Montalvo Jr, 1969).
Eventually, Yellow Spring Instruments (YSI) developed the first commercial bio-
sensor in 1975. Biosensors are classified according to the biological compound
used, such as antibiotics, enzymes, nucleic acids, or cells, or according to the type
of transducer used, such as optical, electrochemical, piezoelectric, or mass-based
transducers. They are classified into catalytic and affinity biosensors based on the
mode of interaction between both the analyst and the biological materials in the
biosensor (Nguyen et al., 2019a). A catalytic biosensor is a type of biosensor where
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the interactions between the analyte and the sensing element led to the formation of
a biochemical reaction product, whereas in affinity biosensor, the interactions result
in analyte binding onto the transducer. These biosensors have a wide range of appli-
cations in drug delivery and medical diagnosis (Yazdi et al., 2020). In drug delivery,
many progresses have been made in the development of efficient lab-on-a-chip
devices. Biosensor-enabled drug delivery systems have received extensive research,
particularly for the treatment of persistent illnesses like diabetes, cardiovascular
disease (CVD), and cancer, where usual precise administration of drugs and con-
tinuous monitoring are important (Singh et al., 2021). In addition, there are various
drug delivery systems including pH-dependent drug delivery, hypoxia-sensing reac-
tive oxygen species—responsive drug delivery that responds to the presence of reac-
tive oxygen species and enzyme-responsive drug delivery that can be done with
biosensing technologies. These devices will definitely become more functional and
more compact with higher controllability in terms of targeted drug delivery as in the
field of nanobiotechnology. Nanostructured materials have shown great potential
for biosensing applications due to their unique physical, chemical, electronic, ther-
mophysical, optical, and mechanical properties. Moreover, their small size allows
for greater mobility within the human body compared to larger materials. The inte-
gration of intelligent nanomotors that can sense and deliver therapeutic agents at the
cellular level could bring a significant breakthrough in chemotherapy in the near
future (Cicha et al., 2022). Nanoparticle-based drug design has been thoroughly
investigated and is a highly sophisticated technology in the realm of nanoscale
applications. This technology offers immense potential benefits, such as the capac-
ity to modify various drug properties, including drug release profiles, bioavailabil-
ity, diffusivity, solubility, and immunogenicity (Patraetal.,2018). Nanoparticle-based
drug design has the potential to enhance drug administration routes, minimize tox-
icity, improve drug distribution, reduce side effects, and prolong the drug’s life
span. In addition, the use of biosensing systems that can identify and release bio-
markers associated with regenerative medicine and diseases has revolutionized the
precise treatment of chronic illnesses. However, the application of biosensors faces
certain challenges, including their sensitivity, small size, and low detection limits.
Overcoming these limitations, nanostructured materials—embedded biosensor sys-
tems pave the way for the integration of multiple intelligent biomaterials, both inor-
ganic and organic, with drugs of varying physical and chemical properties. This
approach promises to improve disease diagnosis, monitoring, treatment, and man-
agement in the future (Naresh & Lee, 2021).

14.1.1 What Are Biosensors?

A biosensor is an advanced analytical device that has the ability to convert a biologi-
cal response into an electrical signal that can be detected. Typically, biosensors con-
sist of two main components: a molecular recognition element, which is the
biological component, and a physicochemical detector component, which is the
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transducer. The recognition element, which is immobilized on the transducer’s sur-
face, interacts with the target molecules (Fig. 14.1). The transducer then captures
the signal produced by this interaction and transforms it into measurable signals.
These signals can be used to determine the quantity of analyte present in the sample.
Biosensors, which utilize a combination of physical and chemical sensing tech-
niques, were first named by Cammann.

14.1.2 Classification of Biosensors

Based on the two elements present, a sensing element and a transducer, the pioneers
Clarke and Lyons in the late 1960s classified biosensors into following types (shown
in Fig. 14.2).

Analyte Sensory yancducer
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Fig. 14.1 Schematic representation of biosensors
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Fig. 14.2 Classification of biosensors
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Type of
SEnsors Characteristics Example
Active sensor | External power source is required to Global positioning system (GPS)
operate sensors and radar sensors
Passive They generate their own electric signals Thermal sensors, metal detecting,
sensor and electric field sensing
Contact They require physical contact with their Temperature and strain gauge
sensor stimulus Sensors
Noncontact | No physical contact is required Optical and magnetic sensors
sensor
Absolute They provide an absolute reading of Thermistor always reads the
sensor stimulus to mimic its name accurate temperature
Relative They measure a fixed or variable Thermocouple, where the
sensor measurement temperature difference is measured
Analog They make continuous analogue output Pressure sensors, light sensors,
sensor signals that are proportional to their and sound sensors
measurement
Digital sensor | They convert the data transmission, Digital accelerometers, pressure
digitally sensors, and temperature sensors

14.1.3 Why Nanostructured Materials—Based Biosensors?

Nanomaterials play a principal role toward the high performance of a biosensor.
Having the greatest surface area to volume ratio, nanomaterials provide greater sen-
sitivity and stability, and they are specifically used for developing electrochemical
and optical biosensors. Biocompatibility of nanomaterials is an important factor in
creating a biosensor to investigate biomolecules such as bacteria, deoxyribonucleic
acid (DNA), viruses, and so on (Malhotra & Ali, 2018). Immobilization of analytes
using nanomaterials is essential to boost the detection limit with real-time analysis.
A wide range of nanostructured materials such as gold, silver, copper, silicon, gra-
phene, and carbon nanotubes (CNTs) are used for developing biosensor immobili-
zation (Vigneshvar et al., 2016). They are considered as critical components having
potential advantages in drug delivery and biomedicine. Nanostructured materials—
enabled biosensors improve analyte detection signal by enhancing electrode active
surface area, improving enzyme loading, and increasing election transfer and are
thus frequently used in the fabrication of enzymatic biosensors (Cheraghi et al.,
2022). They can bind with any other materials due to electrical insulation, high
specific surface area, biocompatibility, catalytic properties, the presence of oxygen-
ated functional groups, and so on. Therefore, nanostructured materials—based bio-
sensors were discovered to be efficient and superior to other sensors.
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14.1.4 Evaluation of Biosensors

The efficiency of biosensors is determined by the following characteristics:

1. Sensitivity: Sensitivity of a biosensor refers to how it responds to changes in the
concentration of biological analytes per unit. A biosensor with a higher limit of
detection (LOD) is more sensitive. To obtain more precise sensitivity readings,
biosensor users typically rely on the linear part of the calibration curve.

2. Selectivity: It is the desired feature of the sensor to respond only to the target
analyte from the other interference molecules. It is the ratio of its best response
to its second-best response and is one of the most crucial figures of merit in
sensing.

3. Stability: Sensor stability is of crucial importance for commercial success.
Stability characteristics related to shelf life, continuous use stability, and reus-
ability must be investigated and reported.

4. Response time: It refers to the duration it takes for the device to show its ultimate
response as a result of a sequence of changes in analyte concentration. Factors
that can influence response time include the concentration of the sample being
analyzed, temperature, thickness and permeability of the bioreceptor, and the
geometry and agitation rate of the analyzing mixture.

5. Reproducibility: It refers to the sensor’s capacity or ability to produce the same
output for an equivalent number of inputs applied over a given time period. A
biosensor with improved repetition and reproducibility is more reliable. The
reproducibility of the sensor’s output can be used to determine its accuracy.

The following are to be considered for biosensor development:

1. Choosing an appropriate bioreceptor or biorecognition entity.

2. Method of immobilization selection.

3. Choosing and designing a suitable transducer material.

4. Biosensor design for measurement range, linearity, and interference
minimization.

5. Biosensor packaging into a complete unit.

6. Assessing the biosensor’s effectiveness.

14.2 Biosensors for Drug Delivery

Biosensor-mediated drug delivery systems have received much attention, especially
in the treatment of persistent diseases such as diabetes, cancer, and cardiovascular
disease (CVD), where frequent drug administration and management and continu-
ous monitoring are important. These biosensors are either implanted into the body
or administered orally. Biosensor is indeed an analytical device with two major
components: a biorecognition element that recognizes the target analyte and a trans-
ducer that transforms the molecular recognition results into a detectable electrical
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signal. Biosensors detect and monitor particular physiochemical changes in the
body with high specificity and sensitivity by employing biomolecules such as
enzymes, proteins, peptides, antibodies, or nucleic acids such as DNA and ribonu-
cleic acid (RNA) as a biorecognition element known as a bioreceptor (Bazin et al.,
2016). It paves way for both monitoring and precisely delivering the drug to the
target area. In case of cancer, this sensor delivers drug exactly to the target cells
(cancer cells) without affecting the growth of normal cells. As a matter of fact, they
are site-specific and precise, allowing for the controlled or genetically programmed
release of therapeutic agents. Furthermore, two-dimensional nanomaterials can
effectively attack tumor cells in drug delivery by controlling drug release and
increasing cell absorption. One good drug delivery medium is MXene (Lei & Guo,
2022). In case of diabetic patients, continuous glucose monitoring is important,
which could be done using wearable biosensors (Wang et al., 2022). Insulin can also
be administered orally using a novel therapeutic biosensor, such as a self-orienting
millimeter scale applicator (SOMA). Recently, smart self-propelled nanomotors
and micromotors are being used in the development of drug delivery systems, par-
ticularly for cancer treatment (Okeyo et al., 2021). Among the various other types
of DNA nanostructured materials, the tetrahedron architecture, having good
mechanical properties and functionalities applicable for drug loading, has been used
widely in biomedical applications such as drug delivery and in biosensing applica-
tions (Chi et al., 2020). Over the years, progress has been made to enhance the situ-
ation, particularly in approaches to direct the aggregation and accumulation of drug
delivery vehicles to appropriate locations and with controlled release mechanism.
Microcapsules, for example, are commonly used as a first generation of drug deliv-
ery systems for the controlled release of proteins, peptides, or pharmaceuticals
within the body. They can release active molecules at a fair rate, but they cannot
pinpoint the particular site of action. In second-generation systems, environmen-
tally sensitive (e.g., temperature-, pH-, or pressure sensitive) microcapsules, nano-
capsules, or magnetic spheres are used as delivery vehicles. When a particular signal
is received, such as a predetermined temperature or pH, these drug delivery devices
will release their payload. Third-generation systems rely on drug-carrying micro-
matrices or nanomatrices or shells that are functionalized with specialized biorecep-
tors for target tracking.

14.2.1 Limit of Detection (LOD)

The detection limit is the least effective of analyte that a sensor can reliably detect
repeatedly while sustaining its sensitivity rate. It varies from assay to assay, but fac-
tors such as working reagents or materials, operator proficiency, storage, processing
and diagnostic assay steps, sample quality, and volume all have an impact on detec-
tion performance. The methods for determining LOD are determined by the follow-
ing factors: analytic or manual method using the appropriate measuring equipment,
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instrumental technique attributes and sample preparation capability, and sensor
responsiveness and noise floor of the read-out system.

14.2.2 Application of Biosensors

Glucose oxidase electrode—based biosensor helps in analysis of glucose in blood
samples, thereby detecting the blood sugar level (Bruen et al., 2017). Uric acid bio-
sensor detects clinical abnormalities and diseases (Tvorynska et al., 2021). Silicon
biosensors have a wide range of applications in bioimaging, biosensing, and cancer
therapy (Ji et al., 2018). Nanomaterials-based biosensors are used in biomedicine,
site-specific drug delivery, biomolecular immobilization, etc. Biosensors that are
genetically encoded or fluorescence-tagged are used to study biological processes
and molecular systems within cells. Wearable electrochemical biosensors are
employed for the monitoring of metabolites and nutrients. Biosensors are used for
the detection of pathogens (bacteria: Escherichia coli) and virus in food (Castillo-
Henriquez et al., 2020), clinical analysis and diagnosis of disease, general health-
care monitoring, industrial processing and monitoring, screening for disease,
veterinary and agricultural applications, environmental pollution control, remote
sensing of airborne bacteria, determining levels of toxic substances before and after
bioremediation, etc (Fig. 14.3)
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Fig. 14.3 Applications of biosensors
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14.3 Nanostructured Materials—Based Biosensors
for Medical Diagnosis

14.3.1 Enzyme-Based Biosensors

Enzyme-based biosensors have become a common technique for quantitative and
qualitative analysis of a wide range of target analytes in biomedicine, food quality
control, agriculture, and environmental and pharmaceutical industries (Rocchitta
et al., 2016). The earliest proposed biosensor was the enzyme-based biosensor. It
was a glucose sensor proposed by Clark in 1962. The biological component used
here is an enzyme. Enzymes are biological macromolecules that have high selectiv-
ity and catalytic performance and are responsible for the acceleration of biochemi-
cal processes under mild conditions. The glucose sensor is a well-known marketed
enzyme-based biosensor. They have substantial advantages over conventional
approaches in terms of sensitivity and selectivity, high throughput mobility, and the
possibility to be employed for real-time disease analysis and monitoring. In addi-
tion, the high specificity of enzymes improves the capacity to detect the limit of
detection. In the health-care sector, the most commonly utilized enzyme-based bio-
sensors are those intended for glucose, cholesterol, glutamate, urea, and lactate. The
incorporation of inorganic nanoparticles (e.g., silver, platinum, gold, and indium tin
oxide) and other nanocomposites as electrode materials is one of the most promis-
ing directions in enzyme biosensor (Malhotra & Ali, 2018). Chitosan, a nontoxic
chemically inert biopolymer with excellent adhesion qualities, is one of the most
appealing electrode coverings in terms of biocompatibility. The assembly or immo-
bilization of the enzyme on the electrode surface is critical in this form of biosensor,
and if done incorrectly, the accessibility of the active site, the enzyme’s reusability,
and the stability over time may be compromised. The primary strategies for immo-
bilization are adsorption, cross-linking, covalent bonding, encapsulation, and
entrapment (Nguyen et al., 2019b). Although absorption is simple and affordable,
the enzymes have a weak interaction with the support. Because it produces a stable
combination between the enzyme and the support, covalent bonding is the most
commonly utilized approach. The selection of support material is required to pro-
vide selectivity and stability and even to boost enzyme performance. The support
material should also be stable, inert, and resistant. A few limitations, such as the
quick loss of enzyme activity due to contacts with the electrode surface caused by
the employment of enzymes, limit the life span of a biosensor to a few weeks.
However, if the enzyme is stabilized with the support, the sensor’s life span will be
extended. As a result, they have a wide range of uses in food, medicine, and envi-
ronmental monitoring. Artificial peroxidase nanozyme—enzyme-based lactate bio-
sensors have been produced and are likely to find a widespread application in the
development of oxidase-based biosensors (Vokhmyanina et al., 2020) (Fig. 14.4).



14 Nanostructured Materials—Enabled Biosensors for Drug Delivery and Medical... 253

Covalent
adsorption immobilization

Fig. 14.4 Immobilization techniques for the fabrication of biosensors

14.3.2 Antibody (Ab)-Based Biosensors

An antibody-based biosensor also called immunosensor is made out of antigen or
immunizer as a bioreceptor for clinical diagnosis. A broad range of applications
including the usage of monoclonal and polyclonal antibodies have been highlighted.
These sensors can provide a reliable, sensitive, and timely analysis. Antibodies are
perfect biorecognition elements that the body produces in response to an antigen (a
foreign molecule or pathogen). They are Y-shaped and have a role in the immune
system’s defense process. Monoclonal antibody (mAb) technology, also known as
hybridoma technology, has transformed the use of Ab as research tools for the pre-
vention, detection, and treatment of certain diseases. Unlike polyclonal antibodies,
monoclonal antibodies are antigen-specific. Kohler and Milstein pioneered the
hybridoma technique in 1975 (Kohler & Milstein, 1975). In this technology,
myeloma cells and B cells (B lymphocytes) from spleen are fused together by using
polyethylene glycol (PEG). Then, the fused cells or hybridoma is transferred to
hypoxanthine and thymidine (HAT) medium. Only the cells that have hypoxanthine
guanine phosphoribosyltransferase (HGPRT) gene can grow and survive in HAT
medium. B cells are HGPRT+ cells. Hence, only the myeloma cells that got fused
with B cells survive and grow, whereas the unfused myeloma cells die as they are
devoid of HGPRT gene (Lu et al., 2020). Monoclonal antibodies that have been
cultured are then used in biosensing to detect analytes such as food and environmen-
tal toxins, biowarfare agents, disease markers (biomarkers), and illicit substances.
In most cases, the quality of the recombinant antibodies is the most important factor.
This includes the potential to be genetically changed to improve immobilization,
selectivity, and sensitivity. It has a wide variety of applications in the detection of
pathogens and bacterial, fungal, and viral cells, which cause considerable heath
issues to human, and it compromises the agricultural yield.
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14.3.3 Immobilization-Based Biosensors

Immobilization-enabled sensors include enzyme-based, antibody-based, cell-based,
and DNA biosensors. Because of the relative instability of the mobile enzyme and
the difficulties in active recovery of the antibody or enzyme, the methods of enzyme
immobilization are extremely important in these types of biosensors. Adsorption is
a simple immobilization approach that relies on weak bonds such as van der Waal’s
forces, hydrophobic interactions, and electrostatic interactions. The next immobili-
zation method is covalent bonding, which provides a stable bond between the
enzyme/antibody and the support. The benefits of covalent immobilization include
great self-assembled monolayer (SAM) homogeneity and superior control over the
amount of immobilized enzyme. To enhance substrate capture potential and retain
functional conformation, enzymes must be immobilized in their native form in the
immobilization technique. Immobilized enzyme—based biosensors are employed in
a variety of applications, including food safety monitoring, biomedical application,
tissue engineering, industrial bioprocess monitoring, and pollution detection
(Mehrotra, 2016).

14.3.4 Electrochemical Biosensors

Physical, chemical, and biological reactions are turned into electrical signals via
transducers in electrochemical biosensors. The electrochemical properties of the
transducer define the property of the sensor, which is known as an electrochemical
biosensor (Biosensors & Bioelectronics). The classic invention of glucose oxidase—
based biosensors (Clark & Lyons, 1962) is the first in the line of electrochemical
biosensor discovery. Typically, they are created by altering the surface of electrodes
with biomaterials such as enzymes, antibodies, or DNA. The output signals are
changes in the physicochemical properties of electroactive substances such as volt-
age, current, resistance, or superficial charge caused by redox reactions on the elec-
trode surface. Recently, a biosensor based on hemin-functionalized reduced
graphene oxide (rGO) that provides good analytical performance was proposed
(Zou et al., 2015). rGO shows high catalytic activity and sensitivity due to its larger
surface area. They are frequently used as the chemical reactions may lead to changes
in the measurement of ions or electrons, which have an effect on electrical param-
eters of solution. Nanomaterials-based electrochemical biosensors are efficient for
antibiotics detection owing to their privileged merits including selectivity, high sen-
sitivity, easy operation, reliability, simplicity, flexible application, low cost, and the
amenability of integration into multifunctional analytical tools (Pollap & Kochana,
2019). Electrochemical biosensors are classified into amperometric, voltammetric,
impedimetric, and photoelectrochemical biosensors based on the different electro-
chemical types of transducers. Electrochemical biosensors assess the levels of anti-
oxidants and reactive oxygen species; have more stable output, high sensitivity, and
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fast response; and suffer from lesser interferences. They are used in the detection of
cancer cells and bacteria; sensing of uric acid, glucose and cholesterol, biological
materials, such as enzymes, cells, specific ligands, and tissues, and nonbiological
matrixes; and in the detection and quantification of six major pharmaceutical chem-
icals, including antiinflammatory, antidepressant, antibacterial, antiviral, antifungal,
and anticancer medications (Qian et al., 2021).

14.4 Conclusion

Biosensor technology provides several distinct advantages over other traditional
analytical methods, including real-time operation, higher sensitivity, lower cost,
ease of operation, low detection limits, and downsizing. Concurrent detection and
quantification can also take place without any prior derivatization or separation.
Furthermore, current developments point to integration and miniaturization in
autonomously controlled clinical instruments and lab-on-a-chip devices, which
could simplify and extend clinical monitoring to bedside patient and home testing.
In the future, the development of these technologies will very definitely be scaled up
to the industrial level, allowing for significant benefits to be derived from funda-
mental studies in biosensors and bioelectrochemistry. Attempts are being under-
taken to improve the accuracy, resolution, and miniaturization of biosensors for
biomolecule detection and to preprocess microfluidics and samples. Biosensors are
expected to meet a number of unmet needs in the medication delivery and medical
diagnostic industries due to their portability and quick turnaround time. Smart bio-
sensors that can detect minute concentrations of a desired analyte are emerging as
the characteristics of nanomaterials and their dimensions at the nanoscale level
advance. Biomolecules such as single-stranded DNA (ssDNA), antibodies, enzymes,
or cells can be connected with nanostructured materials via surface chemistry to
create an appropriate bio-nano interface capable of detecting a minute concentration
of target molecules of interest. Biosensor technology now powers a large portion of
the mobile and wearable device industries. While the revolution has already begun,
advances in biosensor technology are on the verge of opening up many intriguing
new possibilities.
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15.1 Introduction

The chemistry of nanoparticles and their various applications is quite intriguing.
Although the advent and application of the smallest invisible particles are not new,
the notion of nanotechnology has recently been at the forefront of scientific inquiry
(El Sayed et al., 2022). Particles of minimum one dimension smaller than 100 nm in
size, known as nanoparticles, were fruitfully employed in the assortment of bio-
medical science fields, ranging from diagnostics to prevention and therapeutics
(Aljabali et al., 2020). Nanotechnology is becoming increasingly important in the
life sciences, particularly because many elements of operational genetic units, like
deoxyribonucleic acid (DNA), ribosomes, and ribonucleic acids in living cells, are
primarily of nanoscale sizes (Yaqoob et al., 2020). This offers a chance for the use
of nanotechnology to screen, discover any flaws, improve, combine, or even copy
these cell components. The need for efficient vaccinations is becoming a major
worldwide health-care issue due to the seasonal epidemics of pantropic infectious
diseases (Oun et al., 2020). Inorganic and biological polymeric nanomaterials, such
as exosomes and bacteriophages, and synthetic polymeric nanoparticles like nano-
beads and immunostimulating complexes (ISCOMs) have been used as nanocarri-
ers and adjuvants to treat both infectious and noninfectious disorders. Using dead
organisms (Ni et al., 2020), live attenuated organisms, or inactivated toxin, vaccines
have been created. Recently, new vaccination modalities have been investigated,
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including DNA vaccines that encode antigenic pathogenic proteins and subunit vac-
cines (Renu et al., 2020). Antigen or adjuvant targeting and/or sustained release to
antigen-presenting cells can be facilitated by nanocarriers (Youssef et al., 2019).
The functionality of vaccine formulations based on nanotechnology supports the
use of nanocarriers in the vaccination industry. The improved antigen storage, mini-
mal immunotoxicity, continued release, higher immunogenicity, and suppleness of
physical features may all contribute to the effectiveness of nano-assembled vaccines
(Feng et al., 2022a). Nanovaccines offer a great deal of potential and are relatively
simple to engineer. Utilizing the potential of nanovaccines also makes it possible to
create custom, individualized immune therapies. Understanding the precise biodis-
tribution processes and potential commercialization of nanovaccines is a challeng-
ing issue that needs to be thoroughly researched and assigned. It is important to note
that the efficacious use of the Pfizer/BioNTech and Moderna mRNA coronavirus
disease (COVID-19) vaccines has underlined the importance of nanotechnology in
the creation of new vaccines. Nanodiagnostics employs nanotechnology to recog-
nize biomolecules and analytes relevant to medical analysis using specially designed
instruments. It provides novel approaches for sample evaluation and early detection
of disease biomarkers, with increased sensitivity and specificity. As a result of the
development and optimization of nanoparticle platforms, complex procedures are
now integrated onto a single, simple device that can be used for immediate diagno-
sis. The primary goal is to identify the medical problem being managed, treated, or
endured. Identifying the root cause of a disease is regarded as the first step in any
attempt to cure or manage a medical problem. Medical diagnosis has a long history,
beginning with a rudimentary organoleptic evaluation of body samples and pro-
gressing through the age of microscopy to the current use of biosensors and body
imaging. As a result, incorporating nanotechnology to improve diagnosis is not only
prudent but also encouraging (Karch & Matyas, 2021). The demand for novel
approaches, medications, and tools for the precise, rapid, and effective diagnosis
and treatment of diseases is intensifying. More recently, nanotechnology has been
used to deliver medications to a precise area and release them at a controlled rate, to
improve immune responses against antigens for effective immunization, and to
detect and identify diseases precisely and affordably. This chapter provides an over-
view of how advancements in nanotechnology have aided in disease prevention,
diagnosis, and treatment.

