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Advancements in nanotechnology promise to revolutionize drug manufac-
turing, drug delivery, and medical diagnostics. Nanoscale materials hold great
potential for medical applications due to their differential behavior at the cel-
lular and molecular level. In this context, the term nanomedicine has been
coined to refer to the application of nanoscale materials, which can be used as
drug delivery vehicles to develop highly selective and effective drugs. Nano-
medicine market is expected to grow at a compounded annual growth rate
(CAGR) of 12.3 % during the period 2013-2019 to reach US$177.60 billion.

The existing generation of drugs is largely based on small molecules with
a mass of 1000 Da or less. These small molecules possess certain limitations,
viz., poor bioavailability, lesser in vivo stability, first pass metabolism,
non-targeted delivery to site of action, therapeutic ineffectiveness, side
effects, etc. Nanomedicines have an upper hand compared to the standard
drugs in view of several aspects, e.g., these reduce renal excretion, volume of
distribution, improve the ability of drugs to accumulate at pathological sites
and improve their therapeutic value. In addition, nanomedicine also assist
therapeutic agents to overcome biological barriers. Nanotechnology-based
drug delivery systems have been used to overcome this problem by com-
bining specificity, targeted delivery and therapeutic action. Recent trend in
nanomedicine research which came into play has developed a lot of formu-
lations containing both drugs and imaging agents. Nanotechnology combined
with molecular imaging probes has generated theragnostic nanoparticles
which allow simultaneous detection and monitoring of diseases.

Tissue engineering has also become an advanced research interest during
the last decade, offering the potential for regenerating almost every tissue and
organ of human body. The production of artificial skin, tissue-engineered
trachea and blood vessels, cartilages, urinary bladder, urethra substitutes, and
cellular therapies are among the most exciting medical applications. Fabri-
cating scaffolds that imitate the design of tissue at nanoscale is one of the key
challenges in the tissue engineering field. Fortunately, nanofibers have really
improved the scope for biomedical scaffolds, as nanofibers easily mimic the
architecture of natural human tissues to support cell adhesion, proliferation,
migration, and differentiation.

Despite the fast progress in nanomedicine, we are aware of the lack of
good books in the area of biomedical applications of nanoscale materials.
Though there are excellent reviews, books, and book chapters dealing with



vi

one or several topics in the area of nanomedicine, a book containing a
comprehensive coverage and up-to-date progress of drug delivery, therag-
nosis, and tissue engineering is not available.

This book aims to discuss the use of nanoscale materials for biomedical
applications with special emphasis on drug delivery, theragnosis, and tissue
regeneration. The book mainly focuses on nanomedicine which comprises of
biodegradable nanoparticles, metallic nanoparticles, liposomal formulations,
and nanocellulose along with the cellular response of therapeutic and ther-
agnostic nanoparticles.

The book mainly consists of seven chapters. Chapter 1 gives a brief
introduction about nanotechnology and elaborates the topic to discuss dif-
ferent techniques used in nanoparticle synthesis and characterization. Addi-
tionally it also provides information on various nanoscale carriers used as
drug delivery vehicle. Chapter 2 gives detailed information about the syn-
thesis methods of different biodegradable nanoparticles, their use as targeted
drug delivery agent, corresponding drug release mechanisms, and biological
barriers encountered by such biodegradable nanoparticles with their in vivo
fate and toxicity reports. Chapter 3 emphasizes on various aspects of metallic
nanoparticles, including their synthesis (physical, chemical, and biological)
and characterization, properties, behavioral dependency based on particle
size, shape, and surface chemistry and finally the wide applications of metal
nanoparticles in biomedical field with reports of toxicity studies. Chapter 4
takes into account various preparation methodologies of liposomes and
phytosomes, their physico-chemical characterisation, surface modifications,
delivery of different molecules, behavior in biological systems, and appli-
cations in medical field. Chapter 5 includes the introduction of nanocellulose,
a specific biomaterial of current interest due to its exciting properties.
A discussion is made on the structure and morphology, types and dimen-
sions, sources, physico-chemical properties, preparation approaches, surface
modifications, applications of nanocellulose in formation of nanocomposites,
drug delivery and tissue engineering and regeneration. Chapter 6 discusses
the definition of theragnosis keeping specific focus on different imaging
modalities related to nanoparticles as molecular imaging probes, disease
diagnosis, and therapy. This chapter will also cover the various factors
affecting nanotechnology-based disease diagnosis and therapy and future
directions of theragnosis. Chapter 7 reports cellular response of nanoscale
materials. Different types of nanomaterials are administered into the body by
various routes. This chapter will focus on characteristics of different types of
nanoscale materials affecting cellular response.

In this book, we have tried to cover recent developments in the area of
drug delivery, theragnosis, and tissue regeneration. To make this book
understandable, contents of book are methodically and rationally developed
from the elementary level. To make each chapter more informative we have
compressed available literature into an understandable description within a
reasonable size. Important references have been included in each chapter for
the benefit of readers who wish to pursue any of these topics further in a
greater depth. We aim to satisfy the need of textbook for research students
and a reference book for professionals in this field.
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Abstract

Nanoscale materials (NSMs) are gaining attention due to their small size
and unique physiochemical properties. Different approaches are used for
the synthesis of NSMs. NSMs cannot be visualized by ordinary
instruments. Instruments with high resolution are required for their
characterisation. NSMs offer enhanced activity and specificity to encap-
sulate drugs. NSM are used as vehicles for site specific delivery of drugs
inside the body. In this chapter, approaches for the synthesis of NSMs, and
characterisation techniques for NSMs like SEM, TEM, AFM, DLS, XRD,
and FTIR have been explained briefly. In addition, this chapter also covers
zero dimensional one dimensional, two dimensional and three dimensional
NSMs briefly. Detailed information about approaches of targeted delivery
like passive and active have been covered in this chapter. NSMs like
polymeric nanoparticles, metallic nanoparticles, liposomes, quantum dots,
polymeric micelles, carbon nanotubes, dendrimers, and magnetic nanopar-
ticles used in targeted drug delivery have also been explained in this
chapter.
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1.1 Introduction

Nantechnology deals with properties and
responses of materials at atomic, molecular, and
macromolecular scales. The properties of matter
at nanoscale differ significantly from their bulk
counterparts (Logothetidis 2006). Nanotechno-
logical tools are used to fabricate novel nanoscale
materials (NSMs) which can be used for tuning
the responses of living and non living matter
(Logothetidis 2006). NSMs are particles having a
size range of 10-1000 nm (Mohanpuria et al.
2008; Kumar and Yadav 2009; Kumari et al.
2010; Acharya 2013; Walia and Acharya 2015).
Nanomedicine is the field of nanotechnology
which deals with the use of NSMs for diagnosis,
imaging, and treatment of various chronic dis-
eases and ailments (Samad et al. 2007; Madaan
et al. 2014; Nigam et al. 2014). Due to the small
size and high surface area to volume ratio, they
possess unique properties which can be exploited
for different biomedical applications especially in
the area of nanomedicine. Size of NSMs is
smaller than human cells but larger than biomo-
lecules such as enzymes and receptors. NSMs
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can easily enter cells and move out of the blood
vessels or some of them are able to pass the
blood brain barrier (BBB) (Wohlfart et al. 2012).
Basically, two approaches are used for the syn-
thesis of NSMs which includes‘top down’ and
‘bottom up’ approach (Igbal et al. 2012). In the‘top
down’ approach, bulk materials are broken down to
smaller materials whereas in ‘bottom up’ approach,
NSMs are build into larger structures from small
building blocks or units. Both of these approaches
are used by the scientists for the synthesis of NSMs
(Igbal et al. 2012). NSMs are classified into three
types depending upon their dimensionality, i.e.,
zero dimensional, one dimensional and two
dimensional (Cao 2004). Zero-dimensional NSMs
are synthesized by thermodynamic and kinetic
approach. Thermodynamic approach comprises
generation of supersaturation, nucleation, and
subsequent growth. Reduction in free energy of the
reaction mixture is the driving force for the nucle-
ation and growth of NSMs. The newly formed
nucleus is stable only when its radius exceeds a
critical size. A nucleus smaller than critical size will
dissolve into the solution to reduce the overall free
energy, whereas a nucleus larger than critical size is
stable and continues to grow bigger (Cao 2004).
Kinetic approach involves limited amount of source
materials or the available space to stop the synthesis
of NSMs (Cao 2004). Many spatial confinements
have been established for the synthesis of NSMs.
Targeting of drugs require increased accu-
mulation of drug at the disease site as compared
to other tissues and organs selectively and
quantitatively. Targeting of drugs help in reduc-
ing the dose, increasing patient compliance and
cost of therapy (Kumari et al. 2011). NSMs have
been extensively exploited for targeted delivery
of drugs. NSMs can be actively or passively
targeted so as to release the drug at diseased site.
Passive targeting relies on the loose architecture
of tissues and makes use of the endothelial gaps
for permeation and retention inside the tissues
(Kunjachan et al. 2014). This effect known as
enhanced permeation and retention (EPR) has
been heavily exploited for treatment of different
types of cancers with the help of NSMs. In
contrast, active targeting makes use of the
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interactions between receptors, and antigens
overexpressed on the surface of target tissues.
NSMs are grafted with ligands or molecules
which have tendency for binding with these
antigens and receptors. Active targeting increases
the efficacy and specificity of NSMs (Kunjachan
et al. 2014).

NSMs have great potential for the treatment of
various diseases. NSMs that have been explored
for the drug delivery include polymeric NPs,
metallic, liposomes, quantum dots, carbon nan-
otubes, dendrimers, polymeric micelles, and
magnetic nanoparticles (MNPs). NSMs provide
advantages over the traditional drug delivery
systems in terms of high stability, high speci-
ficity, high drug loading, ability for controlled
release, possibility of different routes of admin-
istration for drugs and the ability to encapsulate
both hydrophilic and hydrophobic drugs (Kumari
et al. 2010; Kumari et al. 2012; Yadav et al.
2013, Kumar et al. 2014). The drugs may be
encapsulated inside NSMs or linked to the sur-
face of NSMs. Once they are at the target site, the
drug payload may be released from the NSMs by
diffusion, swelling, erosion or degradation
(Mohanraj and Chen 2006). These NSMs protect
the drug, reduce the drug toxicity, provide con-
trolled release and help in releasing the drugs at
target site. In addition to this, surface of the
NSMs can be coated with ligands for targeted
delivery to diseased site (Ashley et al. 2011). In
this chapter, we have briefly described various
approaches used for the synthesis of NSMs,
various state of art techniques used for their
characterisation, active and passive strategies
used for targeted drug delivery and various
nanoscale carriers used for targeted drug
delivery.

1.2 Approaches for Synthesis
of Nanoscale Materials

Synthesis of nanomaterials is one of the most
dynamic fields in nanotechnology. An essential
challenge in synthesis of NSMs is controlling the
size of NSMs at a high yield for industrial
applications. The precise control of atomic and

molecular building blocks at nanoscale level is of
utmost importance so that these can be assem-
bled, used, and tailored for fabricating devices of
multifunctionality in diverse applications.
Synthesis methods for NSM can be classified
according to the strategy followed (Igbal et al.
2012). Two strategies that are broadly followed
for the synthesis of NSMs are ‘top down’ and
‘bottom up’ approaches. ‘Bottom up’ approach
refers to the buildup of a material from the bot-
tom: atom by atom, molecule by molecule or
cluster by cluster. In contrast, ‘top down’
approach refers to successive cutting of bulk
material to get NSM (Igbal et al. 2012). Prepar-
ing NSMs by attrition or milling is an example of
top down method, where as the colloidal dis-
persion is a good example of bottom up approach
in the synthesis of NSM. Both of these approa-
ches play an important role in nanotechnology
and are associated with both merits and demerits.
Bottom up approach gives rise to macroscopic
disorder in synthesized NSMs. ‘Top down’
approach results in the imperfection and crys-
tallographic damage to the synthesized NSMs
(Cao 2004). Lithography is an example of top
down approach which can cause significant
crystallographic damage to the processed pat-
terns and additional defects may be introduced
during etching (Das et al. 1993). Such imper-
fections will have strong impact on physical
properties and surface chemistry of NSMs, since
the surface area to volume ratio of NSMs is very
large. At present, most commonly used top down
approach is photolithography to manufacture
computer chips and produce structures smaller
than 100 nm (Cao 2004). Though the concept of
photolithography is simple, its implementation is
very complex and expensive. On the contrary,
bottom up approach promises better NSM with
less defects, more homogeneous chemical com-
position and long and short range ordering. This
is because bottom up approach is determined
mainly by reduction in Gibbs free energy (Cao
2004). Self-assembly is an example of bottom-up
approach which has excited many researchers
across the world. Dendrimers are one of the
classic examples of self assembled NSMs syn-
thesized using bottom up self assembly strategy.



Production of glass and ceramic materials using
sol gel technique is also an example of bottom up
approach. Despite the difficulties and demerits of
these approaches, both the strategies are followed
by nanotechnologist across the world for syn-
thesizing NSMs (Cao 2004).

1.3 Characterisation of Nanoscale
Materials

Morphological characterization of NSMs requires
sophisticated instruments with high resolution
and accuracy. Characterization of NSMs by more
than one technique is essential for the authenticity
and validity of NSMs size, shape, and morphol-
ogy. Many of the techniques that have been used
for characterization of NSMs are transmission
electron microscope (TEM), scanning electron
microscope (SEM), atomic force microscope
(AFM), dynamic light scattering (DLS), X-ray
based methods and spectroscopic techniques.
SEM and TEM are electron microscopic
techniques that have been used for the charac-
terisation of wide range of NSMs. Both these
instruments require high vacuum for imaging of
samples. SEM consists of three main components
electron gun, series of lenses within vacuum
chamber and detector. When a specimen is hit
with a beam of the electrons, it emits X-rays and
three kinds of electrons: primary backscattered
electrons, secondary electrons, and Auger elec-
trons. SEM uses primary backscatter electrons
and secondary electrons. Secondary electrons
carry information about the surface topography of
the sample, backscattered electrons give infor-
mation about the atomic number of the sample
and X-rays give information about the elemental
composition of the sample. In most of the cases
SEM requires conducting samples and hence
non-conducting samples are often coated with a
material known as a sputter coater. Sputter coaters
provide the specimen with a thin layer of con-
ductive material, gold or graphite. In addition,
sample preparation traditionally includes the
removal of all water molecules, otherwise mole-
cules will vaporize in a vacuum, create obstacles
for the electron beams and obscure the clarity of
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the image (Molpeceres et al. 2000). For SEM
analysis, sample is coated on aluminium stub on
double adhesive carbon tape and coated with gold
or carbon using sputter coating unit. The sample
is then scanned with focused beam of electrons.
Scattered electrons carry information about the
surface topography of sample (Molpeceres et al.
2000). TEM uses electrons as source instead of
light. Because the wavelength of electrons is
much smaller than that of light, the optimal res-
olution attained for TEM images is better than
that from a light microscope. Thus, TEM can
reveal the minute details of internal structure of
samples. For TEM analysis, sample is coated on
carbon coated grids. Surface topography of sam-
ple is obtained with electron beam that is trans-
mitted through ultra thin sample (Polakovic et al.
1999). However, both these techniques can lead
to image artifacts due to high vacuum and other
harsh treatments during sample preparation.

To avoid image artifacts due to electron beam,
another technique which is mostly preferred
these days is scanning probe microscopy or
AFM. AFM is based on physical scanning of
sample surface using tip of atomic scale. The
surface topography of sample is based on the
force between tip and sample surface. AFM can
also be used for imaging non conducting samples
in their native state without any chemical treat-
ment (DeAssis et al. 2008). AFM also provides
3-D image of sample surface. Light scattering
techniques such as dynamic light scattering
(DLS), are commonly used for size determina-
tion of NPs. DLS is based on scattering of light at
different intensities by Brownian motion of par-
ticles in suspension. Analysis of intensity fluc-
tuations gives velocity of Brownian motion and
hence particle size using Stokes-Einstein equa-
tion. DLS gives information about hydrodynamic
diameter of NPs (Lopez-Serrano et al. 2014).
X-ray based methods such as X-ray absorption
(XAS), X-ray fluorescence (XRF), X-ray photo-
electron spectroscopy (XPS), and X-ray diffrac-
tion (XRD) provide information about the
surface structure, crystallographic structure and
elemental composition.

Fourier transform infrared (FTIR) spec-
troscopy is used to obtain information about the
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encapsulation or conjugation of chemical com-
pounds on nanomaterials (Kumari et al. 2011).
Energy from light source is transferred to the
molecule and molecule gets excited to higher
energy state. FTIR is concerned only with
molecular vibrations and rotations of different
functional groups and bonds with different
vibrational frequency.

1.4 Types of Nanoscale Materials

NSM:s are mainly classified into four types namely
zero dimensional, one dimensional and two
dimensional and three dimensional (Fig. 1.1).
Zero-dimensional NSMs are NPs which include
single crystals, polycrystalline, and amorphous
NSMs with all possible morphologies. One
dimensional NSMs have been called by different
names like nanowhiskers, nanofibers, nanowires,
or nanorods. Two-dimensional NSMs include thin
films and three dimensional include fullerenes,
dendrimers, etc. Different techniques have been
used for the synthesis of zero dimensional, one
dimensional and two dimensional NSM. Here in
this chapter, we will briefly discuss the synthesis
of zero dimensional NSM using thermodynamic
(Cao 2004).

Thermodynamic approaches are used for the
synthesis of NPs and these are homogenous
and heterogeneous nucleation (Cao 2004).
Homogenous nucleation involves creation of

Fig. 1.1 Types of
nanoscale materials
according to dimensionality
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supersaturation of growth species which is cre-
ated by reduction in temperature of an equilib-
rium mixture of saturated solution. This happens
when the concentration of a solute in a solvent
exceeds its equilibrium solubility or temperature
decreases below the phase transformation point
and a new phase appears. A supersaturated solu-
tion will have high Gibbs free energy and overall
energy of the system would be reduced by seg-
regating solute from the solution. The driving
force for nucleation and growth is the reduction in
Gibbs free energy. The change in Gibbs free
energy (AG,) is dependent on the concentration of
the solute and is given by the equation

kT C
AGV = —5 ln(c—()) =

kT
——In

) (14 o)

(1.1)

where C is the concentration of the solute, C, is
the equilibrium concentration or solubility, & is
the Boltzmann constant, T is the temperature, Q
is the atomic volume, and ¢ is the supersaturation
defined by (C — C,)/C,.

Assuming a spherical nucleus with a radius of
r, the change of Gibbs free energy or volume
energy, Au, can be given by the equation

4
— P AG,

A =
=3

(12)

Increase in surface energy of the system, Ay
is given by the equation

Types of Nanoscale Materials
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A, = dnr’y (1.3)
where y is the surface energy per unit area. The
total change of chemical potential for the for-
mation of the nucleus, AG, is given by

AG = Au, + Au, = gnr3AGv+ 4nrty  (1.4)

Newly formed nucleus is stable when its radius
exceeds a critical size, r*. A nucleus smaller than
r* will dissolve into solution to reduce the overall
free energy, and nucleus with larger r* is stable
and will continue to grow larger. At the critical
size r = r* and, dAG/dr = 0, the critical size, r*,
and critical energy AG¥, are defined by the
equation

P = —2% (1.5)
. lémy (1.6)
(3AG,)* '

AG* is the minimum energy barrier that a
nucleation process must overcome and 7* is the
minimum size of a stable spherical nucleus. In
the synthesis of NPs by homogenous nucleation,
the critical size represents the limit on how small
the NPs can be synthesized. The nucleation
occurs only when the super saturation reaches a
certain value above the solubility and is defined
by the energy barrier in Eq. (1.6). For the syn-
thesis of NPs with uniform size distribution, it is
good if all the nuclei are formed at same time.
Once nuclei are formed, growth occurs simulta-
neously. Formation of uniform sized NPs is
possible if growth process is appropriately con-
trolled. Synthesis of metallic NPs, semiconductor
NPs and metal oxide NPs occurs by homogenous
nucleation (Cao 2004).

NPs can also be formed through heteroge-
neous nucleation which involves formation of a
new phase on surface of another material (Cao
2004). Heterogeneous nucleation also involves
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decrease in the Gibbs free energy and an increase
in surface or interface energy. The total change
of the chemical energy, AG, associated with the
formation of nucleus is given by the equation.

AG = a3r3Au+a1r2y‘f + azrzyﬁ, — arty,, (1.7)
where r is the mean diameter of the nucleus, Ay,
is the change of Gibbs free energy per unit vol-
ume, 9,5 Y5 and yg, are the surface or interface
energy of vapor nucleus, nucleus substrate, and
substrate-vapor interface, respectively. Respec-
tive geometric constants are given by:

a; = 2n(1 — cos 0) (1.3)

ay = msin?0 (1.9)

a3 = 3n(2 —3cos 0+ cos’ 0) (1.10)
where 0 is the contact angle, which is dependent
only on the surface properties of the surfaces or
interfaces involved, and is defined by Young’s
equation

Vo = Vs T Dycost (1.11)

Similar to homogenous nucleation, the for-
mation of new phase results in a reduction of the
Gibbs free energy, but an increase in the total
surface energy. The nucleus is stable only when
its size is larger than the critical size, r*

_2(aVVf + ayfs - aysv)
= 1.12
’* 3a5AG, (1.12)

and the critical energy barrier, AG*, is given by

3
4(a]V\f + a2y — azysv)
27a3AG,

AGx = (1.13)

Substituting all the geometric constants, we
get



1 Nanoscale Materials in Targeted Drug Delivery

{

sin® 0 cos0 +2cosf —2
2 —3cosf+ cosl

21y

" AG
167y,

AGr = {3(AG)2}{

First term in Eq. (1.15) is the critical energy
barrier and second term is the wetting factor.

} (1.14)

2 —3cos0 + cos? 0
4

} (1.15)

1.5 Targeted Drug Delivery

Targeted drug delivery refers to drug accumulation
within a target tissue (Torchilin 2000). Tar-
geted drug delivery to specific sites in the body
requires NSM. Targeted drug delivery has been
divided into two processes passive and active
(Fig. 1.2). Passive targeting involves accumulation
of NSMs in loose vasculature of tumors and is also
known as EPR effect. EPR makes use of the
anatomical and physiological abnormalities of
tumor tissue, particularly the tumor vasculature
(Matsumura and Maeda 1986; Maeda et al. 2001;
Iyer et al. 2006). Angiogenesis is produced to meet
the rising requirement for nutrition and oxygen as
the tumor grows to attain the size of 2-3 mm.
Neovasculature characterizes irregular, dilated,

Cell exterior

/ interaction
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defective blood vessels, poorly arranged endothe-
lial cells; abnormal perivascular cells; and smooth
muscle layers in vascular walls. In addition, the
tumor vessels have wide lumens and impaired
lymphatic drainage. These traits work jointly to
cause extensive permeation of NSMs into tumor
tissues. The EPR effect is affected mainly by the
size and plasma residence time of NSMs. The
NSMs of size 28 nm showed greater tumor dis-
tribution owing to the EPR effect. NSMs can be
localized in tumors by passive targeting (Maeda
et al. 2001). Polyethylene glycol (PEG) NSMs
showed tumor distribution which increased with
increase in molecular weight (10 < 20 < 30 K
40 K 60 kDa). The 10 kDa PEG NSMs was not
detected in tumors at 24 h, whereas 40-60 kDa
NSM were detected in tumors for up to 96 h. The
30, 40, and 60 kDa PEG NSMs showed 2.1, 5.3,
and 4.1 times higher passive distribution in tumors
at 24 h, respectively, as compared to the 20 kDa
PEG NSM. The 60 kDa NSMs exhibited 1.5 times
higher tumor distribution than 40 kDa nanocarrier
at 96 h (Singh et al. 2012). Glutathione-capped
gold NPs (GS-AuNPs) with size of ~2.5 nm
exhibited a much longer tumor retention time and
faster normal tissue clearance, indicating that the
well-known enhanced permeability and retention
effect still exists in such small NPs (Liu et al. 2013).
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Fig. 1.2 Targeted delivery of nanoscale materials loaded with drug to cancer cells



The size of NSM also affects the kinetics and
extent of tumor accumulation. Positively charged
non- PEGylated liposomes containing the lipid
1,2-diacyl-trimethylammonium propane (DOTAP)
displayed higher accumulation in tumor vs sur-
rounding tissue compared to their negative or
neutral counterpart (Campbell et al. 2002; Krasnici
et al. 2003; Schmitt-Sody et al. 2003). Positively
charged Sterically stabilized colloids have also
shown enhanced tumor accumulation (Meng et al.
2011; Ho et al. 2010) while others appear less
effective (He et al. 2010; Xiao et al. 2011). Shape of
NSMs also affects accumulation in tumors via EPR
effect. Recently, it has been reported that nanorods
have extravasated to the interstitium 4 times faster
and diffused deeper into the tumor, than nano-
spheres of 35 nm size (Chauhan et al. 2011).
Doxorubicin-loaded polycaprolactone-PEG NSMs
were passively targeted to the tumor tissue in trea-
ted mice bearing subcutaneous C-26 tumors and
released doxorubicin in tumor tissue rather than
normal tissue (Gou et al. 2009). Polyethylene
oxide-modified poly(B-aminoester) NSMs also
accumulated in tumor by means of a passive tar-
geting mechanism (Shenoy et al. 2005). Polymeric
micelles of PEG-phosphatidyl-ethanolamine con-
jugates showed 8-fold higher accumulation in the
infarction zone by EPR effect (Lukyanov et al.
2004).

Active targeting relies on tagging of ligands
on the surface of NSM and is used to describe
interactions between NSM and the target cells,
usually through specific ligand-receptor interac-
tions (Beduneau et al. 2007; Deckert 2009; Hong
et al. 2009; Zensi et al. 2009; Canal et al. 2010).
NSMs with specific ligands bound to the surface
have good potential for targeted drug delivery
(Dinauer et al. 2005) and strategies have been
used to direct NPs to cell surface carbohydrates,
receptors and antigens (Sinha et al. 2006).
Ligands whose antigen or receptors are overex-
pressed on cancer cells can be used for targeted
drug delivery. Antibodies, oligopeptides, carbo-
hydrates, glycolipids, and folic acid are the most
widely used ligands for targeting different organs
and tissues. Ligands like transferrin (Yang et al.
2005), folic acid (Dixit et al. 2006), and
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wheat-germ agglutinin (Mo and Lim 2005) have
been conjugated to various NSMs for increasing
their specificity and targeting ability (Table 1.1).

Folate receptor has been found to be over
expressed on the surface of ovarian, endometrial,
colorectal, breast, lung, renal cell carcinoma,
brain metastases derived from epithelial cancer,
and neuroendocrine carcinoma cells. Folic acid
(Table 1.1) has been used as the ligand for tar-
geting folate expressing cancer cells. Folic acid
conjugated silica NPs have shown targeted
delivery to high folate receptor expressing HeLa
cells than normal cells (Rosenholm et al. 2009).
In another study, folic acid conjugated to poly
(lactic-co-glycolic) acid (PLGA)-PEG NPs have
shown selective uptake and cytotoxicity to folate
receptor rich cells (EI-Gogary et al. 2014). Folic
acid conjugated dendrimers have shown selected
and targeted doxorubicin delivery to folate
expressing KB cells (Wang et al. 2011).
Folate-decorated liposomes have shown targeted
delivery to folate receptor positive macrophages
(Turk et al. 2004). Folate-targeted liposomes
have shown 10 times greater cytotoxicity than
non targeted liposomes (Goren et al. 2000).
Folate-conjugated polymeric micelles have
shown greater cellular uptake and targeted
delivery in folate expressing KB cells (Yoo and
Park 2004). Folate functionalised thermosensi-
tive gels also have effectively targeted folate
expressing KB cells (Nayak et al. 2004). Folic
acid targeted micelles have shown enhanced
intracellular delivery and cytotoxicity in folate
receptor rich cancer cells (Lu et al. 2014). Folate
conjugated micelles showed more cellular uptake
in MCF-7 cells through interaction with overex-
pressed folate receptors on the surface of cancer
cells (Park et al. 2005). Folate conjugated poly
(-histidine)-poly (L-lactic acid) micelles have
been found to be more effective in killing cancer
cells (Lee et al. 2003). Poly(dimethylaminoethyl
methacrylate)-poly(butylmethacrylate) polymeric
micelles transfected COS-7 and OVCAR-3 cells
efficiently with minor toxicity (Funhoff et al.
2005). Folate-targeted chitosan NPs intracellular
delivery was more target specific than non tar-
geted ones (Senthilkumar et al. 2015). In another
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Table 1.1 Various types of ligands used in active targeting of NSMs

Ligand

Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Folic acid
Transferrin
Transferrin
Transferrin
Transferrin
Transferrin
Transferrin
EGF
Lactobionic acid
Antibody-EGF
Heptameric ZZ™ domain
Aptamers

A10 aptamer

A9 CGA aptamer
F3 peptide

scFv

TPP

iRGD

c¢(RGDftk)

RGD

F(ab')2

F(ab")
KLWVLPKGGGC
ACUPA
CGNKRTRGC (LyP-1)

NSM

Chitosan NPs
PLGA-PEG NPs
Dendrimers

Silica NPs
Polymeric NPs
Liposomes
Liposomes
Polymeric micelles
Thermosensitive gels
Micelles
Polymeric micelles
Polymeric micelles
Gold NPs

MNPs

PLGA NPs

PLGA NPs

Gold NPs
Polyphosphoester micelles
Iron oxide
Dendrimers

PLGA NPs
Ni-NPs

Gold NPs
Polymeric NPs

Gold NPs

Iron oxide NPs
Liposome
Polymeric NPs
Iron oxide NPs
Polymeric NPs
Liposome
Liposome
Liposome
Polymeric NPs
Polymeric NPs
Protein NPs

Target

FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
FA receptor
Trans receptor
Trans receptor
Trans receptor
Trans receptor
Trans receptor
Trans receptor
EGFR
ASGPR
EGFR

EGFR

EGFR

PSMA

PSMA
Nucleolin
HER2
Mitochondria
avf3

o, B3 integrin
avf3

GAH

HER2
Collagen IV
PSMA
gClgR (p32)

Reference

Senthilkumar et al. 2015
El-Gogary et al. (2014)
Wang et al. (2011)
Rosenholm et al. (2009)
Werner et al. (2011)
Turk et al. (2004)
Goren et al. (2000)
Yoo and Park (2004)
Nayak et al. (2004)

Lu et al. (2014)
Funhoff et al. (2005)
Lee et al. (2003)

Li et al. (2009)

Yan et al. (2013)
Frasco et al. (2015)
Zheng et al. (2010)
Choi et al. (2010)
Zhang et al. (2012)
Creixell et al. (2010)
Guo et al. (2012)
Acharya et al. (2009)
Benhabbour et al. (2012)
Melancon et al. (2014)

Farokhzad et al. (2006);
Cheng et al.2007

Kim et al. (2010)

Park et al. (2008)
Kirpotin et al. (2006)
Marrache and Dhar (2012)
Sugahara et al. (2009)
Graf et al. (2012)

Guo et al. (2014)
Hamaguchi et al. (2004)
Park et al. (2002)
Kamaly et al. (2013)
Hrkach et al. (2012)
Karmali et al. (2009)
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study, folate-conjugated chitosan NPs showed
greater cytotoxicity and uptake in folate receptor
expressing cells (Song et al. 2013).

