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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).



196 S. Thakur et al.

Mesopores
H ; I—Drug
Silica
Loaded drug
Gold Nanocarriers Mesoporous silica nanocarriers
Shell Drug
Cartb';:‘ Encapsulated drug Protective coating
Rt Core Magnetic core
(CNTs) g
Quantum Dots Magnetic nanocarriers
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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).



198 S. Thakur et al.
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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Fig. 11.3 Various classes of organic drug NCs

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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Fig. 11.4 Chemical structure of SLNCs

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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