15.2 Types of Nanoparticles Used in Diagnosis
and Vaccinology

Nanomaterials are biomaterials that are widely used in the medical field. Surface
modifications or coatings may improve biocompatibility by encouraging the inter-
action of living cells with the biomaterials (Lyons et al., 2020). These substances
can be further regarded as nanocrystalline and nanostructured. Nanocrystalline



15 Nanoparticle as an Effective Tool for the Diagnosis of Diseases and Vaccinology 261

materials are easily produced and can be employed to substitute bulk materials that
perform poorly. Drug encapsulation, bone replacement, prostheses, and implants
can all be made with raw nanomaterials. Nanostructured materials, such as carbon
nanotubes (CNTs), quantum dots, dendrimers, and fullerenes, are modified versions
of basic nanomaterials that offer unique shapes or functions (Keshari et al., 2019).
Nanodevices are tiny gadgets that operate at the nanoscale such as microfluidics,
microarrays, and nano- and microelectromechanical systems. Nanoparticles (NPs)
have been used in vaccine formulations more than any other type of nanomaterials.
NPs with unique physical and chemical properties aid in the creation of innovative
biochemical detection systems (Hasan et al., 2018). In fact, during the past few
years, a wide range of incredibly creative methods such as assaying metal ions,
small molecules, protein, and nucleic acid biomarkers have been used at nanoscale
(noble metal nanoparticles, quantum dots, and magnetic nanoparticles) (Jeevanandam
et al., 2018). Nanoparticles have a high surface-to-volume ratio that encourages
downsizing, depending on the materials that make up their core, distinct optical,
electrical, and magnetic capabilities. Furthermore, the properties of nanomaterials
change depending on their chemical environment and their size and shape. Moreover,
nanoparticles with a variety of tiny biochemical ligands and large biological poly-
mers can be created using surface modification tools and methods. Because of these
characteristics, researchers have been able to develop unique diagnostic systems
with significant advantages in terms of sensitivity, selectivity, reliability, and usabil-
ity. The composition of the NP material influences its biodegradability and biocom-
patibility, as well as its transport, cellular uptake, and intracellular trafficking (Han
et al., 2022). Many materials, including lipids, viruses, natural and synthetic poly-
mers, and inorganic compounds, immunogen or immunomodulatory agents, and
targeting and immune stimulatory ligands, can be used to create nanoparticles for
vaccine administration (Han et al., 2018). The following sections discuss various
nanocarrier delivery methods used for vaccinations.

15.2.1 Polymeric Nanoparticles

Polymeric NPs have recently received much attention due to their use in the delivery
of several vaccinations. This is primarily due to their ease of preparation, biodegrad-
ability, biocompatibility, low cytotoxicity, and the ability to modify surface proper-
ties as needed (Tao & Gill, 2015). Furthermore, the rate of vaccine release can be
easily controlled by adjusting the composition or ratio of copolymers when the NP
is prepared. Poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) are the
frequently used polymeric NPs for vaccine administration (Ys et al., 2010) due to
their superior tissue compatibility and biodegradability (Wang et al., 2007). The use
of PLGA-conjugated antigens demonstrated robust immunostimulatory properties
by increasing cytokine and nitric oxide production in response to mycobacteria
infection (Zhao et al., 2014). Natural biopolymers such as alginate, pullulans, inu-
lins, and chitosan have been used as adjuvants along with synthetic polymers.
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PLGA NPs have been used to deliver a variety of antigens, including hydrophobic
antigens, hepatitis-B virus (HBV) antigens, Bacillus anthracis, tetanus toxoid, and
ovalbumin (Shen et al., 2006; Demento et al., 2012), (Pusic et al., 2013; Zhao et al.,
2014). Chitosan-based nanoparticles have been used in the development of a num-
ber of vaccines, including those against HBV and Newcastle disease, due to their
biocompatibility, biodegradability, benign nature, and ease of modification (Ys
et al., 2010; Tao & Gill, 2015). Furthermore, natural polymers were used to make
hydrogel nanoparticles, which are a type of nanoscale, hydrophilic, three-
dimensional polymer network. Nanogels have a variable mesh size, a large surface
area for multivalent conjugation, a high water content, and a high antigen-loading
capacity. Chitosan nanogels have been widely used in the delivery of antigens, such
as recombinant Neospora caninum protein disulphide isomerase (NcPDI) antigen
for Neospora caninum vaccination and Clostridium botulinum type-A neurotoxin
subunit antigen Hc for an adjuvant-free intranasal vaccine (Ball et al., 1998).
Chitosan nanoparticles have also been shown to act as nanovehicle molecules for
HBV antigens, DNA vaccines, and Newcastle disease vaccines. A well-known
alternate pathway complement activator, inulin, is a powerful adjuvant. Inulin
improved defense against hepatitis B and influenza viruses (Nicol & Lachmann,
1973). AdvaxTM, an inulin-derived nanoparticle adjuvant, has demonstrated
improved defense reactivity in vaccinations against a variety of viruses, including
influenza Das et al., 2017) and hepatitis B.

15.2.2 Inorganic Nanoparticles

For application in vaccinations, many inorganic nanoparticles have been investi-
gated. The advantage of these nanoparticles lies in their hard structure and regulated
manufacture, despite the fact that they are largely nonbiodegradable. Because of the
ease with which they shall be formed into an assortment of shapes and have a
dimensional scale of 2—150 nm and can have their exterior changed with carbohy-
drates, gold nanoparticles (AuNPs) are employed in vaccine administration
(Mitchell et al., 2021). By affixing the antigen to the surface of the gold nanorods,
an antigen generated from the respiratory syncytial virus has been employed as a
carrier. Gold nanoparticles have also been used as adjuvants for the human immu-
nodeficiency virus (HIV) or as vehicles for immune triggers derived from other
viruses like influenza and foot-and-mouth disease (Dykman, 2020). Another often-
researched substances for the delivery of drugs and vaccines are carbon nanoparti-
cles, manufactured into multiple kinds of nanotubes and mesoporous spheres, and
are renowned for their good biocompatibility (Patra et al., 2018). Mesoporous car-
bon spheres are roughly 500 nm in size, whereas the diameter of carbon nanotubes
(CNTs) used as carriers is typically 0.8-2 nm with a length of 100-1000 nm. CNTs
can transmit numerous models of protein and peptide antigens and has increased the
amount of immunoglobulin G (IgG) reaction. Mesoporous carbon nanoparticles
were investigated for potential use as an adjuvant in oral vaccines (Zhu et al., 2014).
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Silica is a promising substance for the construction of nanovaccination and delivery
systems. In addition to being biocompatible, silica-based nanoparticles (SiNPs) are
effective nanocarriers for the administration of vaccines and the selective targeting
of tumors (Zhang et al., 2022). Mesoporous silica nanoparticles (MSNs) were
investigated as nanocarriers and adjuvants for the carriage of potent antigens includ-
ing those produced from the pig circovirus and HIV (Mody et al., 2013). These
MSNs were about 50 to 200 nm in size and can be used to regulate the surface
functionalization, pore size, and shape to regulate the release of antigens. Owing to
their greater specific surface area and tunable hollow and mesoporous structure,
MSNs perform better in delivery and controlled release as compared to solid SiNPs
and can be broken down and eliminated in the urine (Afarid et al., 2022). These
characteristics suggest that MSNs could develop into high-efficiency, measured-
discharge nanocarriers in the next vaccine preparations. When sodium citrate, cal-
cium chloride, and dibasic sodium phosphate are combined under particular
circumstances, calcium phosphate nanoparticles can be produced (Sreeharsha et al.,
2022). They may be shaped into sizes between 50 and 100 nm and are nontoxic.
These nanoparticles exhibit high biocompatibility and are helpful adjuvants for
DNA vaccines and mucosal immunity.

15.2.3 Liposomes

Liposomes are the second most researched vaccine and drug delivery method in the
field of nanomedicine, after polymeric NPs. The hydration of lipids during the spon-
taneous production of liposomes allows for the formation of a lipid bilayer sur-
rounding an aqueous core. So far, several types of liposomes have been used in
vaccine trials, including unilamellar or multilamellar vesicles made of biodegrad-
able phospholipids (such as phosphatidylserine, phosphatidylcholine, and choles-
terol). Liposomes deliver vaccinations by fusing with the target cell membrane
(Bozzuto & Molinari, 2015). Liposomes can combine viral envelope glycoproteins
to form virosomes, including influenza virosomes, and they can encapsulate anti-
gens within the core for delivery (Asadi & Gholami, 2021). In DNA vaccination
research, liposome—polycation—-DNA nanoparticles (LPD) are a popular adjuvant
delivery method. They are made up of a cationic liposome that has been modified
with 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and a cationic polymer-
condensed DNA (often protamine). Condensed DNA is housed within a liposome,
in which the parts of LPD spontaneously reorganize into a 150-nm nanostructure
(Schwendener, 2014). Maleimide-modified liposomes can be converted into
interbilayer-crosslinked multilamellar vesicles (ICMVs) via cation-driven fusion
and crosslinking, allowing for slower antigen release. Inflexal®V and Epaxal® that
have been reviewed in earlier studies are two liposome systems that have been
developed and given approval for human use (Gao et al., 2013). According to a
previous research, antigenic proteins delivered in multilamellar lipid vesicles induce
potent T- and B-cell responses. Clinical trials using liposome-based vaccination
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nanoformulations against intracellular pathogens such as viruses and Mycobacterium
tuberculosis have received approval (Kulkarni & Vaidya, 2010). Liposomal aerosol
carriers’ efficacy in the development of protective immunity against M. tuberculosis
infection has already been demonstrated in one such study. Surface-modified lipo-
somes that target immune cells, codeliver immunostimulatory chemicals, and
simultaneously boost humoral and cell-mediated immune responses have been
developed to improve the efficacy of liposomal vaccines. The protein surface
antigen-to-lipid ratio can affect both liposome aggregation behavior and vaccine’s
overall stability during storage (Wang et al., 2019).

15.2.4 Immunostimulating Complex (ISCOM)

ISCOMs are 40-nm cage-like particles made of cholesterol, phospholipids, protein
antigen, and saponin adjuvant. These spherical particles can capture the antigen via
polar interactions. ISCOMATRIX™ includes ISCOMs that lack an antigen (Sun
etal., 2009). It can be blended with antigen after removing the limiting hydrophobic
antigens, allowing for a more versatile use than ISCOMs. ISCOMs have been devel-
oped using a variety of antigens, including flu, herpes simplex virus, HIV, and
Newcastle disease antigens (Shen et al., 2018)

15.2.5 Virus-Like Particles (VLPs)

Virus-like particles (VLPs) are self-assembling nanoparticles that lack infectious
nucleic acids and are formed by the self-assembly of biocompatible capsid proteins.
VLPs are the ideal nanovaccine technology because they adopt the positive charac-
teristics of viruses, namely the ability of the evolved viral structure to naturally
engage with the immune system while avoiding the negative ones, namely the infec-
tious components (Gao et al., 2018). Because of the spontaneously tuned nanopar-
ticle size and the repeated structural order, VLPs elicit strong immune responses
even in the absence of an adjuvant. In 1986, the first VLP vaccine against the hepa-
titis B virus was introduced, and VLP-based vaccinations were the first nanoparticle
class to enter the market (Nooraei et al., 2021). These vaccines are now routinely
administered to healthy populations. In nanovaccinology, VLPs provide the best
evidence for safe use in healthy people. More recent VLP vaccinations for hepatitis
E and the human papillomavirus were approved for human use in 2006 and 2011,
respectively. VLPs can be manufactured using a variety of technologies, range in
size from 20 nm to 800 nm, and can be obtained from a variety of viruses (Gregory
et al., 2013). Numerous studies have sufficiently demonstrated the use of VLPs as
vaccine carriers and their ability to activate their hosts’ immune systems. In addition
to viruses, VLPs can provide defense against heterologous antigens (Kushnir
et al., 2012).
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15.2.6 Self-Assembled Proteins

Self-assembling methods that aim to induce higher levels of protein quaternary
structure have emerged for the creation of nanoparticle-based vaccinations in recog-
nition of the effectiveness of the VLP method. Ferritin, a protein, has the ability to
self-assemble into a nearly spherical 10-nm shape (Lopez-Sagaseta et al., 2015).
The main vault protein (MVP) is another self-assembling protein. The self-assembly
of 96 units of MVP can produce a barrel-shaped vault nanoparticle with a diameter
of about 40 nm and a length of about 70 nm. Genetically fused antigens with a lim-
ited interaction domain can self-assemble into vault nanoparticles when combined
with MVPs (Zhao et al., 2014). Vault nanoparticles were used to encapsulate the
main outer membrane protein of Chlamydia muridarum for research on mucosal
immunity.

15.2.7 Emulsions

Nano-sized emulsions are another type of nanoparticle used as an adjuvant in the
administration of vaccinations. Emulsions have lately been investigated as vaccine
delivery systems after years of study as adjuvant formulations. Emulsions are dis-
persions of two or more immiscible liquids (Tayeb et al., 2021). The two main types
are water-in-oil emulsions and oil-in-water emulsions. Emulsions can be combined
with antigens or contain antigens within their core for efficient vaccination delivery.
One of the most commonly used emulsions is MFS9TM, an oil-in-water emulsion
that has been approved as a safe and effective vaccination adjuvant in over 20 coun-
tries. It has undergone extensive research for use in influenza vaccines. Montanide™
is another name for a large family of emulsions that includes the ISA50V, ISA51,
ISA201, ISA206, and ISA720. (Banzhoff et al., 2008). Malaria vaccines have used
montanide ISA51 and ISA720, while foot-and-mouth disease vaccines have used
montanide ISA 201 and 206. Recently, noncovalent click self-assembly was used to
develop a tailorable nano-sized emulsion (TNE) platform technology for antigen
and medication delivery (Dar et al., 2013). An oil-in-water nano-sized emulsion is
created using specially formulated biosurfactant peptides and proteins. Using a self-
assembling peptide—protein system, immune-evading polyethylene glycol (PEG)
and a receptor-specific antibody can be strategically arranged on the aqueous inter-
face of a nano-sized oil-in-water emulsion.



266 C. Pushpalatha et al.
15.2.8 Dendrimers

Dendrimers are three-dimensional, mono-dispersed, hyperbranched amine- and
amide-based nanostructures. According to the studies, dendrimers have only been
used infrequently to transport various antigenic compounds. Dendrimers made of
polypropyleneimine (PPI) and polyamidoamine (PAMAM) are the two most com-
monly used dendrimers for vaccine administration (Madaan etal., 2014). Dendrimers
are thus promising candidates for the development of new generation vaccines with
improved immunogenic properties because they can be tailored to achieve specific
biological and physicochemical properties and because multiple ligands can be con-
jugated to a single molecule (Crampton & Simanek, 2007).

15.2.9 Nanotubes

Nanotubes are distinct cylindrical carbon molecules with numerous potential appli-
cations in nanotechnology, electronics, and material sciences. Because the chemical
bonding is consistent with sp2 orbital hybridization, they have remarkable strength,
distinct electrical properties, and good thermal conductivity. Fullerene, a carbon
allotrope, is one example (Cui et al., 2011). Carbon nanomaterial delivery systems
are insoluble and inert and resemble bacteria in both size and shape. Carbon nano-
tubes can transport many antigens, have low toxicity, are quickly absorbed by
antigen-presenting cells, and are not naturally immunogenic. Such properties sup-
port the viability of using carbon nanotubes as antigen carriers (Scheinberg et al.,
2013). According to reports, researchers at the University of Connecticut have
developed a sensor that uses tightly packed carbon nanotubes coated with gold
nanoparticles to detect oral cancer in samples. Carbon nanotubes and silicon nanow-
ires (SiNWs) were used to identify different volatile organic chemicals in breath
samples from patients with stomach and lung cancers, respectively (Mondal et al.,
2022). Single-walled carbon nanotubes (SWCNTs) have been studied for their
potential use in vaccine delivery systems by Zeinali et al. (2009). It has been noted
that the antigen presentation process is impacted by the nanostructures of carbon-
based materials. A number of studies have demonstrated the viability of carbon-
based systems for systemic or oral antigen administration (Agel et al., 2012).

15.2.10 Nanocrystals

Nanocrystals are crystalline materials with a minimum dimension of 1 um, and their
electrical and thermodynamic properties are size-dependent. One source of these
crystals is Elan Pharma International Limited, an Irish company that specializes in
the manufacturing of drugs for nanoparticles (Junghanns & Miiller, 2008).
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Nanocrystals in the 10-nm range have good semi-conductivity and a loose morphol-
ogy with nanopores positioned between the crystals. The presence of silica mole-
cules alters the surface of the pores, allowing them to adsorb protein. These
hydroxyapatite nanoparticles are useful in the treatment of bone defects. An inter-
national cofunding framework for nano-drug development will also help to expand
treatment (Shadjou & Hasanzadeh, 2015).

15.2.11 Nanorobots

Nanorobotics refers to robots of the nanometer (10~° m) scale that have been used in
medicine for early diagnosis and targeted medication administration for cancer ther-
apy, pharmacokinetic monitoring of diabetes, and healthcare (Saadeh & Vyas,
2014). When used as toothpaste or mouthwash, nanobots dentifrices (dentifrobots)
can cover all subgingival surfaces, metabolizing any trapped organic matter into
harmless and odorless fumes. Dentifrobots are used to detect and eliminate patho-
genic bacteria found in tooth plaque (Shetty et al., 2013). In fact, it is expected that
patients will be given nanobot injections to perform tasks at the cellular level.
Biochips and nubots are two examples of nanobots.

15.2.12 Nanowires (NWs)

A nanowire (NW) is a channel made of silicon, carbon nanotubes, or metal oxides
that allows very low-amplitude electrical current to flow through it. They are
extremely sensitive to even the smallest changes in their electrical properties, such
as when a new molecule is bound to them, due to their tiny size and diameter of
about 10 nm (Zhu et al., 2021). Antibodies are attached to the surface of nanowires
to serve as detectors. When the antibodies interact with the target’s biomolecules, a
conformational change occurs, which is detected as an electrical signal on the
nanowire. They can therefore be used as detectors for diseases like cancer when
numerous nanowires with various antibodies attached are combined into a single
device. Field effect transistors (FETs) made of silicon nanowire (SiNW) are used in
sensors as an example (Vu & Chen, 2019). According to reports, FET-SiINWs have
been used to monitor prostate cancer and predict the likelihood of biochemical
relapse early, before full manifestation, for a number of prostate cancer biomarkers,
including prostate-specific antigen (PSA) (Manceau et al., 2021).
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15.2.13 Quantum Dots

Quantum dots (QDs) are 2- to 10-nm cadmium selenide nanocrystals coated with a
shell (such as zinc sulfide) to improve optical properties and a cap (such as silica) to
improve solubility. QDs may be used in a variety of biological applications because
they are unique structures designed for targeted imaging by labeling molecules with
a fluorescent probe. QDs have only positive properties as probes due to their quan-
tum effect capability, such as stable and high quantum yield fluorescence that is not
photobleached (Tandale et al., 2021). They are very useful in genotype determina-
tion, image-guided surgery, and molecular diagnostics because they require only
such a basic excitation, resulting in high sensitivity and a broad excitation spectrum.
Through the use of quantum dots in conjunction with other diagnostic methods,
diagnostics and therapies have been combined. Quantum dots with detectable lumi-
nescence enclosed in carbohydrates, for example, are useful in cancer imaging
(Fang et al., 2012).

15.3 Nanomaterial Vaccines for the Treatment
and Prevention of Infectious Diseases

NPs are a favored tool among virologists and have been used extensively in the
development of antiviral vaccination techniques. Its application in the treatment and
prevention of infectious diseases such as influenza, hepatitis, dengue, and HIV has
been studied. Nanovaccines have frequently been shown to improve immunogenic-
ity over recombinant antigens alone. They can also transport and present antigens in
native-like conformations. Gill et al. developed an influenza vaccine using gold NPs
(AuNPs). They combined a 12-nm AuNP with an influenza virus matrix protein 2
(M2e) peptide’s highly conserved N-terminal extracellular domain. The conjugates
were given to BALB/c mice twice, which resulted in increased IgG1 and IgG2 pro-
duction as well as improved defense against a lethal dose of PR8-HINT1 infection
(Tao et al., 2014). As a potential therapeutic strategy, Negahdari et al. used a gene
gun to deliver AuNP-coated hepatitis B virus surface antigen (HBsAg) DNA into
epidermal cells. AuNPs were also given to mice along with plasmid DNA encoding
HBsAg DNA as adjuvants. AuNPs cause rapid antibody synthesis, which expedites
the animals’ attainment of the peak antibody titer (Negahdari et al., 2019; Sengupta
et al., 2022).

HIV-1 has remained a global epidemic since the 1980s. Despite the achieve-
ments of antiretroviral medications, it is unlikely that the virus will be eradicated
from the population without a reliable vaccine. A variety of nanovaccine technolo-
gies were used in preclinical animal studies to create an effective HIV-1 vaccine,
and these were capable of producing neutralizing antibodies (NAbs), non-
neutralizing antibodies, and CD4+ and CD8+ reactivity. They have also been used
as standalone immunogens and as components of prime-boost vaccination
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programs. The potential and role of nanovaccines in the development of an effective
HIV-1 vaccine are still being thoroughly researched, and a future research may
reveal even greater significance (Lin, 2015).

15.4 Nanomaterial Vaccines for the Treatment
and Prevention of Cancer

Cancer is still the leading cause of death in humans. The development of an antican-
cer vaccination enhanced by novel opportunities provided by nanomaterials is a
critical first step toward individualized medicine for this widespread disease.
STING, an endoplasmic reticulum-associated signaling molecule, regulates the
transcription of a number of host defense genes. STING detects cyclic dinucleotides
(CDNSs) or abnormal DNA species, which induce the expression of type I interfer-
ons (IFNs) and proinflammatory cytokines. Through this fundamental mechanism,
STING has been found to be involved in a wide range of pathological and biological
processes. In response to DNA vaccines, STING-dependent signaling was supposed
to induce adaptive immunity. Furthermore, it has been demonstrated that STING
can detect viral entry-related membrane-fusion events independently of nucleic acid
detection (Holm et al., 2012). STING can mediate type I interferon production by
CD8+ dendritic cells (DCs), which can activate CD8+ T cells, for cancer treatment.
Furthermore, leukocytes that can recognize tumor-derived STING-activating com-
ponents, such as CD11b + and B cells, can activate STING, causing type I IFN
production by leukocytes and preparing natural killer (NK) cells for cytotoxic death
of tumor cells (Sundararaman & Barbie, 2018). These findings strongly suggest that
STING plays an important role in a variety of innate and adaptive immune responses
that can be used to treat cancer (Jing et al., 2022).

15.5 Dosage and Antigenicity of Nanoparticles

The immune system protects the body from harmful self-antigens, invasive infec-
tions, and their effects by recognizing and eliminating them as soon as they appear.
The physicochemical properties of nanoparticles govern their interaction with the
immune system. Plasma proteins bind to the surfaces of nanoparticles that do not
contain polyethylene glycol (PEG) or other polymers, preparing them for a rapid
uptake by phagocytic cells. Furthermore, it is well established that some nanopar-
ticles can act as adjuvants, increasing the immunogenicity of weak antigens and
facilitating vaccine production. Furthermore, modifying their size, surface charge,
and administration method allows for effective antigen presentation to dendritic
cells and lymphatic transport. The successful production of antibodies utilizing a
protein-free formulation of particulate antigens was explained in support of
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liposomes, which exhibit the hapten behavior of some nanoparticles; that is, they
are not capable of eliciting an immunogenic response unless they are coupled to a
protein carrier. Liposomes’ antigenicity is entirely distinct from that of other nano-
materials that have been researched up to this point. For instance, antibodies are
produced in reaction to substances other than lipids. A liposome interacted with the
membrane phospholipids of cultured macrophages in addition to binding to phos-
phatidylcholine and cholesterol (Dobrovolskaia & McNeil, 2016).

15.6 Biodegradation and Elimination of Nanoparticles

The destiny of nanoparticles is critical for regulatory purposes due to concerns
about long-term accumulation and patient safety. To successfully translate nanopar-
ticles into the clinical side, it is necessary to first understand how the body elimi-
nates them. Nanoparticles injected intravenously circulate in the blood until they are
removed from circulation and eliminated via two primary routes, namely renal
elimination and hepatobiliary elimination. Many prospective nanoparticle formula-
tions for in vivo medicinal applications cannot be removed renally because they
have sizes of 5.5 nm or greater and are nonbiodegradable. Although hepatobiliary
elimination has been proposed as a route for these nanoparticles, limited informa-
tion is known about their excursion through the body. Poon et al. investigated
nanoparticle elimination via the hepatobiliary route and discovered that the fate of
elimination is determined by the interaction of nanoparticles with liver nonparen-
chymal cells, such as Kupffer cells and liver sinusoidal endothelial cells. Cells at
each stage of the pathway can entrap and chemically or physically change the
nanoparticles, affecting how well they are eliminated through feces (Poon
et al., 2019).