Transferrin receptors (TfRs) are expressed in
all nucleated cells in the body, such as red blood
cells, erythroid cells, hepatocytes, intestinal cells,
monocytes (macrophages), and the BBB (Zhong
et al. 2001). Transferrin (Tf), an iron-binding
plasma glycoprotein of approximately 80 kDa, is
crucial for the cellular transport of iron mediated
by cell surface transferrin receptors (TfRs) (Qian
et al. 2002a, b). Tf has been widely used to target
cells overexpressing TfRs. Tf modified
polyphosphoester micelles demonstrated stronger
anti-glioma activity in mice bearing intracranial
U87 MG glioma (Zhang et al. 2012). Tf coated
gold NPs showed greater uptake in non
parenchymal cells than that of lesser uptake in
hepatocytes. Tf targeted NPs have shown greater
intracellular delivery of therapeutic agents than
non targeted NPs (Choi et al. 2010).
Tf-conjugated PLGA NPs showed enhanced
aromatase inhibition activity than non targeted
PLGA NPs (Zheng et al. 2010). Tf has enhanced
the targeted delivery of bortezomib-loaded
PLGA NPs to pancreatic cancer (Frasco et al.
2015). Tf-conjugated NPs of poly(lactide)-
tocopheryl  polyethylene glycol succinate
(PLA-TPGS) have effectively crossed the BBB
(Gan and Feng 2010). Tf-coated PEGylated
albumin NPs enhanced the brain localisation of
antiviral drug azidothymidine (Mishra et al.
2006). Tf-coated fluorescein-loaded MNPs cros-
sed the BBB effectively (Yan et al. 2013). It has
been reported that BBB permeability was
enhanced by vectorising NSMs with Tf (Roney
et al. 2005). Tf-coated gold NPs showed four
times greater cellular uptake by cancerous cells
than normal cells (Li et al. 2009). Tf-conjugated
paclitaxel loaded NPs showed greater antiprolif-
erative activity of the drug due to their more
cellular uptake and reduced exocytosis (Sahoo
and Labhasetwar 2005).

Hepatocellular carcinoma or liver cancer cells
overexpress asialoglycoprotein receptors
(ASGPR). Lactobionic acid (LA)-modified
G5 PAMAM dendrimers with terminal acetyl
group have shown targeted delivery to liver
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cancer cells overexpressing ASGPR (Guo et al.
2012). In a recent study, LA modified dendrimers
has been used for targeted delivery to HepG2
cells. Dendrimers modified with LA have shown
specific targeted delivery to ASGPR overex-
pressing liver cancer cells (Fu et al. 2014).
Epidermal growth factor receptor (EGFR)
signaling pathways have also been exploited for
targeted delivery to different types of cancers.
Heptameric Z°™® domain conjugated Ni-NPs
has been targeted to the highly EGFR overex-
pressing epidermoid carcinoma cells. Targeted
Ni-NPs showed up to 90 % internalization in
cells (Benhabbour et al. 2012). Gold nanospheres
conjugated to EGFR-targeting aptamers showed
selective binding to EGFR and more tumor
uptake (Melancon et al. 2014). Antibody-EGFR
conjugated PLGA NPs loaded with rapamycin
showed the better antiproliferative activity than
unconjugated NPs and blank rapamycin due to
higher cellular internalization in malignant breast
cancer cells. Western blotting revealed the
involvement of a cytoplasmic protein in activat-
ing the programmed cell death pathway (Acharya
et al. 2009). Epidermal growth factor (EGF)-
containing polyamidoamine dendrimers can
localize within cells that express the EGFR in a
receptor-dependent manner, whereas uptake into
cells lacking the receptor was low (Yuan et al.
2010). EGF-conjugated iron oxide MNPs were
reported to accumulate very fast in both small
vesicles and large circular endocytic structures
through  clathrin-dependent and  clathrin-
independent receptors mediated endocytosis
pathways (Creixell et al. 2010). Integrins are
overexpressed in tumor cells compared to normal
endothelial cells. Arginylglycylaspartic acid
(RGD) modified liposomes have been used for
targeted delivery to avP3 integrin positive mel-
anoma B16 cells. RGD modified liposomes have
demonstrated strongest interaction with mela-
noma B16 cells and shown enhanced cellular
uptake via clathrin-dependent pathway (Guo
et al. 2014). Cyclic pentapeptide c(RGDfk)
conjugated polymeric NPs with cisplatin encap-
sulated in the core has been used for targeted
delivery to a,f; integrin expressing MCF-7 cells.
Their in vitro cytotoxicity was enhanced 6-fold



1 Nanoscale Materials in Targeted Drug Delivery

in MCF-7 breast cancer cells (Graf et al. 2012).
Triphenylphosphonium (TPP) and its derivatives
are used for mitochondria targeting (Smith et al.
2003; Marrache and Dhar 2012). TPP is a
cationic, and hydrophobic molecule that can
penetrate easily through the cell membrane. An
investigation has indicated that the positively
charged TPP could accumulate several hundred
folds within mitochondria (Smith et al. 2003).
TPP modified NPs showed efficient internaliza-
tion and escape from the endosomal compart-
ment when their size was around 100 nm and
their zeta potential was higher than +22 mV
(Smith et al. 2003).

1.6 Various Nanoscale Materials
in Drug Delivery

1.6.1 Polymeric Nanoparticles

Polymeric NPs (Fig. 1.3) are colloidal particles
in which drug of interest can be embedded or
encapsulated within their matrix or adsorbed or
conjugated onto the surface of NPs. Polymeric
NPs protect the drug form premature degrada-
tion, increase efficacy of drugs, increase half life
in blood and provide controlled and sustained
release to encapsulated drugs. These NPs have
been exploited as a vehicle for delivery of a
number of biomolecules, drugs, genes, and vac-

cines. These NPs are discussed in detail in
Chap. 2 of this book.

1.6.2 Metallic Nanoparticles

The term metal NPs (Fig. 1.3) is used to describe
nanosized metals with dimensions (length, width
or thickness) within the size range of 1-100 nm.
These materials are of prime interest due to their
large surface-area-to-volume ratio as compared
to the bulk equivalents, large surface energies,
easy transition between molecular and metallic
states providing specific electronic structures,
plasmon excitation, quantum confinement, etc.

1

These materials can be synthesized and modified
with various chemical functional groups which
allow them to be conjugated with different bio-
molecules and thus opening a wide range of
potential applications in biotechnology and other
industries. This part has been covered in detail in
Chap. 3 of this book.

1.6.3 Liposomes

Liposomes are spherical vesicles with a phos-
pholipid bilayer which have been extensively
used in drug and gene delivery. Liposomes
(Fig. 1.3) protect therapeutic agents from pre-
mature degradation, deliver it at target site and are
versatile enough to allow tagging of small mole-
cules for targeted delivery (Felnerova et al. 2004).
Liposomes are synthesized by using cationic
lipids, anionic lipids, or neutral lipids depending
upon the mode of use and drug to be encapsu-
lated. Liposomes solely composed of charged
lipids may not be suitable for drug delivery
because they do not form charged vesicles that are
capable of entrapping drug molecules (Shi et al.
2002). We have elaborated detailed information
about liposome in Chap. 4 of this book.

1.6.4 Quantum Dots

The development of novel semiconductor quan-
tum dots (QDs), is considered a valuable supple-
ment to the conventional fluorescent proteins and
organic dyes. These materials are usually refer to
the II-VI, -V, and IV-VI binary and their
alloyed semiconductor materials having confined
size in the nanoscale range of ~1—20 nm.
Advantages of using QDs include their high end
optical performance with good photostability,
high quantum yield (QY), narrow, symmetrical,
and size-tunable emission spectra coupled with
wide absorption spectra, etc., which have attracted
tremendous attention amongst all branches of
science. This part has been partially covered in
Chap. 3 of this book.


http://dx.doi.org/10.1007/978-981-10-0818-4_2
http://dx.doi.org/10.1007/978-981-10-0818-4_3
http://dx.doi.org/10.1007/978-981-10-0818-4_4
http://dx.doi.org/10.1007/978-981-10-0818-4_3
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Fig. 1.3 Various nanoscale materials used for targeted drug delivery

1.6.5 Polymeric Micelles

Polymeric micelles are NSMs which have small
size and high structural stability (Yamamoto et al.
2007). Polymeric micelles are of three types, viz.,
amphiphilic micelles, polyion complex micelles
and micelles formed through metal ion complex-
ation (Gaucher et al. 2005). Polymers that have
been used as hydrophobic segment in polymeric
micelles are poly(propylene glycol) (PPO,
Pluronics®) (Marin et al. 2002), poly(aspartic
acid) with chemically conjugated doxorubicin
(PAsp(DOX)) (Yokoyama et al.1998), poly
(B-benzyl-L-aspartate) (PBLA) (Kwon et al.1995),
and poly(ester)s such as poly(lactic acid)
(PLA) (Liggins and Burt 2002), poly
(e-caprolactone) (PCL) (Allen et al. 2000), and

poly (trimethylenecarbonate) (PTMC) (Zhang
et al. 2006). Stability, drug loading and drug
release profile are affected by core forming mate-
rial. Micelles are formed at critical micellar con-
centration commonly known as CMC (Rijcken
et al. 2007).

Conventional micelles are rapidly eliminated
from the blood circulation. To increase persistence
time in blood, surface of micelles is modified with
hydrophilic polymers. Among all, PEG is the most
commonly used hydrophilic polymer for increasing
half life inside the blood (Gaucher et al. 2005).
PEG forms a brush like corona projecting out from
the surface of polymeric micelles and prevents
opsonin adsorption and clearance by mononuclear
phagocytic system (Kwon 2003). Stealth properties
and half life of PEG-b-PDLLA micelles have been
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enhanced by attaching anionic peptidyl ligand on
the surface of micelles (Yamamoto et al. 2001).
Micelles have also been used for targeted drug
delivery by attaching ligands, receptors or anti-
bodies to the hydrophilic segment. Ligand-tagged
micelles showed greater cellular uptake and
improved efficacy than unmodified counterparts
(Gaucher et al. 2005). Physical entrapment or
chemical conjugation has been used for loading
drugs into micelles (Gaucher et al. 2005).
Oil-in-water emulsion, dialysis and solid dispersion
methods have been used for loading drugs into the
core of micelles. Many factors such as the length of
the core forming polymer segment, affinity
between the drug and the core, and the amount of
the loaded drug affect the release profile of drug
from polymeric micelles (Huh et al. 2005). Diffu-
sion and partition coefficient of the drug from the
micellar core and diffusion affect the release of
physically adsorbed drug from polymeric micelles.

1.6.6 Carbon Nanotubes

The carbon nanotubes (CNTs) are NSMs that have
wide applicability in the nanotechnology, elec-
tronic devices (Frank et al. 1998; Kong et al. 1999),
gas storage media (Liu et al. 1999) and nan-
otweezers (Kim and Lieber 1999). The high aspect
ratio, high conductivity and intrinsic strength of
carbon—carbon sp? bond (Ijima 1991) are unique
properties that give them highest strength and
conductivity (Wong et al. 1997; Ajayan et al.
2000). CNTs are of two types viz single walled
nanotubes (SWCNTs) and multi walled nanotubes
(MWCNTs). SWCNTs consist of a single graphite
sheet wrapped into a cylindrical tube and
MWCNTs comprise an array of nanotubes one
concentrically placed inside another like rings of a
tree trunk (Qian et al. 2002a, b). CNTs have been
synthesized by arc discharge (Zeng et al. 1998),
laser ablation (Ma et al. 2000), carbon monoxide
disproportionation (Herreyre and Gadelle 1995),
chemical vapor deposition (CVD) (Benito et al.
1998), and hydrothermal method (Gogotsia and
Libera 2000). The CNTs synthesized by the above
methods are mixture of varied dimensions and
chirality of CNTs and often contaminated with
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metallic and amorphous impurities. SWCNTSs can
undergo reactions not at the ends and defect sites,
but along the side walls also and unique mechan-
ical and electronic properties can be changed by
the controlled chemical functionalisation (Baner-
jee et al. 2005). The interfacial interaction of
MWCNTs with the matrix has been improved by
attaching epoxy functional group to the nanotubes
(Gojny et al. 2003). MWCNTs have been silanized
using a coupling agent, 3-aminopropyltriethoxy-
silane (3-APTES) (Kathi and Rhee 2008) to
improve the chemical compatibility of MWCNTs
with specific polymers for application in
nanotube-based polymer matrix composites. Gold
NPs has been attached on CN to enhance the
potential applications for the generation of elec-
trical, optical, and sensor devices (Jiang and Gao
2003). Drug loading to CNTs has been done by
incorporation at the time of synthesis or by
adsorption method where the drug is loaded after
the synthesis of nanoparticle (Singh and Lillard
2009). Drugs can be loaded by covalent conjuga-
tion or by non covalent supramolecular chemistry
via -t stacking (Liu et al. 2009). The drug release
from CNTs can be modulated by varying pH and
temperature of reaction conditions. Cellular
uptake mechanism of CNTs is determined by
functional nature of the functional groups attached
on the surface of CNTs and may vary depending on
the size of the CNTs, including endocytosis or
passive diffusion. PVA/halloysite nanotubes
(HNTs) favored fibroblasts attachment and growth
(Zhou et al. 2010). Doxorubicin-PEG-Folic acid
(DOX/PEG-FA/SWCNTSs) attached to cell mem-
brane of HeLa cells by folic acid (FA) and entered
the lysosomes or endosomes by clathrin-mediated
endocytosis. DOX is released in the acidic envi-
ronment of lysosomes and migrated into nucleus to
inhibit transcription by binding to DNA and
induced cell death (Niu et al. 2013).

1.6.7 Dendrimers

The dendrimer is a macromolecule which is
highly branched, monodispersive, symmetric,
and spherical three-dimensional polymeric
molecules having a well-defined molecular mass
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(Newkome et al. 1985; Tomalia et al. 1985).
Surface of dendrimers provide a high degree of
versatility and can be modified using various
functionalities. Bioactive agents can also be
encapsulated or conjugated on the surface of
dendrimers (Tomalia and Frechet 2002). Three
components of dendrimers are core, branches,
and surface moieties (Buhleier et al. 1978;
Newkome et al. 1985; Tomalia et al. 1985).
Dendrimers have been widely used in the field of
chemistry and biology, especially in applications
like drug delivery, gene therapy, and
chemotherapy. Dendrimers have been synthe-
sized by repeated reaction sequence through the
selection of a suitable initiator which can be
transformed into a core, the core then react with a
number of molecules of high molecular weight,
to form branched dendrimers (Tomalia and Fre-
chet 2002). The synthesis methods used for
dendrimer preparation allow control over
parameters such as size, shape, surface/interior
chemistry, flexibility, and topology.

Dendrimers properties like biological stabil-
ity, efficacy, purity and long shelf life allow their
use as drug delivery vehicles. Physical entrap-
ment or chemical conjugation methods are used
for loading of drugs on dendrimers. The drug
molecule is released inside the cells by in vivo
break down of covalent bond between the drug
and dendrimer in the presence of suitable envi-
ronment or enzymes. The another mechanism for
releasing the drug depends on variation in pH
and temperature inside the cells (Mishra 2011).

Charge density and flexibility of dendrimers
determine the cellular uptake of drugs (Morgan
et al. 2006). The G-4 polypropylenimine den-
drimers showed 14-fold increase in the cellular
uptake of a 31 nucleotide triplex-forming
oligonucleotide (ODN) in MDA-MB-231 breast
cancer cells (Santhakumaran et al. 2004). Den-
drimers improved availability and antiprolifera-
tive activity of ODN within cells. The SWCNT
surface modified dendrimers showed intracellular
delivery by endocytosis but the uncoated
SWCNT were unable to traverse the cell mem-
branes (Pan et al. 2007). The 10-hydroxy
camptothecin load dendrimers enhanced the
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cellular uptake and also increased the half-life of
the drug in cancer cell lines (Morgan et al. 2006).

1.6.8 Magnetic Nanoparticles

The magnetic nanoparticles (MNPs) are of great
interest to the scientists from the last few decades
due to their great magnetic properties for the use
in various novel applications from high density
data storage to biomedical applications. The
surface of MNPs allows their attachment to the
functional molecules which provide the magnetic
behavior to the target (Ahn et al. 2004). It helps
to manipulate and transport the molecules to the
desired target organ by controlling the magnetic
field produced. The three functional parts of a
MNP carrier are magnetic core, a surface coat
and a functional outer coating (Vatta et al. 2006).
The magnetic core consists of a supermagnetic
molecule whose composition depends upon the
application. The detail description about MNPs
will be covered in Chap. 3 of this book.

1.7 Conclusions

In summary, NSMs are important candidates for
pharmaceutical industry and for the delivery of
therapeutic agents. They have advantages over
conventional carriers. NSMs tend to improve the
efficacy and bioavailability of many therapeutic
agents which are otherwise difficult to deliver.
NSMs increase the half-life and persistence of
many therapeutic agents; ultimately increase their
therapeutic index. Surface modified NSMs with
ligands increase the targeting ability and speci-
ficity of many therapeutic cargos. Surface mod-
ification of NSMs offers way for increasing
cellular uptake and binding. Passive and active
targeting will enhance the effectiveness and
specificity of NSMs. NSMs like polymeric NPs,
metallic NPs, liposomes, QDs, polymeric
micelles, CNTs, dendrimers, and MNPs hold
great potential for targeted delivery of drugs. The
smart designing of NSMs may lead to many
therapeutic agents into clinical trials.


http://dx.doi.org/10.1007/978-981-10-0818-4_3
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Abstract

Biodegradable nanoparticles (BNPs) are seeking augmented attention for
their ability to serve as a carrier for site-specific delivery of drugs,
biomolecules, proteins and peptides in the body. They offer enhanced
biocompatibility, better drug encapsulation and sustained release profile of
a great number of drugs and biomolecules to be used in a variety of
applications in nanomedicine. The use of BNPs for controlled drug
delivery has shown significant therapeutic potential. Concurrently,
targeted delivery technologies are becoming an increasingly important
area of scientific investigation. The fate of BNPs is decided by virtue of
their physiochemical properties in biological medium. Another important
area which is gaining attention of researchers is the behaviour of BNPs in
biological milieu. In the present chapter, efforts are made to give the
readers a comprehensive outlook of the topic covering the following major
points: (1) brief introduction to BNPs; (2) synthesis methodologies of
BNPs; (3) characterisation of BNPs; (4) BNPs for drug delivery; (5) drug
release mechanisms from BNPs; (6) targeted drug delivery using BNPs;
(7) biological barriers encountered by BNPs; and (8) in vivo fate of BNPs.

Keywords
Biodegradable nanoparticles « Drug delivery - Nanomedicine - Charac-
terisation - In vivo fate

A. Kumari - R. Singla - A. Guliani - S.K. Yadav S.K. Yadav ()

Department of Biotechnology, Council of Scientific Department of Biotechnology, Center of Innovative
and Industrial Research-Institute of Himalayan and Applied Bioprocessing (CIAB), Mohali 160071,
Bioresource Technology, Palampur 176061, Punjab, India

Himachal Pradesh, India e-mail: skyt@rediffmail.com; sudesh@ciab.res.in

A. Kumari - R. Singla - A. Guliani - S.K. Yadav
Academy of Scientific and Innovative Research,
New Delhi, India

© Springer Science+Business Media Singapore 2016 21
S.K. Yadav (ed.), Nanoscale Materials in Targeted Drug Delivery, Theragnosis
and Tissue Regeneration, DOI 10.1007/978-981-10-0818-4_2



22

2.1 Introduction..............ccccccceeviiievienieciieieieeennn. 22

2.2 Synthesis of Biodegradable Nanoparticles..... 24

2.2.1 Synthesis of PLGA and PLA

Nanoparticles
2.2.2 Synthesis of Chitosan Nanoparticles...... 25
2.2.3 Synthesis of Protein Nanoparticles......... 25

2.3 Biodegradable Nanoparticles for Drug

DEliVery ......cccoooviiiiiiiiiiieeeeee e 26
2.3.1 Biodegradable Nanoparticles

for Delivery of Anticancer Drugs........... 26
2.3.2 Biodegradable Nanoparticles

for Delivery of Psychotic Drugs............. 28
2.3.3 Biodegradable Nanoparticles

for Delivery of Antimicrobial Drugs...... 28
Biodegradable Nanoparticles
for Delivery of Hepatoprotective

234

2.3.5 Biodegradable Nanoparticles
for Proteins, Peptides

and Nucleic Acids Delivery.................... 29

2.4 Drug Release Mechanisms
from Biodegradable Nanoparticles ................. 29

2.5 Targeted Drug Delivery Using
Biodegradable Nanoparticles........................... 31

2.6 Biological Barriers Encountered

by Biodegradable NPs...............c.ccccocenennnen. 32
2.7 In Vivo Fate of Biodegradable
Nanoparticles.............cccocoveniiiinininineee 33

2.8 Toxicity of Biodegradable Nanoparticles ....... 34
2.9 Conclusions.............cccoceviiinienieiieiiniienceieens 35

References ............ccoeveiiieienieeieie e 35

2.1 Introduction

The field of nanotechnology is unique since it
represents an enormous number of disciplines
ranging from material science, physical science,
biological science and medical science. The
application of nanotechnology to drug delivery is
expected to change the outlook of pharmaceutical
and biotechnology industries in the near future
(Langer 1998; Langer 1990; Whitesides 2003).
Nanotechnology-based products may play vital
role in adding a novel set of therapeutics to the
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pipeline of many existing drugs in pharmaceuti-
cal companies (Table 2.1).

Nanotechnological tools can be used to improve
solubility of poorly water soluble drugs with
improved targeting ability, endocytosis of drugs
across tight epithelial and endothelial junctions,
delivery of drugs to intracellular sites of action, and
co-delivery of two or more drugs (Farokhzad and
Langer 2009). Additionally, drug manufacturing
companies may face obstacles in creating drugs
equivalent to nanodrugs due to the manufacturing
complexity of nanotechnology-based products
(Farokhzad and Langer 2009). There are many
nanotechnology-based drugs that have been
approved for clinical use till date (Wagner et al.
2006). The majority of these nano products have
improved the therapeutic efficacy and reduced the
doses of clinically approved drugs. There have
been considerably fewer clinical examples where
nanotechnology has given new therapeutics that
did not exist earlier; we find this as a promising area
for nanotechnology in the future. Indeed, we
expect the appearance of nanotechnology-based
tools to facilitate growth and commercialisation of
entirely new classes of bioactive molecules (Far-
okhzad and Langer 2009).

One of the important areas of nanotechnology
is nanomedicine, which refers to highly precise
therapeutic involvement at the molecular scale
for diagnosis, prevention and treatment of dis-
eases. Delivery of drugs using NPs is one of the
important areas of nanomedicine where
researchers are currently focussing. Nanomedi-
cine involves the use of different types of NPs for
improving the stability, specificity, efficacy and
therapeutic activity of many useful drugs.
Among NPs, BNPs have been used for improv-
ing therapeutic activity of drugs used for treat-
ment of a variety of dreadful diseases like cancer
(Mu and Feng 2003), diabetes (Damge 2007),
malaria (Date et al. 2007), prion disease (Calvo
et al. 2001) and tuberculosis (Ahmad et al. 2006).
BNPs protect the drug from premature degrada-
tion, improve their bioavailability, increase per-
sistence time in blood and also help in improving
the cellular uptake and intracellular penetration
of drugs (Alexis et al. 2008). BNPs have also
been extensively used for improving efficacy and
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Table 2.1 Drugs with different therapeutic activity loaded on various biodegradable nanoparticles

Therapeutic activity

Reference

Name of nanoparticles Name of drug
PLGA Taxol

Gelatin Taxol

PLGA S-fluorouracil
PLGA 9-Nitrocamptothecin
PLGA Cisplatin

Chitosan Chlorpromazine hydrochloride
PLGA Haloperidol

PLA Savoxepine

PLGA Azithromycin
PCL-PGA Amphotericin B
Polycaprolactone Amphotericin B
PLA Quercitrin

PLA Quercetin

PLA Podophyllotoxin
PLA Picroliv

Chitosan Silymarin

therapeutic index of many small molecules,
proteins, peptides and nucleic acids(Coester et al.
2000) (Kumari et al. 2011a, b). These NPs have
drastically improved the performance of these
molecules under in vivo and in vitro conditions.
BNPs improve the performance of loaded drugs
through controlled and sustained release. They
can also be smartly designed for targeted delivery
to specific organs and tissues.

BNPs are formed from natural or synthetic
polymers by various well-established methods in
literature (Kumari et al. 2010a, b). Natural
polymers that have been extensively used for the
preparation of BNPs are gelatin, albumin and
chitosan. Synthetic polymers like polylactic-co-
glycolic acid (PLGA), polylactic acid (PLA), and
polyalkylcyanoacrylates have also been widely
used for the synthesis of BNPs (Kumari et al.
2010a, b). Characterisation of synthesized blank
and drug-loaded NPs is important to know their
exact size, shape and surface charge. Many
sophisticated techniques like scanning electron
microscope (SEM), atomic force microscope
(AFM) and transmission electron microscope
(TEM) are used for the estimation of size and

Anticancer Fonseca et al. (2002)
Anticancer Lu et al. (2004)
Anticancer Laquintana et al. (2014)
Anticancer Derakhshandeh et al. (2007)
Anticancer Avgoustakis et al. (2002)
Psychotic Chalikwar et al. (2013)
Psychotic Budhian et al. (2005)
Psychotic Leroux et al. (1996)
Antimicrobial Azhdarzadeh et al. (2012)
Antifungal Tang et al. (2015b)
Antifungal Espuelas et al. (2002)
Anticancer Kumari et al. (2011a, b)
Anticancer Kumari et al. (2011a, b)
Anticancer Yadav et al. (2014)
Hepatoprotective Guliani et al. (2015)

Hepatoprotective Gupta et al. (2014b)

shape of BNPs (Kumari et al. 2010a, b). Surface
charge of NPs is determined by zeta potential
measurements (Kumar et al. 2014). Encapsula-
tion of loaded drugs on BNPs and in vitro release
of drug-loaded NPs is quantified by techniques
like high performance liquid chromatography
(HPLC) (Kumari et al. 2012; Kumari et al. 2012).

Conventional NPs are recognised by the body
as foreign particles and are eliminated from the
body by mononuclear phagocytic system (MPS).
Surfaces of conventional NPs are modified with
hydrophilic polymers to increase persistence time
in blood. Hydrophilic polymers like polyethylene
glycol (PEG) form a cloud of chains at the NPs
surface which will repel plasma proteins and avoid
clearance by MPS (Brigger et al. 2002). Finally,
the performance of BNPs in vivo is influenced by
their size, shape, surface charge and composition.
Surface charge of NPs is important for determin-
ing cellular uptake and internalisation. Positively
charged NPs are internalised by the cells as com-
pared to neutral and negatively charged NPs
(Shenoy and Amiji 2005). Size and shape of NPs is
also vital players in determining the distribution of
BNPs in different organs. NPs less than 200 nm
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undergo uptake by reticuloendothelial system
(RES) and are eliminated from the body (Kumari
etal. 2010a, b). NPs with a hydrophilic surface and
size less than 100 nm have the greatest ability to
evade the MPS system (Brannon-Peppas and
Blanchette 2004). Kidney and liver cells can filter
NPs based on their size. Interestingly, 100-
200 nm size NPs showed maximum accumulation
in liver followed by kidney and brain (Semete et al.
2010a, b, ¢).

After administration into body, BNPs
encounter many biological barriers which finally
affect their in vivo fate. The main biological
barriers faced by BNPs in vivo are MPS clear-
ance, blood rheology and fluid dynamics of
blood flow, pressure within tumors and BNP
extravasation, cellular membrane permeability
and subsequent endosomal accumulation, and
removal of drugs from drug efflux pumps
(Blanco et al. 2015). BNPs shape, size and sur-
face charge play vital role in crossing biological
barriers which in turn affect their interaction and
uptake under in vivo conditions. NPs designing
with appropriate size, shape, surface charge,
targeting ligands and protein corona characteri-
sation are of great help in efficiently crossing the
biological barriers (Blanco et al. 2015).