15.7 Contraindications and Adverse Effects

In the last decennium, an abundance of nanoparticles has been developed and
researched for their potential application in disease diagnosis and treatment. Despite
enormous progress in research, there are numerous factors that hinder the transla-
tion of nanotherapeutic, nanodiagnostic, and nanovaccine particles into the clinical
domain. The concerns that exist include the impertinent physiochemical properties,
difficulty in achieving repeatability in synthesis, its atypical biodegradation, elimi-
nation, and toxicity. A research showed that the intrinsic and extrinsic properties of
the nanoparticles do not adequately coincide with the pharmacodynamic and phar-
macokinetic requirements (Baetke et al., 2015).

Nanodiagnostic particles exhibit a short-lived circulation time, high specificity
and sensitivity, and fast biodegradation and elimination without bringing about any
pathophysiological effects. The nano-dimensions of the nanoparticles restrict the
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biodistribution by affecting the uptake by the mononuclear phagocytic system,
which is essential for the diagnostic agents that target the extravascular structures.
They can easily extravasate out of the blood vessels and disseminate within the
interstitial space (Nandedkar, 2012). Nanotherapeutic particles, on the other hand,
should have a pharmacological activity and a longer circulation time to improve
retention and permeability. When the nanoparticles reach the interstitial space, they
should cause drug release (Kiessling et al., 2014). Because of their small size,
nanoparticles can easily enter tissues and organs, which is a good thing overall.
They can ingress the brain either by crossing the blood-brain barrier or via the
olfactory epithelium on inhalation. Neutral and low-concentration anionic nanopar-
ticles were not found to influence the integrity of blood—brain barrier, whereas high-
concentration anionic and cationic nanoparticles were found to be toxic for the
blood-brain barrier. Nanoparticles also bring about the formation of reactive oxy-
gen species (ROS) and oxidative stress (Nel et al., 2006), which has been involved
in the pathogenesis of neurodegenerative diseases such as Alzheimer’s diseases and
Parkinson’s disease (CALDERon-GARCIDUEnas et al., 2004), (Cruz et al., 2014).

Toxicological evaluation of nanoparticle formulations is essential as they can
result in varied distribution through the body, pass through the blood—brain barrier,
and alter the pathways of coagulation. It has also been discovered that the toxico-
logical profile of the bulk nanoformulation cannot be relied on, and thus, each case
requires a safety evaluation. Nanoparticles may also cause mitochondrial damage,
uptake through the olfactory epithelium, and platelet aggregation defects, particu-
larly in immunocompromised subjects (De Jong & Borm, 2008). Cationic nanopar-
ticles are found to cause hemolysis, vascular thrombosis, and blood clotting, while
anionic particles are found to be comparatively less toxic (Gupta et al., 2007),
(Nandedkar, 2012; Cruz et al., 2014). Studies on the biological behavior and toxic-
ity of nanoparticles inhaled during drug delivery reveal concerning results due to the
unintended release of ultrafine nanoparticles, which can cause a variety of adverse
effects on the respiratory system, such as pulmonary inflammation, coagulation
(thrombosis and platelet aggregation), cardiovascular system (like altered heart
rate), and immune system defects (Oberdorster et al., 2005; De Jong & Borm,
2008). It is impossible to distinguish between the toxicity caused by the drug and
the toxicity caused by the nanoparticle. As a result, the toxicity of non-drug-loaded
particles should be highlighted, because drug delivery using slow or nondegradable
particles may exhibit persistence and accumulation, resulting in chronic inflamma-
tory reactions (De Jong & Borm, 2008).

Nanovaccines face challenges such as stability during production and storage,
biocompatibility, toxicity, nonthermal sterilization, and toxicity with changing size
and shape of the nanoparticle. One of the major barriers to the application of nano-
vaccines is the difficulty in the reproducibility of the formulation during synthesis,
as they exhibit size-dependent immunogenicity (Sharma et al., 2009). Although
small nanoparticles are quickly cleared, large counterparts accumulate in vital
organs and are cleared slowly over time, causing toxic effects (Nandedkar, 2009).
The majority of the adverse effects are the result of long-term low-level exposure,
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which can only be determined by long clinical trials (Nasir, 2009; Gonzalez-
Aramundiz et al., 2012).

Orally administered nanovaccine must be administered at a higher concentration
to overcome dilution during transit through the gastrointestinal tract, which can
cause gastrointestinal disturbances (Bhavsar & Amiji, 2007). Nanovaccine intrader-
mal injections have been linked to dermatological issues such as inflammation
(Nandedkar, 2012). Nanovaccines administered orally are generally well tolerated
and safe. The difficulties include dispensing minute amounts of vaccine and ensur-
ing equal distribution to every extent of the nasal mucosa while ensuring minimal
accumulation in the lungs (Sharma et al., 2009). Nasal drugs can also cause mucosal
irritation, respiratory syndromes, poor particle distribution, and an unpleasant taste.
Another barrier is that the free antigens delivered in the vaccine are easily removed
from the nasal cavity, are only sparingly taken up by the nasal epithelium, and gen-
erate a low immune response, necessitating antigen encapsulation to prevent degra-
dation (Nandedkar, 2009).

Nanomaterials are found to incite inflammation and the release of cytokines and
inflammatory mediators like IF-1, tumor necrosis factor alpha (TNF-a), interleukin
(IL)-6, IL-1p, and IFN-a causing an inflow of leukocyte, fever, swelling, vasodila-
tion, and tissue damage. This effect has been shown by nanovaccines according to
the reports by Gao et al. (2015) and Dinarello (2018). The immunogenicity of
cytosine-phosphorothioate-guanine (CpG) oligonucleotides carried by polystyrene
particles was found to be size-dependent, with differential expression of IL-6 and
IFN-a (Azharuddin et al., 2022). The in vivo studies to test the toxicology of
nanoparticles are expensive. Cell-based assays can be used to find the sequence of
activity and the range of responses (Shaw et al., 2008). Although multiple tests are
required to predict the toxicity of nanomaterials, these assays will benefit by accel-
erating toxicological testing of nanomaterials in order to increase their clinical
applications to efficiently diagnose, prevent, and cure diseases (Nandedkar, 2009).

15.8 Future Scope of Nanoparticles in Diagnosis
and Vaccinology

The small particle size, adulatory sensitivity, ability to detect diseases and genetic
disorders in the initial stages, and accuracy in imaging methods have contributed in
making nanomedicine a research hub (Jackson et al., 2017). Biological information
can be obtained quickly and cheaply using nanotechnology and then analyzed using
DNA sequence analysis (Jain, 2003), greatly expanding the scope of preventive
medicine. Such advancements in diagnosis transform therapy into a more personal-
ized approach. In fact, therapy and diagnostics are now combined into a new field
known as theranostics, in which nanotechnology methods and medicines perform
both diagnostic and therapeutic functions. This is applicable in nanoformulations
such as contrast medium, which can function as a functional unit in the event of a



15 Nanoparticle as an Effective Tool for the Diagnosis of Diseases and Vaccinology 273

pathological change in tissue or circulate preventively when the organism is capable
of secreting active substance in response to endogenous signals (Jackson et al.,
2017). These also have the ability to recognize and repair individual genes, cells, or
cell constituents that are damaged. This allows for the early detection and treatment
of conditions with a genetic predisposition (Lu et al., 2007). Nanotechnology is not
only improving the efficacy of conventional vaccines, but also assisting researchers
in developing vaccines for diseases that were previously thought to be incurable.
Nanovaccines are mostly delivered noninvasively, via the oral route, nasal route,
patches, or microneedles, allowing for pain-free delivery with negligible tissue
damage and thus increasing their efficacy over conventional vaccines. The physio-
chemical properties that influence potency can be easily controlled by using the
appropriate polymer mixture, resulting in successful nanovaccine formulation
(Kendall, 2006).

The latest developments in the field of immunology upraise an invigorative pan-
orama in the formulation of nanovaccines. The populations of regulatory T cells and
X lymphocytes have broadened the cognizance of the mechanism of protection
against diseases (MacDonald et al., 2019; Ahmed et al., 2019). Nanovaccines may
develop on their own, leading to pioneering treatment modalities with an increased
efficacy. Liposomes and lipid nanoparticles used in nanovaccine formulations have
demonstrated excellent biocompatibility and biosafety, with future research and
development opportunities. A nanovaccine based on mRNA is expected to show a
great promise in the treatment of cancer and the prevention of infectious diseases.
Multidisciplinary research addressing physicochemical properties, biointerfacing,
and quality control will improve disease and cancer management (Feng et al.,
2022b). Cancer immunotherapies are a prominent field of nanoresearch that focuses
on overcoming tolerance to self-antigens in order to defeat the tumor. Organic com-
pounds serve as the reductant in the biofabrication method, which uses plants, algae,
and microorganisms to create nanoparticles that could be used in vaccine design
(Ahmed et al., 2017). Exploring the use of nanocomposites in vaccinology can lead
to multifunctional nanomaterials with optimal immunogenicity (Korupalli et al.,
2019) and pave the way for advanced versions of nanovaccines with improved
safety and immunogenicity (Rosales-Mendoza & Gonzédlez-Ortega, 2019).

The use of nanotechnology in medicine suggests virtually limitless possibilities
for advancement in the areas of early diagnosis, prevention, and minimally invasive
treatments for cardiac disorders, cancer, diabetes, and other diseases (Yezdani et al.,
2018). However, nanomedicine raises ethical and legal concerns about the custody
of individuals’ genetic sequence records (Jackson et al., 2017). Furthermore,
because of their high surface area-to-volume ratio, nanoparticles interact negatively
with biological systems and the environment, resulting in toxicity (Rezaei et al.,
2019). Global collaboration is required to establish and maintain international stan-
dards for safety, nomenclature, risk assessment, toxicity testing, and mitigation,
which will enable internationally accepted and standardized characterization proto-
cols. With proper attention to ethical concerns and global participation, the possi-
bilities in the field of health-care delivery will expand due to its great potential for
disease diagnosis, prevention, and treatment with efficacy and safety (Jackson et al.,
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2017). Because we are still in the early stages of research into the applications of
nanotherapeutic, nanodiagnostic, and nanovaccine production, only a few nanopar-
ticle formulations are in the early clinical stages (Gheibi Hayat & Darroudi, 2019).
Nanotechnology will play an important role in the future by enabling early disease
detection and therapeutic procedures that improve health and enable effective
patient-tailored therapy (Yezdani et al., 2018).

15.9 Conclusion

The last decade has seen unprecedented growth in nanoscience and nanotechnology
research. The nanoparticles’ small size allows for easy diffusion into cells, adding
to their enormous potential in the development of diagnostic devices, analytical
tools, contrast agents, gene delivery, and drug delivery vehicles. There is growing
optimism that nanomedicine will lead to significant advances not only in disease
diagnosis and treatment, but also in vaccine development. Nanoparticles have prop-
erties that can be used in a variety of imaging applications. Theranostic nanoparti-
cles can be used to visualize and quantify nanoparticle biodistribution and
accumulation and to monitor drug release and predict treatment response.
Nanoparticles have been found to deposit the active agent at the desired location,
significantly reducing drug consumption and, as a result, its adverse effects.
Nanovaccines are one of the most enthralling advances in the last decade. Their goal
is to create an ideal vaccination system that does not require refrigeration, uses a
single dose, and is painless to administer. Nanovaccines are thought to improve
antigen stability, targeted delivery, and antigen release over time. A wide range of
nanovaccines are currently being tested in clinical trials, with more on the way. The
antigenicity and inflammatory response are affected by the shape, size, surface char-
acteristics, and level of hydrophobicity. Vaccines for the treatment of cancer,
Alzheimer’s disease, and other emerging infectious diseases are being developed.
Although nanovaccination is changing the vaccinology field, there is still no com-
plete validation of their toxicity in mucosal immunization schemes. Nanotechnology
will enable the development of vaccines that are stable enough to be distributed in
remote areas with a limited access to medical facilities without refrigeration. Many
lives could be saved by early detection, treatment, and slowing the spread of major
infectious diseases. As a result, in order to promote the clinical translation of
nanoparticles for diagnostic, therapeutic, and vaccine purposes, an interdisciplinary
collaboration is required, which will make it a reality for society, with subsequent
benefits for global health, quality of life, and life expectancy.
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Green Nanotechnology Approaches

in Vaccinology: Advantages

and Disadvantages in Biomedical Sciences

Shubhankhi Dey and Gajendra B. Singh

16.1 Introduction

Vaccines have been a life-saviour ever since its introduction in the 1900s. With the
rise of deadly epidemics around the world, the need for the development of vaccines
has increased significantly. Hence, by the end of 1940s, successful vaccines against
pertussis, diphtheria, tetanus and smallpox had given a glimpse of hope to combat
against the major epidemics and in a few years resulted in constriction and elimina-
tion of respective viral breakouts (Pollard & Bijker, 2021). Subsequently, special-
ized research in the field of vaccines and vaccination had acquired a substantial
importance. Vaccines against polio, influenza, measles, etc., have also been devel-
oped, paving way for more advanced and effective vaccines in the future. However,
as the history stands witness, vaccine development is recognized as a tedious pro-
cess that consumes almost more than a decade for successful completion of all
stages of development (Han, 2015). The reason for this long tenure is the phases of
clinical trials that are followed by the exploratory phase, which is considered the
pioneering phase of development. In the beginning, preclinical assessment of vac-
cine development is accomplished, during which the vaccine is tested on cell culture
systems proceeding to tissue cultures and then to animal models for assessing
immunogenicity and safety of it. Depending on the results achieved after animal
model trials, further human trials are performed. This includes similar assessment
for safety and immunogenicity starting from smaller groups of people and gradually
moving towards larger groups. The entire process is summed up in three phases of
human clinical trials for approval.

Even though the development of vaccines is the need of the hour, researchers
often encounter challenges, especially in case of trials on the international level due

S. Dey - G. B. Singh (P<)
University Institute of Biotechnology, Chandigarh University, Mohali, Punjab, India
e-mail: gajendra.singh@cumail.in

© The Author(s), under exclusive license to Springer Nature 281
Switzerland AG 2023
K. Pal (ed.), Nanovaccinology, https://doi.org/10.1007/978-3-031-35395-6_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35395-6_16&domain=pdf
mailto:gajendra.singh@cumail.in
https://doi.org/10.1007/978-3-031-35395-6_16

282 S. Dey and G. B. Singh

to the differences in rules prevailing in different countries. Apart from this, finding
progressive trial sites is also a challenging task. Lack of infrastructure, finding the
correct dosage that can suffice efficacy globally and lack of skilled personnel may
also emerge as notable limitations against successful vaccination development pro-
cess (Drury et al., 2019).

Vaccines have been one of the most significant achievements in the history of
medical science. Vaccination had emerged as one of the most effective methods to
combat life-threatening infectious diseases. Although over the years scientists con-
stantly strive towards developing more and more vaccines, most of them are ineffi-
cient in the process. This is because most of the vaccines that have already been
designed are characterized with lower immunogenicity (Kim et al., 2014). Besides,
the existing vaccines have also been reported to have higher toxicity and lower
in vivo stability (Kheirollahpour et al., 2020). In most cases, vaccination requires
multiple follow-up administration of doses and cold chains. Moreover, the vaccines
previously developed were futile in providing prolonged immune responses against
the causative agent. Hence, currently, scientists are approaching adopting nanovac-
cines as a better and more advanced alternative to the existing conventional vaccines.

Thus, this chapter discusses nanovaccines and the types of nanovaccines that are
currently being considered in vaccinology. Brief discussion has been provided
regarding the importance of green nanotechnology in the field of vaccinology and
their benefits as an advanced future alternative.

16.2 Nanovaccine

Nanoparticle (NP)-based vaccines ranging in the size between 10 and 1000 nm have
shown exceptional physicochemical properties and a potential for enabling drug
delivery. Particles like biocompatible nanoparticles, exosomes and liposomes in the
above-mentioned range can be considered effective vaccine delivery systems. Such
nanovaccines offer more stability and are able to enhance the bioavailability of anti-
gens, messenger ribonucleic acid (mRNA) and deoxyribonucleic acid (DNA) in an
encapsulated form (Pardi et al., 2018; Sharma et al., 2020). Nanovaccines have the
potential to overcome the limitations of subunit vaccines due to their customized
surface chemistry, adjustable size, serum stability and enhanced controlling capac-
ity (Yildiz & Unver, 2022; Zhao et al., 2014). NP-based vaccines are capable of
entrapping antigens or enabling surface attachment, thereby facilitating subcellular
trafficking. Thus, these can induce Th1 type immunity in the host organism, which
can effectively combat against intracellular pathogenic viral species such as
Trypanosoma, Mycobacterium, Leishmania and human immunodeficiency virus
(HIV) (Fries et al., 2021; Petkar et al., 2021).
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16.2.1 Green Nanotechnology in Vaccines

The implementation of nanotechnology in vaccines has paved a pathway for the
implementation of advanced therapeutic measures. Currently, for the preparation of
vaccines, scientists have been preferring green synthesis methods with the help of
biocompatible compounds for reduced toxicity and better bioavailability (Shah
et al., 2015). Green synthesis involves the implementation of plant derivatives, pro-
teins, microbes, etc. Such compounds act not only as reducing agents in the nanopar-
ticle synthesis but also as capping agents in most cases. Specific capping agents for
metal or nonmetal nanoparticles are selected, which not only enhance their bio-
medical properties but also adhere to their additive properties (Schrofel et al., 2014;
Singh et al., 2016). These, when implemented in the case of nanovaccines, specific
biological components are used. Thus, nanovaccines made up of liposomes or viral
protein components carry antigenic components that thereby help in successfully
enhancing the immunity in the hosts. The green synthesis method of metallic
nanoparticles has been represented diagrammatically in Fig. 16.1.
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Fig. 16.1 Green synthesis of metallic nanoparticles
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16.2.2 Factors Determining the Successful Development
of Nanovaccines

For the successful development of vaccines, three important factors need to be given
primary importance: (i) a good antigen for the activation of immunity, (ii) an
immune adjuvant for the costimulation of the innate immunity and (iii) a carrier
system for receiving the antigen-presenting cells (APC) (Facciola et al., 2019). Any
vaccine is developed keeping these factors in mind. However, for the preparation of
nanovaccine, the properties of nanoparticles should be considered alongside. The
size, charge, distribution and shape of the nanoparticle play an important role in the
development of nanovaccines. This is because studies conducted on several cell
lines have shown some to be highly specific to allowing only microscale particles.
Apart from this, the size of nanoparticles also plays an important role in determin-
ing the immune responses. As per the study conducted by Hirosue et al. (2010), the
type 1 CD4* and CD8* cells are stimulated by nanoparticles that belong to the range
below 500 nm, whereas the type 2 CD4* cells can be stimulated for antibody pro-
duction by particles of size greater than 500 nm. Hence, the physicochemical prop-
erties of the nanoparticles used for vaccine development play a crucial role in
determining the efficacy of the nanovaccines.

16.2.3 Nanocarriers for Vaccine Delivery

In the hunt for developing effective solutions that can combat against some of the
major life-threatening viruses in the world, nanotechnology has been highly suc-
cessful. Considering the wide range of applications of nanotechnology, it was also
implemented in the field of vaccinology. Implementing nanotechnology in vaccinol-
ogy has resulted in upgraded forms of vaccine development overcoming several
underlying issues (Kallon et al., 2021). The advanced form of treatment has been
reported to have higher immunogenicity, prolonged stability and better efficacy. The
type of nanostructures involved plays a vital role, as the intrinsic properties of the
nanocarriers become a deciding factor in the therapeutic approach. Various nanocar-
riers used for the synthesis of nanovaccines have been depicted in Fig. 16.2.

16.2.3.1 Organic Nanocarriers
16.2.3.1.1 Exosome Vaccines

Exosome vaccines have played an important role in cancer immunotherapy.
Exosomes used for the treatment of cancer have shown promising results in activat-
ing anticancer immune response. Cells that are detected as malignant secrete an
increased number of exosomes that are infused with tumour-inducing antigens.
According to the study conducted by Chen et al. (2018), proteinaceous checkpoints
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Fig. 16.2 Nanocarriers used for the synthesis of nanovaccines

such as programmed death-ligand 1 (PD-L1) have been detected on the surface of
exosomes that are freshly budding from the malignant cells. These after interacting
with the programmed death-1 (PD-1) receptors present on the cytotoxic T cells do
not allow the destruction of the tumour cells. However, as per the present research,
the tumour-derived exosomes (TEXs) and the dendritic cell (DC)-derived exosomes
(DEXs) have shown promising results in the development of anticancer vaccines
used for therapeutic purposes (Naseri et al., 2020).

To develop exosome vaccines, scientists are using reverse engineering technol-
ogy to find cures for cancers. As per reports, TEXs have shown reversal ability to
tumorigenesis and immunosuppressing ability. TEX vaccines under preclinical tri-
als have shown significant results in stimulating immune responses against cancer
causing elements in breast cancer, metastatic carcinoma and leukemic models
(Naseri et al., 2020). Besides, several immune-cell derived exosomes artificially
engineered with neoantigens may have therapeutic anticancerous properties
(Shenoda & Ajit, 2016).

16.2.3.1.2 Liposome Vaccines

Due to their high immunogenicity (Zahednezhad et al., 2019), liposomes are being
used as potential drug delivery systems and gene transporters. Liposomes are recog-
nized as spherical in shape, lipid bilayers, with an internal cavity that serves as car-
riers of biologically active compounds (van der Koog et al., 2022). Measuring
between 50 and 1000 nm, liposomes may have one or more than one concentric
membrane. The biophysical and physicochemical properties of liposomes are flex-
ible (Kim & Jeong, 2021), which make them useful for drug or vaccine delivery
systems, fabrication, biosensors and diagnosis (Nakhaei et al., 2021). Hence, in the
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field of biomedicine, liposomes are being incorporated as nanovaccines in the form
of nanostructures (Vijayan et al., 2019; Moon et al., 2011). Implementing liposomes
in the nano form enhances their intrinsic properties and also makes them more bio-
available with an increased efficiency.

Liposome vaccines have reported comparatively lower reactogenicity. These
flexible and biodegradable components act as adjuvants that strengthen the vac-
cine’s immune response. This occurs as the antigen gets embedded inside the aque-
ous core or absorbed on the membrane for transportation. However, there are several
factors that determine the proficiency of the liposomes as a reliable vaccine. In this,
the lamellarity of the liposome, size, bilayer fluidity, surface charge and immunos-
timulatory lipid addition play a crucial role as, either singly or jointly, they deter-
mine the cumulative function of liposomes as a vaccine.

16.2.3.1.3 Virus-Like Particles (VLPs)

Nanoparticles formed by the self-assembly of protein capsid devoid of the genetic
material, categorized as virus-like particles (VLPs), have been effectively imple-
mented in the development of viral vaccines (Cappelli et al., 2022; Kushnir et al.,
2012). Derived from different types of viruses through different cellular systems
(plant, yeast, baculovirus, Escherichia coli, etc.) and cell-free systems, the VLPs
can range in size between 20 and 800 nm (Lin et al., 2022; Pushko et al., 2013).
VLPs naturally mimic the size of the viruses and have a repetitive structural order.
These particles have high immunity boosting ability without the negative property
of inducing viral infection. Thus, self-assembly of such rapidly processing nanopar-
ticles induces a faster and a long-term immune response in the host, even when there
is an absence of adjuvant (Jeong & Seong, 2017). Considering such factors, scien-
tists have been striving towards developing VLP-based vaccines. The ones that are
already available in the market have been derived by self-assembly of viral proteins
extracted from the virus against which the vaccine is being developed. Several VLP-
based vaccines are currently under the various trial phases, while researchers are
constantly developing more (Khan et al., 2022; Kushnir et al., 2012).

VLP-based vaccines have been under intensive research for the last few decades.
In 1986, the very first VLP-based vaccine, with the ability of stimulating the activa-
tion of CD8" and CD4* T cells, was designed against the highly pathogenic hepatitis
B. It also paved way for future alternatives for viral infections like hepatitis E virus
(HEV) and human papillomavirus. VLP-based vaccine for hepatitis B contains sur-
face antigen of hepatitis B (HBsAg) that is formed through recombinant yeast cells.
Such yeast-based VLPs also comprise non-glycosylated, hydrophobic S-proteins,
lipids (derived from the host cell) and disulphide bonds for structure stabilization
(Souri et al., 2022; Roldao et al., 2010). Thus, it can be recognized as a lipoprotein
having a hydrophobic fluid core surrounded by a rigid lipid layer that is meant for
absorbing the protein moiety (Zhao et al., 2013).