BNPs may enter our body via many routes,
for example, by inhalation, ingestion, or pene-
tration through skin. However, irrespective of the
administration route, biological millieu will sur-
round BNPs once they have entered into bio-
logical environment. Proteins in human plasma
form a coating on the surface of BNPs (protein
corona) after which BNPs lose their identity. The
composition of the protein corona depends on the
physiochemical properties of BNPs, which
determine protein binding specificities and
affinities. Proteins with strong binding will form
hard corona while proteins with weak binding
will form soft corona around NPs. Protein corona
of BNPs will determine its biological fate, as it is
this corona of proteins that cells see and interact
with (Tenzer et al. 2013). Characterisation of
protein corona is essential for predicting the
biological fate of BNPs. Positive impacts of
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BNPs have been widely revealed and docu-
mented, potential fear to human health are just
beginning to come out. Studies on the toxic effect
of BNPs on human health have gained momen-
tum recently. Different studies have reported
different doses, different responses and different
levels of toxicity of same BNPs to measure the
corresponding threats on human health (Thomas
et al. 2006). There is no agreement and consen-
sus on the toxicity data of BNPs used for drug
delivery. Factors like agglomeration, sedimenta-
tion and diffusion of BNPs at physiologically
relevant concentrations should be taken into
account while carrying out quantitative studies
on the cellular uptake of BNPs into biological
systems. More extensive studies are needed to
assess the toxicity of BNPs to throw light on long
term adverse effects of their use on human health.

In this chapter we have covered brief intro-
duction about BNPs, synthesis, characterisation
and use of BNPs for drug and gene delivery. We
have also included in this surface modification of
BNPs for increasing their efficacy in vivo as well
as the description of biological barriers encoun-
tered by BNPs. A brief knowledge about the
toxicity of BNPs is also provided.

2.2 Synthesis of Biodegradable
Nanoparticles

2.2.1 Synthesis of PLGA and PLA

Nanoparticles

BNPs have been prepared by various methods
according to the nature of drugs and route of
administration. PLGA and PLA NPs have
mostly been prepared by solvent evaporation,
emulsification-diffusion, interfacial deposition
and nanoprecipitation method. In solvent evapo-
ration method, polymers (PLA and PLGA) are
dissolved in organic solvents (CH,Cl,, acetone,
CHCI; and ethyl acetate) and sonicated. The
resulting solution is then poured into aqueous
phase containing surfactants like polyvinyl alco-
hol (PVA) and polyvinylpyrollidone (PVP) and
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again sonicated to form emulsion (Kumari et al.
2010a, b). This mixture is then diluted with aque-
ous phase to desired volume. NPs are separated by
centrifugation at high speeds = 16500 rpm. Sol-
vent evaporation involves the formation of
oil-in-water (O/W) emulsion, the oily phase of
which is an organic solvent that diffuses properly
in the aqueous phase. Organic solvent should
undergo adequate diffusion in the aqueous phase
for perfect spheres to be obtained. The PLA NPs
are formed either from one emulsion droplet or NP
arises from several emulsion droplets (Kumari
et al. 2010a, b).

In emulsification-diffusion method, polymer
dissolved in organic solvent was added to aqueous
phase containing stabiliser followed by high pres-
sure homogenisation. Emulsification-diffusion
method involves the formation of a conventional
oil-in-water emulsion within a partially water sol-
uble solvent. Homogenisation results in the dis-
persion of the solvent as globules on equilibrium
with the continuous phase. The addition of water
causes diffusion of the solvent to the external phase
and formation of super saturation region (Kumari
et al. 2010a, b). Therefore, polymer aggregation
was provoked in the form of solid colloidal parti-
cles and NPs were formed. In interfacial deposition
polymers along with drug are dissolved in solvent
mixture such as benzyl benzoate, acetone, and
phospholipids. This mixture is then slowly added
to stirred aqueous medium, resulting in the depo-
sition of polymer in the form of NPs (Kumari et al.
2010a, b). Nanoprecipitation method involves
dissolution of drug and polymer in acetone. This
solution is then added to stirred aqueous phase
containing surfactants. Acetone is removed by
evaporation under reduced pressure and NPs are
obtained by centrifugation (Jawahar et al. 2009).

2.2.2 Synthesis of Chitosan
Nanoparticles

Chitosan NPs are mostly formed by ionotropic
gelation, microemulsion, emulsification solvent
diffusion and polyelectrolyte complex method. In
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ionotropic gelation method chitosan dissolved in
1 % acetic acid solution is added to equal volume
of tripolyphosphate solution (TPP). Formation of
NPs takes place by TPP initiated ionotropic
gelation method. Chitosan has free amino groups
at the surface which get protonated in acidic
medium. NPs formation takes place due to
interaction between the negative groups of TPP
and the positively charged amino groups of chi-
tosan. The ratio between chitosan and TPP is
critical and controls the size distribution of the
NPs (Janes et al. 2001).

Microemulsion method has also been used for
the preparation of chitosan NPs. In this method
chitosan dissolved in acetic acid and glutaralde-
hyde was added to surfactant dissolved in
n-hexane under continuous stirring at room tem-
perature. The system was stirred overnight to
complete cross-linking process (Singh and Mishra
2013). Emulsification solvent diffusion method
was used for the synthesis of chitosan NPs. In this
method oil in water emulsion was obtained by
adding organic phase into chitosan solution con-
taining surfactant followed by high pressure
homogenisation. This method gives high entrap-
ment efficiency with hydrophobic drugs (Singh
and Mishra 2013). Chitosan NPs have also been
prepared by polyelectrolyte complex method.
Polyelectrolyte complex method involves charge
neutralisation of positively charged chitosan and
negatively charged deoxyribonucleic acid (DNA).
The NPs are spontaneously formed after addition
of DNA solution into chitosan dissolved in acetic
acid solution, under stirring at room temperature
(Singh and Mishra 2013).

2.2.3 Synthesis of Protein
Nanoparticles

Protein NPs have mostly been prepared by
desolvation/coacervation (Shutava et al. 2009),
emulsion method (Zambaux et al. 1999), iono-
tropic gelation and nanoprecipiation method.
Desolvation/coacervation is a method in which a
homogeneous solution of protein undergoes
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liquid-liquid phase separation, giving rise to a
protein rich dense phase at the bottom and a
transparent solution above. The addition of nat-
ural salt or alcohol normally triggers coacerva-
tion and the control of turbidity/crosslinking was
resulted in desired NPs. Protein was dissolved in
deionised water by gentle heating at 50 °C, then
acetone was rapidly added to the solution and
slightly shaken. The milky solution was started
to form upon acetone introduction into the mix-
ture at pH 3.0. Immediately after addition of
acetone, glutaraldehyde was admixed to the
stirring mixture to form NPs (Shutava et al.
2009). Both hydrophobic and hydrophilic drugs
can be entrapped in gelatin NPs using this
process.

Emulsion method (Li et al. 1998) is based on
the addition of aqueous phase (gelatine in phos-
phate buffer saline) to organic phase (polymer in
organic solvent) followed by homogenisation.
The reaction is stopped by addition of glutar-
ladehyde and followed by centrifugation for
collecting NPs (Zambaux et al. 1999). Bovine
serum albumin (BSA) NPs have mostly been
prepared by desolvation or coacervation process.
BSA dissolved in water was added to acetone
continuously or intermittently. The reaction was
stopped by addition of glutaraldehyde (Sailaja
and Amareshwar 2012). Soy protein NPs have
also been prepared using the above method but in
this ethanol was used as desolvating agent (Teng
et al. 2012). Recently one study has reported
synthesis of protein NPs by UV illumination in
physiological conditions (Xie et al. 2013). UV
illumination of a-lactalbumin triggered the rup-
ture of disulfide bonds leading to assembly of
protein NPs. The free thiol groups on the surface
of these NPs can be used for the conjugation of
targeting ligands. In addition, the protection of
these abundant thiols can effectively decrease the
aggregation of NPs and increase their in vivo
stability (Xie et al. 2013). Zein NPs have been
prepared by pH controlled nanoprecipitation
method (Satheesh and Omathanu 2010). While
casein NPs have been prepared by ionotropic
gelation method using TPP as cross-linker
(Elzoghby et al. 2013).
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2.3 Biodegradable Nanoparticles
for Drug Delivery

BNPs are preferred as drug delivery systems
because of their size, controlled/sustained release
behaviour, and compatibility with cells and tissues
(Panyam and Labhasetwar 2003). In addition to
this, BNPs are stable in blood, non-thrombogenic,
non-immunogenic, non-inflammatory, do not
activate neutrophils, and avoid RES (des Rieux
et al. 2006). BNPs are formed by using natural or
synthetic polymers. Synthetic polymers that have
been extensively used for the preparation of BNPs
are PLGA, PLA, poly-e-caprolactone (PCL), and
poly-alkyl-cyanoacrylates (PACL) (Kumari et al.
Kumari et al. 2010a, b). Apart from this, natural
polymers like gelatin, albumin, chitosan have also
been explored for the synthesis of biodegradable
NPs. In the successive headings, BNPs of syn-
thetic and natural polymers used for delivery of
anticancer, psychotic, antimicrobial, plant iso-
lated, protein, peptides, and drugs is discussed.

2.3.1 Biodegradable Nanoparticles
for Delivery of Anticancer

Drugs

Anticancer drugs suffer from some drawbacks
like poor aqueous solubility, toxicity to normal
tissues, and pH-dependent hydrolysis. These
limitations have been overcome by encapsulating
such anticancer drugs on BNPs (Fig. 2.1). The
encapsulation on BNPs have improved their
bioavailability, reduced toxicity to normal tissues
and enhanced their stability in biological milieu
(Cheng et al. 2012).

Alginic acid, a linear anionic polysaccharide
consists of a-L-guluronic acid and $-p-mannuronic
acid. Alginic acid has been declared safe by the US
Food and Drug administration (Cheng et al. 2012).
Doxorubicin loaded alginic acid NPs has been
prepared by nonsolvent aided counterion com-
plexation method. The mean size of doxorubicin
loaded alginic acid NPs was about 100 nm. The
encapsulation efficiency of doxorubicin on alginic
acid NPs was also very high (95.5 %).
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Fig. 2.1 In vitro anticancer activity of drug loaded nanoparticles. Drug loaded NPs are non-toxic to normal and show

anticancer activity against anticancer cell lines

Doxorubicin loaded alginic acid NPs showed
better antitumour effect than free doxorubicin
(Cheng et al. 2012). In vivo distribution studies on
model of murine hepatocellular carcinoma (H22)
showed well accumulation and distribution of
alginic acid NPs at tumor site by enhanced per-
meation and retention (EPR) effect. In vivo studies
it is showed that doxorubicin loaded alginic acid
NPs have superior efficacy which helps in reduc-
ing tumor growth and increasing the lifetime of
H22 tumor bearing mice than free doxorubicin
(Cheng et al. 2012). Treatment of tumor with
polysaccharide-doxorubicin ~ NPs  drastically
reduced the tumor volume, tumor cell counts, and
increased lifespan in both the ascites and solid
tumor models. Polysaccharide-doxorubicin NPs
were observed to accumulate in tumour sites via
EPR effect and released doxorubicin at tumor
targeted sites (Joseph et al. 2014).

Taxol was loaded on gelatin NPs by desol-
vation method. Taxol loaded in gelatin NPs
showed better activity against human bladder
transitional cancer cells (Lu et al. 2004). Incor-
poration of taxol into PLGA NPs has enhanced
its antitumor efficacy. Taxol encapsulated in
PLGA mixed with vitamin E-polyethylene glycol
succinate (TPGS) NPs also showed better activ-
ity than traditional formulation of taxol (Fonseca
et al. 2002). 5-fluorouracil, pyrimidine analogue
used for the treatment of several malignancies

such as colorectal and breast cancers, have been
loaded on translocator protein-PLGA NPs.
Anticancer efficacy of 5-fluorouracil against
C6-glioma cells was significantly enhanced due
to synergistic effect of translocator protein and
5-fluorouracil (Laquintana et al. 2014).
9-Nitrocamptothecin has been encapsulated on
PLGA NPs by nanoprecipitation method.
Encapsulation efficiency was 30 % and biological
activity of 9-nitrocamptothecin was maintained
after nanoencapsulation on PLGA NPs. In vitro
drug release profile showed a sustained release up
to 160 h (Derakhshandeh et al. 2007). Another
anticancer drug cisplatin (Rosenberg 1985) was
encapsulated on PLGA-mPEG NPs by double
emulsion method and revealed prolonged persis-
tence in blood upon intravenous administration
(Avgoustakis et al. 2002). Camptothecin loaded
PLGA NPs has been more effective in minimizing
tumour growth than free drug in immune com-
petent C57 albino mice. NPs treated mice showed
median survival of 36.5 days as compared to
mice receiving saline (Householder et al. 2015).
Quercitrin isolated from Albizia chinensis has
been encapsulated on PLA NPs by solvent
evaporation method. The size of quercitrin loa-
ded PLA NPs was 250 + 68 nm. The encapsu-
lation efficiency of nanoencapsulated quercitrin
was 40 %. The in vitro release studies of quer-
citrin reveals initial burst release followed by
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slow and sustained release (Kumari et al. 2011a,
b). Another plant isolated molecule encapsulated
on PLA NPs was podophyllotoxin (PODO) iso-
lated from Podophyllum hexandrum. The size of
synthesised PODO-loaded PLA NPs was
100 = 17 nm and the encapsulation efficiency
was 17 %. PODO loaded PLA NPs showed slow
and sustained release (Yadav et al. 2014). Ellagic
acid (EA) is a polyphenolic phytonutrient found
in wide varieties of berries and nuts. EA was
loaded on chitosan-glycerol phosphate NPs and
the system showed sustained release of ellagic
acid from NPs (Sharma et al. 2007).
1-isopropenyl-5a,5b,8,8,11a-pentamethyl-1,2,3,
4,5,5a,6,7,7a,8,11,11a,11b,12,13,13a,13b-octadeca
hydro cyclopenta[a]chrysene-3a-carboxylic acid,
presumably a derivative of betulinic acid was iso-
lated from Phytolacca decandra. This molecule was
encapsulated on PLGA NPs. The mean diameter of
NPs was found to be 110 + 0.5 nm, with a PDI of
0.254 and a zeta potential of —=17.6 + 0.24 mV (Das
et al. 2014).

2.3.2 Biodegradable Nanoparticles
for Delivery of Psychotic
Drugs

Chlorpromazine  possesses  antiadrenergic,
anti-serotonergic, anticholinergic and antihis-
taminergic properties and is used to treat
schizophrenia. Chlorpromazine hydrochloride
was loaded on chitosan grafted PLGA NPs.
Chlorpromazine hydrochloride loaded PLGA
NPs exhibited in vitro, a biphasic drug release
profile with an initial burst release and then pro-
longed sustained release over 48 h under in vitro
conditions. Accelerated stability study suggested
that the formulation was robust and can stand
extreme conditions of temperature and relative
humidity (Chalikwar et al. 2013). Haloperidol is
used for the treatment of schizophrenia and acute
psychotic states. Haloperidol was loaded on
PLGA NPs and showed slow and sustained
release (Budhian et al. 2005). Another psychotic
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drug savoxepine was loaded on PLA NPs by
salting out method. Nanospheres of savoxepine
have been prepared and encapsulation efficiency
and loading was 95 and 16.7 %, respectively. In
vitro release studies showed that PLA NPs allows
extended delivery of the drug over more than one
week. NPs loaded with savoxepine were able to
provide more half life in plasma after intramus-
cular and intravenous injection (Leroux et al.
1996).

2.3.3 Biodegradable Nanoparticles
for Delivery
of Antimicrobial Drugs

Many antimicrobial drugs have also been loaded
on biodegradable NPs to increase their efficacy.
Azithromycin acts by binding to the 50S ribo-
somal subunit of susceptible micro organism and
interferes with microbial protein synthesis. Azi-
thromycin was loaded on PLGA NPs to enhance
its antibacterial activity. Azithromycin loaded
PLGA NPs showed better activity than pure
azithromycin against E. coli. The concentration
of PLGA loaded azithromycin was reduced 8
times to achieve same antibacterial activity
against E. Coli as compared to the pure (Azh-
darzadeh et al. 2012).

Amphotericin B is a lipophilic polyene anti-
fungal agent, which is separated from a strain of
Streptomyces nodosus. It is an amphoteric com-
pound composed of a hydrophilic polyhydroxyl
chain along one side and a lipophilic polyene
hydrocarbon chain on the other. Amphotericin B
is sparingly soluble in water, and has a poor oral
absorption. Amphotericin B was loaded on
TPGS-b-(PCL-ran-PGA) NP which enhanced the
bioavailability and antifungal activity of
amphotericin B (Tang et al. 2015a, b). Ampho-
tericin B was also loaded on PCL NPs.
Nanoformulation of amphotericin B was found to
be 3-fold more efficient than free amphotericin B
in reducing parasite burden from Leishmania
infected mice (Espuelas et al. 2002).
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2.3.4 Biodegradable Nanoparticles
for Delivery
of Hepatoprotective
Drugs

Picroliv isolated from rhizome of Picrorhiza
kurroa has been encapsulated on PLA NPs. The
size of picroliv loaded PLA NPs was
182 + 20 nm. Zeta potential of picroliv loaded
PLA NPs was —23.5 mV, which has indicated
their good stability. In vitro picroliv release from
picroliv loaded PLA NPs showed slow and sus-
tained release (Guliani et al. 2015). Another
hepatoprotective drug, silymarin was encapsu-
lated on chitosan NPs. Silymarin loaded chitosan
NPs showed zero order drug release from chi-
tosan NPs. Chitosan NPs have been observed for
enhanced hepatoprotective activity of silymarin
by passive targeting (Gupta et al. 2014a).
Eudragit NPs loaded with silymarin has been
stabilized by PVA. Silymarin showed sustained
release from all the formulations and prevented
hepatic damage induced by paracetamol (Das
et al. 2011).

2.3.5 Biodegradable Nanoparticles
for Proteins, Peptides
and Nucleic Acids
Delivery

Proteins and peptides drugs are used for treatment
of variety of ailments. However, their use as such
is limited due to their poor bioavailability in vivo
and high cost of production for these drugs.
Encapsulation of proteins and peptides on suit-
able NPs may enhance the potential of therapeutic
proteins to create nanoprotein/nanopeptide for
therapeutics, and disease diagnosis (Astier et al.
2005). A variety of NPs have been used for the
delivery of protein and peptide based drugs.
BNPs are one of the useful tools for protein
therapeutics and its targeted delivery.

BNPs used for the delivery of protein drugs
include synthetic polymers like PLA, PLGA, PCL,
poly(methyl methacrylates), and poly(alkyl
cyanoacrylates) or natural polymers (albumin,
gelatin, alginate, collagen or chitosan). N-trimethyl
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chitosan chloride (TMC) NPs has been used for the
augmentation of permeability and inclusion of
diverse protein drugs in neutral and basic-pH
condition. Insulin loaded chitosan NPs have sig-
nificantly increased intestinal absorption of insulin
following oral administration (Sarmento et al.
2007). Chitosan NPs increased the systemic
absorption and bioavailability of cyclosporine A
(El-Shabouri 2002). BSA has been successfully
encapsulated on gelatin NPs. The average diameter
of the BSA containing gelatin NPs was approxi-
mately 840 nm (Li et al. 1998). Half life of BSA
was extended to 4.5 h as compared to 13.6 min of
pure BSA after encapsulation on PEG-PLGA NPs
(Li et al. 2001). Tetanus toxoid encapsulated on
PLA-PEG NPs showed more persistence in blood
and greater penetration in lymph nodes (Vila et al.
2002). Calcitonin has been loaded on polyacry-
lamide nanospheres, polyisobutylcyanoacrylate
nanocapsules and chitosan NPs (Lowe and Temple
1994). Dalargin loaded on double coated Tween 80
and PEG 20000 poly(butylcyanoacrylate) NPs
showed significant dalargin-induced analgesia
than single coated tween and PEG (Das and Lin
2005).

Octreotide-loaded polyalkylcyanoacrylate
NPs have been reported for increased plasma
concentration of octreotide, and prolonged ther-
apeutic efficacy of a somatostatin analogue in
estrogen-treated rats (Damge et al. 2007a).
Genistein was encapsulated in islet homing
peptide coated PLGA NPs. These NPs showed 3
times better binding to islet endothelial cells and
a 200 times better anti-inflammatory effect on
islet endothelial cell (Ghosh et al. 2012).

2.4 Drug Release Mechanisms
from Biodegradable
Nanoparticles

Drug release mechanism is very important to
know whether a drug is adsorbed or encapsulated
in NPs matrix (Fig. 2.2). Drug release from NPs
template occurs through diffusion of drug bound
to the surface of NPs, diffusion from the NPs
template, NP matrix erosion, or a combined
erosion—diffusion process (Ringe et al. 2004).
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Fig. 2.2 In vitro release of drug from nanoparticles. Drug is adsorbed or embedded in the NPs matrix. Release of drug

occurs by diffusion or matrix erosion of nanoparticles

Many mathematical models are used to replicate
the release of drugs from NPs matrix. Mathe-
matical models play an important role in the
prediction of mechanism of drug release and also
provide more general guidelines for development
of drug delivery systems. Many models have
been used for the prediction of drug release viz.,
zero order kinetic model, first order Kinetic
model, Higuchi model, Korsemeyer-Peppas
model (the power law), Hixson-Crowell model,
Weibull model, Baker- Lonsdale model,
Hopfenberg model, Gompertz model, and
Sequential layer model (Shaikh et al. 2015). The
release models which best describe drug release
from biodegradable NPs matrix are, in general,
zero order model, first order model, Higuchi
model and Korsemeyer-Peppas model (Singhvi
and Singh 2011).

Zero-order model (Singhvi and Singh 2011)
kinetic describes a system in which the release of

the drug is not

concentration.

dependent on the drug

Qt = Qoi Kot

where Qy, O, and K, represents initial amount of
drug, cumulative amount of drug release at time
“r” and zero-order rate constant, respectively.

Another model which has been used for the
study of drug release is first order kinetic model
(Singhvi and Singh 2011) which is based on the
following equation,

A = Age ™

where A is concentration at any time #, A is initial
amount of drug and & is first order rate constant.

Higuchi tried to relate the drug release rate to
the physical constants based on simple laws of
diffusion (Higuchi 1967). Higuchi model
describes the release of a drug from an insoluble
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matrix as the square root of a time-dependent
process, given by the following equation:

Q, = [2DSe(A — 0.55¢)]" % *°
where, O, refers to the amount of drug released at
time ¢, D refers to the diffusion coefficient, S is
the solubility of drug in the dissolution medium,
¢ is the porosity, A is the drug content per cubic
centimetre of NPs.

Another model which has been used for
studying drug release is Korsmeyer-Peppas
model (Korsmeyer et al. 1983). This model
describes the drug release from polymeric sys-
tems and is based on the following equation:

M,
M

where M,/M is fraction of drug released at time
t, K is the rate constant and n is the release
exponent.

Physicochemical properties of the drug as
well as polymer and the drug to polymer ratio
rule the release of drug from the NPs and thus,
adjust the release kinetics accordingly. Drug
release mechanism can also be manipulated by
the choice of matrices and size of BNPs. Larger
sized BNPs show smaller initial burst release as
compared to small sized NPs (Kumar et al.
2014). Initial burst release is related to the
amount of the drug bound on the surface of NPs
(Kumari et al. 2010a, b; Kumar et al. 2014)
(Fig. 2.2). Drug release also depends on the
nature of drug and interaction of drug with NPs
matrix (Yadav et al. 2014).

2.5 Targeted Drug Delivery Using
Biodegradable Nanoparticles

Targeted nanoformulations have started to draw
noteworthy concentration in the last couple of
years. Targeted drug delivery utilises both passive
and active targeting strategies to deliver drug
molecules more efficiently to pathological sites
and preventing toxicity to healthy tissues (Allen
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and Cullis 2004; Peer et al. 2007; Davis et al. 2008;
Farokhzad and Langer 2009). Passive drug tar-
geting is dependent on the tumour vasculature.
Endothelial gaps and inappropriately aligned
vascular endothelium results in leaky blood
vessels, which enable the internalisation
of ~ 100 nm size NPs into the tumor tissues.
Internalised NPs are retained in the tumor tissues
due to dysfunctional lymphatic drainage. Toge-
ther, these two qualities give rise to the EPR
effect, which is widely used phenomenon by
nanomedicines for accumulation in tumors
(Matsumura and Maeda 1986; Maeda 2012). It is
vital to know that EPR is an extremely changeable
phenomenon, whose in vivo fate is determined by
vascular volume, perfusion, permeability, penetra-
tion, and retention time. These parameters vary
considerably between different types of tumors, and
between different tumors within the same patient
(Greish 2010; Lammers et al. 2012; Smith et al.
2012; Taurin et al. 2012; Prabhakar et al. 2013a, b).
In reality, certain vessels are more permeable than
others within a single tumour resulting in very
diverse EPR. Actually, rapid growing and greatly
vascularized tumors are likely to be more leaky than
steadily growing and badly vascularized tumors,
thereby making them more prone to EPR mediated
passive drug targeting (Kunjachan et al. 2014).

In contrast, active targeting relies on integra-
tion of moieties capable of recognising/binding
specifically to the target tissues. Commonly used
targeting ligands are peptides, sugar molecules,
aptamers antibodies, and epidermal growth fac-
tors (Kunjachan et al. 2014). These moieties
specifically bind to receptors that are highly
expressed either by the cancer cells such as epi-
dermal growth factor receptor and prostate
specific membrane antigen (PSMA) or by tumor
endothelial cells such as vascular endothelial
growth factor receptor or integrins (Pasqualini
et al. 1997; Lammers et al. 2012). Although use
of targeting moieties to enhance internalisation of
NPs by diseased cells has recently augmented
(Ross et al. 2004; Shiokawa et al. 2005), little is
known concerning the effect of high affinity tar-
geting molecules on the rate and extent of NPs
uptake by tumor cell.
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Herceptin antibody targeted mucic acid con-
taining PEG polymer NPs loaded with camp-
tothecin have demonstrated prolonged circulation
in vivo. Targeted NPs showed their higher
accumulation in the spleen that can be attributed
to the herceptin antibody that remained associ-
ated with NPs (Han and Davis 2013). In another
study, PLGA NPs modified with islet-homing
peptide have exhibited 3-fold better binding to
islet endothelial cells and a 200-fold better
anti-inflammatory effect of an immunosuppres-
sant drug (Ghosh et al. 2012). Cisplatin encap-
sulated PLGA-PEG NPs coated with cyclic
pentapeptide (RGDfK) displayed enhanced
cytotoxicity as compared to pure cisplatin (Graf
et al. 2012). Docetaxel loaded cyclic asparagine-
glycine-arginine peptide coated PEG-PLGA NPs
showed higher cellular uptake into HUVEC and
HT-1080 cells via receptor mediated endocyto-
sis. The in vivo study has documented that tar-
geted NPs exhibit elevated therapeutic activity by
targeting the specific sites on tumours (Gupta
et al. 2014a, b).

Activatable low molecular weight protamine
(ALMWP) has been modified on PEG-PLGA
NPs and has been used for delivery of paclitaxel
to HT-1080 cells. PEG-PLGA NPs have exhib-
ited an improved MMP reliant build up in
HT-1080 cells. In vivo study showed that
ALMWP-NP appreciably augmented the accu-
mulation of paclitaxel at tumor site but not in the
non target tissues. In addition, ALMWP-NP has
shown deep penetration into the tumor par-
enchyma and paclitaxel loaded by ALMWP-NP
has exhibited improved antitumor efficacy (Xia
et al. 2013). In another study, folic acid conju-
gated PLA-PEG coated inorganic NPs loaded
with paclitaxel showed better cellular uptake and
drastically enhanced the drug effectiveness com-
pared with the free drug (Chen and He 2015).
Chitosan (CS) derivative grafted with multiple
galactose residues (Gal-m-CS) and galactosylated
CS (Gal-CS) was used for preparing NPs and
developed NPs have been used for targeting
hepatoma cells. Prepared Gal-m-CS NPs showed
maximum interaction with HepG2 cells via the
ligand-receptor interaction (Mi et al. 2007).

A. Kumari et al.

NPs prepared from ternary conjugate of hep-
arin folic acid paclitaxel (HFT) and loaded with
additional paclitaxel (HFT-T) showed higher
cytotoxicity compared to the free form of pacli-
taxel in KB-3-1 cell line. HFT-T administration
has enhanced the specific delivery of paclitaxel
into tumor tissues and remarkably improved
antitumor efficacy of paclitaxel (Wang et al.
2009). Doxorubicin loaded glycyrrhetinic acid
(GA) modified recombinant human serum albu-
min (rHSA) NPs (DOX/GA-rHSA NPs) show
increased cytotoxic activity in liver tumor cells
compared to the non targeted NPs (DOX/rHSA
NPs). The targeted NPs have exhibited higher
cellular uptake in a GA positive hepatoma car-
cinoma cells (HepG2 cells) (Qi et al. 2015). An
A10 aptamer-functionalized, sub-100 nm dox-
orubicin polylactide (Doxo-PLA) nanoconjugate
(NC) was used for targeting malignant endothe-
lial cells expressing prostate specific membrane
antigen (PSMA). These A10 NCs were selec-
tively internalized by PSMA expressing cancer
cell lines. A10 Doxo-PLA NCs have exerted
greater cytotoxic effects compared to nonfunc-
tionalized Doxo-PLA NCs and free Doxorubicin.
Interestingly, A10 NCs have selectively targeted
PSMA-expressing tumor-associated endothelial
cells at a cellular level and noticeably enhanced
the uptake of NCs by endothelial cells within the
tumor microenvironment (Tang et al. 2015a).