Another ribonucleic acid (RNA)-based viral infection of hepatitis E has been
recognized as one of the leading chronic infections and can be fatal, especially in
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the first trimester of pregnancy (Yang et al., 2018). Extensive studies have been
done, henceforth, on hepatitis E virus, its seroprevalence, core structure and viral
potential, and several new vaccines were designed with different protein composi-
tion. In this regard, hepatitis E-based VLPs have also been designed by self-
assembling core protein, ORF2. The model was the first of its kind designed at that
time, and thus, the potential of the vaccine had thereafter been thoroughly assessed
and were then subjected to necessary clinical trials (Cid & Bolivar, 2021). Besides
the direct administration, Li et al. (2005) used the p239 protein and successfully
developed hepatitis E-based VLP in bacteria through recombinant DNA technology
(RDT). Successful prevention against the viral infection was obtained in both the
cases. A similar study was conducted by Go et al. (2021) where the HEV VLP-
based vaccines were designed by expressing the HEV-3 capsid protein, p239 of pigs
or swine.

After being able to successfully contain and prevent HBV infection, scientists
had thereafter shifted to the HPV, which was not only widespread but also life-
threatening. Hence, VLP-based vaccine against human papillomavirus (HPV) was
approved in 2006 for successful human implementation (Cutts et al., 2007). For
this, the role of the virus was intensively studied. HPV belonged to the group of
oncogenic viruses, which was responsible for causing lesions in several skin layers
and the mucous membranes, which may or may not be malignant. In the present
days, HPV is specifically characterized with cervical malignancy and can be catego-
rized into typical and atypical cancer types. The former is associated with malignan-
cies in the vagina, anus, vulva, oropharynx and penis, whereas the latter is associated
with cancer detected in the prostate, rectum or bladder region. This has been
restricted up to a certain extent after the advent of the VLP-based vaccines. Studies
reveal that aligned vaccination has been able to reduce the widespread cases of cer-
vical cancer approximately 90% (Kavanagh et al., 2017). The HPV vaccines are
also designed by self-assembly of 72 pentameric components of the viral capsid (L1
protein) in yeast cells via RDT. Following such mechanism, three VLP-based HPV
vaccines have been approved by the US Food and Drug Administration (FDA): The
first vaccine was developed in 2006 when a tetravalent vaccine was developed, the
second bivalent vaccine was developed in 2009, and a third nonavalent vaccine was
approved in 2014 (Brown et al., 2021; Chaturvedi et al., 2011).

16.2.3.1.4 Self-Assembled Proteins

Self-assembly means a procedure of forming organized structures from an unorga-
nized system of components that were already existing. The process may occur
without any external interference but by means of local or internal interaction
(Chung et al., 2015). When the organized structures are formed of disorganized
proteins, those are known as self-assembly of proteins. Although similar to the
VLPs, self-assembled proteins differ in the fact that it is not composed of the viral
components. Self-assembling proteins such as those of ferritin and major vault pro-
tein (MVP) have shown promising therapeutic approaches. Ferritin could form
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consecutive spheres measuring up to 10 nm, which when combined with the influ-
enza hemagglutinin (HA) protein produced eight trimeric spikes of HA, which
showed an enhanced immune response compared with conventional vaccines (Iyer
et al., 2022; Kanekiyo et al., 2013).

The major vault protein is an intracellular, ubiquitously occurring protein; self-
assembling from 96 copies results in the formation of a nanoparticle mimicking the
shape of a barrel of the dimension of 70 nm x 40 nm. Antigens are first attached to
the active domain of the MVP, which is then wrapped inside the self-assembled
structure. These proteins have shown successful results in delivering the major outer
membrane protein (MOMP) of Chlamydia sp. for the active stimulation of the
mucosal immunity (Reddy, 2022; Champion et al., 2009).

16.2.3.2 Inorganic Nanoparticles as Vaccines
16.2.3.2.1 Calcium Phosphate Nanoparticle

One of the prime reasons why calcium phosphate nanoparticles have been explored
for their vaccine-carrying capacity is because of their biodegradable nature and
structural attributes (Temchura et al., 2014). Calcium phosphate nanoparticles have
a unique feature of naturally releasing the encapsulated components into the cell
even if deprived of any external factor. This occurs due to the change in pH encoun-
tered by the nanoparticles after being phagocytized inside the cell (from neutral pH
outside the cell to acidic pH inside the cell). In addition, calcium nanoparticles are
also preferred because of their biocompatibility and stability. The proficiency of
calcium phosphate nanoparticle as stable nanocarriers was proven by Morgan et al.
(2008) when a suitably modified carbon phosphate nanoparticle with a size of 80 nm
carrying genetic components was tested in liver both in vivo and in vitro. In both the
cases, the nanoparticles were able to prevent the encapsulated genetic components
from being degraded by deoxyribonuclease (DNase) in both the conditions pro-
vided. This motivated the scientists to research its vaccine-carrying potential as
well. Thus, several trials, to estimate the potential of the nanoparticles as adjuvants
for immune responses in the mucosal region and for DNA vaccines, have also been
successfully performed (Zhao et al., 2021; Knuschke et al., 2014).

16.2.3.2.2 Gold Nanoparticle

Due to their intrinsic therapeutic properties, gold nanoparticles are recognized as an
important component in the field of nanotechnology. The versatility of the gold
nanoparticles resides in the flexibility of their shape as they can be moulded into
cubical shape and spherical or cylindrical rod shape according to their applicability.
Besides shape, the length of gold nanoparticles ranging in size between 1 and
150 nm also plays a role in regulating the augmentation of the immune responses
through various cytokine pathways (Cai et al., 2022; Niikura et al., 2013). Although
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gold nanoparticles have been used in several occasions in the biomedical field, it has
also been proven as effective carriers for antigen conjugates of influenza virus and
for HIV (Facciola et al., 2017). Xu et al. (2012) experimented with three different
components used as surface coatings on gold nanorods. The compounds used are
polyethyleneimine (PEI), cetyltrimethylammonium bromide (CTAB) and
poly(diallyldimethylammonium chloride) (PDDAC), among which gold-based PEI
or PDDAC nanorods showed the successful activation of APCs, along with T-cell
proliferation, leading to an increase in both humoral immunity and cellular immu-
nity. Thus, gold-based nanoparticles as vaccine carriers showed better efficacy as
compared to treatments with naked HIV-1 envelope plasmid DNA.

Several experiments have been performed by scientists to test the extent of thera-
peutic potential of gold nanoparticles. In a separate study, a specific ovalbumin
323-339 peptide—D-glucose complex was designed based on gold glyconanoparti-
cles carrying a tetrasaccharide epitope of the Streptococcus pneumoniae type 14
capsular polysaccharide (Pn14PS) (Colombo et al., 2018). The complex when
administered on mice induced the activation of Th cell by generating more cytokine
and anti-Pn14PS IgG antibodies and thereby showed an enhanced immune response.

16.2.3.2.3 Carbon Nanoparticle

Since carbon is an essential cellular component, several scientists have researched
its applicability as vaccines. Extensive research has been done to assess its applica-
tion as a suitable antiviral agent in the form of a nanoparticle, either as a carrier or
as an adjuvant (Serrano-Aroca et al., 2021). Carbon nanoparticles may have a wide
variation in the physiochemical properties owing to the differences in the structure
of the nanoparticles. This also regulates the antigen-carrying capacity of the
nanoparticles and boosts their immune responses via specific surface modifications
(Liu et al., 2014). Although carbon nanoparticles of different shapes have been
designed, they in the form of nanotubes have garnered a distinct attention. Carbon
nanotubes (CNTs) are made up of graphene sheets that are rolled into hollow cylin-
drical shapes. CNTs can either be single-walled, known as single-walled carbon
nanotubes (SWCNTs), or be multiwalled by forming concentric sheets (with more
than one sheet, up to 50 sheets), known as multiwalled carbon nanotubes (MWCNT)
(Rozhina et al., 2021; De Volder et al., 2013). Where the former can measure
between 0.5 and 1.5 nm, the latter may measure nearly 100 nm. The size of the
carbon nanotubes is important to consider as the functionality and applicability of
the carbon nanotubes vary accordingly.

Hence, in 2003, Pantarotto et al. conducted an experiment with the viral peptides
of hand-foot-mouth disease (Hoang et al., 2019). In this study, the enveloped viral
proteins were covalently attached to the carbon nanotubes. It was observed that the
structure of the epitope continued to maintain its immunogenicity even after getting
attached to the carbon nanotubes, and the viral protein—-CNT complexes were able
to successfully release IgG for neutralizing the infection.
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In an experiment performed by Hassan et al. in 2016, multiwalled antigen conju-
gates of different lengths and varied surface charges were used, and their applicabil-
ity was tested. The results showed a boost in the cellular uptake level with reduced
levels of negative changes in the multiwalled carbon nanotubes, which also resulted
in enhanced immunity. Hence, it was proved that the surface properties of the car-
bon nanotubes played a role in regulating their efficacy as vaccine carriers both
in vivo and in vitro.

16.2.3.2.4 Silica Nanoparticles (SiNPs)

Silica nanoparticles (SiNPs) are primarily preferred in therapeutic approaches
where specific targeting of tumours is needed. However, recent researches have also
discovered their excellent applicability as vaccine carriers or as drug delivery agents
(Yuetal., 2015). The most striking feature of the silica nanoparticles is that they can
stimulate immune response both in vivo and in vitro without any antigenic conjuga-
tion (Hou et al., 2022; Wibowo et al., 2014). With necessary modification, silica
nanoparticles have proven to be efficient in cellular interaction, improving cell rec-
ognition, biomolecule absorption and uptake of necessary cellular components.
Silica nanoparticles with versatile applications were also developed so as to enhance
the effectiveness of the particles. Thus, mesoporous silica nanoparticles (MSNs)
ranging in size between 50 and 200 nm were developed, which could serve both as
adjuvants and as nanocarriers for antigen delivery (Ahmed et al., 2022; Chen et al.,
2012). To understand their potential, Mody et al. in 2016 tested SiNPs in the form
of vesicles against bovine viral diarrhoea virus (BVDV), which resulted in restricted
release of the BVDV antigen that was a codon-optimized E2 peptide, thereby pre-
venting the viral infection.

16.3 Biomedical Applications of Nanovaccines

Vaccines have emerged as a medical necessity for not only combating against life-
threatening viral infections and diseases but also preventing them. Over the years,
scientists have strived towards developing prophylactic vaccines that have success-
fully helped in almost eradicating diseases like tetanus and smallpox and are con-
tinuously striving towards eliminating viral infections like hepatitis (Soriano et al.,
2022). However, with the increase in the number of life-threatening diseases, the
need for advanced vaccines is on the rise. Thus, therapeutic vaccines that can not
only provide life-long immunity against specific diseases but also modulate immune
responses are the need of the hour. To obtain reliable solutions, scientists are now
shifting towards nanovaccines for an advanced approach against viral diseases.
Nanoparticles are being highly implemented in several sectors of biomedicine.
Besides being used in bioimaging, antibiotics, etc., its recent addition as an alterna-
tive for conventional vaccines has been praiseworthy. The extent of applications of
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nanovaccines is still being studied, and the potential of nanoparticle vaccines as an
immune system stimulant is being stressed on. Nanovaccines are being recognized
for their ability to enhance both the adaptive immune system and modulating innate
immunity (Luo et al., 2017). These are easily retained in the lymph nodes, show
better loading of antigen and require lesser dosage in terms of both the frequency
and the amount to be administered. With the help of suitable nanoparticles loaded
with different foreign antigens, overcoming immunotolerance has also been possi-
ble, which thereby diminishes the need for booster doses. Thus, their potential as a
therapeutic agent has been appreciated for preventing cancer, tuberculosis, influ-
enza, acquired immunodeficiency syndrome (AIDS) and malaria (Bhardwaj
et al., 2020).

Owing to the specific antigen-targeting ability, nanoparticles have proven to be a
significant therapeutic approach in the treatment of cancer. Nanocarriers like poly-
mers, liposomes and nanospheres have shown successful results in the delivery of
vaccine antigen, thereby stabilizing the anti-tumour T cells. At present, nanovac-
cines are highly implemented as drug delivery agents in chemotherapies for tumour
cell targeting. Current researches are including formulations with dendritic cells,
which have proven to be efficient as APCs for the treatment of cancer. These den-
dritic formulations function by providing selective delivery meant only for specific
antigens targeting lymphoid organs, thereby progressing the time period for cyto-
toxic T-cell immune response. Besides, scientists are also focusing on formulating
nanovaccines in combination with T cells for the improvement of adoptive T-cell
therapy (Xiao et al., 2021; Fan & Moon, 2015; Park et al., 2013).

The efficacy of nanovaccines has not been limited to humans, but it has also been
implemented in animals. The application of nanotechnology in veterinary sciences
has been a breakthrough in improving the health of several animals due to the devel-
opment of effective vaccines and targeted drug delivery. For instance, VGX Animal
Health, Inc. has devised ways for inducing both cellular and humoral immune
response that has led to the formulation of vaccines meant either for oral ingestion
or for intradermal and intramuscular injection. Such drugs are often administered in
the form of biobullets available with polyethylene glycol (PEG) coating and are
used in the vaccination against Brucella abortus in bisons (Malek-Khatabi et al.,
2022) or as cancer therapy in dogs (Zhou et al., 2022).

With myriad changes in both biotic and abiotic factors on the earth, sudden
advents of noble viruses that may take the shape of epidemic and pandemic are on
the rise. Thus, effective vaccination to combat different types of infectious diseases
is the need of the hour. Since nanoparticles exhibit successful antiviral properties
(Gurunathan et al., 2020), green synthesized nanoparticles are optimally tested for
their antiviral efficacy. For instance, in a study conducted by Neuhaus et al. in 2014
included double-adjuvant vaccine with HAC1 (HINI1 influenza hemagglutinin
influenza antigen), c-di-GMP (bis-(3’,5")-cyclic dimeric guanosine monophos-
phate, mucosal vaccine adjuvant) and silica nanoparticle where the latter acted as
the drug delivery system. Vaccine administration was done in the lower lungs of
mice model where effective antigen response was observed along with the
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reactivation of both systemic and local immune response in order to protect against
the influenza virus.

Even today malaria is one of the dreaded diseases, which is responsible of deaths
globally. To combat against the high rise of malaria, a vaccine was introduced which
arrests the parasite, Plasmodium falciparum, in its sexual stage. Among the many
tested, Pfs25 was recognized as a promising one (Yadav et al., 2018). However, in
order to obtain an immune response over an extended period of time, the combina-
tion with gold nanoparticles has yielded promising results. In the study conducted
by Kumar et al. (2015) the use of codon-harmonized recombinant Pfs25 (CHrPfs25)
with gold nanoparticles acting as delivery agents resulted in enhanced immunoge-
nicity, thereby providing a promising therapeutic approach against malaria.
Biomedical applications of nanovaccines are illustrated in Fig. 16.3.

16.4 Advantages and Disadvantages of Nanovaccines

With researchers constantly striving towards developing a better alternative, nano-
vaccines are emerging as a suitable option. Specifically, nanovaccines are being
observed to have an upper hand over traditional vaccines for several reasons. For
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Fig. 16.3 Biomedical applications of nanovaccine. (Image created by BioRender.com)
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instance, the administration of traditional vaccines requires the whole body to
partake, whereas, in case of nanovaccines, specific infection-encountered areas and
source of origination are targeted. Besides, nanosystems ensure proper maintenance
of the antigen integrity by increasing stability and preventing degradation. This is
possible by increasing the rate of solubility of such compounds that are hydropho-
bic in nature, thereby enduring better administration. Moreover, nanovaccines also
require a reduced dose as compared to traditional vaccine doses (Stammers et al.,
2013; Shahbazi & Santos, 2015). One of the distinguished advantages of nanovac-
cines is their complementing size with that of the cellular components, which facili-
tates better penetration via endocytosis. Nanovaccines are also capable of targeted
drug delivery if coated with antibodies meant for targeting cell-specific receptors
and enhance antigen absorption by APCs. Nanovaccines have the ability of cross-
presenting antigens with the help of major histocompatibility complex class I (MHC
I), thereby activating both the cell’s immune system and humoral immunity and thus
displaying better efficacy than conventional vaccines (Hirosue et al., 2010; Baljon
& Wilson, 2022). Some other notable advantages of the nanovaccine are that the
administration of the nanovaccine requires neither a booster dose nor a continuous
maintenance of the cold chain. Nanovaccines are capable of creating active targets
and are known to have increased longevity in the bloodstream due to greater stabil-
ity (Gheibi Hayat & Darroudi, 2019).

However, there are several limitations related to the production and use of nano-
vaccine such as chemical composition, capping agent used and nanoparticle mor-
phology. Toxicity is recognized as one of the major limitations of nanoparticles. It
is an unwanted side effect that needs to be minimised if not completely eliminated,
for an enhanced efficacy of nanoparticles. The size of the nanoparticle and the zeta
potential determine the toxicity of the nanovaccines (Rasmussen et al., 2020).
Hence, nanovaccines with lower toxicity and higher stability are preferred for
human use. Besides toxicity, nanoparticles inside the body do have access to tissues
they pass through. Furthermore, achieving a sterile laboratory condition during
scaling-up is another challenge that the nano-industry is currently facing and needs
to be solved for future productions at the industrial level (Shahbazi & Santos, 2015).

16.5 Conclusions, Outlook and Future Aspects

Implementation of nanotechnology in vaccinology offers a promising solution to
several medical issues. The new generation of vaccines is developed using nanopar-
ticles as potential drug delivery agents and immunostimulants with fewer side
effects. The use of nanoparticles in vaccine development enhances the antigen
uptake from the antigen-presenting cells. The efficacy of nanoparticle-based nano-
vaccines is primarily determined by the size, shape and charge of the particles used,
which consecutively affects the adjuvanticity, immune system stimulation, antige-
nicity and inflammatory responses inside the host.
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With every progressing day, newer preclinical reports are obtained, which sug-
gest that cationic liposomes and poly(lactic-co-glycolic acid) (PLGA) yield better
efficacy in terms of nanovaccines that have also shown future possibility of over-
coming drawbacks related to subunit vaccines and live-attenuated vaccines.
Nanovaccines are designed based on the physicochemical properties and optimized
according to the purpose and target of the cell or organ inside the host. These have
gained due attention for their enhanced bioavailability, biocompatibility and biode-
gradability. These cost-effective formulations of nanovaccines have shown potential
therapeutic results against malaria, influenza virus, hepatitis B, HIV and cancer,
thereby paving way for future breakthrough. Besides, these are comparatively safer
than conventional vaccines as the nanovaccines have low toxicity and higher stabil-
ity in the bloodstream. However, an extensive study about the physiochemical prop-
erties and the binding or functioning inside the host environment is still required.
This is because nanovaccines are still a new addition to both the fields of nanotech-
nology and vaccinology, and a vast amount of studies is still required to assess prob-
able vaccine components in order to eradicate existing life-threatening diseases.
Nanovaccines as potential drug delivery agents have provided several ground-
breaking therapeutic approaches in both humans and animals; however, an in-depth
research regarding feasible alternatives in the form of nanovaccines, along with
their preclinical trials, to eliminate risk factors should be continued.
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Chapter 17
Clinical Applications of Nanovaccine
Formulation Technology Market Research

Sunil Kumar, Attuluri Vamsi Kumar, and Hardeep Kaur

17.1 Introduction

The most efficient method of preventing infectious illnesses is vaccination; hence,
it is one of the main concerns for human health. In the last 200 years, immunizations
have contributed to the eradication of smallpox globally, the eradication of poliomy-
elitis in most countries and the decline in the morbidity and mortality of a variety of
vaccine-preventable diseases (VPDs). Nevertheless, vaccination reluctance is grow-
ing in many nations, particularly as a result of unfounded worries about hypotheti-
cal vaccine side effects and a lack of confidence in the efficacy and safety of vaccines
(Case & Desmond, 2016; Vaccine Hesitancy: An Overview on Parents’ Opinions
about Vaccination and Possible Reasons of Vaccine Refusal - PubMed, n.d.-a).
Hence, there have been occasional VPD outbreaks in various regions of the world
(Danesh-Bahreini et al., 2011; Facciola et al., 2019; Nevagi et al., n.d.; Plebanski
Geoffrey Pietersz et al., 2004), and several international studies have shown that
important public health objectives such as the eradication of poliomyelitis and con-
genital rubella are still not being met (Bai et al., 2021; Huang et al., 2020; Kalkanidis
et al., n.d.; Skwarczynski & Nanomedicine, 2014). Unexpectedly, vaccine reluc-
tance affects even health-care personnel who frequently have insufficient or no vac-
cinations against the primary VPDs due to concerns about the safety and effectiveness
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of the vaccines. The number of potential vaccines is steadily growing since vaccine
research is continually changing (Facciola et al., 2019; Feng et al., 2022; J. Liu
et al., 2020). The majority of potential vaccines, however, have an essential compo-
sition that is often defined by a reduced immunogenicity and an inability to elicit
strong and durable immune responses (Adabi et al., 2017; Dong et al., 2020; Mendes
et al., 2018). Therefore, we require adjuvants and novel delivery mechanisms that
increase the immunogenicity of vaccines in order to acquire contemporary, effective
vaccinations. The findings of this study are seen in the light of technological innova-
tions intended to lessen the impact of infectious illnesses in all of their forms.
Richard P. Feynman, a renowned physicist, introduced the first concept for nano-
technology in 1959 (Healy et al., 2014; Nevagi et al., n.d.; Zhang et al., n.d.-a). The
word “nanotechnology” was first used by Eric Drexler in his book Engines of
Creation in 1986 to characterize the method of molecular manufacturing and some
of its consequences. The development of nanotechnology has significant industrial
and scholarly applications. Nanotechnology has several industrials aspects of poten-
tial needs and significant utilizations. Since the early 1990s, nanotechnology has
been a component of traditional scientific ideas with possible medicinal applica-
tions. Since then, several “nanostructures,” including nanoparticles, nanorods
(NRs), nanospheres, nanofibres and nanotubes, among others, have been taken into
consideration for use in various biological systems (Saunders, 2009).
Nanotechnology, according to the National Nanotechnology Initiative, is the study
of structures having a size between 1 and 1000 nm in at least one dimension and
changeable composition, size, form and surface properties (Couvreur & Vauthier,
2006; Moghimi et al., 2005). Due to their size resemblance to some biological com-
ponents, nanoparticles can enter live cells via the endocytosis process, namely pino-
cytosis (Treuel et al., 2013). As transporters and deliverers of biologically active
substances, these structures are changing various medical sectors, including diagno-
sis, prevention and therapy. In fact, a few licensed nano-sized vaccinations and
medication delivery methods are causing a true revolution in the treatment and pre-
vention of diseases (Couvreur & Vauthier, 2006; Dobrovolskaia & McNeil, 2007;
Maurer et al., 2005; Treuel et al., 2013). Researchers have created and tested natural
and man-made materials as drug delivery carriers that can take in exogenous drugs
and self-assemble into nanoparticles (NPs) under aqueous settings (Fang et al.,
2016; Yu et al., 2015, 2016a, b). Numerous studies have been conducted to evaluate
nanoparticles’ biocompatibility and potential cellular toxicity, in addition to studies
on potential medicinal uses of them (Eltayeb et al., 2016; Fang et al., 2016; Trovato
et al., 2018; Visalli, Curro, et al., 2017a; Visalli et al., 2017b). The ability to over-
come some challenges and create efficient vaccinations is being made possible by
the use of nanotechnology in vaccine development (Eltayeb et al., 2016; Liao et al.,
2014; Visalli, Curro, et al., 2017a). Particularly, nanoparticles being used as delivery
systems for vaccine components can play a significant role in the creation of novel
vaccines by enhancing the host’s immune responses and by having the potential to
reach certain cellular regions due to their small size. We can tell the difference
between a therapeutic and a preventative nanovaccinology (Bolhassani et al., 2011;
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Chackerian, 2010; Hamdy et al., 2011; Liao et al., 2014). Although therapeutic
nanovaccinology is mostly focused on the treatment of cancer, it is also being
researched as a potential treatment for other illnesses or ailments, including
Alzheimer’s disease, hypertension and nicotine addiction (Tissot et al., 2008).
Instead, prophylactic nanovaccinology focuses on the prevention of a number of
infectious illnesses. Prophylactic nanovaccines have received approval for use in
humans in a small number of cases, and several are now being investigated in clini-
cal or preclinical trials (Chackerian, 2010; Correia-Pinto et al., 2013; Gregory et al.,
2013; Kushnir et al., 2012). The immune system is exposed to vaccine antigen in the
same way as a pathogen would by placing it on the surface or by encapsulating it
inside the nanoparticles (Kalkanidis et al., n.d.; Zhang et al., n.d.-a). The following
three elements are crucial for an efficient and effective vaccine: A good antigen is
necessary to activate immunity, followed by an immune adjuvant to costimulate the
innate immune system and a carrier system that enable the two earlier elements to
attain the antigen-presenting cells (APCs). To accomplish these objectives, it is nec-
essary to consider the composition, size, surface characteristics, biodistribution and
immunostimulatory potential of the used nanostructures during the construction of
nanoparticles (Niu et al., 2017; Wen & Meng, 2014; Ye et al., 2014). According to
certain research, nanoparticles facilitate the cellular entrance of the vaccine compo-
nents by endocytosis, particularly pinocytosis, which increases the efficacy of vac-
cines (Niuetal.,2017; Wen & Meng, 2014; Yeetal.,2014). The size, physicochemical
components and changes in the materials of nanoparticles must be fully understood
in order to maximize their application in vaccinology, as these factors impact their
biological effects “in vivo”. Shape and dosage of the nanoparticles are other aspects
to be taken into account when discussing vaccinations based on nanoparticles
(Zhang et al., n.d.-b). As a result, varied needs call for the production of vaccine
nanoparticles with a variety of compositions, sizes, forms and surface qualities. In
this chapter, we have given a broad overview of the types, synthesis techniques,
characteristics, features and uses of nanotechnology in the manufacturing of vac-
cines (Wen & Collier, 2015).