2.6 Biological Barriers Encountered
by Biodegradable NPs

BNPs encounter many biological barriers after
administration to site of action. The in vivo fate of
BNPs is affected by these biological barriers. We
highlight the fact if many of these barriers are not
properly addressed at the time of synthesis of
BNPs, the field of BNPs based drug delivery will
continue to fail to realize its clinical potential
(Blanco et al. 2015). The biological barriers
encountered by BNPs under in vivo are elimina-
tion by MPS, blood rheology and fluid dynamics
of blood flow, pressure within tumors and NP
extravasation, cell membrane permeability and
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subsequent endosomal accumulation, and
removal of drugs from drug efflux pumps (Blanco
et al. 2015).

The MPS, consists of phagocytic cells,
removes NPs immediately after administration
(Patel and Moghimi 1998). The course of elimi-
nation starts with adsorption of plasma proteins,
onto the surface of NPs circulating in blood
(Tenzer et al. 2013). This results in the formation
of protein coating on the surface of NPs. The for-
mation of protein coating around NPs is reliant on
some parameters, including NP size, surface
charge, lipophilicity and surface chemistry (Nel
et al. 2009). NPs act as active entities instantly
after systemic administration, and require assess-
ment of the mechanism of protein coating forma-
tion and its effect on NPs stability, bioavailability,
toxicity and fate (Docter et al. 2014; Rocker
et al. 2009).

NPs solution dynamics in blood vessels is
very much reliant on the size and shape. BNPs,
typically possess a spherical geometry, and are
synthesized specially for intravenous delivery.
Recently, the intravascular walk of NPs follow-
ing administration has been divided into flow,
confinement, sticking to vascular walls and
uptake. Opsonization and elimination by the
MPS determine flow time of NPs in blood ves-
sels. Surface properties of NPs are identified as
crucial player in protein adsorption, which in turn
affects pharmacokinetics and biodistribution of
NPs. Positively charged NPs are quickly elimi-
nated from blood flow than anionic NPs (Arvizo
et al. 2011). In contrast, neutral NPs show
appreciably prolonged persistence in blood. In
vivo fates are also affected by NPs size. Bigger
NPs >200 nm were collected in the liver and
spleen. The side flow of NPs to endothelial walls
is a very important concern of NPs synthesis.
The union of NPs with the vessel walls favors
their cell binding and receptor-ligand interactions
in active targeting strategies and enables eructa-
tion through the loose vasculature of tumors
(Blanco et al. 2015). NPs have the tendency to be
favourably collected at the sites of injury, infec-
tion and inflammation. This passive targeting is
mainly due to the existence of loose vasculature
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of endothelial cells. This effect known as EPR is
exploited by NPs for accumulation in tumour
cells (Matsumura and Maeda 1986; Maeda et al.
2013). NPs undergo cellular uptake, after which
therapeutic load can be released to exert curative
effects on cytoplasmic and nuclear targets. NPs
require active uptake mechanisms to reach the
cytoplasm and nucleus. Surface charge of NPs
has proven to be a key factor for cellular uptake,
with charge-based uptake vastly reliant on cell
type (Blanco et al. 2015).

Drug resistance is a major hurdle in the
treatment of several diseases, including infection,
inflammation and cancer. Multidrug resistance
(MDR) involves the removal of drugs from cells
that results in a lowering of intracellular accu-
mulation of drug and therapeutic -efficacy.
The MDR results in increased local toxicity,
treatment doses, and consequent breakdown of
select chemotherapeutic regimens (Blanco et al.
2015).

2.7 In Vivo Fate of Biodegradable

Nanoparticles

BNPs are preferred for drug delivery because
degradation products are metabolised in the
body, and are non toxic (Kiss et al. 2010).
Interactions with biological milieu are of utmost
importance in designing and applications of
BNPs based drug delivery systems. Surface
hydrophobicity of BNPs and lack of specific
functional groups on the surface of BNPs limit
their applications in biological medium (Kiss
et al. 2010).

BNPs with hydrophobic surfaces are rapidly
cleared from the body by MPS. To avoid this and
to increase the persistence of BNPs in the bio-
logical milieu many methods have been used.
One such method is the use of hydrophilic
polymers like PVA, PVP, PEG, poloxamers,
polysorbate 80 (Gulyaev et al. 1999), ploysorbate
20, polysaccharides like dextran and different
type of copolymers to efficiently coat BNPs and
make their surface hydrophilic (Kumari et al.
2010a, b). These coatings provide a dynamic
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cloud of hydrophilic and neutral chains at the
surface, which repel plasma proteins. Hydro-
philic polymers can be introduced on the surface
of BNPs in two ways, either by adsorption or by
making copolymers of biodegradable polymers
with hydrophilic polymers like PEG (Kumari
et al. 2010a, b).

Chemical coupling of PEG on PLGA surface
has increased the water wettability and reduced
protein adsorption on PEG coupled PLGA sur-
faces (Kiss et al. 2010). Surface modification of
BSA NPs with PEG has also enhanced the sus-
tained release characteristics of BSA NPs (Su
et al. 2014). PEG coating on PLA NPs have
enhanced the retention time in blood and reduced
the interaction with digestive enzymes (Tobio
et al. 2000). In a recent study, PEG-sheddable,
mannose-modified PLGA NPs have been shown
to efficiently target tumour associated macro-
phages after acid-sensitive PEG shedding in the
acidic tumor microenvironment. Decreased
accumulation in MPS organs due to successful
PEG shielding at normal physiological pH was
reported (Zhu et al. 2013).

Physicochemical properties of NPs which
affect in vivo fate of BNPs are particle size,
surface charge, NPs stability and residence time
in blood. Depending upon the size and compo-
sition, BNPs are distributed and accumulated in
the kidney, liver, and spleen and very less con-
centration is seen in other organs and tissues
(Lorenzer et al. 2015). NPs are administered into
body through oral, pulmonary, intravenous, nasal
and dermal routes. NPs injected through oral
route undergo degradation in the gastrointestinal
(GI) tract and are eliminated or absorbed inside
the body. Study has reported that NPs of size 50—
200 nm are absorbed by payer’s patches in the
wall of intestine (Des Rieux et al. 2006). After
entering into GI tract, NPs are distributed to other
organs and tissues through the blood and lym-
phatic system. Similar to oral exposure, NPs
administered via pulmonary route undergo
absorption and clearance. NPs deposited in the
tracheobronchial region are cleared by the
mucociliary movement. These particles could
enter the alveoli epithelium by endocytosis and
enter the blood or lymphatic system underlying
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the alveolar epithelium (Oberdorster et al. 2005).
NPs administered through  subcutaneous
(Moghimi 2003), intramuscular (Kreuter et al.
1979), intradermal (Lee et al. 2009), and
intraperitoneal (Maincent et al. 1992) are absor-
bed and distributed into the blood circulation.
Numerous studies have reported that NPs
undergo distribution to different organs and tis-
sues after administration by various routes
(Hagens et al. 2007). Concentration of NPs in
different organs depends on the composition and
physiochemical properties of NPs. The organs
where NPs are found in lesser concentrations
include heart, brain and muscles (Lee et al.
2010). NPs distribution into abnormal organs
tumor has been under investigation for targeted
drug delivery. NPs were passively accumulated
into tumor tissues through EPR effect. EPR effect
has been reported for NPs in the size range 20—
1000 nm on various tumour models (Greish
2010; Acharya and Sahoo 2011; Fang et al.
2011; Prabhakar et al. 2013a, b). In some cases
EPR effect was observed to enhance preferential
accumulation in tumour sites (Lorenzer et al.
2015). However, the optimal NPs size for
achieving EPR effect will depend on tumour
type, tumour location and size of tumour. BNPs
undergo metabolism through the degradation of
the matrix polymers. One of the advantages of
BNPs is that their biodegradation rate can be
controlled by modifying the polymer composi-
tion and molecular weight (Anderson and Shive
1997). BNPs are directly excreted from the body
depending on their size and shape. Liver and
kidney are the major excretory organs responsi-
ble for NPs excretion from the body.

2.8 Toxicity of Biodegradable
Nanoparticles

BNPs possess unique physical and surface prop-
erties, and have wide applications, such as
target-specific vehicles for in vivo sensing, diag-
nosis, and therapy. BNPs are small enough to
penetrate and target certain tissues (Braydich
et al. 2005). Several studies have shown that NPs
can enter the brain and cause tissue injury
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(Medina et al. 2007; Sharma et al. 2007). Toxicity
is a critical aspect regarding the safe use of BNPs
in drug delivery. Several studies have reported no
cytotoxic effects against a wide variety of cell
types following treatment with NPs (Basarkar
et al. 2007; Patil and Panyam 2009; Tahara et al.
2010). Recently one study evaluated PLGA NPs
for in vivo toxicity study in Balb/c mice. It was
found that no anatomical pathological changes or
tissue damage occurred. It can be concluded that
the toxicity observed with various engineered
BNPs will not be observed with NPs made of
synthetic polymers such as PLGA when applied
in the field of nanomedicines (Semete et al.
2010a, b, ¢). Many surfactants and stabilisers are
used for modifying the surfaces of NPs to
increase their persistence inside the blood. Cer-
tain modifiers have been shown to exhibit toxicity
in cells. Polyethylene imine coating on the sur-
face of PLGA NPs has exhibited toxicity within
the cell lines. On the other hand, NPs stabilised
with BSA have exhibited almost no cytotoxicity.
BSA stabilised NPs seem to have a positive effect
on cellular viability, which reaches value over
100 % for several cell lines. PVA modified
PLGA NPs were non toxic up to a concentration
of 370 pg/ml (Westedt et al. 2007). PEG-PLGA
NPs engineered for oral applications have been
observed for cytokine production (Semete et al.
2010a, b, ¢). While, biodegradable chitosan NPs
have shown toxicity in zebrafish model. Use of
emulsifiers and stabilisers is one issue which
needs to be studied critically in formulation of
nanomedicines. These studies have raised con-
cern about the safety of BNPs used in drug
delivery. More thorough studies are required on
BNPs toxicity issues before they are declared safe
for nanomedicine applications.

2.9 Conclusions

BNPs are potentially viable drug delivery sys-
tems capable of delivering multitude of thera-
peutic agents and biomolecules. They are very
well functionalized for releasing the drugs inside
human body, increasing the bioavailability and
biocompatibility of drugs. To optimize BNPs as
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a delivery system, greater understanding of dif-
ferent mechanisms of biological interactions and
NPs engineering is still required. However,
BNPs appear to be promising drug delivery
system because of their versatile formulation,
controlled release properties, sub cellular size
and biocompatibility with various cells and tis-
sues in the body. Moreover, the use of BNPs can
enhance the specificity for site of targeted cell. In
the near- and medium-term, we can expect the
emergence of many nanotechnology based BNPs
for drug delivery applications. Technologies
around controlled-release BNPs will likely to
continue have the greatest clinical impact for the
near future. This is an exciting time for nan-
otechnology research, and the pace of scientific
discovery in this area is gaining momentum. It is
broadly accepted that medicine and the field of
targeted drug delivery will be an important
recipient of nanotechnology for years to come.
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Abstract

The metallic nanoparticles (NPs) and their synthetic biology are an active
area fascinating both the academics as well as scientific research
applications in the field of nanotechnology. These nanostructures are a
versatile class of materials such as metal NPs, metal oxide NPs, magnetic
NPs and quantum dots for biomedical sciences and engineering due to
their huge potential. A handful number of methods are adopted for the
synthesis of one or the other kind of metal NPs which includes physical
and chemical approaches. Each of the chemical and physical synthesis
procedures deals with some limitations such as cost ineffectiveness, use of
hazardous chemicals, formation of toxic end products and involvement of
high-energy processes. To overcome these drawbacks, an alternative
approach of environmentally benign and inexpensive biological synthesis
mediated by plants or microbes has been essentially adopted. The
variations in size, shape and surface chemistry of NPs affect the properties
of metal NPs to a greater extent which in turn have an influence on their
biological behaviour. Few metal NPs offer unique optical properties while
others possess paramagnetic behaviour and quantum size effect which
make them suitable in bio-imaging diagnostic techniques. Some metallic
NPs play a role in tissue engineering and other therapeutic applications
due to their ease of surface modifications, large surface area to volume
ratio, unique electrical and anti-microbial activities. Instead of
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multi-disciplinary applications of metallic NPs, there is a great concern
regarding the toxicity issues associated with the use of these NPs which
need to be sorted out by looking out certain ways for favourable
architecture involving the synthesis methods and parameters for designing
the non-toxic NPs for improving the quality of life.
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3.1 Introduction

Nanotechnology is a vast area at an interface of
many disciplines like biology, physics, chemistry
and engineering (Rosarin and Mirunalini 2011).
It deals with miniaturize-sized particles with at

Drug delivery - Cancer
Gene therapy

least one dimension ranging from 1 to 100 nm
(Zamborini et al. 2012). Few important questions
which come into mind before dealing with
nanomaterials are “why these tiny materials are
so interesting?” and “what is the basic speciality
in these nanomaterials when compared to their
macroscopic counterparts?” Before going into
detailed study of nanoparticles (NPs), it is nec-
essary to give answers to these unavoidable
questions. The development of metallic NPs has
become the centre of attraction in the modern era
of nanomaterials due to their unique intrinsic
properties such as excellent optical, electrical,
catalytic and magnetic behaviour, chemical and
mechanical stability, ease of surface modifica-
tion, large surface area for reactions, etc.
(Rosarin and Mirunalini 2011; Kumari et al.
2014b). These properties are quiet different from
the bulk counterparts from which these NPs are
synthesized. The synthesis of metallic NPs
mainly takes into account two different approa-
ches named as “top-down” and “bottom-up”. The
top-down process is the breaking down of a
system or a molecule to generate NPs whereas
the bottom-up approach means to assemble or
piece together the single atoms or molecules to
build up nanostructures (Thakkar et al. 2010).
Using these two approaches, a variety of physical
and chemical methods have been devised for the
synthesis of metallic NPs. Methods mainly
include (1) thermal decomposition, (2) sono-
chemical, (3) microemulsion, (4) chemical
reduction, (5) polyol method, (6) microwave,
(7) laser ablation and many more (Tripathi et al.
2009; Kumari et al. 2014b). Stable and
monodisperse NPs are synthesized using physi-
cal and chemical methods. But these methods
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involve the use of hazardous chemical substrates,
intense energy consumption, costly reaction
setup and generation of harmful end products
(Khodashenas and Ghorbani 2015). Therefore,
these methods should be used depending on the
ultimate use of end products. In view of this, an
alternative  eco-friendly and  inexpensive
approach for the formation of NPs has been
developed employing the plants/plant parts or
microbial cultures (Iravani et al. 2014).

For the synthesis of metal NPs, it is a critical
step to determine the size, shape and morphology
of NPs through characterization by using
high-throughput instruments. Various factors
such as temperature, incubation time, concen-
tration of metal substrates used, ratio of metal
precursor to reducing agent/stabilizing agent,
types of surfactants used, concentration of plant
extract, amount of microbial culture, age of cul-
ture and pH of media play a deciding role for
alternating dimensions and shape of particles
(Hyeon 2003; Dang et al. 2011; Korbekandi et al.
2013; Makarov et al. 2014). The particle prop-
erties are highly dependent on their characteris-
tics (shape, surface functionality and size) which
ultimately define the role of NPs in the biological
environments. The metallic NPs are categorized
into different types such as metal NPs (silver,
gold, copper, platinum), metal oxide NPs
(coppet/cuprous, zinc, titanium), magnetic NPs
(iron, nickel, cobalt, manganese) and semicon-
ductor NPs or quantum dots. These kinds of NPs
have smaller size and have a wavelength lesser
than that of light. Due to these properties, NPs
can easily traverse the cells or tissues inside the
body to reach a target location. These potential
features of metal NPs make them applicable in
wide spectrum of biomedical areas including
imaging for disease diagnosis, targeted drug
delivery, cancer treatment, gene therapy, bacte-
ricidal activity, wound healing/tissue repair and
tissue engineering (Mody et al. 2010). Imaging
modalities such as magnetic resonance imaging
(MRD), computed tomography (CT),
positron-emission tomography (PET) and ultra-
sound imaging techniques have been developed
to image the status of diseased organs (Thomas
et al. 2013). These imaging techniques require a
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contrast agent with unique physico-chemical
properties where metal NPs can serve as versa-
tile agents.

Regardless of abundant extraordinary
physico-chemical properties that metallic NPs
possess, there are also reports concerning the
toxicity of these NPs. While utilizing the metal
NPs for applications involving living systems, it
is a prior need to identify the risks associated
with these. Thereby, it is required to design the
surface of metal NPs in such a way so as to
minimize the toxicity and to maximize their
potentialities. This chapter provides the detailed
description on physico-chemical properties of
metallic NPs, various synthesis methods (physi-
cal, chemical and biological), various factors
affecting the properties of NPs and their biolog-
ical behaviour, applications of NPs in imaging,
therapy, drug delivery and tissue engineering.
Also, the toxicity issues associated with the use
of these NPs are mentioned.

3.2 Physico-Chemical Properties
of Metal and Metal Oxide NPs

The metal and metal oxide NPs impart unique
and significant properties as compared to their
bulk counterparts which play wide roles in a
variety of applications on global scenario. Silver
NPs (AgNPs) are prepared from different silver
salts like silver chloride (AgCl), silver iodide
(Agl) and silver nitrate (AgNO;) having size
range of 1-100 nm. AgNPs possess unique
physical, chemical, optical, anti-microbial and
electronic properties. The properties of AgNPs
depend upon their size and morphology (Wei
et al. 2015). The colour of AgNPs solution varies
from light yellow to reddish brown and even
black which provides a mere clue about the size
and agglomeration tendency of AgNPs. The size
and morphology of NPs also vary with the initial
concentration of metal salt used for the synthesis
of NPs. The stability or the tendencies of particle
aggregations are keys to determine their proper-
ties up to a greater extent.

Gold NPs (AuNPs) are the particles ranging in
dimensions of 3—150 nm and are also known as
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colloidal gold. They possess many distinctive
properties which make them ‘star’ among the
other NPs. AuNPs have a tendency to change the
colour of colloidal solutions depending upon
their sizes. The important properties of AuNPs
are high surface to volume ratio, optical, elec-
trochemical and catalytic properties, low toxicity,
easy to prepare, easily dispersed in liquids and
ease of surface modifications. Nowadays, the
research on copper NPs (CuNPs/CuO NPs) has
become a focal point due to their unique prop-
erties, low cost of preparation and utility in wide
array of applications. CuNPs possess good ther-
mal and electrical conductivity, as well as optical
properties. Zinc oxide NPs (ZnO NPs) is an
important type of semiconductor material which
possess  good  electrical, optical  and
piezo-electrical properties. Titanium dioxide
(TiO,) NPs of size less than 100 nm serve as
advanced semiconductor materials of great
interest due to their strong oxidation power,
resistance to corrosion, abundance, optical
activity and chemical stability as well as
non-toxic nature.

Magnetic NPs (MNPs) are of great potential
in the present era as they possess magnetic
behaviour with utility in diverse fields. The
researchers pay more attention to the synthesis
methods to form uniform-sized MNPs because
the properties of MNPs are size dependent. Three
major functional parts of a MNPs carrier include
magnetic core, a surface coat and a functional
outer coating. The inner magnetic core consists
of a supramagnetic molecule such as Fe, Ni, Co,
Mn, etc. depending upon their applications. The
surface coat is used to provide steric repulsions,
to increase the stability and to restrain agglom-
eration of the particles. The functionalized outer
coating may attach any ligand or the biologically
active entity (Kumari et al. 2014b). These NPs
exhibit superparamagnetism and play a role as
fluorescence emitters.

Semiconductor nanocrystals are the type of
inorganic NPs discovered in early 1980s ranging
in size between 1 and 10 nm. These represent a
state of matter in the transition regime in between
the molecules and the bulk solid. A layer of
organic ligand at the surface of semiconductor
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NPs stabilizes them in the colloidal form. The
ligand consists of two parts: a polar head group
that possesses the affinity for the attachment to
the surface of semiconductor nanocrystals and a
second part, tail which helps in the solubilization
of semiconductor nanocrystals in the organic
media. The properties of semiconductor
nanocrystals arise due to the spatial arrangements
of atoms in the crystalline lattice. The optical and
electronic ~ properties  of  semiconductor
nanocrystals can be varied with the reduction in
the size of nanocrystals and the phenomena can
be described by the term °‘size quantization
effect’. The quantum dots (QDs) are the
small-sized semiconductor nanocrystals to be fit
in the quantum confinement region.

3.3 Synthesis of Metal and Metal
Oxide NPs

Metallic NPs are of great demand as these have
fascinated the scientific world over the past few
decades with their astonishing applications in
biomedical and engineering sciences. Metal and
metal oxide NPs include AgNPs, AuNPs, copper
(CuNPs or CuO NPs), ZnO NPs, TiO, NPs, iron
oxide (Fe,O5/Fe;04 NPs), manganese (Mn/MnO
NPs) and semiconductor NPs or quantum
dots/fluorescent NPs, etc. These nanomaterials
are mainly synthesized by the use of chemical
and physical methods (Senapati 2005). The
chemical synthesis involves the use of chemicals
that act to reduce the metal salts leading to the
formation of NPs. The conventional methods of
synthesis of NPs (physical and chemical meth-
ods) have few drawbacks such as the requirement
of toxic hazardous chemicals, energy intensive
and costly processes that make it difficult to be
widely implemented. To overcome these limita-
tions, the researchers have looked forward for an
easy and feasible alternative approach for the
synthesis of nanocompounds. The employment
of alternative biogenic route for the NPs syn-
thesis by using biological entities of unicellular
living organisms such as bacteria, fungi, actino-
mycetes and also the plant and plant parts has
seeked apparent attention of the scientists
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throughout. The biological synthesis of metal
NPs has been exploited using a wide variety of
plants (leaf and seed extracts) and micro-
organisms such as bacteria, actinomycetes,
yeast and fungi, etc. (Bhattacharya and Rajinder
2005). Various microbes ranging from unicellu-
lar to multicellular organisms are known to pro-
duce NPs either intracellularly or extracellularly
(Mann 1996). The formation of NPs being
intracellular or extracellular can easily be
manipulated by controlling various process
parameters like substrate concentration, pH,
temperature and many more (Gericke and Pin-
ches 2006). The metal NPs hold a variety of uses
in the pharmaceutical sector, catalysis and
Sensors.

Several methods used for the formation of
metallic NPs include electrochemical, sono-
chemical, thermal decomposition, laser ablation,
chemical reduction, polyol and microemulsion
method. These methods are described below in
detail with suitable examples of each type of
NPs. The synthesis of semiconductor nanocrys-
tals can be categorized into two basic types,
synthesis in aqueous media and synthesis in
organic media. In current trends, a new approach
using biological agents for the synthesis of NPs
is also described herein.

3.3.1 Electrochemical Synthesis

This method involves the passing and conduction
of electric current through an electrolytic solution
resulting in chemical changes. In an electro-
chemical method, two electrodes of metal made
as anode and cathode are dipped in the elec-
trolytic solution containing metal salt and a sta-
bilizer and electric voltage is applied over the
electrodes (Ibrahim et al. 2013). In this process, a
constant electric current flows into the elec-
trolytic cell leading to the dissociation of metal
salt solution due to its ionization. Oxidation
occurs and metal sheet is dissolved at the anode
while the reduction of intermediate salt takes
place at cathode. Metal is removed from the
anode terminal and gets deposited onto cathode
plate. At the end of electrolysis process, metal
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atoms in the form of NPs are carefully collected
from cathode terminal (Theivasanthi and Alagar
2011).

The highly pure AgNPs of different sizes can
be obtained by just an alteration in the current
density. The surfactants like poly
(N-vinylpyrrolidone) (PVP) can be used for
synthesis of AgNPs in the aqueous phase. By
adding anionic surfactants to the electrolyte at an
optimum level, the particle size distribution can
be improved. PVP as a stabilizer favours the
formation of monodisperse AgNPs and decreases
the deposition of silver on cathode (Yin et al.
2003). In another report, electrochemical method
has been used for the synthesis of AgNPs and
AuNPs where rotating platinum (Pt) electrode
was made cathode and Pt sheet as anode.
Rotating Pt electrode helps in transfer of metal
NPs from the cathode to the bulk of electrolytic
solution. For AgNPs synthesis, base electrolyte
was composed of AgNO;, KNO; and PVP
whereas for AuNPs preparation, it consisted of
HAuCl,;, KNO5; and PVP. KNO; acted as elec-
trolyte and PVP as stabilizer. Sodium dodecyl
benzene sulfonate as anionic surfactant and
polyethylene glycol (PEG) as non-ionic surfac-
tant was added to electrolyte to obtain particles of
smaller dimensions with narrow size distribu-
tions (Ma et al. 2004).

Synthesis of CuNPs by electrolysis method
has been conducted by an electrolytic setup
where Cu wire was used as cathode and Pt as
anode. The surface area of anode was 50 times
greater than cathode, and both the electrodes
were kept 30 mm apart. K,CO;5; solution and
citrate buffer served as two different electrolytes.
The effect of applied voltage (105 and 130 V)
and electrolysis time (60 and 5 min) has been
examined on shape of synthesized NPs. CuO
nanoflowers with many sharp nanorods have
been obtained using K,COj3 and the size of CuO
NPs was decreased with decreasing the concen-
tration of the solution. Whereas spherical-shaped
Cu particles with/without pores were synthesized
using citrate buffer as electrolyte (Saito et al.
2011). A copper sheet has also been used as
anode and a platinum sheet as cathode in an
electrolysis reaction. Here, tetrabutylammonium
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bromide (TBAB) in acetonitrile/tetrahydrofuran
(4:1) served as electrolyte. After application of
steady flow of current, the anode slowly dis-
solved, leading to the formation of CuO clusters
which were further stabilized by TBAB. Elec-
trolysis was carried out under inert atmosphere of
N, bubbles for 2 h. The parameters such as
current density, solvent polarity, distance
between electrodes and concentration of stabi-
lizers were used to control the size of CuO NPs
(1-10 nm). The clusters’ size was found to
decrease with increase in current density (Jadhav
et al. 2011).

ZnO NPs of spherical (50—100 nm) and cylin-
drical shapes (150-200 nm) have been synthe-
sized by electrochemical method where Zn
electrodes were used as anode and cathode along
with aqueous oxalic acid as electrolyte. The
parameters like pH, concentration of electrolyte,
conductivity and electric voltage were optimized
to obtain maximum productivity of ZnO NPs
(Anand and Srivastava 2015). For the synthesis of
TiO, NPs by this method, Ti metal sheet was made
both as cathode and anode whereas tetrapropy-
lammonium bromide (TPAB) in acetonitrile/
tetrahydrofuran (4:1) acted as supporting elec-
trolyte. The main parameters of current density,
solvent polarity and stabilizer concentration were
used to control the size of TiO, NPs which led to
the formation of tetragonal NPs of dimensions
25-30 nm (Anandgaonker et al. 2015).

Electrochemical method possesses certain
advantages over chemical methods as it leads to
the formation of size and shape-controlled highly
pure metal NPs. The significant features of
electrochemical methods are its ease of opera-
tion, high productivity of NPs and absence of any
undesired side products.

3.3.2 Sonochemical Method

This method has been used for the synthesis of
metal NPs by the reduction of metal salt solution
in the aqueous phase. A sonochemical reaction
results from the acoustic cavitation produced by
ultrasonic waves and implosion of bubbles.
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A pulse of high energy is given to produce heavy
nuclei which in turn lead to sudden release of
ultrasonic energy. The water molecules generate
free radical species through the production of
ultrasound in the aqueous phase. Generated H*
ions cause the reduction of metal ions according
to the following equations:

H,0 — H* + OH~ (3.1)

Mt +H - M 4+HT (3.2)

Metal salt solution reduced to metallic NPs by
the high temperature and pressure applied during
this process (Gong and Hart 1998). The transient
temperature and fast cooling rates are necessary
for the formation of particles in the sonochemical
process. This method aims at controlling the
particle size and morphology of NPs within a
much narrow size distribution. The productivity
and properties of synthesized material depend
upon the ultrasonic power and frequency, dis-
solved gas, type of solvent and temperature of
the solution (OKitsu et al. 2005).

AgNPs of variable shapes including spherical,
rod-like and dendritic NPs have been synthesized
by the reduction of AgNOj solution in the aqueous
phase in the presence of nitrilotriacetate (NTA).
A Ti horn acted as cathode as well as ultrasound
emitter. The concentration of Ag and NTA has an
important role in deciding the shapes of NPs (Zhu
et al. 2000). AuNPs have been formed within the
pores of mesoporous silica by soaking and ultra-
sound has induced the reduction of AuCl, ionsin
the pores of silica (Chen et al. 2001). For the
preparation of CuNPs by sonochemical method,
Cu(Il) hydrazine carboxylate [Cu-(N,H3COO), -

2H,0] complex has been used in aqueous med-
ium. A mixture of metallic copper (Cu) and copper
oxide (Cu,0) has been formed while H and OH
radicals produced acted as reducing agents to
reduce copper ions into Cu. The formation of
Cu,0 was attributed to partial oxidation of Cu by
the generation of oxidant H,O, itself in the pro-
cess. H,O, generated can be scavenged in the
atmosphere of argon and hydrogen, thereby
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producing pure CuNPs (50-70 nm) and further
eliminating Cu,O formation (Dhas et al. 1998).

Clustered ZnO NPs of an average size 70 nm
have been synthesized using this method by the
reaction between zinc nitrate and hexam-
ethylenetetramine using ultrasonic homogenizer
for the generation of ultrasonic pulse (Pholnak
et al. 2013). In another study, mesoporous TiO,
has been obtained by ultrasound irradiation
where octadecylamine was used as a
structure-directing agent and Ti (OPri)4 as a
precursor. The authors have studied the effect of
two different methodologies on particle mor-
phology where in the first method, octadecy-
lamine was mixed in ethanol and in the second
method, octadecylamine was dispersed in a
mixture of ethanol and distilled water. Spherical-
or globular-shaped particles were obtained as
aggregates of small particles when first method
was applied whereas irregular inter-grown
aggregates of small particles were formed from
the application of second method (Wang et al.
2001). The synthesis of magnetic manganese
dioxide (MnO,) NPs has been investigated by the
sonochemical reduction of MnQO, in water under
Ar atmosphere at 20 °C (Abulizi et al. 2014).
The advantages of this method are that it is
simple, much efficient and produces NPs of very
small size (Salkar et al. 1999).