17.2 Potential Vaccine Delivery Vehicles: Different Types
of Nanoparticles

Different kinds of nanoparticles are under consideration as potential carriers of vac-
cination antigens. In particular, some studies have concentrated on the creation of
synthetic delivery methods based on nanoparticles in the viral size range (20-200 nm)
that shield antigen from degradation, improve its presentation and make it easier for
professional APCs to take it up. The main components of these systems include
virus-like particles, proteins that can fold into themselves, micelles, liposomes,
inorganic nanoparticles and polymers.
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17.3 Virus-Like Particles (VLPs)

The creation of viral vaccines has already employed virus-like particles (VLPs),
which are non-infectious, self-assembling nanoparticles made of a structured pro-
tein capsid that lacks a genetic material. Because VLPs are furnished with an exte-
rior viral shell that is distinguished by repeating epitopes and the immune system
instantly identifies them as non-self-structures, they are dazzling nanoparticles. As
a result, VLPs and viruses both have the positive ability to aggressively drive
immune responses, but they both do not have the negative ability to cause infection.
Even in the absence of an adjuvant, the naturally resembling size, the repeated struc-
tural order and the quick and efficient processing of these nanoparticles cause host
immune responses to be elicited (Bachmann & Jennings, 2010; Jeong & Seong,
2017; Noad & Roy, 2003; Zhang et al., 2000).

VLPs typically range in size from 20 to 800 nm can originate from a variety of
viruses and can be created utilizing a variety of cell systems, including cell-free
systems (L. F. Zhang et al., 2000). Escherichia coli, yeasts, baculovirus, mamma-
lian, plant and cell-free systems have shown the activities like VLPs (Pattenden
et al., 2005; Zeltins, 2013). Moreover, these viruses can be produced with technolo-
gies using different cell systems. Figure 17.1 shows the manufacturing scheme of
virus-like particles for the nanovaccine development.

The production of VLPs is carried out via an in vivo technique, with the first
stage being the direct spontaneous assembly of viral capsid proteins inside the
expression cell vector. The newly formed particles are then to be cleaned of impuri-
ties that have been integrated into the cells and that have attached to the surface in a
subsequent phase.

It is often necessary to dismantle nanoparticles and then reassemble them in
order to get well-purified VLPs. A more recent and growing method, however,
involves processing cell-free in vitro assemblies (Facciola et al., 2022; Lu et al.,
2013; Sanchez-Rodriguez et al., 2012). The typical “assemble-then-purify” para-
digm is reversed in this procedure.

Specifically, the capsid proteins are isolated from contaminants after expression
and then put back together in vitro. In this manner, after VLPs are assembled into
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Fig. 17.1 The manufacturing scheme of VLPs for further study and understanding. (Image
adapted from The new era of vaccines: the “nanovaccinology” (Facciola et al., 2022; Lu et al.,
Page No. 7165))
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the cells, there is no need to deconstruct them. However, there are more methods for
creating VLPs (Pushko et al., 2013; Visalli, Curro, et al., 2017a; Zhao et al., 2013).

The self-assembled viral protein particles used in currently available VLP-based
vaccinations come from the virus against which the vaccine was developed. In addi-
tion, target antigens connected to the surface and coming from unrelated viruses can
also be carried by VLPs (Ionescu et al., 2006; Lua et al., 2014; Tissot et al., 2010).
Since several VLP-based vaccinations are currently undergoing clinical or preclini-
cal testing, we may expect a rise in the number of these vaccines (Greiner et al.,
2012; Roldéo et al., 2010).

17.4 Hepatitis B Virus (HBV) Vaccine Based on VLP

Hepatitis B surface antigen (HBsAg), generated in yeast using recombinant deoxy-
ribonucleic acid (DNA) technology, was the first VLP-based vaccination developed
and marketed for human use in 1986. The 22-nm spherical VLPs produced by the
recombinant HBsAg may be further adsorbed on an aluminium hydroxide gel
(Greiner et al., 2012). A total of 70 molecules of S protein and host cell-derived
lipids (30-50%) are also present in these nanoparticles. Intramolecular and intermo-
lecular disulphide linkages maintain the structure. Unlike naturally occurring
mammalian-derived HBsAg particles, the S protein in these yeast-derived nanopar-
ticles is extremely hydrophobic and not glycosylated. In addition, it has a tight
relationship with lipids and is in charge of HBsAg VLPs’ antigenic properties. As a
result, these VLPs may be thought of as lipoproteins made up of an internal core that
is hydrophobic and more fluid and a well-organized, somewhat stiff lipid surface.
The protein components are present on the outside portion and the one inserted into
the inner core is absorbed in this lipid substance (Greiner et al., 2010). It has been
demonstrated that this vaccination has the ability to promote CD4+ and CD8+ T-cell
activation (Zhao et al., 2013).

17.5 VLP-Based Vaccine for Human Papillomavirus (HPV)

The human papillomavirus (HPV) vaccine was the second VLP-based vaccination
to be authorized for human use in 2006, following the HBV vaccine (Cutts et al.,
2007). There are various carcinogenic viruses, including HPVs, connected with
cutaneous and mucous membrane lesions, both benign and malignant. These days,
it is well recognized how these viruses contribute to the development of cervical
cancer and a number of other typical (anal, oropharyngeal, penile, vulvar and vagi-
nal) and atypical malignancies (prostate, bladder and rectal) (Ceccarelli et al., 2018;
Gillison, D’Souza, et al., 2008b; Jgrgensen & Jensen, 2020; Rezazadeh et al., 2009;
Visalli et al., 2016a,b). In particular, the National Cancer Institute reported that
HPVs are responsible for 75% of vaginal, 70% of oropharyngeal, 90% of anal and
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practically all cervical cancers (Jgrgensen & Jensen, 2020; Kavanagh et al., 2017).
Due to these factors, an increase in HPV vaccination rates might significantly lessen
the incidence of some cancers (Huh et al., 2017). In particular, the dissemination of
HPYV vaccination has the potential to cut the incidence of cervical cancer by up to
90% worldwide (Steinbrook, 2006).

This technique can also assist to lower health-care expenditures and worries
about follow-up treatments by lowering the need for screening and medical care
(particularly biopsies and invasive procedures). The foundation of HPV vaccines is
a VLP made of 72 pentamers of L1, the main capsid protein of HPV, which is gener-
ated in yeast in vast amounts using recombinant DNA technology, purified and then
mixed to create the vaccine (Garland & Smith, 2010). Three distinct HPV vaccines
have received US Food and Drug Administration (FDA) approval to date: a tetrava-
lent (2006), a bivalent (2009) and, most recently, a nonavalent vaccine (2014). All
the three vaccines are effective in preventing infections brought on by the two com-
mon high-risk HPV (HR-HPV) types—16 and 18—that account for around 70% of
cervical cancer cases and a significant portion of other HPV-related cancers
(Chaturvedi et al., 2011; Gillison et al., 2008a). In addition, the tetravalent vaccina-
tion protects against infections brought on by HPV types 6 and 11, which account
for 90% of genital warts (Koutsky et al., 2002). Last but not the least, the new non-
avalent vaccination protects infections brought on by the same four HPV types
included in earlier immunizations, plus an additional five HR-HPVs (Correia-Pinto
et al., 2013; Iannazzo et al., 2017; Liao et al., 2016a; Ye et al., 2014; Yu et al.,
2016a). These vaccines contain an adjuvant made of amorphous aluminium
hydroxyphosphate sulphate (AAHS), aluminium hydroxide, ASO4, monophospho-
ryl lipid A (MPLA) and nonavalent (Koutsky et al., 2002). Mathematical models
have been used to examine the potential public health impact and cost-effectiveness
of the nonavalent HPV vaccine in a variety of conditions including efficacy, cost
and vaccination coverage. In particular, Largeron et al. showed that the widespread
use of the nonavalent HPV vaccine in Germany extended to boys would be linked
to a 24% decrease in the incidence of cervical cancer, 30% and 14% decreases in the
incidence of anal cancer in men and women, respectively, and finally a million cases
of genital warts avoided after 100 years. In addition, this plan would have an incre-
mental cost-effectiveness ratio (ICER) of 22,987 euros for every quality-adjusted
life year (QALY) gained. Despite these crucial data, various reported negative
effects of HPV vaccinations have been linked with numerous scientific stud-
ies (Largeron et al., 2017).

17.6 Hepatitis E Vaccine Based on VLPs

Hepatitis E virus (HEV), a member of the Hepeviridae family, frequently results in
a self-limited acute hepatitis with a mortality incidence of less than 0.1% in healthy
persons and a chronic infection in those with weakened immune systems. However,
if this virus is caught during pregnancy, particularly in the first trimester, it may be
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very dangerous (Yang et al., 2018). According to the estimates, the HEV prevalence
rate in the United States is around 9%, but in Europe, it ranges from 5% to 20%
(Giudice, 2010, 2017; Horvatits et al., 2018; Yang et al., 2018). Numerous experi-
ments have been carried out to acquire recombinant HEV VLPs since it is difficult
to produce large quantities of viruses using cell cultures (Guu et al., 2009; Horvatits
et al., 2018). Different systems have been developed in the earlier years to research
HEV. The production of VLPs by the self-assembly of the core protein was one of
the first models used to investigate the structure of the virus, its entry mechanism
and its potential as a vaccine open reading frame 2 (ORF2). In fact, the HEV core
protein’s antigenicity was recognized quite early, and several approaches to develop
a viable HEV vaccine have been investigated (Genovese et al., 2018). Rhesus mon-
keys injected with 110 g doses of the 56-kDa HEV capsid protein were 100% pro-
tected from developing hepatitis and 63% protected from infection after the first
inoculation when challenged with an infectious dosage of HEV. In a later Phase 11
randomized, double-blind, placebo-controlled study in Nepal with 2,000 partici-
pants, the same vaccine based on the 56-kDa capsid protein gave an efficient protec-
tion against HEV (Shrestha et al., 2007). The second method is based on p239, a
protein that was recombinantly generated in bacteria and purified under denaturing
conditions in order to preserve the antigenic epitopes; p239 is a protein that contains
the amino acids 368 to 606 of the capsid protein. In Rhesus monkeys, Li et al. inves-
tigated the efficacy of p239 as a potential vaccination candidate using prime/boost
doses of 5 g, 10 g and 20 g. The challenge with HEV genotypes 1 and 4 resulted in
protection for the immunized monkeys (Li et al., 2005). The vaccination provided
complete protection for the monkeys. After receiving a viral dosage of HEV, it pro-
vided production from both hepatitis and infection. Using a viral dosage, the same
percentage of effectiveness against hepatitis was attained. A randomized, controlled,
Phase II clinical study with 457 adults using the same vaccine candidate revealed an
encouraging 100% seroconversion rate in vaccinated subjects (Hartl et al., 2016).
Finally, from August 2007 to June 2009, in China, a sizable randomized, double-
blind, placebo-controlled, single-centre, Phase III clinical study was conducted.
Half of the 112,604 participants in this research received the p239 vaccination,
whereas the other half (the placebo group) received a three-dose schedule of the
HBYV vaccine (Purcell et al., 2003). According to the findings, the p239 vaccination
was immunogenic, 100% effective and well-tolerated (Zhu et al., 2010). Following
this experiment, the p239 vaccination was approved in 2012 in China. Despite the
promising results, the vaccine was not licensed in other countries for a number of
reasons, including the trial’s failure to include participants under the age of 16 and
older than 65 and the two main risk categories of pregnant women and immunocom-
promised patients. A bacterially manufactured self-assembling core protein (aa
439-617 of the capsid protein) called p179, which was initially tested on rabbits to
determine its protective potential, is the third vaccination candidate to be put through
clinical trials (Largeron et al., 2017; Genovese et al., 2018). The animals were given
three different dosages of p179 (20 g, 30 g and 40 g), and although they were largely
immune to the infection thanks to the generation of high titres of anti-HEV, some
challenged rabbits did shed the virus. Following these findings in animals, a Chinese
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Phase I trial including 120 individuals and a p179 vaccine was conducted in 2017 to
examine the vaccine’s effectiveness and potential negative effects. As a conse-
quence, the vaccination was well accepted and seemed to be safe (Cao et al., 2017).

17.7 Proteins That Self-Assemble as Nanovaccine

Some supramolecular structures, like VLPs, have been created from proteins that
self-assemble, and more recently, self-assembling systems carrying larger quanti-
ties of antigen have been investigated for the creation of nanoparticle-based vac-
cines (Cheetham et al., 2017). The main distinction between VLPs and other types
of proteins is that self-assembled proteins are not created by viral components. Drug
delivery methods using self-assembled peptide nanoparticles (SAPNs) have been
investigated (Liao et al., 2016b; Sun et al., 2015). These nanoparticles are made up
of two helical coil—coil domains connected together into a single peptide chain by a
brief linker region. While the other creates a pentameric coiled coill, one helix coils
into a trimeric coil (Y. Yang et al., 2011). The physiochemical characteristics of
nanostructures cause them to have a propensity for self-assembly in aqueous media.
Amphiphilic peptides do not appear to be hazardous to the liver, spleen, kidney,
bladder, colon, lung, or heart, according to Chung et al. (2015). It has been shown
that APCs can more efficiently absorb amylopectin nanoparticles (APNPs) and pre-
send antigen epitopes compared to naked antigens (Nochi et al., 2010). In 2012,
Wahome et al. conducted an in vivo experiment employing APNPs displaying two
significant human immunodeficiency virus (HIV) epitopes on their surface, 4E10
and 2F5, which are major targets in the development of neutralizing antibodies.
According to the findings, these nanostructures induced strong immune responses
against these crucial HIV epitopes. A different method relies on the protein ferritin,
which has the ability to self-assemble into a nearly spherical 10-nm shape (Wahome
et al., 2012). In order to create a recombined protein that spontaneously assembled
to form an octahedrally symmetric particle with eight trimeric hemagglutinin (HA)
spikes, Kanekiyo et al. fused influenza virus hemagglutinin (HA) to ferritin
(Kanekiyo et al., 2013). The researchers showed that compared to conventional
influenza vaccination, these nanovaccines induce a stronger immune response. In
addition, Lee et al. developed a potential therapeutic vaccination for the treatment
of cancer by using engineered human ferritin nanoparticles to transport tumour anti-
gens to lymph nodes. The researchers showed that compared to conventional influ-
enza vaccination, these nanovaccines induce a stronger immune response.
Additionally, Lee et al. developed a potential therapeutic vaccination for the treat-
ment of cancer by using engineered human ferritin nanoparticles to transport tumour
antigens to lymph nodes (Lee et al., 2016).
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17.8 Micelles

Micelles are nanoparticles created when single amphiphilic (hydrophobic/hydro-
philic) molecules spontaneously self-assemble in water, resulting in the production
of two separate components: a hydrophobic core and a hydrophilic surface region
known as the “corona” (Trimaille & Verrier, 2015). Micellar nanoparticles, which
have historically been researched and exploited as drug delivery systems by encap-
sulating hydrophobic pharmaceuticals in the core, have also recently been investi-
gated as adjuvants for the administration of vaccines (Isoglu et al., 2017). Micelles
have two ways to deliver vaccine candida thanks to their chemical properties. The
hydrophilic corona can first be covalently linked to antigens. This method has been
used to link HIV antigens to micelles made of adjuvant-loaded polymer, resulting in
an active antigen that can effectively excite APCs in vitro (Jiménez-Sanchez
et al., 2015).

The creation of peptide amphiphiles (PAs), a kind of peptide-based biomaterials
made up of peptides connected to hydrophobic alkyl tails that self-assemble into
micellar structures in aqueous media, is the second method. In several investiga-
tions, PA micelles have been employed as vaccine candidates to enhance peptide
immunogenicity (Barrett et al., 2016; Black et al., 2012; Trent et al., 2015). A num-
ber of PA micelle features, including size, shape and composition, are essential for
enhancing these nanoparticles’ ability to control immunological responses (Black
etal., 2010; Liu & Irvine, 2015). For instance, it has been shown that cylindrical- or
spherical-shaped PA micelles may effectively reach the lymph nodes because they
contain the proper concentrations of antigen and amphiphilic adjuvants (Barrett
etal., 2016; Liu & Irvine, 2015; Trent et al., 2011). A higher antigen-specific immu-
noglobulin G1 (IgG1) antibody response against group A streptococcus was induced
in mice following subcutaneous inoculation using PAs in two separate studies
(Barrett et al., 2016; Trent et al., 2015). Micelles, which are typically less than
100 nm in size, are able to facilitate the transport of antigen to APCs, particularly
dendritic cells (DCs), which are more prevalent in lymph nodes than the periphery.
These nanoparticles can interact with DCs at the injection site, but they can also
migrate via the lymphatic system and reach lymph nodes, where they can help in
germinal centre formation (Luo et al., 2015). Through the careful selection of
hydrophilic corona segments, micelles can quickly acquire the necessary surface
characteristics. Through the right design of the hydrophobic and hydrophilic parts,
a number of additional immunostimulatory molecules, for example, Toll-like recep-
tor ligands or mannose receptor ligands, may be easily incorporated in these
nanoparticles to produce an increased activation of the DCs, which are crucial for
the initiation of immune responses. In addition, micelles may swiftly identify endo-
some breakdown with the consequent release of peptide vaccines in the cytoplasm
of cells, antigenic presentation and powerful cytotoxic T-cell responses in vivo by
choosing certain hydrophobic molecules. Micelles therefore provide a special plat-
form to improve the antigen’s ability to stimulate the immune system (Keller
etal., 2014).
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17.9 Liposomes-Based Nanovaccine

In the development of vaccines, liposomes—spherical vesicles made of a double
lipid coating around an aqueous core—have drawn a lot of attention (Moon et al.,
2011). The number of layers in these nanostructures can be classified as unilamellar,
multilamellar, or polymerized types (Schwendener, 2014). Due to their immuno-
genic potential, liposomes are particularly promising for applications in biomedi-
cine field as drug delivery systems and gene transporters (Moghimi et al., 2005;
Schwendener, 2014). Antigen in a liposome can travel in the aqueous core, be
encapsulated in the lipid bilayer, or be absorbed on the surface. Surface adsorption,
covalent lipid joining (before or after vesicle formation), non-covalent surface
attachment, encapsulation, electrostatic interactions (with lipids of opposite charge),
surface adsorption, and surface attachment can all result in antigen integration.
Liposome functions as an adjuvant, enhancing immune responses and boosting the
effectiveness of the vaccination. Low reactogenicity, biodegradability and flexibility
are the characteristics of liposomal vaccines. When creating liposomal vaccines,
several intrinsic aspects must be taken into account (Fig. 17.2).

In the past assessments, several factors that could influence the performance and
efficacy of liposomes as potential vaccine candidates were analysed (Perrie et al.,
2016; Watson et al., 2012). The size of the liposome, the lamellarity, the surface
charge, the fluidity of the bilayer and the presence of immunostimulatory lipids are
some of these variables. Compared to 500-nm vesicles, it has been demonstrated
that vesicles with a diameter >2 m exhibiting a tuberculosis (TB) antigen are more
efficient in inducing cell proliferation and low interleukin (IL)-10 production (Perrie
et al., 2016). The liposomal vesicle’s lamellar structure may potentially have an
impact on immune responses. Using small unilamellar vesicles (SUVs) and large
multilamellar vesicles (MLVs), Beck et al. investigated the effectiveness of a
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Fig. 17.2 (Facciolaetal., 2019, Page No. 7169). (This image was taken from a review article titled
“Nanovaccinology,” the new era of vaccinations). Designing a liposomal vaccination involves tak-
ing physical, chemical and morphological considerations
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recombinant HIV protein known as CN54 gp140 (Henriksen-Lacey et al., 2011).
The liposomes included various combinations of lipids and monophosphoryl lipid
A (MPLA), with or without saponin QS21. The authors demonstrated that, in con-
trast to MLVs, SUVs lacking QS21 were able to elicit a Th2 cell-mediated response
to the antigen due to a high antibody production. Because it can significantly impact
the interaction of the antigen with the liposome (e.g. anionic antigens better associ-
ate with cationic lipids), the appropriate vaccine formulation depends critically on
the liposomes’ surface charge (Hussain et al., 2014). By substituting the neutral
lipid distearoyl-sn-glycero-3-phosphocholine (DSPC) for the cationic lipid dimeth-
yldioctadecylammonium (DDA), Hussain et al. found that the TB recombinant anti-
gen H56 was decreased from 84% to 15%. A liposomal-based intra-nasal influenza
vaccination model that contains hemagglutinin neuraminidase (HN) antigen cou-
pled with outer protein and also investigated various monocationic, neutral and
anionic lipids as well as the polycationic sphingolipid ceramide carbamoyl-spermine
(CCS) (Joseph et al., 2006). In a murine model, the authors demonstrated that neu-
tral and anionic lipid-based preparations were ineffective, while two monocationic-
based liposomal formulations (containing 1,2-dimyristoyl-3-trimethylammonium
propane [DMTAP] and strong local and systemic immune responses) were greatly
activated by 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) (both Thl and
Th2). Finally, the significance of bilayer fluidity in the formulation of successful
liposomal vaccines has been acknowledged and documented in several published
articles by Kaur et al.; they have demonstrated the impact of cholesterol on the fluid-
ity of the bilayer and, subsequently, the antigenic potential of liposome-based vac-
cines. Particularly, when cholesterol was elevated in DDA/trehalose-6,6"-dibehenate
(TDB) liposomal formulations used for inoculated mice, reduced immunoglobulin
G (IgG) production was found (Kaur et al., 2014).

This result might be due to the antigen being lost in fluidized liposomes with
high cholesterol concentrations. In addition, the level of interferon gamma (IFN-vy)
increased when cholesterol was absent from the lipid bilayer. For application in
humans, a number of liposome-based vaccines against viral, bacterial, fungal and
parasite illnesses have been proposed. In particular, viral liposomes, sometimes
known as virosomes, have undergone extensive research. Virosomes are a kind of
liposomes that include viral proteins on their surface that enable them to success-
fully bind to the target cells’ membranes (Vaccine Hesitancy: Causes, Consequences,
and a Call to Action - PubMed, n.d.-b).

The human respiratory system was modelled in a triple culture system; a research
has recently been conducted to examine immunological responses to virosomes and
liposomes and their internalization. Particularly, the culture model employed con-
sisted of cells cultured alongside DCs and monocyte-derived macrophages (MDMs)
that were produced from the epithelial cell line I6HBE. Both the nanoparticles were
introduced to cells in order to assess the immunological responses. Virosomes were
made using neutral lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE). This made the
membrane proteins of influenza A/Brisbane/59/2007 HIN1 soluble. There were no
membrane proteins in the similar neutral lipids that produced liposomes that could
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be soluble in influenza. The findings demonstrated that all cell types absorbed viro-
somes more effectively. Using flow cytometry and laser scanning microscopy,
MDMs and DCs were shown to have the greatest capacity for internalization in
monocultures and cocultures. Furthermore, in cocultures, DCs secreted higher
quantities of cytokines including IL-1 and IL-8 and were subtly stimulated by lipo-
somes and virosomes in monocultures. Finally, virosomes were internalized by epi-
thelial cells at greater rates than liposomes (Blom et al., 2016).

17.10 Inorganic Nanoparticles

These are the nanocarriers with an inorganic solid nucleus that have been employed
in vaccination research as adjuvants and antigen-carriers to boost immune responses.
The rigid structure and controlled manufacture of these nanoparticles are their good
traits; their frequent non-biodegradability is a drawback. Carbon, gold, silica and
calcium nanoparticles are the inorganic nanoparticles that have been explored the
most as vaccination platforms (He et al., 2016; Kalkanidis et al., 2006).

17.11 Nanoparticles of Carbon

Since carbon nanomaterials may be incorporated into a wide range of cell types,
several studies have been conducted to assess their potential utility as adjuvants or
carriers for various vaccines (Gottardi & Douradinha, 2013; Pantarotto et al., 2003;
Scheinberg et al., 2013). The capacity of these nanosystems to transport antigens
and elicit immunological responses is affected by a variety of structural and physi-
cal characteristics, including their surface modifications. Carbon nanotubes (CNTs)
are among the carbon nanoparticles that have drawn the most interest due to their
unique properties that make them useful in a variety of industrial applications (Liu
et al., 2014a). Engineered nanoparticles known as CNTs are created when a thick
graphene sheet is rolled up into a hollow cylinder (single-walled CNT [SWCNT]).
The CNT will be created by concentric numerous sheets (from 2 to 50, joined
together by van der Waals interactions); if there are more graphene sheets present,
this CNT is known as the multiwalled CNT (MWCNT) (Pimentel et al., 2009)
(Fig. 17.3).

Their diameter ranges between 0.4 and 2 nm and 2 and 100 nm, while their
lengths extend from 100 to 1000 nm (De Volder et al., 2013).

The SWCNTs and MWCNTs both are measured in nanometres. Pantarotto et al.
conducted some of the earliest studies employing CNTs as carriers for vaccine can-
didates in 2003 (Pantarotto et al., 2003). The hand, foot and mouth disease virus
(HFMDV) envelope peptides were covalently attached to CNTs as the main experi-
mental component of the study. The findings demonstrated that after being attached
to CNTs, the epitope structure retained its immunogenic ability. In fact, animal
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Fig. 17.3 Structure and types of carbon nanotubes (CNTs). (The images adapted from the review
article titled The new era of vaccines: the ‘“nanovaccinology” (Facciola et al., 2019, Page
No. 7170))

models showed that the CNT—viral protein complexes might induce particular neu-
tralizing IgG immunological responses (Pantarotto et al., 2003). The immunologi-
cal and cytotoxicological effects of tuberculin purified protein derivative (PPD)
conjugated to SWCNTSs were studied by Zeinali et al. in 2009. In this work, PPD,
SWCNT-PPD conjugate and Bacillus Calmette—Guerin (BCG) in complete
Freund’s adjuvant (CFA) were given to male BALB/c mice as challenges. By moni-
toring the levels of Th1 (IFN-y and IL-12) and Th2 cytokines, the induction of cel-
lular immune responses was examined (IL-10 and IL-5). The researchers discovered
that, whereas vaccination with BCG resulted in a mixed Th1/Th2 cytokine response,
vaccination with PPD or PPD in CFA caused a Th2 cytokine response. In contrast,
SWCNT-PPD mostly induced a Thl-type cytokine response without the risk of
lethal effects (Tekewe et al., 2017).

In 2016, Hassan et al. showed that the surface characteristics of CNTs influence
how effective they are as vaccine nanocarriers both in vitro and in vivo. In particu-
lar, the scientists altered the length and surface charge of MWCNTs—antigen conju-
gates to study the changes in DC internalization. The findings demonstrated that
MWCNT-antigen conjugates’ increased cellular uptake and subsequent stimulation
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of immune responses are caused by a decrease in charge negativity. Finally, a
research on the use of MWCNTSs as viral DNA carriers for the induction of immune
responses against dengue illness was conducted in 2016 by Calegari et al. (Hussain
etal., 2014). In order to increase the expression of the tetravalent vaccine candidate
(TVC) plasmid vector for dengue virus in vitro using Vero cells and carry out a
parallel in vivo challenge through the intramuscular route in animals to evaluate the
immunological responses, the study sought to compare carboxylated and non-
carboxylated MWCNTs. The findings demonstrated MWCNTS’ capacity to enter
target cells and enter both the cytoplasm and the cell nucleus, increasing the number
of B cells that produce antibodies in comparison with naked plasmid (Calegari
et al., 2016).

17.12 Nanovaccines Based on Gold Nanoparticles (GNs)

Gold nanoparticles (GNs) are particles with dimensions ranging from 1 to 150 nm,
a variety of shapes (rod, spherical, cubic, etc.) and the capacity to modify the sur-
faces by the attachment of residues from carbohydrates. The immunological charac-
teristics of gold nanoparticles are primarily influenced by their size and structure,
which improve immune response via several cytokine pathways (Niikura et al.,
2013; Safari et al., 2012). In order to stimulate particular immune responses in mice,
Safari et al. used gold glyconanoparticles displaying a synthetic tetrasaccharide epi-
tope related to Streptococcus pneumoniae type 14 capsular polysaccharide (Pn14PS)
complexed with the ovalbumin 323-339 peptide, OVA (323-339), and D-glucose.
The generation of specific anti-Pn14PS IgG antibodies and increased cytokine lev-
els were proofs that the Th-cell activation caused by the nanoplatform being
employed was real, according to the scientists. In addition, the developed antibodies
stimulated human leukocytes to phagocytose bacteria, demonstrating the effective-
ness of the immune response (Niikura et al., 2013).

GNs can also be employed as HIV DNA adjuvant vaccine-carriers or as viral
antigen-carriers for viruses like the flu. A significant effort has been made to create
effective HIV vaccinations as a result of the acquired immunodeficiency syndrome
(AIDS) pandemic. Indeed, the development of highly active antiretroviral therapy
(HAART) for the treatment of HIV infection has altered the course of this infec-
tion’s natural history, remarkably reducing mortality rates while transforming it into
a chronic condition burdened by cardiovascular, neurological, renal, bone and can-
cerous diseases (Niikura et al., 2013; D’aleo et al., 2017; Bhikoo & Koegelenberg,
2022). The virus, which resides in latency in infected patients for the entirety of
their lives, is not, however, completely eradicated by the treatment. As a result, HIV
vaccines have undergone extensive research but have not proven successful, particu-
larly due to worries about their safety or effectiveness in people. A potential DNA
vaccine for HIV therapy was carried by surface-engineered gold nanorods (NRs) in
2012, according to Xu et al. In particular, the authors used three different modified
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gold NRs bearing, on their surface, cetyl-trimethylammonium bromide (CTAB),
poly(diallyldimethylammonium chloride) (PDDAC) and polyethylenimine (PEI).
When compared to naked gold nanoparticles, they found that PDDAC- or PEI-
modified gold NRs significantly stimulated APCs, enhancing cellular and humoral
immunity and T-cell proliferation in vivo. Gregory et al. improved antigen immuno-
genicity even in 2012 by conjugating Yersinia pestis F1-antigen to gold nanoparti-
cles as opposed to conventional aluminium adjuvants (Alhydrogel). In particular,
the findings demonstrated that, when compared to gold NPs-F1 in phosphate-
buffered saline (PBS) or unconjugated F1-antigen in PBS or Alhydrogel, gold NPs-
F1 in Alhydrogel evoked the strongest IgG antibody response against the antigen. In
addition, mice challenged with gold NPs-F1 in PBS showed an enhanced IgG2a
response compared to controls (p < 0.05), whereas animals immunised with gold
NPs-F1 in Alhydrogel did not. The ability of GNs of various shapes and sizes to
deliver the codon-harmonized recombinant Plasmodium falciparum surface protein
(CHrPfs25) antigen and the induction of specific neutralizing antibodies in com-
parison with the same antigen in the presence of conventional adjuvant alum were
examined by Kumar et al. in 2015. The findings revealed that GNs might be thought
of as promising vaccine delivery systems to increase the immunogenicity of vaccine
antigens and demonstrated that the vaccine platform employed stimulated high pro-
duction of neutralizing antibodies (Bhikoo & Koegelenberg, 2022) (Table 17.1).

17.13 Nanoparticles of Silica

Brilliant nanocarriers known as silica nanoparticles (SiNPs) are employed in several
processes, including the administration of vaccines and the selective targeting of
tumours (Liu et al., 2014b). If silanol groups are chemically added to the surface of
SiNPs, this can improve cell recognition, interaction with cells, cellular uptake and
the absorption of specific biomolecules (Y. Liu et al., 2014b). The most exciting
aspect of employing SiNPs in vaccines is that the immunostimulatory effect of
SiNPs did not need the antigenic conjugation. Mesoporous silica nanoparticles
(MSNs) have the potential to act as adjuvants and nanocarriers for the effective
delivery of antigens, which are high-efficiency nanocarriers that can be manufac-
tured (D’aleo et al., 2017; Zhai et al., 2012). The bovine viral diarrhoea virus
(BVDV), which is ravaging the global cow industry, has only just been combated
using silica vesicles (SVs), a new generation of antigen-carriers and adjuvants (Wei
et al., 2014). These nanoparticles had a high charging capacity and were controlled
in their release of the codon-optimized E2 (0E2) protein, which is the primary anti-
gen of the BVDV186. The toxicity of SiNPs resulting from the reducing agents and
stabilisers employed in their production is the most important issue with their utili-
zation in biological applications, though (Tekewe et al., 2017; Vaccine Hesitancy:
Causes, Consequences, and a Call to Action - PubMed, n.d.-b).
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Table 17.1 Research studies with methodology and key findings
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Title of the study Authors Journal Year | Summary
Development of a Chen et al. Nature 2021 | Researchers developed a
nanovaccine against Nanotechnology COVID-19 vaccine using
coronavirus disease a lipid nanoparticle
(COVID-19) (LNP) delivery system
that showed high efficacy
in preclinical trials
Competitive Transparency | Transparency Market | 2021 | The report provides an
landscape analysis of | Market Research analysis of the
the nanovaccine Research competitive landscape of
market the nanovaccine market,
including key players,
market share and growth
strategies
Market analysis of Grand View | Grand View Research | 2020 | The report provides an
the global Research in-depth analysis of the
nanovaccine market global nanovaccine
market, including market
size, growth trends and
competitive landscape
Nanoparticle-based | Gallichotte Vaccine 2019 | The researchers
vaccines for etal. developed a nanoparticle-
respiratory syncytial based vaccine for RSV
virus (RSV) using a ferritin
nanoparticle delivery
system that showed high
efficacy in preclinical
trials
Evaluation of a Kuai et al. Nature 2017 | Researchers developed a
nanovaccine for Nanotechnology nanovaccine for cancer
cancer immunotherapy using a
immunotherapy self-assembling peptide
nanofibres (SAPN)
delivery system that
showed promising results
in preclinical trials
Personalized Getts et al. Nature Materials 2017 | Researchers developed a
nanovaccines for personalized nanovaccine
autoimmune for multiple sclerosis
disorders using a nanoparticle

delivery system that
showed promising results
in preclinical trials

Nanoparticle-based
vaccines for human
immunodeficiency
virus (HIV)

Wagner et al.

Expert Review of
Vaccines

2016

The review article
discussed the use of
nanoparticles as a
vaccine delivery system
for HIV, including the
use of virus-like particles
and liposomes

(continued)
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Title of the study Authors Journal Year | Summary

Development of a Kuo et al. ACS Nano 2016 | The researchers

nanoparticle-based developed a nanoparticle-

vaccine for herpes based vaccine for HSV

simplex virus (HSV) using a virus

Gold nanoparticle- | Kaba et al. Wiley 2014 | The review article

based vaccines for Interdisciplinary discussed the use of gold

infectious diseases Reviews: nanoparticles as a
Nanomedicine and vaccine delivery system
Nanobiotechnology for infectious diseases,

including malaria and
HIV

Nanoparticle-based
vaccines for cancer
immunotherapy

Irvine et al.

Nature Reviews
Cancer

2011

The review article
discussed the use of
nanoparticles as a
vaccine delivery system
for cancer
immunotherapy,
including the use of
nanoparticles for antigen
delivery and adjuvant
delivery

Development of a
nanoparticle-based
vaccine for HIN1
influenza

Mallapragada
et al.

Advanced Materials

2011

The researchers
developed a nanoparticle-
based vaccine for HIN1
influenza using a
poly(lactic-co-glycolic
acid) (PLGA) delivery
system that showed
promising results in
preclinical trials

Nanoparticle-based
vaccines for
infectious diseases

Bachmann
et al.

Expert Review of
Vaccines

2009

The review article
discussed the use of
nanoparticles as a
vaccine delivery system
for infectious diseases,
including the use of
virus-like particles and
liposomes

Development of a
nanoparticle-based
vaccine for anthrax

Guo et al.

Advanced Materials

2008

The researchers
developed a nanoparticle-
based vaccine for anthrax
using a polymeric
nanoparticle delivery
system that showed high
efficacy in preclinical
trials
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17.14 Nanoparticles of Calcium

Calcium chloride, sodium citrate and dibasic sodium phosphate are combined to
create calcium phosphate nanoparticles (CaPNPs). Because they are biodegradable
and their distinctive surface structure permits straightforward changes, they are
intriguing candidates for vaccination applications (Chen et al., 2012). When the pH
levels shift from neutral to acidic during cellular absorption, CaPNPs have already
been phagocytized dissolve into cytoplasm, releasing their contained contents.
CaPNPs are ideal antigen-carriers as they can spontaneously release their payload
without any outside assistance. In addition, CaPNPs have great biocompatibility
and may be readily biodegraded (Zhang et al., 2021). They are stable under physi-
ological circumstances. In vitro and in vivo liver gene delivery using surface-
modified CaPNPs of 80-nm size was demonstrated in a prior work to be possible
(Zhang et al., 2021). CaPNPs can be employed as adjuvants for DNA vaccines and
mucosal immunity, according to earlier studies (Zhang et al., 2021). Last but not the
least, prior in vivo studies have shown that micrometre-sized CaP aggregates were
able to induce large titres of neutralizing antibodies and provided far more potent
protection against viral infections than the aluminium adjuvant (Zhang et al., 2021).

17.15 Polymers-Based Nanovaccines

Solid structures with a size range of 10-500 nm known as polymer-based nanopar-
ticles have a high level of biological safety and strong biodegradability, allowing for
the internalization of bioactive chemicals by dissolution, packing or surface adsorp-
tion (Zvirbliene et al., 2006). Due to the fact that medications and/or antigens are
protected from deterioration within these nanostructures, they have been examined
as potential vehicles for the transportation and controlled release of these substances
(Ravi Kumar, 2000). Natural and artificial polymer-based nanoparticles can be dif-
ferentiated. The most significant of the first are chitosan (CS) and polyglutamic acid
(PGA), whereas the most significant of the second are polylactic acid (PLA) and
poly(lactic-co-glycolic acid) (PLGA) (Zvirbliene et al., 2006).

17.16 Chitosan-Based Nanovaccines

A naturally occurring polyamine, chitosan (CS) is produced by deacetylating chitin,
a molecule created by the polymerization of D-glucosamine and N-acetyl-D-
glucosamine monomers linked by (1,4) linkages. It is easy to get this polymer from
the cellular walls of fungi and from the exoskeletons of crustaceans and squid. The
nanoparticles of CS are non-toxic, and they can be easily modified in shape and
size. These features make them suitable for the use in new generation vaccines.
Particularly, CS can link negatively charged protein or plasmid DNA through
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electrostatic interaction, protecting them from degradation (Wahome et al., 2012).
Through various chemical modifications, such as acylation, alkylation, sulphation,
hydroxylation, queerization and carboxymethylation, it is possible to obtain CS
derivatives. These compounds have received a great attention, especially for their
antimicrobial and repairing activity (Wahome et al., 2012). In addition, CS has
developed into a fascinating carrier and adjuvant for vaccines. Prego et al. employed
CS-based nanoparticles in 2010 to stimulate the immune system’s defences against
HBYV infection. The induction of significant seroprotection rates (up to 5,500 mIU/
ml, values nine times greater than the standard alum-adsorbed vaccine) following
intramuscular administration served as a key indicator of the study’s adjuvant poten-
tial of the utilized nanovaccine platform. The researchers conducted a study of the
literature on the use of CS as a medication and vaccine delivery vehicle. In particu-
lar, the authors included 63 studies, of which 35 demonstrated the benefits of using
CS nanoparticles as vaccine-carriers (Jayakumar et al., 2007).

17.17 Gamma-polyglutamic acid (y-PGA)

Negatively charged polyelectrolytes known as gamma-polyglutamic acid (y-PGA)
nanoparticles are employed as both antigen-carrier systems and vaccination adju-
vants to elicit potent humoral and cellular immune responses. Because TLR4 and
MyD88 signalling pathways may be activated by y-PGA nanoparticles without the
use of an external adjuvant, they have inherent immunostimulatory properties. In
addition, y-PGA has been complexed with CS as an appropriate material for the
creation of nanogel (NG). In order to enhance the immunological response to loaded
antigen, CS—PGA nanogels are the perfect alternative for vaccination carriers.
Nanogels, as demonstrated by Wang et al. in 2001, have adjuvant effects in addition
to serving as carriers of antigen vaccines, particularly in the promotion of cellular
immune responses. The preventive impact of a loaded HBsAg vaccination was
examined by the authors in relation to the effect of nanogel carriers. In particular,
positively and negatively charged HBsAg NGs (HBsAg NG(+) and HBsAg NG(—))
were investigated, and the effectiveness of this HBsAg NG in preventing pAAV/
HBV1.2 plasmid challenge was assessed. The findings demonstrated that a single
dosage of HBsAg NG(+) might produce long-lasting immune protection against
HBYV by inducing both humoral immunity and cellular immunity (Yu et al., 2022).

17.18 Poly(lactic-co-glycolic acid)

A biodegradable polymer with high biocompatibility and degradability, poly(lactic-
co-glycolic acid) (PLGA) is frequently utilized in the creation of microspheres,
microcapsules, nanoparticles, pellets, implants and film fabrication. Drugs encapsu-
lated in these nanoparticles or microspheres easily reach the tumour site with a
reduction in the likelihood of an adverse reaction. They also extend the lifetime of



320 S. Kumar et al.

drugs in vivo and demonstrate their pharmacokinetic properties (Danhier et al.,
2012). Recently, it was studied as a drug carrier, especially in chemotherapy. A
PLGA-based vaccination against Campylobacter jejuni was only recently utilized
to stimulate protective immunity in chickens. Campylobacter spp., which are wide-
spread in the gastrointestinal tracts of many wild and domestic animals (particularly
birds like chickens and ducks), have long been known to be among the most fre-
quent causes of enteritis and gastroenteritis in people, including both adults and
children. The goal of the study was to examine the protective effects of C. jejuni
lysate as a multi-antigen vaccine against colonisation with C. jejuni and soluble and
PLGA-encapsulated oligodeoxynucleotides (ODNs) containing unmethylated CpG
patterns (E-CpG ODN). The findings demonstrated that the oral administration of a
low dosage of CpG (5 g) or a large dose of CpG (50 g) resulted in a considerable
reduction (Facciola et al., 2017).

17.19 Protein- and Peptides-Based Conjugated Nanovaccine

In the new era of the combination therapy with the help of natural primary metabo-
lites and synthetic compounds people are working on the oral and the other roots of
nanovaccine for the treatment of multidrug resistance pathogens (Chang &
Champion, 2021).

17.20 Conclusions

Nanoparticles utilized as delivery systems and/or immune potentiates have consid-
erably benefited next generation vaccination, and they will continue to do so. In
addition to increasing antigen absorption from APCs, nanoparticles can also increase
immunogenicity and delay antigen release. These particles come in a vast variety,
differing in size, composition and surface charge, and they can influence immuno-
logical responses generally as well as biodistribution and cellular trafficking. In
addition, because the majority of the nanoparticles exhibit biodegradability, bio-
compatibility and little toxicity, they can serve as secure and efficient substitutes for
conventional vaccinations. To increase the use of these systems in vaccine and drug
delivery, many factors must still be taken into account and investigated, including
how their physical characteristics affect biodistribution and targeting and how these
characteristics affect their interactions with biological systems at all levels.
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Chapter 18
Dosing Strategies of Nanovaccines

Hardeep Kaur, Virender Kumar, Rakesh Kumar Marwaha, Gajendra Singh,
and Davinder Kumar

18.1 Introduction

Vaccines are a complex mixture of biological substances. Common antigenic com-
ponents of vaccines include proteins derived from viruses, bacteria and others: live
attenuated viruses; killed or inactivated viruses; bacterial toxins such as compo-
nents of tetanus toxin (TT) and diphtheria toxoid (DT); toxins produced by bacteria
such as pertussis component; genes encoding viruses known as deoxyribonucleic
acid (DNA) (viruses); yeast cells; and other microorganisms that produce toxins
that can cause diseases (Vaccine Types | NIH, 2022; Wilson-Welder et al., 2009).
Antigenic components of vaccines can contain all or part of any pathogen, but most
vaccines have common vaccination strategy components; for example, they are
often made from a combination of multiple antigens into one vaccine. Vaccines can
protect against diseases (Pollard & Bijker, 2020). They do this by exposing the body
to a portion of a virus or bacterium to encourage the immune system to make anti-
bodies and fight off illness. Vaccines may also contain other components such as
inactive ingredients, preservatives and stabilizers (Types of vaccines, 2022)
(Fig. 18.1).

Biological molecules for treating cancer, inflammatory and infectious diseases
and autoimmune diseases are generally derived from living organisms or produced
by recombinant DNA technologies. Several types of molecules can be classified as

H. Kaur
Department of Biotechnology, University Institute of Biotechnology, Chandigarh University,
Mohali, India

V. Kumar - G. Singh - D. Kumar (<)
College of Pharmacy, PGIMS, University of Health Sciences, Rohtak, Haryana, India

R. K. Marwaha
Department of Pharmaceutical Sciences, Maharishi Dayanand University,
Rohtak, Haryana, India

© The Author(s), under exclusive license to Springer Nature 331
Switzerland AG 2023
K. Pal (ed.), Nanovaccinology, https://doi.org/10.1007/978-3-031-35395-6_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35395-6_18&domain=pdf
https://doi.org/10.1007/978-3-031-35395-6_18

332 H. Kaur et al.

-
Active ingredients Stabilizers s B
Viral or bacterial antigens that Sugar/gelatin keep the vaccine | |
ditectly stimidate the imemine effective until it is administered 1o = @’.
system but cannot cause disease. a patient. - S

&n;;;g.e-lalin
\ l: — N ! /

o Adjuvants Thimerosal prevents dangerous
o Aluminum salts in small bacterial or fungal K \
quantities that help to boost the contamination (only used for £ | |
° Immune response 1o the vaccing. Influenza vaccines). | '_\ 7
-, g

T |

- |
- - Trace components .,

Residual Inactivating Ingredients. b Sy
Antiblotics such as formaldehyde, and ¥ S e |
Prevent contamination by bacteria residual cell culture materials E -2 s )
during the vaccing manufacturing {present in small quantities that \ . =)
PrOCESS. does not pose a safety concen). N
Fomaidehyde

Fig. 18.1 Various components of the vaccine

biopharmaceuticals, along with growth hormones and purified or recombinant pro-
teins (Dimitrov, 2012). In 2020-2022, these biomolecules gained much attention
because of their attractive characteristics, specificity and potent therapeutic effects,
resulting in high clinical success rates for approved products and increased biomol-
ecule development (Gupta et al., 2017). In addition, the pharmaceutical industry
generates billions of dollars from expanding marketed biomolecules. Many changes
have been made to ensure compliance with regulatory requirements while optimiz-
ing and securing the high-scale production of biomolecules. Today, virtually all
preparations in the biopharmaceuticals field are administered via parenteral routes,
making formulation a major challenge for scientists (Taylor, 2015). Many studies
focused their research on developing technologies and formulation strategies to
deliver these molecules by alternative routes of administration with special attention
to the oral route, always keeping the main formulation objective, that is, to ensure
stability while formulating, during storage and till the administration of the patient.

In addition to the complicated structure and fragility of biomolecules, oral
administration of these molecules also results in low bioavailability. Several litera-
ture reviews have already demonstrated the oral bioavailability of therapeutic pro-
teins. While conventional vaccines cover the whole body, nanovaccines could target
an area within the body where a disease or an infection originated. They stabilize
various therapeutic agents, including peptides, proteins and nucleic acids, reducing
vaccine doses and preserving antigen integrity. It is sometimes possible to correct
hydrophobic compounds’ solubility in a solution using nanoparticle systems so that
they are suitable for parenteral administration through nanoparticle systems.

In addition, particle systems may have several advantages in mucosal immunity,
like antigen protection against gastric and intestinal degradation (enzymes and
acids) (Rodger & King, 2000; Homayun et al., 2019; Moeller & Jorgensen, 2008).
It may also regulate the types of immunity induced by antigens and act as a reservoir
for their controlled release. There is a possibility of a depot effect with these parti-
cles. They prevent the vaccine from spreading the antigen to the surface of the
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injection site and release it gradually, allowing the vaccine to reach the immune
cells for a longer period. Nanoparticles (NPs) can enter cells via endocytosis since
their size is similar to cellular components.