3.3.3 Thermal Decomposition

Thermal decomposition is a method widely
suitable to synthesize monodisperse NPs in a
powdered form. The synthesis by this method
generally requires high temperature in the range
of 120-250 °C, long reaction time, toxic chem-
icals or catalysts and inert atmosphere (Li et al.
2005). In a study reported by Lee and Kang
(2004), Ag nanocrystallites have been prepared
by the decomposition of Ag*'-oleate complex by
the reaction of AgNOj; with sodium oleate in
aqueous media at a temperature of 290 °C which
has resulted in the formation of Ag atom and
oleate molecule. The nanocrystallites formed by
this reaction were packed in a highly ordered
state with size range of 9.5 + 0.7 nm. In another
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report, AgNPs of sizes 5.1-6.3 nm have been
prepared from the decomposition of Ag complex
termed as silver(I) [bis(alkylthio)methylene]-
malonates which were formed by the reaction of
AgNO;  with  potassium [bis(alkylthio)
methylene]malonates. The Ag complex so
formed was further decomposed in the presence
of 1,2-dichlorobenzene without the addition
of any external surfactant at a temperature of
110 °C to form AgNPs. The size of formed
AgNPs could be altered by varying the chain
length of alkyl precursors (Lee et al. 2012).
AuNPs of spherical or partially coalesced shape
with 63 nm diameter has been synthesized using
the same method. For this, Au acetate powder
was heated at a rate of 25 °C min ' and its
fragmentation was observed at 103 + 20 °C
which led to the formation of AuNPs (Bakrania
et al. 2009).

Metallic CuNPs have been synthesized by this
method using copper oxalate-oleylamine com-
plex. After the decomposition, reddish coloured
irregular-shaped agglomerated CuNPs of size 30—
80 nm were obtained (Salavati-Niasari et al.
2008). While Cu and Cu,O NPs have been
formed by this method using [bis(salicylidimi-
nato)copper(I)], [Cu(sal),], as metal precursor.
[Cu(sal),]-oleylamine complex was heated at a
high temperature and initially led to the formation
of red-coloured CuNPs which on a later stage get
changed into Cu,O NPs after oxidation.
Agglomerated Cu and Cu,O NPs of size 8-10 nm
were obtained by this method (Salavati-Niasari
and Davar 2009).

Khalil et al. (2014) have prepared ZnO NPs of
size 117 nm by thermal decomposition of binu-
clear zinc(Il) curcumin complex. In another case,
the synthesis of ZnCO5; and ZnO NPs has also
been investigated using this method by optimizing
the reaction parameters such as the concentration
of zinc and carbonate ions, flow rate of reagent
addition and reactor temperature (Shamsipur et al.
2013). Multi-type nitrogen-doped TiO, NPs have
also been synthesized by employing decomposi-
tion of a mixture of titanium hydroxide and urea at
400 °C for 2 h (Dong et al. 2009). In another
experiment by Chin et al. (2010), the synthesis of
TiO, NPs has been reported by decomposition of



48

titanium tetraisopropoxide (TTIP) in a tubular
electric furnace at synthesis temperatures ranging
700-1300 °C and TTIP heating temperatures of
80-110 °C. An example of MNPs where the for-
mation of CougPts, NPs of size 7 nm has been
carried out by the simultaneous reduction of
platinum acetylacetonate and the thermal decom-
position of cobalt tricarbonylnitrosyl [Co
(CO)5(NO)] in the presence of oleic acid and oleyl
amine (Chen and Nikles 2002). The other example
where Fe,O; NPs with size range of 5-19 nm
have already been synthesized by thermal
decomposition of iron pentacarbonyl, Fe(CO)s in
dioctyl ether solvent where oleic acid and oley-
lamine were used as surfactants (Frey et al. 2009).
The ratio of precursors used, surfactants, solvent,
reaction temperature and reaction time are the
crucial factors to control the size and shape of
MNPs.

3.3.4 Laser Ablation

It is a physical technique to generate NPs and is
characterized by the absence of any counter-ion
contamination and surface active molecules
(Brust et al. 1995). There are two main problems
faced by researchers while using laser ablation
method. Firstly, due to post-ablation agglomera-
tion, the particles coalesce with each other and
form large clusters. Secondly, at higher laser
fluence, large fragments are formed which limit
the formation of small clusters (Kabashin and
Meunier 2003). Laser ablation is a process where
a solid target substance is ablated by laser of a
particular wavelength in a gas or liquid medium.
In this method, the control over the growth rate
of NPs formation is manipulated by varying
certain process parameters like wavelength of
laser beam, duration of beam irradiation and
time, pulse energy and pulse repetition, etc.
(Amendola and Meneghetti 2013).

In a recent report, AgNPs have been devel-
oped by laser ablation technique where a pure Ag
plate was ablated using a Q-switched Nd:YAG
(neodymium-doped yttrium aluminium gar-
net; Nd:Y3Als0;,) pulsed laser at a wavelength
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of 532 nm (360 mJ/pulse) with a pulse duration
of 10 ns and 30 Hz repetition rate in two differ-
ent media such as ethylene glycol and chitosan.
The plate was ablated to laser beam for 30 min at
room temperature which resulted in the forma-
tion of spherical-shaped AgNPs of size 22 and
10 nm respective to media used. The formation
efficiency and stability of AgNPs synthesized in
chitosan media were comparatively high as the
chitosan molecules played a role in prevention of
particle aggregations (Tajdidzadeh et al. 2014).
AgNPs of nearly spherical and elliptical shape
with 9-27 nm size have been formed by placing
a pure Ag rod in aqueous media of
double-distilled water and ablated for 3 h by a
pulsed Nd:YAG laser beam of 1,064 nm oper-
ating at 40 mJ/pulse energy with 10 Hz repeti-
tion rate and 10 ns (Pandey et al. 2014).

AuNPs in the size range of 5-20 nm have been
formed by laser ablation of Au foil located inside or
outside the ionic liquids, 1-n-butyl-3-
methylimidazolium tetrafluoroborate, 1-n-butyl-3-
methylimidazolium hexafluorophosphate and 1-
(3-cyanopropyl)-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide (Wender et al.
2011). The formation of CuNPs by laser ablation in
pure water and aqueous solutions of
1,10-phenanthroline has been reported (Muniz-
Miranda et al. 2012). Nano Zn particles of colloidal
behaviour have been synthesized by this method
where Zn target in distilled water was ablated by a
laser beam and sodium dodecyl sulphate (SDS) was
used as a surfactant to prevent particle agglomera-
tion (Singh and Gopal 2008). Pulsed laser ablation
method in liquid media has also been used for the
formation of nano-sized Ti particles where Ti target
present in water or ethanol was ablated using fibre
laser doped with monomode Ytterbium (Boutin-
guiza et al. 2013).

The formation of magnetic Fe,O; NPs rang-
ing in size 50-110 nm has been reported where
iron target in dimethylformide and SDS were
ablated. The authors have also studied the effect
of laser fluence on particle characteristics (Ismail
et al. 2015). There are reports on the synthesis of
other kind of MNPs like Co and Ni NPs by laser
ablation in organic media of ethylene glycol. In
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this experiment, pure Ni, NisoCos alloy and Co
metal plates have been used as respective solid
targets for irradiation (Zhang and Lan 2008).
A simplified way of synthesis of mercaptan
acid-capped CdTe/CdSe (core/shell) type I QDs
in aqueous dispersion has been known by a
microwave-assisted approach. The CdTe/CdSe
QDs obtained with a core/shell structure of high
crystallinity exhibited an adjustable fluorescence
emission by administering the changes in the
thickness of the CdSe shell (Sai and Kong 2011).

The advantages of laser ablation technique
involve no use of chemical reagents and sim-
plicity of the procedure. The method is quite fast
and effective and does not require several reac-
tion steps as well as long processing time to carry
out the reaction (Barcikowski and Compagnini
2013). Along with certain advantages, the same
process has few drawbacks also. Concentration
and size of NPs change with time as the number
of pulsed laser beams increase. With the increase
in laser shots, the density of NPs in solution was
rised (Jafarabadi and Mahdieh 2013).

3.3.5 Chemical Reduction

Chemical method for the synthesis of NPs has
been greatly employed. This method is relatively
simple and easy to perform the synthesis of
stable NPs in solution. Metal precursors, reduc-
ing agents and stabilizing agents are the three
basic components used in any chemical method.
For the synthesis of monodisperse and
uniform-sized NPs, all the nuclei should be
formed at the same time to acquire the same
subsequent growth (Tran et al. 2013). Through
the use of chemical reducing agents, control over
the shape, size and size distribution of metal and
metal oxide NPs is possible by easily manipu-
lating the various process parameters viz. molar
ratio of the reducing agent used to the molar ratio
of metal precursor salt as well as the molar ratio
of capping agent used to the molar ratio of metal
precursor salt (Dang et al. 2011). The use of
strong reducing agents such as borohydride leads
to the formation of monodisperse small NPs, but
the synthesis of large-sized NPs becomes
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uncontrolled. On the other hand, weak reducing
agents like citrate are known to cause a slower
reduction and produce small-sized NPs (Shirt-
cliffe et al. 1999). The stabilizing agents are used
in the reaction to avoid an agglomeration of NPs
formed during the reaction (El-Nour et al. 2010).
The time duration, reaction temperature and pH
conditions play a vital role in determining the
size and shape of NPs during chemical synthesis
(Mott et al. 2007).

Various reducing agents such as NaBH,,
ethylene glycol, glucose, citrate, ascorbate and
elemental hydrogen and stabilizing agents such
as polyvinyl alcohol (PVA), PVP and sodium
oleate have been employed for the synthesis of
AgNPs (Patil et al. 2011). SDS and citrate have
also been reported for synthesis of AgNPs
(Guzman et al. 2009). In Tollen’s method,
AgNPs of size 20-50 nm have been formed in a
single-step process by the reduction of silver
ammoniacal solution using saccharides like glu-
cose, galactose and lactose as reducing agents
(Panacek et al. 2006). The chemical reduction of
Au salts by citrate anions to yield monodisperse
water-soluble Au clusters of size 7-100 nm has
been reported. The only requirement for this
method is Au salt, water and tri-sodium citrate.
Citrate acts as a reducing agent as well as a
stabilizer. It acts as a stabilizing agent by forming
a negative layer on the particles and thus pre-
venting their aggregation (Verma et al. 2014).
Another method is seed-mediated growth process
where 2-mercaptosuccinic acid (MSA) has been
used as a reducing agent in aqueous solution
leading to the formation of quasi-spherical
AuNPs (30-150 nm). MSA acts as a capping
agent favouring the formation of monodisperse
Au seeds (Niu et al. 2007). A study reports the
formation of CuNPs using copper sulphate pen-
tahydrate, CuSO, - 5SH,O as metal precursor salt
and starch as capping agent where L-ascorbic
acid acted as reducing agent. After heating, a
colour change of the mixture from yellow to
ocher was resulted. Cu and Cu,O NPs of cubic
shape with mean diameter 28.73 and 25.19 nm,
respectively, were formed (Khan et al. 2015). In
another case, L-ascorbic acid has been used as
reducing agent as well as antioxidant to reduce
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metal salt, CuCl, without the addition of any
external capping agent or stabilizer. The reaction
was carried out to reduce Cu>* ions to metallic
Cu as:

Cu?T + CgHgOg — Cu+ CgHeOg +2HT
(3.3)

Spherical-shaped CuNPs of average size less
than 6 nm have been formed by this method (Li
et al. 2013). Sodium borohydride has been used
as chemical reducing agent along with poly-
ethylene glycol (PEG) as capping agent for the
reduction of CuSQ, - 5H,O where ascorbic acid
acted as antioxidant for colloidal copper. From
this reaction, CuNPs of less than 10 nm have
been obtained at room temperature. Particle size
was decreased as the concentration of reducing
agent and the relative amount of capping agent
used for the reaction were increased (Dang et al.
2011).

For the synthesis of ZnO NPs by chemical
synthesis, most of the alcoholic media like
ethanol, methanol and isopropanol are known. In
alcoholic medium, the synthesis rate of NPs is
slow and controllable (Sabir et al. 2014). Zinc
acetate and zinc nitrate salts have been used as
precursor for the formation of ZnO NPs. The
development of Ni, Co and Fe,O; NPs has been
described through the rapid expansion of super
critical fluid solutions coupled with chemical
reduction method. For the synthesis of Ni and Co
NPs, chloride salts of both the metals were
expanded at room temperature and reduced by
NaBH,. Poly(vinyl propylene) has been used for
NPs stabilization. Fe,O; NPs have been synthe-
sized from the reduction of FeBr; metal precur-
sor by a reducing agent LiB(C,Hs);H, while
NaBH, was incapable of reducing iron ions. Poly
(ethylene oxide) was used for particle stabiliza-
tion (Sun et al. 1999).

The synthesis of semiconductor nanocrystals
in water was started earlier than the synthesis in
the organic phase. A variety of semiconductors
are being used for synthesis of core—shell
nanocrystals which mainly include the combi-
nation of II-VI and III-V type of semiconductor
materials (Grieve et al. 2000). Monodisperse
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cadmium selenide (CdSe) QDs of size 2-2.3 nm
with high quantum yield up to 76.57 % have
been prepared by the aqueous precipitation
method by adding Se precursors to Cd precursor
solution under the maintained nitrogen atmo-
sphere at magnetic stirring (Gao et al. 2013). The
synthesis of CdS semiconductor NPs of II-VI
type by the chemical precipitation method has
been reported using cadmium salt and sodium
sulphide along with the use of triethanolamine as
a capping agent (Prabhu and Khadar 2005). The
synthesis of cadmium telluride (CdTe) QDs has
been reported in the literature from the precursor
ions Cd** and Te® which react in the aqueous
solvent in the presence of thiol ligands, thiogly-
colic acid (TGA) or mercaptopropionic acid
(MPA) to nucleate the crystalline seeds (Gaponik
et al. 2002). The dimensions of nanocrystals can
be altered by varying the time of heating/growth
from few minutes to hours. A very similar
approach has been applied for the aqueous syn-
thesis of zinc selenide (ZnSe) nanocrystals, as
that for CdTe. The reaction was carried out at
optimum pH by bubbling H,Se gas through the
aqueous media of the zinc salt and the thiol
group containing stabilizing molecules like
thioglycerol, TGA and 3-MPA by refluxing the
reaction mixture for a few hours to attain
nanocrystals growth (Shavel et al. 2004).

The organometallic synthesis of QDs in the
high-temperature organic solvents is quiet easy
and controllable. An organometallic synthesis of
QDs includes mainly three components: precur-
sor molecule, organic coordinating solvent and
surfactant. Organometallic precursors comprise
of metal alkyls or aryls (dimethylcadmium,
diethylzinc, dibenzylmercury), whereas S, Se or
Te sources are generally selected from tri-
alkylphosphine chalcogenides (R;PSe, R;PTe
with Ryoctyl or butyl) or bistrimethylsi-
lylchalcogenides e.g. (MesSi),S, abbreviated
(TMS),S. The selection of suitable solvent is
important as it influences the reactivity of pre-
cursors as well as growth kinetics (Farkhani and
Valizadeh 2014). The synthesis of most impor-
tant type of QDs (II-VI semiconductors) consists
of rapid injection of semiconductor precursor
molecule into constantly stirred solvents like



3 Metallic Nanoparticles, Toxicity Issues ...

trioctylphosphine oxide (TOPO) or trioctylphos-
phine (TOP) as these solvents provide the most
appropriate controlled conditions for the growth
of nanocrystals (Hammer et al. 2007). Another
facile method for the synthesis of CdTe QDs of
size 3.2—6 nm involves the mixing of cadmium
oxide with Te along with oleic acid, paraffin oil
and TOP as solvents, and heating at a high
temperature of 200 °C (Xing et al. 2008). Indium
phosphide (InP) and indium arsenide (InAs) QDs
have been synthesized under argon atmosphere at
high temperature using different precursors like
tris(trimethylsilyl)arsine  (TMSi3As) and the
similar molecules TME;V (E = Si, Ge; V =P,
As) and their reaction kinetics were studied
(Harris and Bawendi 2012). Another simplest,
one-step method without the precursor injection
for providing the heat up pathway to synthesize
high-quality InP/ZnS nanocrystals consists of
combination of both InP core and ZnS shell
precursors (indium myristate; tris(trimethylsilyl)
phosphine, P (TMS);; zinc stearate; dode-
canethiol) at room temperature in 1-octadecene
and heating of this mixture at 250-300 °C. The
obtained nanocrystals emit in the range of 480—
600 nm with a quantum yield of 50-70 % and
excellent photostability (Li and Reiss 2008).

The only disadvantage of chemical reduction
synthesis method is that it involves the use of
some toxic chemicals which may cause harm to
the users as well as environment. Moreover, the
process is quiet costly as it takes into account the
utility of expensive chemical substances.

3.3.6 Polyol Method

This is the versatile chemical synthetic method
used to synthesize NPs with well-defined shape
and controlled sizes. The polyol process uses a
poly-alcohol like PEG which acts as a solvent to
dissolve inorganic compounds due to their high
dielectric constant and offers a wide operating
temperature (25 °C to boiling point) due to their
relatively high boiling points. The polyols also
act as reducing as well as stabilizing agents to
produce NPs from the metallic cationic precursor
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and prevent inter-particle aggregation (Laurent
et al. 2008).

The polyol process is one such method in
which large quantity of AgNO; solution is
reduced with ethylene glycol in the presence of
PVP (Sun and Xia 2002). An oleylamine-liquid
paraffin system has been used for the formation
of monodisperse AgNPs. Commonly used
chemicals in this process are liquid paraffin,
oleylamine and AgNOs. The paraffin provides a
temperature range of 300 °C and controls the
particle size of AgNPs alone without changing
the solvent (Chen et al. 2007). AuNPs of size
range 75 + 10 nm have also been prepared by
reduction of Au ions in neat ethylene glycol. This
reaction occurred without addition of any exter-
nal reducing agent and it gets accelerated on
addition of NaOH (Nalawade et al. 2012). The
synthesis of CuNPs has also been done by polyol
method using copper acetate as metal precursor,
hydrazine as reductant, PVP as stabilizer under
aerobic atmosphere (Dementeva and Rudoy
2012).

Three mixing strategies such as stirred batch,
T-mixer and impinging free jets have been used
to study their effect on the particle morphology
of ZnO NPs synthesized via a polyol process
(Hosni et al. 2015). The fascinating benefit of a
polyol process is its capacity to produce hydro-
philic Fe,O3; NPs of greater magnetization and
controllable secondary structures in just a single
step (Couto et al. 2007). For the formation and
morphology evolution of a series of magnetic
Fe,;O3 NPs clusters and porous NPs, two polyols
namely ethylene glycol and 1,2-propylene glycol
were used as a solvent with different reductive
abilities (Cheng et al. 2011).

3.3.7 Microemulsion

Microemulsions mainly consist of three compo-
nents polar phase, non-polar phase and a sur-
factant. The microemulsions possess some
specific properties like large interfacial area,
ultra-low surface tension, high thermodynamic
stability, and the ability to solubilize both
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aqueous and oil based compounds. Two types of
microemulsions are (a) oil-in-water microemul-
sion (o/w) which is formed when the droplets of
oil are dispersed in the water and (b) water-in-oil
microemulsion (w/o) consists of nano-sized
water droplets dispersed in a continuous phase
of oil. These microemulsions are further stabi-
lized by the surfactant molecules present at the
interface of polar and non-polar compounds. The
water-in-oil microemulsion is also termed as
reverse micelle because the surfactant molecules
containing the polar part are attracted by the
aqueous phase towards inside while the
non-polar part of hydrocarbons is directed out-
side by the attraction of non-aqueous phase
(Malik et al. 2012). The parameters affecting the
size of nano-droplets include different kinds of
stabilizing agents, content of precursor molecule,
the continuous phase and the molar ratio of water
to surfactant. Additionally, temperature, pres-
sure, reagent concentration and types of salts
have been found to affect the stability of
microemulsions formed (Zielinska-Jurek et al.
2012).

AgNPs synthesis has been reported by a
microemulsion technique using H, reducing
agent in toluene supercritical CO, microemulsion
system (Lu and An 2015). AuNPs have been
prepared by the same method (Hernandez et al.
2004). CuNPs synthesis by the reduction of
copper ions in CuCl, solution in triton X-100,
n-hexanol and cyclohexane w/o microemulsion
has been done using NaBH, as a reducing agent
(Qi et al. 1997). ZnO NPs have been synthesized
by a reverse microemulsion system of sodium bis
(2-ethylhexyl)sulfosuccinate:glycerol:n-heptane
(Yildirim and Durucan 2010). The synthesis of
crystalline TiO, NPs of size 4.2 nm has been
performed by water-in—oil-type microemulsion
method where titanium tetrachloride was dis-
solved in organic phase and another reactant
ammonium hydroxide in aqueous media (Kes-
wani et al. 2010). Fe,O3 NPs have been prepared
using w/o microemulsion using n-heptane as oil
phase, water and AOT as the surfactant with
FeCl; as a starting material and ammonium
hydroxide as a precipitating agent (Wongwai-
likhit and Horwongsakul 2011).
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3.3.8 Biological Synthesis

Recent trend has adopted the use of bacteria,
fungus, actinomycetes, plant and plant parts for
the synthesis of metal and metal oxide NPs.
Biological approach is environmental friendly,
non-toxic and relatively cheap. Also, this
approach does not involve the use of any harmful
chemicals as well as no energy intensive process
is required for the synthesis purpose.

3.3.8.1 Bacteria-Mediated Synthesis

The use of micro-organisms for the NPs syn-
thesis purpose is found to be easy, economical
and eco-friendly. AgNPs have been synthesized
intracellularly and extracellularly using Bacillus
strain CS11. For this, AgNOj solution was added
to the nutrient broth-containing bacterial biomass
and incubated for 72 h at room temperature in
the presence of light. The change in colour of the
medium from pale yellow to brown has indicated
the formation of AgNPs. The mechanism for the
bioreduction of silver ion to AgNPs is still
unclear. Although, it is considered that some
enzymes like nitrate reductase secreted by the
microbes are responsible for the reduction (Das
et al. 2014). AgNPs can also be synthesized by
adding AgNOs5 solution to the supernatant of
bacterial cultures of Bacillus subtilis, Lacto-
bacillus acidophilus, Klebsiella pneumoniae,
Escherichia coli, Enterobacter cloacae and Sta-
phylococcus aureus, etc. The extracellular
metabolites excreted by the cultures reduce the
silver ions into AgNPs in the presence of light
(Minaeian et al. 2008).

The biosynthesis of AuNPs has been reported
from Pseudomonas aeruginosa and Rhodopseu-
domonas capsulate whereby the cell free super-
natant of these two strains is mixed with
hydrogen tetrachloroaurate, indicating the colour
change of solution to purple or red wine, further
confirming the formation of AuNPs. The pH of
the solution is the deciding factor for the shape
and size of NPs. At pH 4 and 7, nanoplates and
spherical NPs of size range 10-20 nm have been
formed, respectively (Singh and Kundu 2013).
Cubic AuNPs were developed when a filamen-
tous cyanobacterium, Plectonema boryanum
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UTEX 485 reacted with aqueous Au (8203)37
solution at 25-100 °C for 1 month and octahe-
dral AuNPs were formed after reacting AuCl, at
200 °C for one day (Lengke et al. 2006). A mi-
crobial approach has been used for the synthesis
of CuNPs by incubating CuSO, - 5H,0 solution
with the cell pellet and cell-free supernatant of
Pseudomonas  fluorescens.  Spherical- and
hexagonal-shaped NPs of 49 nm were formed
(Shantkriti and Rani 2014). The supernatant of
another bacterial culture Salmonella typhimurium
was incubated with aqueous solution of copper
nitrate to form CulNPs of size 49 nm (Ghorbani
et al. 2015). TiO, NPs (66-72 nm) have been
synthesized by B. subtilis using titanium as a
precursor (Kirthi et al. 2011). The strains of
Magnetospirillum magneticum produce either
Fe;O4 magnetic NPs in chains or Fes;S, (greig-
ite), while some other strains produce both types
of NPs (Roh et al. 2001). Another facile and
biocompatible route has been developed to syn-
thesize CdSe QDs using E. coli cells as a matrix.
QDs extracted from such cells showed a surface
protein layer which has improved the biocom-
patibility of QDs (Yan et al. 2014).

3.3.8.2 Fungus-Mediated Synthesis
The use of fungal species has also been reported
for the formation of AgNPs. The fungus-
mediated formation of AgNPs is based on the
mechanism that the fungal cells trap Ag ions on
its surface followed by the reduction with the
help of released enzymes. The fungal species
Aspergillus terreus has also been reported earlier
leading to formation of AgNPs by extracellular
nicotinamide adenine dinucleotide dehydroge-
nase (NADH)-dependent reductase enzyme (Li
et al. 2012a). Extracellular biosynthesis of
AgNPs by the use of Fusarium oxysporum is
based on the reduction of metal ions by
nitrate-dependent reductase enzyme and shuttle
quinone process (Duran et al. 2005). Fungi pro-
duce large amounts of AgNPs as compared to
bacteria due to the secretion of a large number of
proteins by a fungus.

Phanerochaete chrysosporium (fungal myce-
lium) was treated with HAuCl, under ambient
conditions to form AuNPs within 90 min by the
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protein secreted by fungus itself. The extracel-
lular and intracellular production of AuNPs was
due to the secretion of enzymes lacase and
ligninase by fungus, respectively (Sanghi et al.
2011). Verticillium species of fungus has also led
to the formation of AuNPs by the reduction of
aqueous AuCl, ions (Mukherjee et al. 2001).
The enzymes present within the cell wall of fungi
are known to reduce the ions. A species specific
NADH-dependent reductase, released by F.
oxysporum has also been used for the reduction
of AuCl, ion to AuNPs (Mukherjee et al. 2002).
Fungi, such as Penicillium sp. and F. oxysporum
strains have also been reported to biosynthesize
CuO and Cu,S NPs. Another fungus known as
Stereum hirsutum has been known for the for-
mation of Cu and CuO NPs (Cuevas et al. 2015).
The synthesis of Cu or CuO NPs can lead to
different surface plasmon resonances
(SPR) which are formed due to the strong cou-
pling between incident electromagnetic radiation
and surface plasmon in metal NPs.
Spherical-shaped ZnO NPs of size range 54.8—
82.6 nm have been synthesized extracellularly
using the fungal strain of A. ferreus (Baskar et al.
2013). F. oxysporum and Verticiilium species
were able to form iron oxides mainly Fe;O,4 by
hydrolyzing the precursor ions extracellularly
(Bharde et al. 2006). The fungus F. oxysporum
has been reported to synthesize CdTe QDs
extracellularly. Stabilizing agents were not
required because the formed QDs have already
been capped by a natural protein (Syed and
Ahmad 2013).

3.3.8.3 Actinomycetes-

and Yeast-Mediated

Synthesis
AgNPs have been developed using soil actino-
mycetes namely  Streptomyces  sp. and
Rhodococcus sp. (Abdeen et al. 2014; Sami-
nathan 2015). Thermomonospora, an extremo-
philic actinomycete, was also found to reduce Au
ions to AulNPs extracellularly. The harvested
biomass was added to solution of chloroauric
acid and kept in dark for the synthesis of
monodisperse AuNPs whereby enzymatic pro-
cesses were found to be responsible for the



54

reduction of metal ions and stabilization of
AuNPs. The proteins secreted by actinomycetes
biomass act as capping agents for the stabiliza-
tion of AuNPs (Sastry et al. 2003). The biomass
of other actinomycetes, Streptomyces viridogens
has also been added to chloroauric acid solution,
and colour of biomass changes to pink within
24 h indicated the formation of AuNPs within
the cells. These synthesized AuNPs possess
anti-bacterial activity against S. aureus and
E. coli (Balagurunathan et al. 2011). Yeast cells
have been reported to synthesize biocompatible
CdTe QDs of size 2-3.6 nm with easily tunable
florescence emission capacity. An extracellular
growth pathway has been found responsible for
the formation of the protein-capped CdTe QDs
(Bao et al. 2010).

3.3.8.4 Plant-Mediated Synthesis

A variety of plant parts and their extracts have
been used to synthesize AgNPs. The sun-dried
mass of Cinnamomum camphora leaf extract has
been reported to form spherical AgNPs. The
polyol component and the water-soluble hetero-
cyclic compounds present in the leaf extract
could be responsible for the reduction of silver
ions and their stabilization (Huang et al. 2007).
The extracellular enzymatic synthesis of AgNPs
has been obtained when geranium (P. grave-
olens) leaf extract was exposed to AgNOj solu-
tion. The terpenoids, proteins and other
bio-organic compounds in leaf broth were the
causal agents for the reduction of Ag ions and
their stabilization (Shankar et al. 2003). The
methanolic extract of Eucalyptus hybrid (safeda)
was also found to synthesize AgNPs of 50—
150 nm. The particles formed were stabilized by
flavonoids and terpenoids of the plant extract
(Dubey et al. 2009). Syzygium cumini leaf and
seed extract has been reported to synthesize
AgNPs due to the reduction of Ag ions by the
soluble polar constituents present in the extracts
(Kumar et al. 2010). Leaf extract of weed, Lan-
tana camara at a concentration of 5, 10 and
15 % has been used to prepare AgNPs that
showed strong anti-bacterial activity (Kumari
et al. 2014a).
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A perennial shrub, Sesbania drummondii
seedlings have been explored for intracellular
formation of monodisperse and spherical-shaped
AuNPs (Sharma et al. 2007). The use of
Coriandrum sativum leaf extract has also been
known to reduce the aqueous solution of Au
ions. The formed AuNPs (30 nm) showed sta-
bility for a month at room temperature in the
solution (Rao 2011). Green tea (Camellia
sinensis) has also been used to synthesize AuNPs
(Vilchis-Nestora et al. 2008). Increasing the
amount of tea extract used, NPs of spherical
shape and bigger size were formed. The caffeine
and theophylline present in tea extracts were
found to be responsible for synthesis whereas the
phenolic compounds were responsible for the
stabilization of AuNPs. AuNPs of hexagonal and
triangular shape with size range 200-500 nm
have been synthesized using pear fruit extract.
The bioreduction of chloroaurate ions to AuNPs
was due to the presence of saccharides in the
fruits (Ghodake et al. 2010). Dried clove buds
(Syzygium aromaticum) solution has also been
used to synthesize extracellular Au nanocrystals.
The flavonoids present may be responsible for
the bioreduction as well as stabilization of NPs
(Raghunandan et al. 2010).