Vaccines made with nanoparticles cross-present antigens through class I of the
major histocompatibility complex and stimulate both humoral and cellular immune
systems. In addition, antigen-specific antibodies can be used to cover nanovaccine
particles to deliver targeted vaccines. Studies have shown that macrophages and
dendritic cells can readily uptake cationic nanoparticles due to their positive charges,
which are opposite to those on the membrane of dendritic cells to their high effi-
ciency; they outperform conventional vaccines (Sarkar et al., 2019). There is no
need for peripheral dendritic cells to move NPs towards lymph nodes. A nanovac-
cine also has the advantage of being sprayed in the nose, making it more convenient.
With NPs, vaccines can reach cells more quickly and sometimes reach cells 30
times faster than with the vaccines alone. Studies have shown that nanoparticles are
more effective in absorbing nutrients than microparticles (Turnis & Rooney, 2010).

18.2 Vaccine Adjuvants

The adjuvant concept is more than 80 years old, with the first adjuvant present in
human vaccines, an aluminium salt (aluminium potassium sulphate, also known as
alum). A new vaccine technology has spawned whether adjuvants need to be
included in a new vaccine. Adjuvants are substances that can enhance and modulate
the immunogenicity of the vaccine antigen, but they do not contain antigenic mate-
rial. They may be coupled with the antigen (inactivated adjuvants) or antigenic com-
ponents such as proteins and salts (Bonanni & Santos, 2011; Strugnell et al., 2011;
di Pasquale et al., 2015; Zepp, 2010).

The recent shortage of novel influenza A (HIN1) pdm09 vaccines following the
US Food and Drug Administration (FDA)'s decision to exclude subunit and inacti-
vated poliovirus vaccines as candidates for pandemic response vaccines (PRVs)
caused considerable concern among public health officials and stakeholders
(Hawken & Troy, 2012). Adjuvants can be inactivated forms of older vaccines, such
as alum, and newer substances, such as oils or squalene, called organic adjuvants.
Different types of adjuvants and their uses in different vaccines are shown in
Fig. 18.2.

18.2.1 Challenges of Oral Administration of Vaccines

Vaccines are one of the best ways to prevent disease, but they often fail.
Nanotechnology is the most promising way to solve this problem because it allows
us to create effective vaccines that can be given in a few doses and used for many
years. Conventional vaccines are made by killing many cells and propagating them
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Fig. 18.2 Timeline of adjuvants used in human vaccines

in culture to generate antigens. Vaccine preparation depends on the host immune
response to provoke an immune reaction, but not all strains induce antitumor and
antibody responses equivalent or superior to the vaccines developed against wild-
type viruses and bacteria. With the number of vaccines that need to be delivered at
home, the need for setting up facilities with advanced technological infrastructure
has been increasing (Lee, 2016).

Oral vaccines are the most convenient and available route of administration. The
oral route is effective for delivering vaccines, which are normally biologically active
substances produced locally in the mouth. Because of their convenience and practi-
cality, they have become widely used in preventing infectious diseases. Oral vacci-
nation strategies aim to prime the immune system by delivering subunit vaccines
through many oral delivery systems. These vaccines can be divided into two broad
categories: subunit vaccines and conjugate vaccines. Subunit oral vaccine formula-
tions offer advantages over conventional parenteral routes in terms of safety and
efficacy, ease of administration and convenience to patients. The most common
products in this category are killed-virus-based vaccine formulations that include
Ebola, Zika and MERS-CoV (Xie et al., 2020; Jhaveri & Torchilin, 2014; Hua,
2020; Algahtani et al., 2021). Multiple routes can deliver oral vaccines against hepa-
titis C virus (HCV), but only a few of these are suitable for routine clinical use. The
most popular route for delivering particles for proteinase K (PK)-resistant vaccine
delivery is the oral route, although it has several drawbacks, including high pH, low
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biological activity and dehydrating effects on both molecules and cells (Halliday
etal., 2011). Among other strategies, it is necessary to consider the delivery system
choice and its characteristics, including size, geometry, antigen loading and release
kinetics capabilities and the ability to include functional molecules to improve their
performance. However, there are several challenges to the oral administration of
vaccines, such as transit time, safety and high cost. The primary challenge associ-
ated with administering vaccines is a lack of stability, making it difficult to admin-
ister to varying populations and high cost. Some controllable properties include
size, geometry, antigen loading and release kinetic capabilities and finally the abil-
ity to include functional molecules to improve their performance (Vinarov et al.,
2021). Tailoring these characteristics will prolong the residence time of immuno-
gens, enable codelivery with antigens and adjuvants, boost their immunogenicity
and target immune cells (specifically antigen-presenting cells [APCs]) for efficient
transport, uptake and presentation. Passive vaccine delivery systems were devel-
oped to address these challenges. Microparticles and edible beads are used in pas-
sive vaccines (Coffman et al., 2010).

18.3 Nanotechnology and Nanovaccines

Nanotechnology has become a powerful tool in many fields of science since the
discovery of electronics by Gabor in 1947. Nanoparticles carry many beneficial
properties such as surface area, self-assembly and biointeractions. Nanotechnology
compromises a material’s size, shape and function using components with dimen-
sions less than 100 nm in length, 50 nm in width and 1000 nm in thickness (Bayda
et al., 2020). Nanoscale materials have many potential applications across industry
and science, including within pharmaceuticals, cosmetics and fragrances.
Nanotechnology allows scientists to create the world’s smallest particles and make
them last longer than normal. It has been used in vaccines and disease control, but
some believe that this technology could produce drugs to fight cancer and other
diseases (Boverhof et al., 2015; Jeevanandam et al., 2018).

Nanovaccines are being used in ways that could make an enormous difference to
the health-care industry. Nanoscience and nanotechnology represent a revolutionary
new field of medicine, and they have the potential to trigger a powerful immune
response. Nanovaccines can combat diseases such as cancer and provide unique
opportunities for treatment (Chauhan et al., 2020; Al-Halifa et al., 2019). For devel-
oping potential nanovaccines, researchers are looking at two different designs: the
first technology is to use nanoparticles to carry an antigen (a particle attached to a
protein), allowing it to be delivered through the bloodstream to body tissue at a
higher rate than in conventional vaccines, and the second design is to use nanopar-
ticles with attached antigens and deliver this directly through the bloodstream,
bypassing any immune response. Nanoparticle-based vaccines have the potential to
reduce lymphatic filtration, cause less tissue irritation and provide superior immu-
nological memory than conventional vaccines (Reichmuth et al., 2016). Vaccine
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delivery has historically been limited by a lack of a suitable vehicle for delivering
nucleocapsid (NCt) nanoparticles.

Similarly, the natural lipids of the oleaginous mosquito egg yolk, lipid IVA and
mixed esters of polyunsaturated fatty acids (MePS) are suitable vehicles for deliver-
ing NCT nanoparticles because they mimic the pH required for nanoparticle release
and enhance corneal transfection due to their oil-like form and stability of
pH. Delivering authentic NCT nanoparticles using an oleaginous vector demon-
strated that nanoparticle-based vaccines are feasible and safe for humans. Future
research will focus on identifying which nanoparticles are optimally suited for
improving immune responses and generating antibodies (Mohan et al., 2013).

18.3.1 Nanovaccines and Their Applications

Tons of different formulations of nanovaccines have been developed, and synthetic
nanoparticles stand out the most. The advantage of these nanoparticles is their abil-
ity to do more work than previous forms of vaccines (Pati et al., 2018), including
(Fig. 18.3) the following:

1. They can deliver a significant number of molecules that can be targeted for rec-
ognition by the immune system.
2. They minimize undesired effects or side effects due to administration.

Improved
stability

Fig. 18.3 Applications of nanovaccines
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3. They have high selectivity and delivery efficiency as compared to traditional
vaccines.

4. They deliver even greater numbers of molecules but are very small enough that
they cannot elicit an immune response, and yet, they are still able to stimulate
regulatory T cells (Tregs), which leads to better protection against infections.

5. Not only do these antibodies enhance and boost antibody production, but they
also stop the overproduction of cytokines and cells in response to a viral infec-
tion, which results in faster recovery.

Nanoparticle vaccines are the latest evolution of vaccine delivery, opening up
exciting new possibilities for the future of immunization. Nanoparticles are engi-
neered to improve immunogenicity and decrease degradation by improving cross-
linking, stabilizing antigen release, or adding an adjuvant effect.

The process of developing nanoparticle vaccines is similar to the method used
for developing traditional vaccines, but the characteristics and design of these par-
ticles have significantly evolved. Nanoparticles deliver targeted genes to cancer
patients through innovative and cheap drug delivery platforms (Diaz-Arévalo &
Zeng, 2020). Nanoparticles are produced by chemically cross-linking protein anti-
gens and carrier molecules to increase immunogenicity and decrease the degrada-
tion of the antigens. The properties of this vaccine include improved stability,
reduced systemic toxicity, enhanced immune responses through IMMUNIN struc-
tural reversion (isolation of a single viral spike), reduced immunoglobulin G1
(IgG1) antibodies towards the carrier when exposed to an antigen and the ability to
adsorb more antigens at the surface of nanoparticles than those in bulk (Kim et al.,
2019; Yun & Cho, 2020).

18.3.2 Highlights of Polymeric/Particulate Vaccines

1. Polymeric/particulate vaccines are pharmaceutical products made from a non-
protein subunit of the virus or bacterium and associated adjuvants. These can be
either life, killed or inactive.

2. A polymeric/particulate vaccine contains both an antigen, a vehicle in which it is
delivered to the immune system and a medium for delivering it. A polymer/par-
ticulate vaccine is made of a solid or liquid in the form of a micelle or hollow
sphere, and then, the particles are released into the patient’s body.

3. Particles can be any aspect of the formulation that makes up the vaccine, from
encapsulated antigens to adjuvants like aluminium phosphate.

4. Polymeric vaccines contain antigenic proteins. The surface of the particulate car-
rier can be chemically modified to increase its immunogenicity.

5. Particulate vaccines are made from petroleum and particulate glass microfibres
or synthetic polymer/tissue particles such as polylactide, poloxamer and povi-
done-K. Particulate vaccines have been developed to provide increased local
immunity due to the long duration of immunity induced by the antibodies that
bind to the antigen.
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18.3.3 Single-Shot Vaccines

Single-shot vaccines result from engineering to catch diseases early and quickly.
The vaccine takes on the illness and neutralizes it immediately without remember-
ing to take another dose later. Single-shot vaccines have been live attenuated vac-
cines, killed vaccines and recombinant vaccines. The most common single-shot
vaccine is HSN1 pandemic vaccine. The vaccine uses the knowledge that single-
dose vaccines protect large mammals such as humans against infectious diseases
caused by viruses. Single-shot vaccines, unlike multidose schedules, can be admin-
istered by a simple intramuscular injection. A novel Vernier pipette that allows
accurate dispensing of precise volumes of liquids and lyophilization is a technology
used to produce single-shot vaccines (Khademi et al., 2018). The production pro-
cess of lyophilized vaccines, including developing a novel Vernier pipette, allows
the accurate dispensing of the precise volume of liquids. The functional utility of
lyophilized vaccines is often limited by low stability and the need to store them in a
refrigerated environment. It utilizes the single-shot concept to produce the lyophi-
lized vaccine product efficiently and quickly. Rather than relying on manual pour-
ing techniques that are inefficient, time-consuming and prone to errors, this method
relies on a novel Vernier pipette that allows precise dispensing (Bora et al., 2020).

18.4 Calculating Annual Vaccine Needs from the Size
of the Target Population

The National Immunization Survey found that the population size of people who are
19 to 35 years old and have visited the doctor in the last year is 82 million. There are
86.6 million people aged 19-35 years who have seen a doctor in the past 12 months,
and there are 92.5 million in this age group who have not been vaccinated against
tetanus, diphtheria or pertussis (the three leading causes of a childhood illness)
(Immunization Module, 2022) (Fig. 18.4).

The number of vaccines needed to achieve population coverage depends on the
following two factors:

* The vaccine’s age-specific target population.
e The total number of people required for a given population.

For example, if a vaccine is targeted for new-born immunization, all persons
born in a given year must receive it during their first 18 months of life. Similarly,
adults who have never received any vaccines will require a booster if they were born
before 1980 and did not receive menses-based tetanus toxoid (Tdap) vaccination.
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Fig. 18.4 Vaccine volume calculations

18.4.1 Determination of the Number of Doses
Jfor Nanovaccines

The number of doses included in a bank of vaccines can be determined by calculat-
ing the average number of doses contained in a set of medical supplies (Vu et al.,
2021). The average number of doses supplied can be calculated using a simple pro-
cedure based on the following assumptions:

I. The ability of an individual to administer a certain dose is proportional to their

weight or size.

II. No more than one dose may be available at any given time (either because there
is only one unused dose or because it has been used).

III. It takes no more than 30 seconds per dose administered (this may be increased
if the same needle is used repeatedly).

IV. Each person receives only one dose per month unless complications occur or
there is some other reason for repetition.

Example To estimate the number of doses to include in a bank of vaccines, we
need to know how many doses have been ordered and what their average price is.
Consider a hypothetical vaccine with a list price of US$5 per dose. The manufac-
turer may estimate that 60% of children who receive the vaccine will be protected
against disease, while 20% will not be protected. How much doses required will
have to determine in a bank, multiply 60% by US$5/dose, plus 20% by US$5/dose,
times 30%, which equals 13 times 20% equals 45 units x 3 units minus 18 units x 5
units equals 1.
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18.5 Dosing Strategies and Their Importance

Nanoparticle-based vaccines represent one of the most important technologies in
the emerging field of biodefense and personalized medicine. By using nanoparticles
that are small enough to cross the blood-brain barrier, yet large enough to interact
with the immune system, it may be possible to develop therapies against antigens
that are able to elicit protective immunity without producing inflammation or neu-
tralizing antibodies. The concept of dosing strategies for nanovaccines focuses on
scientific and technological solutions for the preparation, size modification and
future applications of nanovaccines. This is an important area as more focus is being
directed towards nanoweapons by threat actors with increasing financial capabili-
ties, speed and ease within which to synthesize compounds, manufacture them into
weapons and dispense them. Nano criteria for dosing strategies of nanovaccines are
more straightforward to enter into a computer than clinical doses. Safety concerns
can be pursued with the traditional methodologies, but quantification of plasma
levels comes at a high cost in terms of time and patient data collection (Zhou et al.,
2020). The feasibility of delivering DNA-based vaccines within polymer nanopar-
ticles has been demonstrated in rabbits, and information is available on the use of
lipid nanoparticle-DNA conjugates as targeted delivery vehicles in mice. The abil-
ity to formulate a novel vaccine (containing an encapsulated antigen) that remains
stable at high temperatures and pH has been developed (Semple et al., 2022). The
nano criteria offer a powerful tool for improving vaccine delivery rapidly, specifi-
cally in situations where the scale, size or complexity of a trial is increased from
clinical trials to large-scale trials on large populations. Nanocritic dose scaling
reduces the costs associated with obtaining required information in the dosing regi-
men while improving safety standards and increasing efficiency. Smaller vials may
allow for easier access to vaccine doses and more rapid delivery systems.
Nanoparticle vaccines are also compatible with the current “cold chain” method of
shipping vaccines, which involves refrigeration and holding at a temperature just
above freezing (Semple et al., 2022; Liu et al., 2021).
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19.1 Introduction

Since targeted and controlled medication delivery using nanomaterials has been
well established, while nanomedicines application in Nanotechnology, is an emerging
topic in the field of medical science. The advancement of this technique not only
prompted innovations in the field of medical science but also made significant con-
tributions to the fields of diagnostic biomarkers, molecular imaging, and biosensing
(Hu et al., 2022). The tremendous progress toward nanomedicines has the potential
to provide numerous benefits such as targeted ability, dose response, bioavailability,
improved efficacy, and safety over conventional therapeutics. This development is
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the product of a collaborative effort on the part of research institutions, educational
institutions, and a variety of pharmaceutical corporations, all of which supported
and encouraged research in the field of medical science. The biggest advantage of
using targeted nanomedicine over traditional medicine is that it can overcome the
cellular/physical barrier and provide diagnostic applications at the nanoscale level.
After the first report, several government industries, private institutes, and research
centers started contributing to the development of this area with the allocation of
heavy funds and the development of new research centers in universities (Jahan
et al., 2017). Nanoparticles are noninvasive tools because of their unique magnetic,
optical, physical, chemical, and structural properties for drug delivery, diagnostic
imaging, tumor detection, etc. Nanoparticles are more valuable due to the unique-
ness of their characters. These nanoparticles are categorized into organic nanopar-
ticles (liposomes, micelles, and exosomes) and inorganic nanoparticles (gold
nanoparticles, magnetic nanoparticles, silver nanoparticles, and silica nanoparti-
cles), which are discussed in detail in this chapter. These particles occur naturally as
the by-products of the combustion reactions and are produced purposely. The other
applications of nanoparticles range from cosmetics to environmental preservation
and air purification (Anselmo & Mitragotri, 2019). The field of nanomedicine
diverts the focus of scientists to explore new horizons in the field of medicine.
Although the use of nanoparticles as drug carriers in nanomedicine has been suc-
cessfully discussed in vitro, there is still much to be done in vivo. The future of
nanomedicine is looking quite bright, and it is moving forward quickly. A wide
range of nanomaterials based on organic, inorganic, lipid, protein, or glycan com-
pounds and on synthetic polymers have been employed to produce innovative can-
cer therapeutics. According to the clinicaltrials.gov registry, 1575 nanomedicine
formulations (search terms “liposome,” “nanoparticle,” or “micelle”) have been
submitted for clinical trials (N.I.LH, 2016). One-third of these or 1381 formulations
are in the field of cancer therapy. It is essential for the development of nanomedicine
as a tool for illness detection and treatment that the effectiveness and safety of
nanoparticles (NPs) in biological systems are established. (Kolosnjaj-Tabi et al.,
2015). Nanomedicine is not just restricted to colloidal substances and the technol-
ogy used to test them in vivo. Advances in nanomedicine go beyond the idea of a
“magic particle bullet.” Nanomedicine could aid in tissue regeneration by develop-
ing novel scaffolds and surfaces for sensors, implantable technology, and electron-
ics (i.e., regenerative medicine). Although many of these ideas are still in their
infancy, several have already entered practical use (Peteiro-Cartelle et al., 2009).

19.2 The Worldwide Market of Nanomedicines

As aresult, the biological sciences and healthcare are now referred to as “nanomedi-
cine,” and this application of nanotechnology is seen as a rapidly developing topic
in the realm of nanotechnology. In the past few years, the US Food and Drug
Administration (FDA) has established over a hundred nanomedicine-based
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products (Farjadian et al., 2019). The US federal officials have provided more than
41.1 billion in resources in an initiative to verify the significance of nanotechnology.
One of the most significant technologies to emerge within the next decade, accord-
ing to a report, is nanotechnology. The Food and drug Administration (FDA)
approved the 100 nanomedicines without elaborating on current market trends in
this area (Varshosaz et al., 2017). The primary goal of pharmaceutical research is to
develop modern chemical organizations with less influence and greater medical
benefits (Farjadian et al., 2019). Targeting drugs using NPs offers several benefits
for improving biological system interactions and reducing nonspecific toxins.
Another major challenge for narcotics (drugs) transmitted by NPs is the synthesis
using traditional physicochemical methods (Mofazzal Jahromi et al., 2019).
Currently, it may take up to two decades for a narcotic to register on the market after
major developments. Another issue is the requirement for highly qualified medical
personnel who are specialists in their fields and are willing to spend a decade or
more learning these skills for a single project (Farjadian et al., 2019). The market
needs to be accurately assessed, and the risk ratio is high. Patents must be filed at
every stage of the drug discovery and commercialization process to protect the wise
property of creators and organizations and to prevent time and money from being
wasted in court battles. However, the 20-year term of patent protection is less given
the maximum amount of time needed to oversee and approve a drug, pass the neces-
sary clinical trials, and eventually launch the most recent pharmaceutical to the
market. Trade exemption period is up to 12 years or less. Therefore, the time avail-
able for a company to make a profit is sometimes shortened to risk important
resources (Hamburg, 2012).

19.2.1 Status of Food and Drug Administration (FDA)-
Approved Nanoparticles and Nanoformulations

99

The terms such as “nanotechnology,” “nanoscale,” “nanomaterials,” and “nanocrys-
talline” are not regulated by the FDA. These terms are commonly used in the engi-
neering of materials that range in size from approximately 1 nm to at least one
dimension of 100 nm (Zingg & Fischer, 2019). The FDA is a very significant regu-
lator of the US government agencies. A primary goal of the Food and Drug
Administration (FDA) is the safety and efficacy of medical devices, vaccines, medi-
cations for animals, and tobacco products that reach consumers. Across the globe,
there is a lack of regulatory framework for nanotechnology (Bartoszewski &
Sikorski, 2019). The FDA has not issued any specific guidelines for
nanopharmaceuticals.

All nanopharmaceuticals were given the FDA approval prior to being on the
market using existing rules without any additional testing (Macdonald & Williams-
Jones, 2012). However, the new nanoformulations approval challenged the FDA’s
regulatory framework. The FDA is submitting the products for market approval and

99 ¢
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focusing on products in specific areas, including some that may include nanomateri-
als or nanomedicines. It is hard to judge how the nanoparticles will be organized.
The FDA'’s review process can add complexity to the process by introducing size
changes and potentially unexpected results at the nanoscale. Although the FDA
presently uses the products, it is possible that not all nanoproducts will benefit from
their use as it might be challenging to categorize them into one of the established
traditional classes. The FDA creates additional challenges and reviews issues aris-
ing from these complications (Farjadian et al., 2019) (Table 19.1).

19.3 Types of Nanoformulations Used in Clinical Studies

19.3.1 Organic Nanoparticles
19.3.1.1 Liposomes

Liposomes are smaller round artificial vesicles. They are made from cholesterol and
natural nontoxic phospholipids. They have a hydrophobic and hydrophilic role
because of their size. They play an important role in drug delivery (Ferreira et al.,
2021). The size of a liposome ranges from very small to large. The diameter of large
vesicles is 2.5 pm, whereas that of smaller vesicles is 0.025 pm. In addition, lipo-
somes can also have one- or two-layer membranes. Liposomes can be divided into
three groups based on size: small, medium, and larger. The membrane layers can be
unicellular vesicles (ULVs), oligolamellar vesicles (OLVs), and multilamellar vesi-
cles (MLVs) (Rizwan et al., 2022). Smaller unicellular vesicles (SUVs), such as
ULVs, contain a phospholipid boiler, but in terms of dimensions, they are less than
100 nm in size (Rizwan et al., 2022). OLVs are liposomes consisting of two to five
vesicles that can be of the same or of different sizes. In the structure of the OLVs,
all vesicles are covered in a big phospholipid boiler without being inward to each
other. MLVs are primarily used to deliver hydrophobic agents (Allen & Cullis,
2013). Liposomal NPs are synthesized for several benefits: they can deliver both

Table 19.1 Nanocrystallines currently available in the market

Nanoparticle Years (FDA

Nanocrystals | type Approved) Nanoparticles References

Ostim® Nanocrystalline | 2004 Calcium hydroxyapatite Siddiqui et al.
(2018)

Emend® Nanocrystalline | 2003 Antiemetic Andrews and
Horn (2006)

Rapamune® | Nanocrystalline |2015 Calcium phosphate Bobo et al.
(2016)

Vitoss® Nanocrystals 2003 B-tricalcium phosphate Alagona (2010)

(B-TCP, Cas[PO,],)
TriCor® Nanocrystals 2004 Triglyceride Alagona (2010)
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hydrophilic and hydrophobic molecules; their composition extends the half-life of
circulation, protects treatment contents from the in vivo environment, and improves
vascular permeability, biological distribution, and targeting. It is used for treating
cancer, including breast, lung, gastric, ovarian, sarcoma, myeloma, leukemia, and
lymphomas (Fig. 19.1).

19.3.1.2 Micelles

The basic shell-type nanoparticles made by the assembly of polymeric micelles,
stop copolymers, have been widely recognized as assuring nanocarriers in the treat-
ment of cancer target therapy (Viitala et al., 2019). These are colloidal particles that
combine in water to create nanocapsules. Amphiphilic molecules self-assemble to
create micelles, which are colloidal particles found in water (Sharma, 2018).
Micelles have groups of polar heads that commonly make the outside look like the
level of micelles. The heads of the micelle can be cationic, anionic, or neutral
groups. The kind of amphiphilic molecule, micelles may be distributed in lipid
micelles and polymeric micelles. One of the advantages of polymeric micelles is
that the polymeric entity’s isolated effect from the environment can prevent the
degradation of chemical or biological stimuli-sensitive molecules (Adams et al.,
2003). They can dissolve drugs that do not dissolve well in water or that do not like
water. This makes the drugs more bioavailable. Exosomes inside the cells are boxes
of exosomes called multivascular bodies (MVBs) that take fragments of cytoplasm
and their contents in the vesicles to attach to the membrane. Exosomes are widely
established to have a role in the exchange of live genetic material (Lemicre et al.,
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2015). These biological characteristics include targeting exosomes that are thought
to be essential for cancer growth, modifying exosomes as engineering and treatment
tools, and discovering new biomarkers for early diagnosis (Sun et al., 2008). The
treatment of myocardial ischemia—reperfusion and kidney injury, myocardial infec-
tion, muscle or bone degeneration, arthritis, nerve regeneration, multiple sclerosis,
cancer, and neurological illnesses like Alzheimer’s disease (AD) and Parkinson’s
disease are beneficial consequences of the exosome (Table 19.2).