The aqueous solution of CuSO, - SH,O when
treated with leaf extract of Magnolia kobus, has
produced stable CuNPs of size range 40—100 nm
(Lee et al. 2011). Stem latex of medicinal plant,
Euphorbia nivulia has been used for the extra-
cellular production of CuNPs. The terpenoids
and peptides present in the latex act as stabilizing
and capping agents for the formation of NPs
(Valodkar et al. 2011). ZnO NPs were prepared
from leaf extract of Aloe vera using zinc nitrate
as metal salt precursor (Gunalan et al. 2012).
Fe;04 NPs have been synthesized using a fast,
one-step and completely green biosynthetic
method by the reduction of ferric chloride solu-
tion with the aqueous extract of brown seaweed
(Sargassum muticum). The sulphated polysac-
charides present in the seaweed have acted as the
reducing agent and efficient stabilizer (Mahdavi
et al. 2013). MnO, NPs were formed by the
reduction of salt potassium permanganate using
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leaf extract of plant Kalopanax pictus at room
temperature (Moon et al. 2015).

3.4 Effect of Shape, Size
and Surface Chemistry of NPs
on Their Properties
and Biological Behaviour

To study the effect of size, shape and surface
chemistry on the properties of NPs, it is neces-
sary to estimate the size, shape and morphology
of particles through multi-scale characterization
of NPs using high-throughput instruments. NPs
shape and size are determined by scanning
electron microscope (SEM), transmission elec-
tron microscope (TEM) and atomic force
microscope (AFM). The hydrodynamic size and
surface charge of nanomaterials are calculated by
dynamic light scattering (DLS) and zeta poten-
tial. Other structural attributes of NPs are mea-
sured by spectroscopic techniques like UV—Vis
spectroscopy, Fourier transform infra red spec-
troscopy (FTIR), mass spectroscopy and
matrix-assisted laser desorption ionization
(MALDI). A detailed description of characteri-
zation techniques used for measuring structural
attributes of NPs is provided in Chap. 2.
Variation in shape, size, surface chemistry,
morphology and surface charge of nanostructures
tends to impart a great change in the properties of
NPs and ultimately their behaviour in the bio-
logical systems. As mentioned above under the
heading of “synthesis of metal NPs”, it can be
clearly observed that the use of different syn-
thesis methods, synthesis parameters and use of
different metal salts have an influence on the size,
shape and morphology of nanomaterials. Few
literature reports have described the influence of
size of NPs on the properties which are men-
tioned in details in Chap. 7. The effect of dif-
ferently shaped CdSe (rods, dots, branched and
hyperbranched) on the morphology, surface
characteristics and optical properties has been
described. The aerogels formed from rod-shaped
and branched QDs exhibit greater surface area
whereas hyperbranched QDs exhibit lesser
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surface area. The rod-shaped and branched QDs
possessed better porosity and strength (Yu and
Brock 2008). Another independent study has
been carried out to explain the effect of
different-sized AuNPs on their absorption and
scattering properties. Increase in the size of
AuNPs from 20 to 80 nm has further increased
the magnitude of extinction as well as the
extinction scattering. The nanorods of AuNPs
having smaller size show better cellular uptake as
compared to nanoshells or nanospheres of
AuNPs (Jain et al. 2006). The effect of particle
size, shape and surface charge on therapeutic
action of brain and retinal disease has been
described. All of these factors play a role in
deciding the in vivo fate of NPs to cross the
biological barriers, stability inside the body,
clearance by phagocytes, tendency of their
binding to a target organ and ultimately pene-
tration inside the cells (Jo et al. 2015). For the
detailed study on this topic, reading of Chap. 7 is
advisable. So, the designing of NPs structure and
shape is a very critical step which should be kept
in mind before depicting its role in imaging,
therapeutics and other biomedical applications.
The use of surface modifying agents to alter the
behaviour of NPs in the biological milieu also
affects the properties of NPs to a greater extent.

3.5 Maedical Prospects of Metallic
Nanoparticles

Out of plethora of applications, metallic NPs
including MNPs and semiconductor NPs are
versatile agents for utility in biomedical pro-
spects such as diagnostics, cancer targeting, dis-
ease treatment, anti-microbial activity, tissue
engineering and many more. Additionally, the
nanotechnology-based approaches are also ben-
eficial in diagnostic as well as therapy simulta-
neously. The term ‘theranostics’ has been
explored for the unique properties of NPs pos-
sessing better penetration of therapeutic moieties
and tracking within the body so as to allow a
more efficient therapy with a reduced risk in
comparison to conventional therapies.


http://dx.doi.org/10.1007/978-981-10-0818-4_2
http://dx.doi.org/10.1007/978-981-10-0818-4_7
http://dx.doi.org/10.1007/978-981-10-0818-4_7
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3.5.1 Disease Diagnostics

3.5.1.1 Imaging

Imaging of live whole cells with the help of
microscopic techniques gives information about
the anatomical structures of cells and tissues
required in diagnostics. A variety of NPs have been
designed to absorb visible light in the near-infrared
region (NIR) to be used for in vivo imaging of
biological tissues. Imaging mainly includes com-
puted tomography (CT), magnetic resonance
imaging (MRI), optical imaging, positron-emission
tomography (PET), photo-acoustic tomography
(PAT), single-photon-emission computed tomog-
raphy (SPECT) and ultrasound (Massoud and
Gambhir 2003). The principle of MRI is based on
nuclear magnetic resonance together with the
relaxation of proton spins in a magnetic field which
is used to visualize MNPs in the tissues (Brown and
Semelka 2003). The contrast enhancement in MRI
is produced due to the interaction between the
contrast agents and neighbouring water protons,
which is affected by intrinsic and external factors
like density of protons and MRI pulse sequences.
CT is a routinely used high-resolution medical
imaging technique which provides 3D tomography
knowledge of the internal structures on the basis of
absorption of X-rays by the tissues.

Metal NPs, particularly Au and Ag have been
found of wide applicability in diagnostics due to
SPR effect and surface-enhanced Raman spec-
troscopy (SERS) properties (Kneipp et al. 2010).
Such NPs have led to the development of
nanoprobes used for imaging because of excel-
lent features of size range (<100 nm), enhanced
surface area and different behaviours from their
bulk counterpart (Na et al. 2009). The discrete
gadolinium complexes conjugated to AgNPs
(10 nm) have been prepared as contrast agents
(Siddiqui et al. 2009). The two new complexes
formed as [Gd(DTPA-bisamido cysteine)]27 and
[Gd(cystine—NTA)z]} undergo chemisorption
by thiol or disulfide groups to the particle surface
to develop a novel contrast agent for MRIL
Decahedral AgNPs have been used as sensor for
targeted cell imaging based on fluorescence res-
onance energy transfer (FRET) phenomenon. Ag
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nanomaterials have the effect of metal-enhanced
fluorescence (MEF) on nearby fluorophores, and
due to this MEF effect, the emission intensity of
fluorophores increases.
Fluorophore-functionalized aptamers
(Sgc8-FITC) bound to decahedral AgNPs show
enhanced fluorescence intensity of FITC due to
the presence of AgNPs. The developed sensor
based on AgNPs was found to be highly sensitive
and specific for target cell imaging (Li et al.
2015).

Kim et al. (2007) have developed PEG-coated
AuNPs (30 nm) as a contrast agent for in vivo
X-ray CT imaging. Intravenous injection of these
coated AuNPs into hepatoma bearing rats
showed a twofold high contrast between hep-
atoma and normal liver cells confirming the use
of PEG-coated AuNPs as a CT contrast agent for
hepatoma imaging. Earlier some problems of
short imaging time due to fast clearance of con-
trast agents by kidneys were faced with the use of
iodine based compounds in CT imaging. The use
of AuNPs as contrast agent in CT imaging has
overcome these limitations. In the same way,
AuNPs functionalized with gadolinium chelates
have been used as high-relaxivity MRI contrast
agent (Moriggi et al. 2009).

The 80-90 nm-sized self-assembled Cu
neodecanoate NPs have been reported for the
first time as a contrast metal for near-infra red
detection of sentinel lymph node using PAT (Pan
et al. 2012). These NPs showed a sixfold increase
in signal sensitivity when compared to blood, a
natural absorber of light. The clinical applica-
tions of these CuNPs may replace sentinel lymph
node biopsy in the near future. Another report
described that red fluorescent ZnO NPs conju-
gated with Cu and a monoclonal antibody
(TRC105) could serve as multimodality tumour
imaging agents in applications of PET imaging
and fluorescence imaging of tumour vasculature
(Hong et al. 2015). The alloy NPs, FePt of 3, 6
and 12 nm in diameter have been developed as
dual modality contrast agent in both MRI and CT
imaging due to the excellent magnetic power and
stability properties associated along with high
capacity of X-ray absorption (Chou et al. 2010).
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MNPs have also been used as MRI contrast
agents because of their magnetism, nanoscale
size, low toxicity and biocompatibility. Some of
these NPs possess higher relaxivity, higher
magnetization and different types of magnetism
based on their core-shell structure and even
functional aspects. Zeng et al. (2012) have
demonstrated the use of  ultra-small,
water-soluble iron oxide NPs (Fe3;0,4, ZnFe,0,4
and NiFe,04 NPs) synthesized in aqueous solu-
tions, as T1-weighted contrast agents for MRL
These ultra-small MNPs have possessed strong
T1-weighted relaxation and weak T2 relaxation
properties. In another approach, Walter et al.
(2014) have shown the effect of size and com-
position of iron oxide NPs to tailor MRI. Iron
oxide NPs of spherical, cubical and octopod
shapes have been synthesized by thermal
decomposition method. The spherical iron oxide
NPs have displayed high in vitro and in vivo
MRI properties at very low concentrations
whereas cubical-shaped NPs showed positive
contrast for T1 weighted images and negative
contrast for T2 weighted images confirming the
use of these iron oxide NPs as high contrast
agents in MRI (Walter et al. 2014).

Semiconductor QDs serve as potential candi-
date in imaging for the diagnostic purposes as
they have possessed the fascinating optical and
electronic properties of intense brightness and
stability against photo-bleaching. These semi-
conducting polymer NPs serve as contrast agents
for PAT molecular imaging which can even
produce stronger signals than AuNPs, thereby,
permitting  the  whole-body  lymph-node
photo-acoustic mapping in living mice at a low
systemic injection mass (Pu et al. 2014). Semi-
conductor CuS NPs have been reported for use in
PAT molecular imaging to visualize the mouse
brain after intracranial injection and also possess
the potential for molecular imaging of breast
cancer. The strong absorption at 1064 nm by
CuS NPs has suggested the possibility of these
candidates as contrast enhancement agents for
PAT (Ku et al. 2012). Another functionalized
QDs of [**Cu]CulnS/Zn$S have been synthesized
with excellent radiochemical stability and con-
trollable cerenkov luminescence. These agents
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can serve as an efficient PET and optical imaging
agents (Guo et al. 2015). A water dispersible Si
NPs of 2 nm mean diameter with quantum yield
of 0.21 have been synthesized to serve as novel
candidates for lifetime fluorescence imaging of
living cells. These developed NPs also possess
the characteristics of high photo-stability, pH
stability, as well as non-toxic to biological enti-
ties (Wang et al. 2014Db).

3.5.1.2 Cancer Detection

Cancer or tumour detection at an early stage may
decrease the chances of tumour progression and
helps to get successful treatment so as to provide
quality life to patients. In order to detect or
diagnose the tumour at initial stages, it is
essential to detect certain tumour markers, mac-
rophages or circulating tumour cells to have
information of cancer screening and diagnosis.
During early phases of disease, determination of
cancer tissue-specific biomarkers at ultra-low
levels requires numerous strategies which take
into consideration the usage of various bio-
nanocomposites with high content of specific and
sensitive detection tags for signal tracing (Du
et al. 2010). The nanotechnological approaches
are appropriate to design certain functionalized
nanoscale materials to play a real role in cancer
diagnosis as compared to conventional
chemotherapeutic agents.

Metallic NPs have been proven as one of the
astonishing nanomaterials for cancer detection
because of their size, shape, composition, easy
preparation, light absorbance and scattering
potential and size-dependent optical properties.
Metal NPs particularly, Ag and Au have the
capacity to scatter light in the wavelength of
visible and NIR upon the excitation of their SPR.
The scattering light intensity is highly sensitive
to the size and aggregation of NPs. An attempt
has already been made to use AgNPs-based
SERS to analyze and screen human blood plasma
to develop a simple and label-free blood test for
oesophageal cancer detection which proved a
great potential of these AgNPs for improving
cancer detection and screening (Duo et al. 2014).
A different study by Lin et al. (2011) has
developed a promising, label-free, non-invasive



58

tool to detect and screen malignant cells for
cancer by mixing blood plasma-isolated total
serum proteins with AgNPs having SERS effect.
Another novel functional carbon nanotube
(CNT)/AgNP nanohybrid has been demonstrated
as a trace tag for the ultra-sensitive detection of
tumour markers by using single vessel in situ
deposition of AgNPs on carboxylated CNTs and
their subsequent functionalization with strepta-
vidin (Lai et al. 2011).

Spherical-shaped AuNPs have been reported
as optical probes for the detection of prostate
cancer biomarkers using immunoassay. AulNPs
of diameter 37 nm have been conjugated to
anti-prostate specific antibodies for detection
purpose (Liu et al. 2008). AuNPs (~35 nm)
have been conjugated to  monoclonal
anti-epidermal growth factor receptor (EGFR) for
the detection of oral epithelial live cancer cells.
The differences in SPR scattering and absorption
imaging between cancerous and non-cancerous
cells have made the technique useful in cancer
diagnostics (El-Sayed et al. 2005). Similarly,
citrate-capped AuNPs have been used as candi-
dates for the detection of early stage cancer
through the blood test. AuNPs mixed with blood
serum of cancer patients have formed protein
corona on their surface due to adsorption of
proteins from the blood serum. The quantifica-
tion of immunoglobulin G (IgG) present in the
protein corona attached on the surface of AuNPs
shows increased concentration of IgG which
further revealed that IgG has been formed in
cancer patients as a mechanism of auto-defence
by the immune systems of patients. This devel-
oped blood test through the use of AuNPs is
quiet simple, low cost enabling the early stage
tumour detection and risk assessment (Zheng
et al. 2015). Novel bimetallic Ag—Au nanos-
tructures have already been synthesized in the
presence of deoxyribonucleic acid (DNA) which
acted as SERS-active substrates and exhibited
great enhancement signals to show response for
the detection of carcinoembryonic antigen (Yang
et al. 2009).

A colorimetric assay based on iodide respon-
sive Cu—Au NPs has been constructed for highly
sensitive detection of cancer cells. The developed
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bimetallic NPs platform possess the capacity to
chemically absorb iodine as well as the ability to
modify biomolecules which could help in colori-
metric detection of target cancer cells by inducing
achange in concentration of Cu—Au NPs (Ye et al.
2015). MNPs are highly sensitive and selective for
diagnostic purposes. Also, problem of magnetic
background does not exist with the use of these
NPs as biological samples do not exhibit any vir-
tual magnetic background. Monoclonal antibody
coupled to fluorescent-magnetic-biotargeting
multi-functional nanobioprobes has been devel-
oped for diagnosis as well as for isolation of single
type of target tumour cancer cells from a mixed
sample. These developed nanobioprobes serve to
detect and isolate tumour cells even at an ultra-low
concentration of 0.01 % in mixed sample within
just 25 min with high sensitivity and specificity at
an early stage (Song et al. 2011). Yuan et al.
(2013) have also created photoactive core—shell
Fe;0,@TiO, detection NPs conjugated with
EGEFR for high-resolution X-ray imaging of NPs
for detection of cancer in HeLa cells. A rapid and
sensitive nano-sensor based on conjugation of
biotin-labelled aptamer with the
streptavidin-coated iron oxide MNPs has been
constructed for cancer detection. Aptamer possess
the ability to specifically recognize and bind the
target cancer cell whereas large surface area of
MNPs can easily accommodate large number of
aptamers that could help the clinicians to accu-
rately identify the cancerous cells at single-cell
level or molecular level (Bamrungsap et al. 2012).

The development of novel QDs protein
microarray system has been reported for appli-
cations in detection of cancer markers. QDs offer
the property of photo-stability and brightness
whereas protein microarrays allow the quantifi-
cation of particular proteins by low-cost, rapid
and low sample volume enabling this multi-
plexed assay to be used as a powerful tool for
cancer diagnostics as well as biomarker analysis
(Zajac et al. 2007). The semiconductor NPs are
used in diagnosis mainly due to the principle of
electron transfer and energy transfer. A multi-
plexed detection system based on goat
anti-mouse IgG secondary antibody conjugated
to CdTe/CdS QDs have been synthesized for the



3 Metallic Nanoparticles, Toxicity Issues ...

sensitive and selective detection of cancer
biomarkers in two clinical cancer diagnostics
such as sandwich and reverse phase immunoas-
says (Hu et al. 2010). Another very sensitive
electrochemiluminescence (ECL) approach based
on AuNPs-enhanced ECL of CdS nanocrystal
film has been devised, which was further sup-
plemented by magnetic separation for the detec-
tion of HL-60 (human promyelocytic
leukaemia cells) (Zhang et al. 2012a). This
approach was used to detect HL-60 cancer cells
in a range of 20-1.0 x 10° cells/mL. Highly
biocompatible and photoluminescent QDs of
stable CulnS,/ZnS@SiO, NPs were embedded
into silane micelles for the development of
CulnS,/ZnS @Si0O, NPs with NIR emission and
quantum Yyield of 30-50 %. Holo-transferrin has
also been bioconjugated to these NPs for targeted
live cancer cell imaging by these NIR emitter and
robust NPs (Foda et al. 2014).

3.5.2 Disease Therapy

3.5.2.1 Anti-microbial Activity

The anti-microbial agents are those that kill or
dampen the growth of microbes such as bacteria,
fungus, algae, etc. The emergence of infectious
diseases poses a great threat to human health
mainly occurring due to antibiotic resistant
micro-organisms. Due to the overuse of antibi-
otics, micro-organisms become resistant to various
commonly used anti-microbial agents. Nanotech-
nological advances are used to synthesize
anti-microbial NPs with different shapes and sizes
to control the bacterial growth to a benchmark
level. NPs are seeker of great attention in various
fields but mainly medicines as the functionality of
NPs is based on particle size. The ability to easily
manipulate or control the dimensions of NPs has
created the opportunities for the development of
new nanotechnology-based anti-microbial agents.
NPs possessing anti-microbial activities are widely
applicable in various biomedical applications such
as their use as a material in wound dressings as
well as for the prevention of microbial infections
leading to outbreak of deadly diseases.
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A variety of metallic NPs and metal oxides
including Ag, Au, Cu, Ti and Zn are known to
inhibit the growth of several species of bacteria,
fungi and viruses. The inhibition of bacterial
growth is influenced by factors such as the size of
NPs, concentration used and their stability.
Smaller sized NPs have been observed for more
bacterial inhibition (Kumari et al. 2014a). The
size of bacterial cell is in micrometre range and
their membrane pores are in nanometre dimen-
sions. Hence, use of NPs of size smaller than
bacterial pores would be better choice to kill
them. The small-sized metal NPs can cross the
bacterial cell membrane and enter the cell to
destroy the proteins thus leading to hampering of
bacterial growth (Prabhu and Poulose 2012).

Krishnaraj et al. (2010) have checked the
anti-microbial action of biosynthesized AgNPs
from the leaf extract of Acalypha indica and
reported that the synthesized NPs of size 20-
30 nm at a minimum inhibitory concentration
(MIC) of 10 pg/ml showed inhibitory activity
against E. coli and Vibrio cholera. Similarly,
AgNPs of variable shapes synthesized by L.
camara LE showed strong anti-bacterial activity
against E. coli at MIC of 50 pg/ml (Kumari et al.
2014a). Hydrophobic and cation-functionalized
AuNPs have exhibited a strong bactericidal
activity against both the Gram-negative and
Gram-positive multiple drug resistant bacteria (Li
et al. 2014). It has been demonstrated that the
attachment of ligands and surface chemistry
played a deterministic role in anti-microbial
activity of these AuNPs. AuNPs and AgNPs
have also been reported for anti-bacterial activity
against E. coli and BCG bacteria. The changes in
surface properties of AuNPs have exhibited a
change in inhibitory activity of AuNPs. These
AuNPs and AgNPs can act as anti-TB compounds
for potential biomedical applications (Zhou et al.
2012). CuNPs also have great prospective to act as
anti-microbial agents. The anti-microbial activity
of CuNPs synthesized using polyol method has
been evaluated against bacteria such as Micro-
coccus luteus, S. aureus, E. coli, K. pneumoniae
and P. aeruginosa, and against fungus like
Aspergillus flavus, Aspergillus niger and Candida
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Table 3.1 Different types of metallic NPs showing anti-bacterial activity against broad spectrum of bacteria

Source or method of Type of NPs | Anti-bacterial activity against microbes (zone of

NPs synthesis synthesized | inhibition in mm)

Tinospora cordifolia AgNPs P. aeruginosa (10-21)

Ochrobactrum AgNPs Salmonella typhi (14), Salmonella paratyphi (15),

anthropi V. cholera (16), and S. aureus (15)

Planomicrobium sp. AgNPs B. subtilis (17), Klebsiella planticola (14), K.
pneumonia (15), Serratia nematodiphila (21), and
E. coli (21).

Escherichia coli AgNPs B. subtilis (18), K. pneumonia (20), E. coli (15),
P. aeruginosa (15), and S. aureus (13)

Ananas comosus AuNPs BCG and E. coli

Galaxaura elongate AuNPs S. aureus (13), E. coli (17), K. pneumonia
(16) and P. aeruginosa (13)

Polyol method CuNPs E. coli (26) and C. albicans (23)

Enterococcus faecalis | CuNPs E. coli (25), K. pneumonia (18), and S. aureus (25)

Nerium oleander CuNPs S. typhi (18), B. subtilus (14), S. aureus (13), K.
pneumoniae (10), E. coli (10)

Thermal CuNPs S. aureus and P. aeruginosa

decomposition

Hibiscus subdariffa ZnO NPs E. coli and S. aureus

Psidium guajava TiO, NPs S. aureus (25) and E. coli (23)

Sol-gel method TiO, NPs S. aureus, E. coli and K. pneumonia

Laser ablation method @ Fe,O; NPs S. aureus, E. coli, P. aeruginosa and Serratia
marcescens

Lawsonia Iron NPs E. coli, Salmonella enterica, Proteus mirabilis and

inermis and Gardenia S. aureus

Jjasminoides

Enterococcus sp. CdS NPs Serratia nematodiphila, E. coli, Klebsiella
planticola, Vibrio sp. and Planomicrobium sp.

Klebsiella pneumoniae | CdS and Streptococcus sp., S. aureus, Lactobacillus sp., and

ZnS NPs C. albicans
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albicans (Ramyadevi et al. 2012). MNPs and QDs
have also been observed to play as anti-microbial
agents with some surface modifications. NPs
reported for anti-microbial activity are tabulated in
Table 3.1.

The mechanistic action of anti-microbial
activity of NPs is not clearly understood. It is
hypothesized that NPs accumulate near the
microbial cell membrane and get penetrated
inside by membrane damage or through the for-
mation of pits. After entering inside the bacterial
cell membrane, NPs produce some free radicals
or interact with many proteins present inside the
bacterial cells and lead to enzyme inactivation.

These events cause the distortion of internal
environment of microbial cells and seem to be
responsible for cellular death (Prabhu and Pou-
lose 2012). The pictorial representation of
anti-microbial mechanism of NPs is shown in
Fig. 3.1.

3.5.2.2 Cancer Treatment

Most of the drugs and many methods like sur-
gery or chemotherapy are used to fight with the
cancerous cells. However, many of these are
unable to reach to the cancer cells or decipher
toxicity levels into the healthy cells (Sunderland
et al. 2006). One of the basic causes for cancer to
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Fig. 3.1 Mechanistic action of anti-bacterial activity of metallic NPs

occur in the body is over expression and over
activity of certain receptors, antigens, growth
factors or hormones such as EGFR, vascular
endothelial growth factor (VEGF), integrins,
transferrin or folate receptors. The cancerous
cells exhibit unique properties which can be
exploited for detection and treatment by using
different NPs. The treatment of cancer cells
involves the targeting of specific biomarkers or
antigens present on their surface, so that the cells
apoptise at the same place rather than getting
migrated to different places and causing damage
to the normal body cells. Researchers are trying
to design NPs in such a way so as to conjugate
various active targeting moieties to modify the
surface of nanomaterials. These efforts can make
possible targeting to cancer cells through active
penetration of NPs by binding to a ligand or any
other active compound, through sieving mecha-
nism in passive targeting and sometimes by using
the magnetic shear forces to direct the NPs inside
the body (Plank et al. 2003; Jain et al. 2005).
Metallic NPs possesses properties like selec-
tive nature, biocompatibility and smaller size to
make them amenable for surface modifications so
as to be used in cancer treatment. The small size
of NPs enhances their surface area and thus
serves to be more effective. AgNPs biosynthe-
sized by honey bee extract possess
anti-proliferative activity which revealed their

competence against colon cancer cell line
(Caco-2) at a concentration 39 pg/ml and
showed 60 % of growth inhibition in comparison
to naked AgNPs. AgNPs have been reported to
suppress the levels of Bcl-2 and surviving genes
(El-Deeb et al. 2015). Chitosan nanocarrier-
mediated delivery of AgNPs to mammalian
cells has generated oxidative stress through the
formation of intracellular reactive oxygen species
(ROS). Hence, nanocarriers led to apoptosis of
human colon cancer cells and play an important
role in cancer therapy (Sanpui et al. 2011).
A nanocarrier 50 nm size made up of AgNPs,
folate receptor, PEG, curcumin, Prussian blue
and pemetrexed have been found to enter the
cancerous cells. The folate receptors are specific
and are over-expressed on epithelial cancer cells
where AgNPs got attached to them. The whole
nano-assembly was disintegrated on application
of the electric field releasing the drug peme-
trexed, and was found effective in killing
cancerous cells (Soumya and Hela 2013). The
cisplatin-tethered AuNPs have been reported to
treat glioblastoma multiforme, the most difficult
to treat brain tumour. The cisplatin possesses
chemotherapeutic properties, whereas
spheres cause DNA damage by inducing caspase
pathway for the apoptosis of cells. On applying
the radiations, Au emits ionizing photoelectrons
and auger electrons which further act in

nano-
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mutualism with cisplatin to reduce the number of
tumour cells (Setua et al. 2014). AuNPs synthe-
sized by green chemistry route using cocoa
extract have shown NIR absorbance. The cell
death was induced through the photo-thermal
ablation of epidermoid carcinoma cells by these
AuNPs, facilitating their use as photo-thermal
therapeutic agents (Fazal et al. 2014).

CuO NPs have caused the greater cytotoxicity
to A549 cell lines (human lung adenocarcinoma)
as compared to their bulk counterparts. CuO NPs
have caused cellular death through autophagic
pathway as the autophagic biomarker named
LC3 II was found to be increased in A549 cells
upon their exposure to CuO NPs (Sun et al.
2012). CuNPs synthesized by using leaf extract
of Ficus religiosa have been proved as
anti-cancer chemotherapeutic agents against
A549 cells. The apoptotic effect of CulNPs is
mediated through the generation of ROS and
further causing the disruption of mitochondrial
membrane (Sankar et al. 2014). There are also
reports describing the anti-cancer activities of
ZnO NPs against few mammalian cell lines viz.
human hepatocellular carcinoma (HepG2), A549
cells, and human bronchial epithelial cells
(BEAS-2B) by the induction of apoptosis in
cancer cells through the generation of ROS effect
(Akhtar et al. 2012). ZnO NPs biosynthesized by
aqueous extract of brown seaweed, Sargassum
muticum have also shown cytotoxic effects
against murine cell lines. The activation of cer-
tain caspases has triggered the cell apoptosis and
facilitated the role of ZnO NPs as cancer thera-
peutic agents (Namvar et al. 2015).

MNPs serve as promising agents for the
treatment of various tumours. In an attempt
towards the use of these MNPs for cancer ther-
apy, anti-EGFR antibody was combined with
plasmonic MNPs and has been checked against
non-small cell lung cancer (NSCLC)
over-expressed EGFR. Anti-EGFR antibody has
caused the cellular death expressing EGFR
through inhibiting the EGFR-mediated signal
cascade and inducing apoptosis of the cells.
While EGFR-null NSCLC cells did not show any
response (Yokoyama et al. 2011). Johannsen
et al. (2007) have given an injection of iron oxide
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MNPs at a particular dosage for 1 h once in a
week for a period of two months to the patients
having recurrent prostate cancer and found that
NPs (20 nm) could easily enter the cancer cells
and produced heat under magnetic fields of 50—
100 kHz responsible for causing photo-thermal
death of cancer cells. The super-paramagnetic
iron oxide nanoparticle (SPION) micelles have
been synergized with [-lapachone (B-lap), a
novel anti-cancer drug and observed ten times
greater ROS stress in p-lap-exposed cells treated
with SPION-micelles as compared to cells trea-
ted with B-lap alone, resulting in increased cell
death. These SPION-micelles along with ROS
generating drugs can serve as novel NPs for the
cancer therapy (Huang et al. 2013).

Fluorescent silica shell-coated CdSe and
CdTe QD NPs have been used for the treatment
of mice melanoma cells. These QDs can rapidly
convert light energy into heat and found to be
responsible for the photo-thermal therapy of
cancer (Chu et al. 2012). In the similar way,
water dispersible copper selenide (Cu,Se)
nanocrystals of size 16 nm have been developed
which exhibited strong NIR optical absorption
and produced photo-thermal heating. After laser
irradiation at 33 W/cmz, injected Cu,Se QDs led
to destruction of human colorectal cancer cells
within 5 min of exposure due to photo-thermal
heating (Hessel et al. 2011).

3.5.2.3 Treatment of Other Diseases

Metallic NPs have been used in administration of
drug due to their properties like small size, longer
retention in the body and ability to penetrate the
cell membrane with drug encapsulated in the
core. AgNPs play a deterministic job to treat
diabetes. In an attempt to prove AgNPs as a
beneficial candidate to lower down the blood
glucose level, streptozotocin (STZ) has been
induced in rats to make them diabetic and then
AgNPs at a dose of 10 mg/kg was orally
administered which resulted in reduction of
68.2 % in the blood glucose level. AgNPs could
also increase the serum insulin level by 3 % in
the diabetic mice in comparison to diabetic mice
treated with insulin. The glucokinase activity was
enhanced by 25.8 % and there was a significant
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increase in the expression of insulin receptor A
and GLUT-2 in the diabetic rats elucidating the
role of AgNPs as anti-diabetic agent (Alkaladi
et al. 2014). AuNPs prepared using plant extract
of Gymmnemasylvestre R. Br (an anti-diabetic
plant) have been given to alloxan-induced dia-
betic wistar albino rats and their activity was
evaluated. AuNPs given at a concentration of
0.5 mg/kg body weight showed decrease in
blood glucose level, reduction in cholesterol,
triglycerides and low-density lipoprotein-c levels
and normal levels of glycosylated haemoglobin
in the diabetic mice (Karthick et al. 2014). Oral
administration of ZnO NPs has also shown their
anti-diabetic efficacy in STZ-induced type I and
type III diabetes by increasing the secretion of
insulin and decreasing the level of blood glucose
(Umrani and Paknikar 2014).

In Alzheimer’s disease, the amyloid protein
builds up in the spaces between nerve cells,
thereby inhibiting the connections between the
neurons. The effects of bare AuNPs and carboxyl
conjugated AuNPs (negatively charged) have
been observed where NPs acted as
nano-chaperones to assist repression and redirec-
tion of the amyloid fibrillization (Liao et al. 2012).
A complex of hyaluronate-AuNPs/tocilizumab
(HA-AuNP/TCZ) has been used to treat rheuma-
toid arthritis (RA). AuNPs bind to VEGF, whereas
TCZ is immunosuppressive in nature which acts
against interleukin-6 receptor and HA has lubri-
cating properties (Lee et al. 2014).

QDs offer a wide variety of advantages like
good optical properties, minimal photo-bleaching
and narrow range of fluorescence peaks. The
glucose oxidase conjugated with phosphorescent
Mn-doped ZnS quantum dots have been used for
sensing glucose. They catalyzed the oxidation of
glucose and led to the production of hydrogen
peroxide. The hydrogen peroxide quenches the
phosphorescence of Mn-doped ZnS (Wu et al.
2010). In a manner to reduce the pathogenesis of
Alzheimer’s disease, it was aimed to reduce the
production of amyloid protein by ribonucleic
acid (RNA) interference. The fluorescent
CdSe/ZnS QDs have been surface modified with
PEG. The negatively charged small interfering
RNAs (siRNAs) were then electrostatically
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adsorbed on QDs. The siRNAs have targeted f-
secretase (BACE1) and reduced the accumula-
tion of amyloid protein that has further reduced
the chances of Alzheimer’s disease (Li et al.
2012b).

3.5.2.4 Radiotherapy

The intensity of the ionizing radiations falling on
the tissue undergoes a variety of molecular pro-
cesses like Crompton effect and Auger effect.
These effects create a change in the state of
electrons and releases energy for the damage of
living cells. Water is the main component of the
cells and when the cells are exposed to these
radiations, aqueous free radicals are formed
which further react with cellular components like
proteins, DNA, and RNA and hinder normal
metabolic processes of the cell. This occurs in
both diseased as well as normal cells. So,
approaches are being developed which may tar-
get and destroy only the diseased cell and render
normal cells to be harmless by the development
of non-toxic radioprotectors (Nair et al. 2001;
Upadhyay et al. 2005).

AgNPs intricated with alpha-lipoic acid (an
antioxidant molecule) and stabilized using 1 %
pluronic F-127 have exhibited free radical scav-
enging action revealed by
2,2-diphenyl-1-picrylhydrazyl (DPPH) assays.
The anti-inflammatory activity has been specu-
lated in paw models of edema in mice. Use of
AgNPs-lipoic acid complex has protected the
mice from weight loss when exposed to gamma
radiation. The complex was also effective for
tumour growth delay when given to the mice
before any exposure to the gamma radiation.
Their  antioxidant,  radio-protecting  and
anti-inflammatory properties revealed their role
in protecting normal tissues (Ramachandran and
Nair 2011). The effect of AgNPs and their
interaction with gamma radiation (6 meV) in
breast cancer has been studied. NPs serve as
photo-absorbing agents and enhance the profi-
ciency of radiowaves in cancer therapy. Their
mode of action relies on the fact that AgNPs have
high-mass energy absorption coefficient which in
turn generate free radicals to damage cancerous
cells by DNA denaturation. Their usage has
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helped in detecting and targeting the cancer cell
simultaneously (Salih 2013).

Au has an outstanding effect in absorbing
X-rays. AuNPs hold many properties like inert-
ness, biocompatibility and low osmolality. Mice
treated with AuNPs and radiation (30 Gy)
showed 50 % long-term tumour-free survival
whereas the death of all the mice treated with
radiation alone was observed (Hainfeld et al.
2008). AuNPs of size range 57-346 nm have
been prepared by controlled reduction method.
AuNPs of 57 nm in size reduced the dose
effectiveness of radiation by 21 % and thus are
used as dose enhancer (Kamiar et al. 2013).
Similarly in another study, rats bearing glioma
have been estimated for the effectiveness of
AuNPs of sizes 1.9 and 15 nm given at a con-
centration of 50 mg/ml with energy radiations of
88 keV. It was found that rats receiving a com-
binational therapy of 15 nm AuNPs and irradia-
tion had greater survival rate in comparison to
the ones having irradiation therapy alone (Bobyk
et al. 2013). Iron-gold core-shell (Fe@Au)
MNPs could be used as a tool for imaging as well
as targeting the tumour area by applying the
magnetic field. Fe@Au NPs of average size of
70 nm were examined in human breast cancer
cell line (MCF-7). It was found that the malig-
nant cells treated with NPs have increased the
effectiveness of the radiation, thereby causing the
survival of only 33 % cells. These MNPs did not
show any cytotoxic effects (Manjili et al. 2014).
Human prostate cancer grown in male mice has
been treated with iron oxide MNPs. 5.5 mg
Fe/cm® dosage was given for 24 h and exposed
to alternating magnetic field. The combination of
iron oxide MNPs and radiation therapy has been
found to have an enhanced effect on the tumour
than the single agent therapy at the same dosage
(Attaluri et al. 2015).

Todine (**'I)-doped CuS NPs [(CuS/"*'T) NPs]
functionalized with PEG have been used for
radiotherapy and photo-thermal therapy as CuS
NPs absorb in NIR region and '*'I provide
radioactivity. Developed nano-complex can be
used to treat metastatic tumours (Yi et al. 2015).
Similarly, tungsten sulphide (WS,) QDs have
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been used as dual-model image-guided
photo-thermal therapy along with radiotherapy
(Yong et al. 2015).

3.5.2.5 Gene Therapy

Nanotechnology offers a promising technique in
the area of gene delivery for therapeutics pur-
poses. NPs used for carrying genes to specific
target regions in the body serve as important
gene delivery vehicles. Earlier, the viral vectors
were used to carry genes to the target organism
but the use of viral vectors possesses certain
limitations. Compared to viral gene delivery
approaches, non-viral gene delivery systems
have the supplementary advantages of being less
immunogenic, ability to incorporate larger genes,
easy and inexpensive to produce at large scale in
relation to viral systems (Zhang et al. 2011). The
overall ability of NPs to function as non-viral
gene delivery vectors depends upon certain fac-
tors like properties of NPs such as shape, size,
morphology and surface charge (Khalil et al.
2006).

Excellent optical properties as well as
anti-microbial activities of AgNPs make them
potential therapeutic agents for cancer treatment,
wound healing and bioimaging. AgNPs are easy
to form, have ease of control over their size and
shape along with ease of its surface modifica-
tions. Hence, these AgNPs can find a space for
their utility in other biomedical applications like
gene therapy. In a report, AgNPs prepared by
greener route have further been surface modified
using chitosan-g-polyacrylamide. Plasmid DNA
(pDNA) was bound to AgNPs to form
AgNPs-pDNA complex. The transfection ability
of AgNPs in HeLa and A549 cells has been
enhanced by immobilization of RGDS
(Arg-Gly-Asp-Ser) tetra-peptide confirming the
therapeutic efficacy of developed biofunctional-
ized AgNPs as non-viral gene delivery carriers
(Sarkar et al. 2015). AuNPs can also serve as
feasible candidates for carrying siRNAs and
genes to body cells due to their ease of synthesis,
good biocompatibility and monodispersity.
Charge reversal AuNPs have successfully deliv-
ered siRNA and pDNA to cancer cells. The
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delivered siRNA has caused the silencing of a
lamin protein present in nuclear envelop. Charge
reversed AulNPs acted as potential vectors for the
effective delivery of nuclear genes to cancer cells
for gene therapy (Guo et al. 2010). Nanocapsules
formed from polyethyleneimine (PEI)-coated
SiO, NPs as shell and Fe;0,4 as core have also
been used to deliver siRNAs to HeLa cells which
led to the down regulation of target proteins for
cancer therapy (Zhang et al. 2012b).

Anirudhan and Rejeena (2014) have devel-
oped a complex of MNPs synthesized using
aminated B-cyclodextrin-modified-carboxylated
cobalt/nanocellulose  composite (ACDC-Co/
NCC) for carrying pDNA into alveolar epithe-
lial A549 lung tumour cells. Here, nanocellulose
acted as a biotemplate for the incorporation of
NPs. The transfection efficiency of 88.2 % at
high dose of DNA has documented the role of
magnetic Co/NCC as efficient gene delivery
agents for cancer therapy. Multi-functional hol-
low manganese oxide (MnO,) NPs have been
surface functionalized using 3,4-dihydroxy-L-
phenylalanine and used for carrying siRNAs for
therapeutic action against targeted cancer cells
(Bae et al. 2011). Photostable QDs NPs serve as
suitable candidates for delivery of genes or siR-
NAs. But the use of QDs is limited for the pur-
pose of biomedical imaging and drug/gene
targeting due to their toxicity issues as most of
the QDs are composed of cadmium, tellurium
and selenium (Su et al. 2009). CdSe/ZnS semi-
conductor QDs have been used to deliver siR-
NAs for gene silencing of BACE-1 in human
neuroblastoma cell (SK-N-SH) as well as for the
reduction of fB-amyloid in nerve cells. The
resulted nano-complex has inhibited BACE-1
gene associated with Alzheimer’s disease. Such
gene delivery by the use of nanocarrier semi-
conductor QDs may serve to treat neurodegen-
erative disease (Li et al. 2012b). DNA-templated
CdS semiconductor nanocrystals have exhibited
a gene transfection efficiency of 32 % for gene
delivery to live cells (Gao and Ma 2012).
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3.5.2.6 Targeted Delivery
and Controlled Drug
Release

The development of therapeutic carriers is of
utmost importance that possesses the potential to
deliver high-drug payload to the target organs.
The design and synthesis of metal and metal
oxide NPs can easily be tailored to produce NPs
of narrow size distribution. These NPs can
encapsulate high amount of drugs for their
delivery to the diseased site. The use of NPs as
drug delivery vehicles may solve the common
problems like poor drug solubility in aqueous
media and in vivo short half-life of drug that are
generally associated with the traditional drug
delivery systems. In an attempt to use NPs as
drug delivery vectors, researchers have tried to
encapsulate drugs in NPs but the major concern
behind the use of these NPs as delivery vehicles
arises from their cytotoxicity. Research
throughout the global world is being carried out
to develop novel delivery vehicles based on these
NPs with reduced or minimal cytotoxicity.

Metal NPs are greatly employed in the drug
delivery applications as they have large surface
area which can be easily modified to attach various
ligands or specific biomarkers for cell targeting.
An anti-cancer drug doxorubicin (DOX) has been
encapsulated in folic acid (FA) protected AgNPs
(23 + 2 nm) for its delivery to cancer cells. FA
helps in the targeted delivery to cancer cells as
these cells express folate receptors on their sur-
face. After 8 h of incubation with DOX-
containing AgNPs, the cancer cells underwent
death due to release of DOX from NPs (Wang et al.
2012). Similarly, glutathione-stabilized AuNPs
have been used as drug delivery agents for the
targeted delivery of chemotherapeutic platinum-
containing drugs (cisplatin, oxaliplatin and car-
boplatin) to neuropilin (1) receptors of prostate
cancer cells (Kumar et al. 2014). Du et al. (2014)
has also developed DNA-DOX conjugates of
AuNPs as a specific and effective therapeutic agent
for neuroblastoma.



66

MNPs of Fe;O4 coated with PVA have been
encapsulated with DOX and showed up to 45 %
of adsorbed drug release in 80 h confirming the
role of MNPs as efficient drug delivery vectors
(Kayal and Ramanujan 2010). Iron oxide MNPs
(8-10 nm) coated with antracyclinic antibiotic
violamycine B1 has been tested for its
anti-tumour activity against the breast adenocar-
cinoma cell line MCF-7. The drug-loaded NPs
were internalized into cell cytoplasm by endo-
cytosis and induced apoptosis in the tumour cells
(Marcu et al. 2013). Another kind of MNPs of
mesoporous cobalt ferrite (CoFe,O,4) decorated
with FA has been encapsulated with methotrex-
ate and DOX (anti-cancer drugs). The
drug-loaded NPs exhibited cytotoxicity and
induced apoptosis in HeLa cells demonstrating
their role as drug delivery vehicles (Mohapatra
et al. 2011). Multi-functional SiO, NPs have
been surface modified with PEG and function-
alized with adamantine and FA. Release of
encapsulated drug, DOX has been triggered by
acidic endosomal pH after the endocytosis of
NPs. This has demonstrated the utility of these
NPs in controlled and targeting drug release
(Zhang et al. 2012b). QDs of CdTe stabilized by
glutathione have been encapsulated with DOX
and further decorated with FA for targeted
delivery to HeLa cells. Such QDs have released
DOX at a target site as FA helped in recognition
of folate receptors present on cancerous cells
(Chen et al. 2014b).

3.5.3 Tissue Engineering

Tissue engineering or regenerative medicine lays
stress on recent technological developments to
make tissue functional in such a way that it
repairs or replaces the tissues already worn out
due to some injury or disease. Nowadays, the
alteration in cell behaviour like adhesion, loco-
motion, contraction and cytoskeletal movements
is being carried out by the nanomaterials which
have in turn increased their usage in regeneration
and orthopaedic repair. The nanofibrous struc-
tures have proved to be well-known material to
bring out the changes in bone in accordance to
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the scaffold material used (Nair and Laurencin
2008).

The Ag-coated catheter has been developed
where inert ceramic zeolite is used as a source to
bind the Ag ions on its surface. A comparison
between standard catheters and Ag-coated
catheters has been done with respect to the
infection in the blood stream. It was found that
the infection rate is less in Ag-coated catheters
than standard catheters (Wong and Liu 2010). In
joint athroplasty, infections from many types of
resistant bacteria remain a major problem. The
dentures are mainly made up of polymethyl-
methacrylate (PMMA) and possess rough surface
which facilitate the easy adherence of bacteria. In
vitro anti-bacterial and cytotoxicity study of
PMMA bone cement loaded with metallic
AgNPs, and PMMA bone cement loaded with
gentamicin has been carried out. AgNPs-loaded
form of PMMA showed bactericidal activity
against S. epidermidis, methicillin-resistant S.
epidermidis and methicillin-resistant S. aureus
while the gentamicin cement was not efficient
(Alt et al. 2004). The nanofibres of TiO, have
been impregnated with AgNPs and hydroxyap-
atite. Their strong anti-bacterial property against
E. coli and S. aureus suggested it an effective
implant material (Sheikh et al. 2010).

During the treatment of root canal, it is
important to remove the bacteria present over
there, so the material used for endodontic should
have some inbuilt anti-microbial property.
Gutta-percha is one of the frequently used
materials for filling the root cavity. The
gutta-percha encrusted with AgNPs has proven
to be successful against bacteria like Enterococ-
cus faecalis, S. aureus and E. coli (Correa et al.
2015). A hybrid of AuNPs deposited on material
similar to extracellular matrix (ECM) scaffold
has been made and tested for cardiac tissue
engineering. The cardiac cells cultured in scaf-
folds showed regeneration of the cardiac patches
and AuNPs have increased the conductance and
lessened the fibroblast proliferation (Shevach
et al. 2014). AuNPs-hydrogel complex has been
used for bone regeneration. The complex pro-
motes proliferation, viability and osteogenic dif-
ferentiation of human-derived adipose stem cells.
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AuNPs-hydrogel system can act as an implant
material for the engineering of defected bone
tissues (Heo et al. 2014). The
hydroxyapatite-copper NPs have been synthe-
sized and further modified with PEG-400 for use
in bone implant. Their anti-bacterial activity was
found to be enhanced against Gram-positive and
Gram-negative bacteria. This material was safe
against primary osteoprogenitor cells of rat and
documented their usefulness in bone transplant
(Sahithi et al. 2010). A nanofibrous scaffold of
polylactide acid (PLA), hydroxyapatite NPs and
super-paramagnetic y-Fe,O; NPs have been
synthesized. The rabbit lumbar transverse defects
were treated with this scaffold. Under the effect
of magnetic field, the MNPs produced large
amount of magnetic force in the scaffold which
led to enhanced production of osteocalcin. The
defect in rabbit was found to be healed and led to
the formation of the new ECM required for bone
repair (Meng et al. 2013).

Surface hydrophobicity can be increased by
adding metallic NPs to the organic material and
thereby the adherence to biomolecules can be
reduced. For this purpose, metal oxide NPs
(TiO, and Fe,O3) have been used on PMMA
resin. The  synthesized hybrid  metal
oxides-alginate-containing PMMA resin has
been used to perform anti-microbial assays and
proved them a boon material in dentistry
(Acosta-Torres et al. 2011). Dental resins are the
accessory restorative materials used to fill the
tooth cavities. The optical properties of the resin
should be similar to the natural tooth. The vari-
ety, shape, size determines the colour of resin
based on the principle of light like absorption,
scattering and reflection (Lim and Lee 2007).
A dental resin has been doped with CdSe/ZnS
core—shell QDs. The laser-induced fluorescence
technique has been used to check the fluores-
cence emitted by the resin. It was found that the
use of CdSe/ZnS core—shell QDs tailored the
fluorescence of the resin which could closely
match to the fluorescent properties of the natural
teeth (Alves et al. 2010). In an attempt to treat the
damage in eye by laser, bone marrow-derived
stem cells labelled with QD have been intro-
duced into the vitreous of mice. The tissue repair
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caused by the cells through differentiation of the
retinal cells, endothelial cells and pericytes was
monitored by QD (Wang et al. 2010).

3.5.4 Wound Healing and Skin Repair

Wound healing is a complex process involving
various cell and tissue lineages. The process of
healing mainly occurs through phases including
homeostasis, inflammation, angiogenesis and
ultimately epithelization and dermal remodelling.
These phases occur in sequence following one
after the other but may also overlap in time. The
wounds are categorized into few types such as
acute wound, chronic wound, burn wound, dia-
betic wound, etc. Acute wounds are those which
require a short-time period to heal whereas
chronic wounds are those where healing is
delayed or wounds are difficult to heal which
takes several months to even years for healing.
The healing and tissue repair process depends
upon various factors like age of the patient, type
of wound, nutritional status, wound size and
depth. A wide variety of nanomaterials have
applicability in wound healing dressings in these
days.

Ag has been known as a material of wound
healing from the long past historical ages. In the
modern times, AgNPs have been used in wound
dressings due to their extraordinary features of
anti-microbial activity along with large surface
area to volume ratio. The in vivo acute skin
wound healing activity of AgNPs in mice has
resulted in rapid healing as compared to standard
drugs (Akila and Nanda 2014). Even AgNPs
have been used for the treatment of burn wounds.
The topical application of AgNPs on wounded
mice skin has shown better healing efficacy than
marketed formulations (Kaler et al. 2014). The
use of AgNPs for wound healing is beneficial as
it helps in reducing inflammation as well as
modulates cytokine production required for faster
healing due to anti-inflammatory action of
AgNPs (Tian et al. 2007).

AuNPs synthesized phytochemically have
been deposited in hydrocolloid membrane for
healing of cutaneous wounds within 15 days.
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The application of this material has enhanced
collagen expression and resulted in a decrease in
matrix metalloproteinase expression. Also an
increase in VEGF and superoxide dismutase
(SOD) was found which tend to accelerate
wound healing (Kim et al. 2015). Other kind of
metal oxide NPs like ZnO NPs has been used in
composite wound dressings along with chitin
hydrogels (Sudheesh Kumar et al. 2013) as well
as alginate hydrogels (Mohandas et al. 2015).
These wound dressings revealed faster healing
by an increase in collagen deposition and ker-
atinocytes infiltration around the wound. There
are also reports on skin excision wound healing
activity of CuO NPs (Sankar et al. 2015) and
TiO, NPs (Sankar et al. 2014) in wistar rats due
to their anti-microbial nature. The results indi-
cated the faster wound contraction along with
increased rate of epithelization, fibroblast for-
mation and collagen deposition in the wounded
skin. In an independent study, the bacterial cel-
lulose incorporated with Fe;04 MNPs has been
used for treatment of chronic wounds. The
nanocomposites have been found to be biocom-
patible to human adipose stem cells in terms of
viability, cytotoxicity, proliferation and cellular
morphology (Galateanu et al. 2015).

3.5.5 Theranostics

Theranostics is an emerging field in nanomedi-
cine which takes advantage of NPs for the dual
purpose of imaging and therapy of diseases. The
nano-platforms have the capacity to load the
molecules which carry imaging and therapeutic
functions. These multi-functional nanostructures
used for disease diagnosis, drug delivery, and to
monitor the response of a given therapy will
attract the dawning era of personalized medicine.
Researchers throughout the world are engaged in
the field of theranostics to construct these kinds
of function integrated new agents. To develop
newer nano-based theranostics agents, it is nee-
ded to understand the surface chemistry of NPs
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so as to easily conjugate or load the other moi-
eties having pharmaceutical role.

Metallic NPs play a great job in theranostics
due to the convenience to manipulate their size
and shape. Moreover, some of them possess the
fluorescent properties used for imaging and
properties to generate oxidative stress due to
which these can act as anti-cancer agents for
therapeutic purpose playing the dual role in
theranostics. Mukherjee et al. (2014) have
reported that AgNPs biosynthesized using
methanolic leaf extract of Olax scandens showed
red fluorescence. The synthesized Ag nanocon-
jugates have been found to be biocompatible
towards normal cell lines and showed anti-cancer
activity against different cancer cell lines. The
authors have also reported that the red fluores-
cence of these AgNPs could be used as diag-
nostic tool for cancer detection.

Advances in nanotechnology have led its way
to produce multi-functional hollow Au nano-
spheres which can act to generate photo-acoustic
signals and also help to induce photo-thermal
ablation for therapeutics. Au nanospheres conju-
gated to RGD (Arg-Gly-Asp) peptide for target-
ing to integrin receptors that are highly expressed
on glioma and angiogenic blood vessels have
shown that photo-thermal ablation therapy has
increased the survival rate of tumour bearing mice
(Lu et al. 2011). AuNPs with PEG surface mod-
ification and then combined with radiotherapy
have possessed diagnostic and therapeutic
potential for sarcoma. PEG-AuNPs in combina-
tion with radiotherapy have enhanced CT imag-
ing whereas radiotherapy has helped to induce
tumour tissue damage by increasing unrepaired
DNA damage. This study has suggested that
AuNPs can potentially improve target imaging
and radiosensitization of tumour while minimiz-
ing dose to normal tissues thus providing more
chances of survival to animals under experimen-
tation (Joh et al. 2013). Zhang et al. (2015) have
prepared high-density CuNPs which have pro-
vided fourfold higher signals as PAT contrast
agents in NIR region than that of blood. The a,33-



3 Metallic Nanoparticles, Toxicity Issues ...

targeted CuNPs have effectively delivered Sn 2
lipase-labile  fumagillin-prodrug, a potent
anti-angiogenic therapy, under in vivo conditions.
This has set an example of a systemically targeted
drug delivery therapy with a PAT agent.

MNPs are a generation of advanced NPs
which act both as imaging as well as therapy
playing a role in theranostics. Wang et al.
(2014a) have developed a system based on iron
oxide NPs for photodynamic therapy (PDT) and
imaging of head and neck squamous cell carci-
noma. PDT is an alternate treatment to various
cancers other than chemotherapeutic agents and
involves the activation of photosensitizer through
the use of light of a specific wavelength which
further interacts with molecular oxygen to pro-
duce singlet oxygen and ROS. These species can
easily lead to tumour death mediated by apop-
tosis and necrosis. Iron oxide NPs were first
conjugated with a fibronectin-mimetic peptide
(Fmp), specific to integrin f1 and then combined
with a PDT drug, Pc 4. Targeted Fmp-IO-Pc4
NPs have induced greater inhibition of tumour
cells as compared to non-targeted [O-Pc 4 NPs in
which iron oxide NPs were not conjugated to
Fmp. This developed system of
nano-therapeutics has great potential to serve as
MRI contrast enhancement agent due to the
presence of iron oxide NPs whereas the presence
of PDT drug helps in therapy of cancer cells.
Another prior art report describes the formation
of multilayered water-soluble MNPs coated with
B-cyclodextrin and F127 polymer and encapsu-
lated with anti-cancer drug, curcumin. This has
shown good stability, enhanced cellular uptake
and sustained drug release. The developed
nano-formulation has been shown to exhibit
haemo-compatibility and hyperthermia which
can act as potential candidates as MRI contrast
enhancer as well as drug delivery agents for
cancer therapy (Yallapu et al. 2011).

Semiconductor QDs are well known for the
applications of theranostics as they help in cancer
targeting and imaging in the living cells or ani-
mals. ZnS-capped CdS luminescent QDs have
been encapsulated with an ABC triblock
copolymer consisted of a polybutylacrylate seg-
ment, a polyethylacrylate segment and a
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polymethacrylic acid segment. Developed sys-
tem was further linked to tumour-targeting ligand
and peptide Tat or polyarginine for
multi-functional applications. In vivo targeting of
these multi-functional NPs to prostate cancer has
shown that QDs accumulate at the cancer site by
increased permeability, retention at tumour site
and also by specific binding of peptide antibody
to the biomarkers present on cancer cell surface.
Very sensitive and multicolor fluorescence
imaging of cancer cells due to targeted QDs
probes have raised the opportunities for multi-
plexed imaging of molecular targets under
in vivo conditions (Gao et al. 2004). Ag,S QDs
have been prepared by the reaction of AgNO;
and Na,S (Chen et al. 2014a). They have cova-
lently conjugated tumour-targeting RGD tripep-
tide and anti-cancer drug, DOX to form
Ag,S-DOX-cRGD. Ag,S-DOX-cRGD showed
effective tumour inhibition in both the cell cul-
ture and in vivo animal studies. These developed
nanoconjugates can effectively be used as imag-
ing as visible nano-therapeutics.

3.6 Toxicity Issues Related
to the Use of Nanomaterials

The intended use of nanomaterials is increasing
day by day in the products of daily life from
household to human health. Yet there is only a
little knowledge on the toxicity of these NPs and
their long-term impact on the health of living
beings (Aillon et al. 2009). Unfortunately, no
strict regulatory laws or guidelines are defined or
followed to determine the particular methodol-
ogy and risk assessment tools for toxicity mea-
surement of nanostructures. Due to very small
dimensions, NPs are capable of easy penetration
inside the bodies and are able to cross various
biological barriers so as to enter the cells and
tissues of the body (Kumar et al. 2012). Since the
properties and toxicity levels of bulk molecules
from which the nanomaterials are being synthe-
sized are well understood but there is a complete
lack of information on how the properties and
toxicological nature of these materials change at
nanoscale dimensions. Also it is not easy to
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determine at what concentration dosage and
which size the nanoscale materials exhibit dif-
ferent toxicity behaviour (Sharifi et al. 2012).
Most of the published work describes the syn-
thesis, characterization and wide applications of
these nanocompounds in the biomedical area.
Only a few studies examine the toxicity and risk
assessment of these NPs. The consideration of
nanotoxicology is a matter of serious concern in
the near future as the exposure of NPs to the
workers and end users may tend to have lethal
effects on their biological systems. Briefly, a
critical issue concerning in vitro and in vivo
toxicity of emerging nanomaterials as well as the
current progress on their safety is discussed
below.