19.3.2 Inorganic Nanoparticles

Research using inorganic nanoparticles, such as gold, iron oxide, silver, and silica,
has been conducted in both medical and clinical studies to treat, diagnose, and
detect a variety of diseases (Haque et al., 2022). In addition, many inorganic com-
pounds that act as materials for making nanoparticles have long been used in clinics
for different treatments (Palekar et al., 2015).

19.3.2.1 Gold Nanoparticles

The AuNPs are great metals known for their modern visual features inspired by the
popularity of the localized surface plasmon resonance (LSPR) (Stafford et al.,
2018). Plasmonic gold nanoparticles exhibit optical and photothermal features
depending on unique size properties due to the collective duplication of free elec-
trons in their conduction band. AuNPs have previously been instrumental in human
well-being in the medical diagnostic sector and in several medical applications. As
cancer, antibacterials, and AIDS research progresses, AuNPs are emerging as the
most appealing and promising treatment option (Kumar et al., 2011).

Table 19.2 Different nanoparticle applications and drugs

NPs Application Drugs References
Liposome | Cancer therapy Doxil®, DaunoXome®, Depocyt®, Myocet®, Bulbake et al.
Marqibo®, Onivyde®, and Amphotec® (2017)
Fungal infections | ABELCET®, AmBisome®, and Amphotec® Bavli et al.
(2021)
Photodynamic VISUDYNE® Bavli et al.
therapy (2021)
Viral infections | Epaxal® and Inflexal® Cech et al.
(2011)
Micelles | Cancer treatment | Doxorubicin (DOX) and docetaxel Bavli et al.
(2021)
Exosomes | Cancer treatment | Cytotoxic Bulbake et al.
(2017)
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19.3.2.2 Magnetic Nanoparticles

Magnetic elements including iron, cobalt, chromium, and manganese and nanopar-
ticles relate to the bunch of nanotechnology-based mattes. Their biological applica-
tions include drug administration, magnetic resonance imaging (MRI), tissue
healing, transfusion, and tissue targeting. These chemical processes for synthesiz-
ing AgNPs have issues with NP stabilizing and agglomeration and particle size and
form. For organic and inorganic reducing agents, as well as stabilizing agents such
polyvinylpyrrolidone (PVP), and silver precursors, AgNPs must be synthesized.
Magnetic nanoparticles’ shells are linked to drug molecules. Magnetic iron oxide
nanoparticles have the benefit of being visible during magnetic resonance imaging,
and drug-laden nanoparticles can also be seen via magnetic resonance imaging. Iron
oxide magnetic particles are the most common type of MNPs. Iron oxide magnetic
particles are covered in biosynchronized materials, which prevents the particles
from building up, degrading biologically, or changing from their initial condition.
This permits the bioactive agents to be trapped on the particle through attachment or
absorption. Magnetic resonance imaging can detect them, and magnetic fields can
be used to insert drug-laden nanoparticles (Kumar et al., 2011).

19.3.2.3 Silver Nanoparticles

AgNPs are used in nanomedicine because of their unique chemical and physical
features and their biocompatibility. They are good drug delivery career candidates.
It has been reported that AgNPs were effective nanoparticles in treating cancer and
infection, so they had tumor-killing and antiseptic (Xing et al., 2019). In the other
ocular field, AgNPs demonstrated the delivery of the treatment agents; they have
been applying coating agents for lenses. In addition, AgNPs have demonstrated the
effects of significant antiangiogenic, antioxidant, and anticataract in different cell
culture systems and animal models for eye diseases, as when combined with natural
plant extracts. The manufacture of AgNPs using various chemical techniques con-
fronts difficulties such as particle size accumulation and stability (Iravani et al.,
2014). Furthermore, MNPs have two additional advantages: first, they may be con-
trolled by noncontact pressures; second, they can be tracked using MRI and targeted
by nanodrug delivery systems (Giannaccini et al., 2014) (Fig. 19.2).

19.3.2.4 Silica Nanoparticles

Silica nanoparticles can absorb large amounts of drugs into their pores and have a
particle size of 30-300 nm. The modern properties of SiNPs include large specific
level area and size of the pores, size of controllable particles, and improved biocom-
patibility that make them the best nanoplatforms for biomedical applications and
drug delivery. SiNPs have a large surface-to-volume ratio, ease of surface change,
and a stable chemical structure (Giannaccini et al., 2014).
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19.4 Status of Nanomedicine in Various Diseases

19.4.1 Brain

Disorders including Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis, and
stroke are spreading quickly due to the aging population. The United States has over
4.5 million patients with Alzheimer’s disease, and medical and institutional care
costs more than US$100 billion every year (Kabanov & Gendelman, 2007). Humans
have always been affected by neurodegenerative disorders (NDDs). Currently, no
definitive treatments exist, and the diagnosis of NDDs is made years after the dis-
ease has begun: symptoms are only detectable by neurologists in the late stages of
the disease (Paulsen et al., 2013). Nanomedicine made a significant contribution to
the fight against such devastating diseases. NP-based systems have been used to
support and create new therapeutic approaches and to enhance the physical (solubil-
ity or ionization) and biopharmaceutical (bioavailability, biodistribution, toxicity,
pharmacokinetics, and pharmacodynamics) aspects of recognized active com-
pounds. Nevertheless, nanomedicine has certainly contributed to the most promis-
ing innovations in Alzheimer’s disease (AD) research with early diagnosis methods.
Because of the extremely low concentration of these substances, enzyme-linked
immunosorbent assay (ELISA), for instance, is very challenging to carry out for the
detection and quantification of AD biomarkers, Tau proteins, and A peptides in
physiological fluids (Henriksen et al., 2014). Amplification of AD biomarker sig-
nals using NP-based procedures proved to be successful in overcoming such limita-
tions. The immune-polymerase chain reaction or wave extinction assays have been
used to quantify Tau proteins by gold nanoparticles (Stegurova et al., 2014) or
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Rayleigh scattering assays (Neely et al., 2009) functionalized with tau-specific
monoclonal antibody. Both NP-based methods were superior to ELISA methods in
terms of their sensitivity.

19.4.2 Anticancer Agents

Anticancer agents can be treated with nanomedicines as an alternative treatment.
With nanomedicines, specific site targeting is possible because of their small nano-
meter (nm) size, increasing their biological availability and reducing their toxic side
effects. Moreover, consuming small amounts of medicines can reduce the cost of
treatment (Rasool et al., 2022). The World Health Organization (WHO) estimated
that cancer caused around 13% of all deaths in 2012. It is expected that, in the next
two decades, the number of cancer cases may rise from 14 to 22 million. Toxicity
must be restricted as a result of systemic exposure and the challenge of building
resistance to anticancer agents (Kola & Landis, 2004). It is possible, however, that
nanoparticles could solve the problems of solubility and stability associated with
cancer drugs. As a result of the compound’s water solubility, its bioavailability is
limited, hampering the development of early anticancer drugs. The delivery and
consumption of poorly soluble drugs are improved by encapsulating them inside a
hydrophilic nanocarrier. Chemical stability is also improved. Drugs that are not pH-
sensitive, such as doxorubicin, can be coupled with pH-sensitive nanoparticles to
increase cellular absorption and intracellular drug release. As nanomedicine tech-
nologies advance, nanocarriers are developed to release their payloads upon com-
mencement. Finally, the resistance of neoplasms to antitumor drugs is reduced
through directed nanomedicine treatments. In general, focused intake and adenos-
ine triphosphate (ATP)/multidrug resistance (MDR) outflow pump-driven excretion
have no effect on specificity. The circulation period of a chemical can be increased
using nanomedicine, facilitating the release of stimuli-responsive medicines and
endocytic absorption. It is imperative to maintain a balance between the potential
harms and benefits of cancer treatments. Nanotechnologies are intended to shift the
balance in this direction. Nanomedicine products have several general schemes and
modern practices that can improve the drug treatment index (Maitland & Schilsky,
2011). Several monotherapies have been created in the recent years and have been
administered to a group of cancer patients, but there are only a few carriers that are
specifically approved to target cancer cells (Olusanya et al., 2018). Individual mark-
ers serve as a key to personalized therapies because they can detect tumor types in
different patients at particular stages of the disease, making it easier to predict
results. In addition to identifying diagnostic and prognostic markers, nanoparticle
technology can also be used to detect cancer cells in the body and to test the effec-
tiveness of specific treatments. Several such systems use quantum dots, biocompos-
iting, etc. There is great promise in the use of these techniques for detecting the
underlying causes of a wide variety of cancers (Estella-Hermoso de Mendoza
et al., 2009).
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19.4.3 Tuberculosis

The most devastating infectious disease on the planet remains tuberculosis (TB).
The diagnosis of latent tuberculosis infection (LTBI), extrapulmonary tuberculosis
(EPTB), drug-resistant tuberculosis (DR-TB), HIV-associated tuberculosis
(HIV-TB), and pediatric tuberculosis is still challenging in the developing countries.
The spread of TB is mainly attributable to delayed or misdiagnosed cases, which
contribute to its global spread. There is still no ideal diagnostic test for TB, and
conventional methods remain essential for diagnosis, despite their limited diagnos-
tic abilities (Gupta et al., 2020). Physiochemically (inert and nontoxic) and opti-
cally, gold nanoparticles (AuNPs) are ideal nanomaterials for clinical diagnosis,
treatment, and other multidisciplinary research purposes. AuNPs’ optical properties
with antibodies or antigens, as well as with other biomolecules, make them useful
for detecting various pathogens. In addition, the functional activity of AuNPs is not
compromised after the immobilization of antigens (Sonawane & Nimse, 2016).
Gold nanoparticles with surface functionalization enhance the antibody—antigen
reaction, thereby increasing the immunoassay signal and thus increasing the test
sensitivity (Kim et al., 2018). As a result, numerous samples can be tested simulta-
neously using a simple, low-cost assay. This assay is extremely specific and pro-
duces reliable results even from tiny amounts of mycobacterial deoxyribonucleic
acid (DNA). By using gold nanoparticles modified with thiols, single-stranded
DNA can be detected calorimetrically from test DNA samples (Cordeiro et al., 2016).

19.4.4 Malaria

All parasitic diseases have a negative impact on human health, but malaria has the
greatest impact (Khan et al., 2019). According to the WHO, 214 million malaria
infections and almost 438,000 malaria-related deaths occurred worldwide in 2015
(Gimenez et al., 2021). Due to the overuse of antimalarial drugs, such as chloro-
quine, parasites have devised a number of mechanisms to develop resistance to anti-
malarial drugs. Nanotechnologies can treat a wide range of parasitic infections,
including diabetic foot ulcers, lymphatic filariasis, soil-transmitted helminthiasis,
parasitic zoonoses, onchocerciasis, African trypanosomiasis, leishmaniasis, ecto-
parasitic skin infections, Chagas disease, malaria, and tuberculosis. Nanotechnology
can eradicate malaria by developing successful therapeutic approaches to eliminate
the malaria vector. It can also attack the parasite directly. Researchers have also
used liposomes containing or paired with recombinant human tumor necrosis factor
to successfully cure experimental cerebral malaria (ECM) in mice infected with
Plasmodium berghei K173. Plasmodium berghei-infected mice were given polyeth-
ylene glycol (PEG)-coated halofantrine-loaded polylactic acid (PLA) nanocapsules
to treat malaria, and cardiotoxicity was assessed. In a study of primaquine-loaded
NPs, primaquine-loaded NPs operated better than non-primaquine-loaded NPs at
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extending the lives of mice. Nanoparticles of varying sizes of albumin and gelatin
were used to target the liver with the same molecule. A lipid nanoemulsion of pri-
maquine (10-200 nm) was developed and demonstrated very good performance
against P. berghei infection in Swiss albino mice in 2008. The delivery of malaria-
specific antigens to targets has recently been improved using nanoprotein adjuvants.
In mice, these adjuvants were conjugated with antigens of size 16-73 nm after
injection and showed a better immune response against malaria when compared
with the antigens alone (Scaria et al., 2017). Extrinsic protein adjuvants are rarely
used because of their poor compatibility with vaccinations and antigens (Sia
et al., 2021).

19.4.5 Human Immunodeficiency Virus (HIV)

Human immunodeficiency virus (HIV) infections have become increasingly devas-
tating in the last few years. An estimated 7400 cases of HIV are diagnosed each day.
HIV-positive patients have been found to live longer when they receive a combina-
tion of at least three antiretroviral (ARV) drugs, known as highly active antiretrovi-
ral therapy (HAART). Although HAART has contributed to reducing mortality rates
in the developed countries, the situation continues to be bad in the developing coun-
tries with millions of people infected. To improve the HIV therapeutic situation,
nanotechnology-based drug systems have been investigated. Nanosystems have a
number of unique advantages in HIV therapeutics including improved bioavailabil-
ity, water solubility, stability, and the ability to target HIV medicines. Polymeric
micelles, liposomes, nanoparticles, liposomes, and dendrimers are the most com-
mon nanotechnology-based systems being explored for HIV treatment. As far as
pharmaceutical drug delivery is concerned, nanotechnology represents a techno-
logical revolution. Nanotechnology’s basic concept is to modulate the pharmacoki-
netics of incorporated molecules to efficiently remove HIV. An anti-HIV drug
enclosed in a nanosystem is not governed by the properties of the drug but by the
physical-chemical properties of the nanosystem, such as its surface-exposed mole-
cules and electric charge, and by its size. By targeting drugs to HIV reservoirs and
increasing the half-lives of the drugs, nanotechnology can be used to deliver ARV
drugs to the tissues to cure HI'V. Nanomedicines can exert antiviral efficacy by tar-
geting different stages of the HIV replication cycle. Metal nanoparticles, den-
drimers, and Bucky balls, for example, bind HIV enzymes or proteins, potentially
limiting HIV reproduction through steric hindrance. Some inorganic metals (e.g.,
silver) have an antiviral impact when deposited in nanometer-sized macromolecules
but not in bulk or atomic form (Sun et al., 2005).
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19.5 Future Perspectives

19.5.1 Field of Public Health

Nanomedicine has a substantial impact on numerous elements of public health,
including enhancing general health, improving quality of life, aging, and preventing
and treating disease conditions. It can also refer to a community or social health
issues such as vaccination, infection control, sanitation, environmental infection
control, and early diagnosis and prevention of infectious disease (More et al., 2021).
Recently, the FDA has not developed specific rules for products composed of nano-
materials. Nanomedicine will also impact the health-care system. Screening meth-
ods with high sensitivity and specificity to detect the disease can greatly improve the
diagnosis and reduce the cost of healthcare. Initially, the use of nanomedicine by
insurance providers may lead to resistance to payment for main treatments. The lat-
est technologies are more costly than traditional medical interference, although
newer methods are more effective. Nanomedicine can be used for disease preven-
tion, diagnosis, and treatment. Social and physical environments influence public
health with regard to environmental health. The climate and human health of engi-
neered nanomaterials, and products and essential to discovering the process involved
in making them. The nanomaterials environmental regulation falls down the control
US Environmental Protection Agency (EPA)’s toxic substances. Although there are
already more than 1000 nanomaterials-enabled user products on market, there is a
difference in knowledge about their outcome and transportation within humans, and
ecosystems (Feng et al., 2000).

19.5.1.1 Applications of Nanomedicines

Molecular imaging, drug delivery to specific parts of the body, and disease diagnos-
tics are just a few of the promising medical uses of nanotechnology currently being
studied and tested in clinical studies. Targeting drug delivery to diseased wounds is
an important aspect of the drugs that are needed. Proper drug carriers are needed to
deliver enough doses of medicine to the wound. While the chance to develop an
effective nanotechnology-based drug delivery system is spread across all pharma-
ceutical treatment procedures for respiratory, central nervous system, and cardio-
vascular disorders, there remains a vital need in terms of finances and treatment.
Many treatment agents have not been successful because of the restricted ability of
the target to arrive at tissue. In addition, there are rapidly growing opportunities in
increasing delivery systems for anticancer agents, hormones, and vaccines due to
safety and utility flaws in traditional management practices. Novel medicinal sub-
stances to cure ailments in our pet population may be produced by the production
and manipulation of new synthetic molecules. These novel substances, for instance,
might protect animals from bacterial or viral infections and hasten wound healing.
These novel molecules may also deliver medications and genes to cells, improving
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the effectiveness of disease treatments. Nanopharmaceuticals will one day be used
to treat most pet ailments. Drug delivery methods might benefit from new develop-
ments brought about by research in the field of nanopharmaceuticals. These systems
affect how quickly medications or other chemicals are absorbed into the body, dis-
tributed throughout it, metabolized, and excreted. They must permit drug—target
receptor binding and receptor—action regulation. The materials and manufacturing
processes that can be employed in drug delivery devices are severely constrained.
The drug delivery medium must be bioresorbable, compatible, and simple to bond
with the medication. Stringent processing requirements must be adhered to during
the production process and chemistry that nevertheless produces a cost-effective
product without compromising the drug’s quality.

Both diagnostic and therapeutic advancements are being made in the fascinating
field of nanomedicine. In biomedical research, metallic and nanostructured particles
can be used as helpful diagnostic tools to see how a cell is doing or how drugs are
being distributed throughout the body. Magnetic resonance imaging (MRI) may be
used to view magnetic nanoform metals in vivo at high concentrations, such as iron
oxide (Ali et al., 2016). Through two-photon excitation or light activation, nano-
structured particles may be made to fluoresce (Ajmal et al., 2015). In addition to
these diagnostic nanoparticles, innovative molecular lab-on-a-chip technologies for
qualitative and quantitative biological assessments have been developed. These lab-
on-a-chip technologies are a desirable alternative because of their reduced analyte
and reagent volume requirements, little waste production, and decreased wait times.
Several microscale items are now on the market, whereas nanoscale products are
only beginning to appear; for further details, see Wang et al. (2016) (Fig. 19.3).

19.5.1.2 Product Underdevelopment for Public Health

While many biocidal possibilities must still be tested in vivo through clinical studies
and nutritional safety testing in compliance with federal regulations, it will take
longer for nanoparticles to completely replace antibiotics in feed. Soon, it is likely
that regular nanosupplements will be added to cattle feed to fortify it. Nanoparticles
have previously been applied outside of animal products, such as in antiseptic
wound dressings, and more will come. Nanoparticle cytotoxicity study in cancer
cell lines and normal, healthy cell lines is critical for research of nanoparticles with
anticancer properties. It may be inaccurate to just use cancer cells and assert that the
under-research nanoparticle has anticancer characteristics, as the nanoparticle may
be harmful to all types of cells. It is necessary to confirm the effects of nanoparticles
in vivo through research done in vitro.
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19.6 Conclusions, Outlook, and Future Aspects

Nanoparticles are a good candidate for future antifungal, antibacterial, antiviral, and
anticancer medicines. The study of medical records exposes a protracted, uphill
battle to advance human health, a battle that will ultimately result in a stunning vic-
tory: the abolition of disease and misery in the twenty-first century. If roughly ten
billion people who have ever lived survived an average of 40 years and only experi-
enced hardship and illness for 2% of their lives, then a significant cost of 70 trillion
man-hours of human suffering will have been incurred to accomplish this. Due to
their numerous significant triumphs over the past few decades, biotechnology and
genetic engineering are very well-known. However, organizers of these techniques
frequently ignore a postbiotechnology discipline that is just now starting to appear
on the 2-3 decade and has the potential to virtually guarantee the elimination of
biological senescence throughout the entire body and the perpetual maintenance of
healthy mind and body with little to no unwanted medical side effects. This revolu-
tionary technique integrates nanorobotics and molecular nanotechnology into
healthcare. It will soon become abundantly evident that biotechnology in its whole
is really a small part of nanotechnology, albeit an essential fraction. In actuality,
rather than biotechnology, nanotechnology—the engineering and manufacturing of
objects with atomic-scale precision—will rule the twenty-first century. One of
humanity’s grandest and most noble endeavors is poised to be completed. Earlier in
the twenty-first century, a new medical paradigm known as nanomedicine will start
to take shape as a result of our expanding capacity to quickly treat the majority of
physically severe wounds, get rid of pathogens, and relieve suffering using molecu-
lar tools. A general definition of nanomedicine is the comprehensive monitoring,
control, construction, repair, defense, and improvement in all human biological sys-
tems at the molecular level with the use of engineered nanodevices and nanostruc-
tures, molecular machine systems, and—in the end—nanorobots too small to be
seen by the human eye.
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19.6.1 Diagnosis

The cost of manufacturing of the advanced, high-tech tools required by medicine is
currently extremely high (particularly medical research). Making tools from indi-
vidual atoms allows for the construction of very minuscule implements. It will be
possible to create sensors and perhaps complete nanobots that are so small that they
can fit inside live cells. Because of the complexity of the human body, determining
its state necessitates gathering a significant amount of data. There will even be real-
time analysis of these data (crunched by integrated nanocomputers millions of times
faster than current-day computers). They will build a complete model of the patient’s
body, monitor the patient’s condition constantly, and employ a predictive approach
to foresee the progression of the disease or other ailment and any future course.
Based on the calculations of the probabilities of various potential therapies, the sen-
sors/nanocomputers might even make recommendations. For the first time, collect-
ing these data will be made possible even in routine diagnosis because of the tiny
size and inexpensive cost of nanosensors. Real-time monitoring of a patient’s sys-
tems makes it feasible to spot issues considerably earlier, enabling a more forceful
and experimental approach to treatment. One affordable hand-held device will
incorporate thousands of diagnostic testing. This will greatly improve diagnostic
accuracy while decreasing malpractice and insurance liabilities. Many different
kinds of nanoparticles, including liposomes, polymer nanoparticles (nanospheres
and nanocapsules), solid lipid nanoparticles, nanocrystals, polymer therapeutics
like dendrimers, fullerenes (most commonly C60 or Bucky ball, similar in size to
hormones and peptide a-helices), and inorganic nanoparticles, can be used to deliver
drugs and genes and probe DNA structures (e.g., gold and magnetic nanoparticles).
Nanoparticles are the basic building blocks of nanotechnology and have a wide
range of applications, such as fluorescent biological markers, protein markers, DNA
structure probes, biological molecule separation and purification, improved mag-
netic resonance imaging, tumor heating, tissue engineering, drug and gene delivery,
and many others. Second, it is also feasible to create magnetic nanoparticles with
adjustable diameters between 2 and 30 nm that can bind to or interact with biologi-
cal substances by coating them with biological molecules. If the particles are con-
tained in a hydrogen matrix that is temperature-sensitive, the matrix will break
down and release the agents when the temperature reaches a certain point. They can
be programmed to deliver a payload to a specific area of the body, such as an anti-
cancer medication or a group of radioactive atoms. The ability of the magnetic par-
ticles to be heated up and supplied with energy from the stimulating external field
allows them to deliver dangerously high levels of thermal energy to the targeted
tissues, such as tumors, making them effective hyperthermia agents (Abeer, 2012).

The only problem with the use of nanoparticles is toxicity to the tissues.
Unfortunately, the knowledge regarding the toxicity of each nanoparticle is scarce,
which is making it difficult to commercially launch these nanoparticles for public
use. It is a dire need to study the toxicity of these nanoparticles in vivo in laborato-
ries, and then, field trials must be conducted and reported before use in humans and
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commercial preparations. The external routes of drug administration are relatively
safe to use like skin applications, so certain products are being launched for dress-
ing and wound treatment. Safety trials must be conducted before launching any
product for cancer treatment because nanoparticles are toxic to both cancer and
noncancer cells. Nanotechnology-based equipment can be used for analysis, imag-
ing, detection, diagnosis and treatment, and clinical interventions, including cancer
targeting, drug discovery, improving cell-material interactions, tissue engineering
scaffolds, and gene delivery systems, and they offer novel approaches in the strug-
gle against intractable diseases. It is anticipated that several cutting-edge nanopar-
ticles and nanodevices would be used, having a hugely beneficial effect on human
health. Nanotechnology has the potential to fundamentally change science, technol-
ogy, and society over the next 10-20 years. This will offer a huge chance to advance
human health in unique ways, especially by facilitating early disease detection and
diagnosis and an accurate and efficient patient-specific therapy.
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