In a study, the toxicity of metal and metal
oxide NPs of different sizes has been determined
where AgNPs (20 nm), AgNPs (200 nm) and
TiO, NPs (21 nm) have been exposed to human
testicular embryonic carcinoma cells and primary
mouse testicular cells. Ag20 and Ag200 were
reported more cytotoxic and cytostatic compared
to TiO,-NPs. They have caused apoptosis,
necrosis and decreased proliferation in a con-
centration and time-dependent manner. Ag20 and
Ag200 NPs have affected the mouse testicular
cells to a greater extent as compared to human
testicular cells at same concentration (Asare et al.
2012). The toxicity of Ag ions and AgNPs
(70 nm) towards bacterial cells (E. coli and S.
aureus) and human cells (human mesenchymal
stem cells (hMSCs) and peripheral blood
mononuclear cells (T-lymphocytes and mono-
cytes) at a same concentration have been exam-
ined. Cytotoxicity of Ag ions at a concentration
more than 1 ppm was observed on monocytes in
an increasing and dose-dependent manner
whereas AgNPs at a concentration of 30 ppm or
more showed an increase in cytotoxicity. On
exposure to Ag ion concentration of above
1.5 ppm, T-cell viability was affected whereas no
effect on its viability was found by exposure of
AgNPs. Similarly, Ag ions have more toxicity
effect on bacterial cells as compared to AgNPs at
same concentration (Greulich et al. 2012). The
effect of AgNPs of different sizes (10, 20, 40, 60
and 80 nm) has been reported on bacteria, yeast,
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algae, crustaceans and mammalian cells. Smaller
sized AgNPs have induced greater toxicity as
compared to bigger sized particles. The reason
for increased toxicity of smaller sized AgNPs
could be due to more release of Ag and thus
more bioavailability of Ag which can produce
ROS effect in the cells (Ivask et al. 2014).

AuNPs of size 5 and 15 nm have been studied
for toxicity analysis on mouse fibroblast cell
lines after 72 h of exposure. The results sug-
gested that 5 nm-sized AuNPs used at concen-
tration (250 pym) were cytotoxic whereas no
significant cytotoxicity was seen with exposure
to 15 nm AuNPs. These 4 nm-sized AuNPs
played a role in damage of cytoskeletal organi-
zation of cells (Coradeghini et al. 2013). The
toxicity of 4 nm-sized Au NPs at different con-
centrations and incubation periods has been
assessed in neural progenitor cells, human
umbilical vein endothelial cells, and PC12 rat
pheochromocytoma cells to study the parameters
like cell viability, morphology and functionality,
ROS generation and cytoskeleton organization.
AuNPs at a concentration higher than 200 nm
have reduced the cell viability as a result of ROS
generation. Exposure of cells to 10 nm concen-
tration did not show significant effect on any of
cellular parameters (Soenen et al. 2012a).

CuO NPs have been found cytotoxic deter-
mined under in vitro conditions against human
bronchial epithelial cells (HBEC) and lung ade-
nocarcinoma cells (A549 cells). In a
dose-dependent manner, CuO NPs exposure to
cells has reduced the cell viability, increased
lactate dehydrogenase release and increased ROS
and IL-8 (Jing et al. 2015). The toxicity of ZnO
NPs at different concentrations of 5-25 pug/ml in
HBEC has been determined to check the cell
viability after 24 h of exposure (Heng et al.
2010). Similarly, sub-acute toxicity of ZnO NPs
in rats has been conducted where ZnO NPs were
given at a dose of 10 mg/kg body weight for 5
consecutive days. A minor change in rat tissues
was noted whereas no change in exploratory
behaviour of rats was found (Ben-Slama et al.
2015). Intraperitoneal injection of TiO, NPs at a
concentration dose of 0, 324, 648, 972, 1296,
1944 or 2592 mg/kg body weight of mice was
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given to assess the acute toxicity and the treat-
ment mice were observed for passive behaviour,
loss of appetite, tremor and lethargy (Chen et al.
2009). The toxicity of MNPs like Fe,O; NPs
(Mahmoudi et al. 2009; Naqvi et al. 2010; Soe-
nen et al. 2012b) and cobalt oxide NPs (Cho
et al. 2012) have been reported to be based on
their size, shape and concentration.

CdSe/ZnS QDs showed greater accumulation
and toxicity to the amphipod Leptocheirus
plumulosus (Jackson et al. 2012). Factors
responsible for the toxicity of QDs include the
release of heavy metal ions and formation of
ROS. Size and surface chemistry of NPs have
also affected their toxicological behaviour inside
the living systems. SiO, NPs having size of 15 or
46 nm showed reduction in cell viability of
human lung cancer cells after an exposure of
48 h at concentrations between 10 and
100 pg/ml (Lin et al. 2006). The oral adminis-
tration of SiO, NPs (10—15 nm) has caused sig-
nificant variation in levels of mice albumin, total
protein, cholesterol, triglyceride, high- and
low-density lipoproteins as well as change in
enzyme activity. Apart from this, SiO, NPs
showed toxic effects on liver, lungs, testis and
kidney of mice (Hassankhani et al. 2015). Metal
and metal oxide NPs, as well as QDs may or may
not impart toxicity to humans, bacteria and other
living beings depending upon their size, shape,
surface properties and concentration. Therefore,
efforts should be made to develop safe NPs for
human benefits.

3.7 Conclusions

This chapter has described the synthesis of metal
NPs (Au and Ag), metal oxide NPs (Cu, Fe, Zn,
Mn, Ti) and fluorescent nanomaterials (QDs).
A large number of synthesis methods are fol-
lowed for the formation of NPs which include
physical, chemical and biological (green) meth-
ods. Generally in the recent times, researchers are
more convinced by biological approaches for the
development of nanostructures as compared to
the conventional physical and chemical methods
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because biological approaches are eco-friendly,
inexpensive and lesser time and energy con-
suming. These nanomaterials possess unique
physical, chemical, optical, mechanical and
electrical properties making the utility of such
NPs in wide spheres of life especially biomedical
field. The size, shape, morphology and surface
chemistry of NPs have tendency to alter the
properties of NPs and ultimately their behaviour
in the biological systems. NPs play a determin-
istic role in disease diagnostics, therapy, tissue
engineering and theranostics. Apart from innu-
merable benefits of NPs, there are certain toxicity
concerns behind the use of these metallic NPs
under in vitro and in vivo conditions which need
to be minimized to realize the full potential of
nanomaterials for the betterment of human life.
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Abstract

Liposomes and phytosomes are kind of nanoparticles (NPs) which serve as
an imperative tool for the delivery of various bioactive molecules. The
molecules possessing lesser water solubility, bioavailability and retention
time are encapsulated into both of these formulations. More specifically,
liposomes can encapsulate both hydrophobic as well as hydrophilic
molecules. While phytosomes contain only plant-based molecules having
poor solubility in biological media like flavanones and terpenes. The
various advantages of liposomes and phytosomes like biocompatibility,
nontoxicity, ease to administer, decrease in dosage and increase in retention
time make them potent vehicles for the drug delivery of various molecules.
These nanoformulations find potential applications for delivery of various
bioactive molecules, in tissue regeneration and as antimicrobials. This
chapter highlights the importance of liposomes and phytosomes, methods
of their preparation, mechanism of their action and applications.
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4.1 Introduction

The elementary meaning of formulation means
combining the various components together in a
proper structure or relationship. The delivery of
active component at target site is mainly gov-
erned by the composition of formulation at an
optimum concentration. In this respect, nanofor-
mulations have been widely explored for the
delivery of active components to increase their
efficacy and minimise toxicity associated with
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molecules. The effectiveness of water soluble
compounds is limited because they are poorly
absorbed by the body. These compounds cannot
retain themselves for long into the gastrointestinal
tract as they get excreted out very easily. Due to
their hydrophilic nature, these molecules are
unable to cross the lipid bilayer. To make these
water soluble molecules available to the body,
these compounds are integrated with phospho-
lipids which help them to cross the lipid bilayer
(Karimi et al. 2015a). The incorporated material
is protected from degradation by most external
factors and microbes of the intestine (Amin and
Bhat 2012). The bioavailability of the molecules
is achieved by crossing of the material through
plasma membrane and dissipation of molecules in
the tract and finally ingression into the blood
(Manach et al. 2004). Two of the most common
nanoformulations which have been discussed in
detail in the literature are based on liposomal and
phytosomal formulations. The liposomal formu-
lation defines liposomes as artificially prepared
minuscule bubbles comprised of phospholipids
just in a similar manner as that of cell membranes.
The term ‘liposome’ was first coined by Dr.
Alec D Bangham in 1961 which consists of two
words ‘lipo’ and ‘soma’ with the meaning of fat
and body, respectively. Liposomes are spherical
vesicles made up of cholesterol and phospho-
lipids. The phosphatidylethanolamine, phos-
phatidylcholine (PC), phosphatidyl glycerol and
phosphatidyl serine are the major phospholipids
which have been used for the formation of
liposomes (Dua et al. 2012). The phospholipids
being amphipathic in nature possess both the
hydrophobic and hydrophilic characters and
thereby serve as potential carriers of drugs. The
phospholipids in aqueous media form a thermo-
dynamically stable closed structure resulting into
a bilayer. The bilayer contains hydrophilic head
groups facing out towards the aqueous phase
whereas the hydrophobic tails orient inwards
away from the aqueous media. The core is formed
in the centre of the spherical bilayer which is an
aqueous compartment by virtue of which it can
carry water soluble molecules like peptides,
enzymes, antibiotics, anticancer agents and hor-
mones into it while the bilayer can encapsulate
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the hydrophobic molecules (Akbarzadeh et al.
2013). The drug molecules encapsulated in the
liposomes have to be released out before meta-
bolism and excretion in the body, rendering high
therapeutic effect. The stability, diffusion of the
proteins as well as the encapsulated molecules
along with their functions, clearance of liposome
from the body circulation depends upon the vis-
cosity (fluidity) of the membrane which is further
determined by its phospholipid composition or
the lipid packaging (Drummond et al. 1999;
Muramatsu et al. 1999). The unsaturated phos-
pholipids contribute towards the permeable and
less stable nature of lipid bilayer while the satu-
rated phospholipids form a rigid and impermeable
lipid bilayer (Marripati et al. 2014). The surface
charge, lipid composition, size and use of differ-
ent synthetic methods for the preparation of
liposomes are responsible for different properties
of liposome. The advantages of using liposomes
as therapeutic carriers involve (a) its suitability
for different hydrophilic, hydrophobic and
amphipathic drugs with increased therapeutic
effect and efficacy, (b) sustained release, (c) ease
of surface modifications with specific ligands for
targeted delivery, (d) increased retention time
(RT) in the blood, (e) ease of administration by
various routes and (f) biodegradability, nontoxi-
city and biocompatibility (Kaur et al. 2013).
However, few major drawbacks viz., chemical
instability of phospholipids due to hydrolysis and
oxidation, high cost of production, short half life,
low thermal stability, minimal uptake of large
sized liposomes in reticuloendothelial system
(RES), leakage and fusion possess serious con-
straints for their use as a suitable delivery agent
(Bhai et al. 2012).

Similarly, another formulation ‘phytosome’ is
formed by conjugation of two words in which
‘phyto’ means plant and ‘some’ means cell like
(Kareparamban et al. 2012). It has long been
known that several plant secondary metabolites
viz., phenolics, glycosides and flavonoids possess
potential benefits to animals. Phytosomes are the
modified versions of herbal products and have
better properties in terms of absorption, therapy,
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bioavailability and solubility (Gunasekaran et al.
2014). The phytosomes confer many advantages
like increase in the solubility of polar compounds,
absorption rate and decrease in the dosage of the
drug. The phytochemical compounds loaded into
phytosomes are more stable than their pure forms.
Most of the phytosomes are prepared from
phosphatidylcholine (PC) which in synergy with
the hepatoprotective molecule aids in better
protection of the liver. The use of phytosomes
augments the bioavailability of encapsulated
molecule and can be used for dermal as well as
transdermal delivery of the molecule. (Bhat-
tacharya 2009; Athira et al. 2014; Pawar and
Bhangale 2015).

Keeping in view all the advantages and disad-
vantages of liposomes and phytosomes, this
chapter describes their types, different methods of
synthesis, surface modifications, behaviour in
biological system, properties and applications in
medical field. There are numerous applications of
liposomes and phytosomes but here the main
focus is laid on the medicinal aspects of molecules
encapsulated into liposomes and phytosomes.

4.2 Types of Liposomes

The size of liposomes can vary from few
nanometers (nm) to micrometres (um). Lipo-
somes can be broadly classified into two different
categories viz., based on drug delivery systems
and structural parameters.

4.2.1 Liposomes Based on Drug

Delivery Systems

The liposomal membrane is generally composed
of natural compounds as found in the membrane
of the living organisms and can be modified
synthetically. By modification of these mem-
brane ingredients, different types of liposomes
like conventional, stealth, active and charged can
be synthesised.
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The conventional liposomes (first generation
liposomes) are mainly made up of neutral phos-
phatidylcholine or negatively charged phos-
phatidylserine phospholipids and cholesterol.
These vesicles were first evolved for the drug
delivery with fast removal from the blood circu-
lation and less RT. These suffered from the dis-
advantage of leaky endothelium effect i.e. leakage
of the drug or the substance entrapped within the
liposomes. Though these can mimic plasma
membrane to a greater extent, the macrophages
treat them as foreign bodies. Due to this reason,
these conventional liposomes were further modi-
fied to second generation liposomes with appro-
priate surface modifications (Shaheen et al. 2006).

The second generation liposomes or stealth
liposomes are also known as sterically stabilised
liposomes. These are covalently attached with
long hydrocarbon chains or coated with some
synthetic polymers like polyethylene glycol
(PEG). The coating further produced stealth
effect and increased the half life in the blood and
reduced the process of opsonisation in the body.
Such liposomes aided in better stabilisation and
protection for the drugs entrapped (Immordino
et al. 20006).

Active liposomes are the vesicles which pro-
vide selective, sustained and controlled release of
the entrapped molecules. Such liposomes travel
along the media for longer time before their
contents are being released. These liposomes are
known to be both temperature and pH sensitive
with the added advantage of being cell specific
and hence can be used for targeted as well as
triggered release of the components. The target
specificity can be achieved by attaching the
specific ligands like lectins, antibodies and
oligosaccharides on the liposomal surface
(Gomez-Hens and Fernandez-Romero 2006).

Charged liposomes (cationic and anionic in
nature), also termed as lipoplexes are the vesicles
integrated with the charged phospholipids. These
are subjected to integrate with oppositely charged
macromolecules like DNA, proteins and form a
covalent bond (Lipid-DNA complex). The
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molecules having high molecular weight can also
be internalised by these liposomes (Gomez-Hens
and Fernandez-Romero 2006).

4,22 Liposomes Based on Structural
Parameters

On the basis of structural parameters, the lipo-
somes are classified into three major classes (Kant
et al. 2012) viz., unilamellar, made up of aqueous
core surrounded by a single layer of phospho-
lipids of 20-1000 nm; oligolamellar, here the
aqueous core is enclosed within lipid bilayers of
10-12 concentric rings of 0.1-0.5 pum; and mul-
tilamellar liposomes (MLV), here the unilamellar
liposomes form a concentric layer of lipids one
after the other forming a multilamellar liposome
of >0.5 pm. The unilamellar liposomes are again
classified into small unilamellar vesicles (SUV,
generally of 20-40 nm), medium unilamellar
vesicles MUYV, varies from 40 to 80 nm in size)
and large unilamellar vesicles (LUV, differs lar-
gely from 100 to 1000 nm). In MLVs, the water
content is separated by different number of lipid
bilayers in a different fashion and resembles an
onion structure.

4.3 Methods of Preparation
of Liposomes

Various methods are employed for the synthesis
of liposomes and their choice depends upon
different parameters like physicochemical prop-
erties of the material to be entrapped as well as of
liposomal material, the polydispersity and shelf
life of the vesicles to be synthesised, medium in
which liposomes are disseminated, concentration
of encapsulated drug and its toxicity level
(Mozafari et al. 2008). The synthesis of
drug/molecule loaded liposome involves mainly
two mechanisms, passive and active drug load-
ing. Figure 4.1 depicts the various methodolo-
gies used for the synthesis of liposomes.



4 Liposomal and Phytosomal Formulations

85

Liposome preparation methods

Passive loading techniques

Active loading technique

Mechanical methods

1) Thin lipid film hydration 1) Reverse phase evaporation

2) Sonication

3) Membrane extrusion

Solvent dispersion methods

2) Injection method

Detergent removal methods
1) Dialysis

2) Size exclusion chromatography

3) Dilution

Fig. 4.1 Flow chart representing different preparation methodologies for the synthesis of liposomes

4.3.1 Passive Drug Loading/

Encapsulation

Passive drug loading is the technique in which
the drug is encapsulated simultaneously during
the formation of liposome vesicles. In passive
loading, any molecule irrespective of its shape,
charge and molecular mass can be loaded into the
aqueous part or in the hydrophobic layer of
liposomes. The attraction and repulsion between
phospholipids of bilayer and encapsulated drug
can affect the loading magnitude as increase or
decrease (Barenholz 1996). Passive drug loading
can be again classified into three different
methods viz., mechanical, solvent dispersion and
detergent removal.

4.3.1.1 Mechanical Method

This method is further classified into (1) thin
lipid film hydration, (2) sonication and (3) mem-
brane extrusion. In thin lipid film hydration
method, the basic steps involved are hydration of
lipids, hydration with agitation followed by siz-
ing of the vesicles formed into a homogeneous
solution (Wagner and Vorauer-Uhl 2011). This
method deals with the procedure where lipids are
immersed in an organic solvent to form a
homogeneous mixture. Generally, chloroform or
chloroform: methanol mixtures, tertiary butanol,
cyclohexane are the few organic solvents being
used. These solvents are used in concentration of

about 10-20 mg lipid/ml of organic solvent.
Once the lipids are well mixed with the solvent, a
thin film of lipids is obtained by solvent evapo-
ration. The dry nitrogen or argon gases are used
to evaporate little amount of the organic solvent
in a closed hood while large amount of solvent is
removed using a rotatory evaporator. The lipid
film so formed is further dried from the residual
solvent by keeping the flask overnight in a vac-
uum pump (Dua et al. 2012). The dry lipid film
formed is then hydrated by adding the buffer and
agitating it for sometime. This step is done at a
temperature above the gel-liquid crystal transi-
tion temperature (T.) of the lipids. Depending
upon the solubility of the molecules to be
encapsulated, these are dissolved accordingly
into the organic solvent or the aqueous buffer.
This method is generally applied for the forma-
tion of MLV. The hydrated film is further
downsized using various techniques like sonica-
tion and extrusion. This method has certain
drawbacks such as low encapsulation efficiency
and heterogeneity in size distribution (Bangham
et al. 1974). Liposomes prepared using this
method have been used for the encapsulation of
celecoxib, nabumetone (Moghimipour and Han-
dali 2012; Senthilkumar et al. 2012), paclitaxel
(Huang et al. 2010), cisplatin (Kroon et al. 2005),
gentamycin (Rukholm et al. 2006). Drug encap-
sulated liposomes have shown more effectiveness
as compared to pure drugs.
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Sonication is one of the most broadly used
methods with the employment of ultrasonics. The
use of ultrasonics is a tool to prepare liposomes
for the encapsulation of active biomolecules. In
this procedure, liposomal dispersion or MLVs
are sonicated with a probe. Usually two different
types of sonication techniques such as probe and
bath sonication are employed. In probe sonica-
tion, liposomal dispersion remains in direct
contact with the probe of sonicator. The amount
of energy applied is very high. The vessel con-
taining liposomal dispersion must be placed in an
ice bath as huge amount of heat energy is pro-
duced. The disadvantages of probe sonication
include low encapsulation, degradation of
encapsulated molecule, metal erosion from
probe’s tip and the presence of MLVs along with
SUVs (Riaz 1996). In bath sonication, the tube in
which liposomes are present is placed in bath
sonicator. This method provides better protection
of liposomes from generated heat as compared to
probe sonication (Akbarzadeh et al. 2013).
Liposomes enclosing chondroitin  sulphate
(Craciunescu et al. 2014), 1-oleoyl-2-[12-
[(7-nitro-2-1,3-benzoxadiazole-4-yl)amino]dode-
canoyl]-sn-glycero-3 phospho choline (Lapinski
et al. 2007), eicosapentaenoic acid and docosa-
hexaenoic acid (Hadian et al. 2014), and
5-fluorouracil (Costa and Moraes 2003) have
been prepared by this technique.

The membrane extrusion is one of the most
accepted techniques for the reduction of liposo-
mal size as well as to obtain LUVs. Extrusion is
the process of passing the solution through a
series of filters with decreasing pore size under a
low pressure (Olson et al. 1979). The method is
applicable for a variety of lipid mixtures and is
quiet rapid and can work out with MLVs directly.
MLVs encounter several limitations like large
diameter, low entrapment and batch-to-batch
variation during its preparation. The extrusion
method deals well with all the aforementioned
problems. In this method, under very limited
amount of pressure, MLVs are forced through
filters of definite pore size. By passing through
the filter pores, the layers of MLVs deform and
then breaking and resealing of the membranes
take place. On repetition of cycle through filter
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membrane, liposomal population of similar mean
diameter is formed with homogeneous nature
(Hope et al. 1993). Liposomes entrapping cyclo
(I-tyrosyl- I-prolyl) (Kilian et al. 2011), linoleic
acid (Jung et al. 2015), I-oleoyl-2-[12-
[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dode-
canoyl]-sn-glycero-3-phosphocholine (Lapinski
et al. 2007), and 5-fluorouracil (Costa and Moraes
2003) have been synthesised by extrusion
method.

4.3.1.2 Solvent Dispersion

In this method, the lipids dissolved in organic
solvent are brought in contact with aqueous
phase containing the drug. At the interface, the
lipids align themselves and form a bilayer
(Himanshu et al. 2011). The solvent dispersion
method is further divided into two types; reverse
phase evaporation and injection (ethanol and
ether) methods.

The reverse phase evaporation method aims at
encapsulating high amount of water soluble
molecules into liposomes with high aqueous con-
centration to lipid ratio. The method is based on the
formation of inverted micelles. The lipids dis-
solved in an organic solvent like diethyl ether or a
mixture of chloroform and water (w/o emulsion)
are sonicated. The water soluble compounds get
dissolved in aqueous phase while amphipathic
molecules are dissolved in organic solvent. The
rotatory evaporator is used to form a viscous gel by
removing organic solvent under reduced pressure.
The slow removal of organic solvents continuously
converts this viscous gel into liposomal formula-
tion (Meurre et al. 2008). At some critical point, the
collapsing of gel disrupts the original orientation of
inverted micelles and surplus amount of phos-
pholipids in the surrounding leads to creation of a
bilayer around the left over micelles forming a
complete liposome (Turanek et al. 2003). In a
medium of low ionic strength, an entrapment effi-
ciency of 65 % can be achieved. The disadvantage
of this method is that the molecules to be entrapped
should be present in contact with organic solvent,
therefore; very brittle molecules cannot be encap-
sulated. Sometimes, the sonication period may
alter DNA helix if it has been encapsulated for gene
delivery into liposomes or may also denature the
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encapsulated proteins (Batzri and Korn 1973;
Szoka and Papahadjopoulos 1978). Liposomes
made up of 5-fluorouracil (Costa and Moraes
2003), diminazene aceturate (Oliveira et al. 2014),
polyethylenimine/oligonucleotide (Ko and Bickel
2012), ferritin, albumin, insulin and alkaline
phosphatase (Szoka and Papahadjopoulos 1978)
have been synthesised by this method.

The injection method is further of two kinds
namely ethanol and ether injection. This process
is suitable for the formation of MLVs. The lipids
are dissolved in ethanol/ether and then added to
excess of aqueous buffer. If proper mixing of
lipids does not happen with ethanol, a heteroge-
neous (30-110 nm) population of liposomes is
obtained. The removal of entire ethanol from the
solution is a complicated task as it forms azeo-
trope with water. In contrast, ether is immiscible
with water, so it can be removed by gentle
heating. The ether injection is much more time
consuming than ethanol injection method (Batzri
and Korn 1973; Deamer and Bangham 1976;
Schieren et al. 1978). The ether injection method
forms liposomal formulation with enhanced
encapsulation efficiency. A modified version of
ethanol method has been developed and named
as inkjet method. This method controls the par-
ticle size and forms homogeneous population of
liposomes (Hauschild et al. 2005). The chaos
mastic gum (Gortzi et al. 2014), celestrol (Song
et al. 2011), beclomethasone dipropionate and
cytarabine (Jaafar-Maalej et al. 2010) and ate-
nolol (Karn et al. 2011) have been entrapped
using this method.

4.3.1.3 Detergent Removal

In this method of liposomal preparation, lipids in
the micellar system are solubilised with the help
of detergents like bile salts or alkylglycosides.
The final concentration of detergents to be added
should have high critical micellar concentration
(CMO). All kinds of lipids below their transition
temperature could be used for liposome forma-
tion (Shaheen et al. 2006). Only few of deter-
gents viz., sodium cholate, sodium deoxycholate,
alkyl glycoside and triton-X 100 are the most
suitable for use in this method. The detergents
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are highly soluble in aqueous as well as organic
media; thereby equilibrium is established
between detergent molecules in water and lipids
in micelles. The removal of detergents causes the
formation of lipid bilayer. Faster the removal,
smaller is the size of formed vesicles. The con-
centration of lipids and detergents used as well as
the chemical nature of detergents decide the
shape (unilamellar, oligolamellar and multil-
amellar) and size of formed liposomes (Wagner
and Vorauer-Uhl 2011). The detergent removal
from  detergent-phospholipid  mixtures is
achieved by following approaches viz., dialysis,
gel permeation chromatography and dilution.
The dialysis method was first reported by
Kagawa and Racker in 1971. The detergents at
their CMCs are used for solubilisation of lipids.
After this, detergent is removed by dialysis. The
dialysis bag containing mixture of lipids and
detergents is kept in detergent free buffers. As the
detergent gets detached, liposomes are formed
(Shaheen et al. 2006). The cholate and/or deoxy-
cholate are removed by dialysis from the mixture
of protein—lipid which then leads to formation of
vesicles containing proteins (Szoka 1980). This
method is reproducible and produces a homoge-
neous population of vesicles (Bhai et al. 2012).
The size exclusion chromatography came into
existence since long and is a well defined method
for the separation of vesicles on the basis of their
size (Holzer et al. 2009). By this technique, the
detergent gets depleted. There are various latex
molecules like Sephadex G-50, Sepharose 2B-6B
and sephacryl S200-S1000 which are generally
employed for the packing of column in gel fil-
tration. The column prepared is pre-treated with
empty liposomal solution so as to form a layer as
these beads adsorb some amount of lipids onto
them. The Iliposomes percolate through the
interstitial spaces formed between the beads in
accordance to their size. The liposomes thus
separated out from the detergent monomers very
efficiently when the flow rate is kept slow (Sha-
heen et al. 2006). Sometimes, the detergent is
pre-removed from liposomes by dialysis and is
then further subjected to gel exclusion chro-
matography to narrow down the size distribution.
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Another method of detergent removal
involves dialysis. The micellar solution contain-
ing phospholipids and detergent is diluted with
buffer. Because of dilution, size of micelles and
polydispersity of solution are greatly enhanced
by virtue of which a spontaneous change occurs
and monodisperse vesicles are formed (Akbar-
zadeh et al. 2013).

4.3.2 Active Drug Loading/
Encapsulation

In this mechanism of drug loading, drug mole-
cules are encapsulated into vesicles which are
already formed in nature. The empty liposome
and solution containing drugs are merged toge-
ther and incubated until a homogeneous solution
is formed by diffusion of drug. The lipid bilayer
is completely permeable for drugs to diffuse into
liposome vesicles until an equilibrium stage is
achieved inside and outside of liposomes. The
amount of lipid bilayer decides how much and up
to what extent a hydrophobic drug can enter
(Brandl and Massing 2007; Li et al. 2007). The
hydrophilic drugs remain into polar heads of
vesicular bilayer but amphiphilic molecules suffer
from a difficulty of retaining inside liposomes
because they pervade very quickly from lipid
bilayer. This technique holds good for weak
amphipathic drugs which can cross the lipid
bilayer in a neutral state (Li et al. 2007).
Irinotecan hydrochloride (CPT-11) liposomes
have been prepared by active loading technique.
The lipids soybean phospholipids/cholesterol or
hydrogenated natural soybean phospholipids/
cholesterol have been dissolved in chloroform
and prepared by sonication technique. The pre-
formed liposomes and CPT-11 solution were kept
for 10 min at 60 °C and the drug was encapsu-
lated into it (Wei et al. 2013). In another study,
liposomes of polystyrenes;o-b-poly (acrylic
acid)sg have been prepared in which an anti-
cancer drug doxorubicin was loaded actively. The
permeability of liposomal wall was increased by
use of plasticizer like dioxane. An acidic pH
inside the vesicles was found to increase loading
of drug by 10 times because the decrease in pH
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helped in concentrating the drug into liposomes
(Choucair et al. 2005).

4.4 Methods of Preparation
of Phytosomes

Methods employed for the synthesis of phyto-
somes deal with supercritical fluids, solvent

evaporation and antisolvent precipitation
techniques.
4.4.1 Supercritical Fluids

By the use of supercritical fluids (SCFs) method,
particles of different size ranging from 5 to
200 nm can be prepared. Various SCFs have
been employed for enhancing the solubility sta-
tus and bioavailability of entrapped molecules
viz., supercritical antisolvent method, antisolvent
process, rapid expansion of supercritical solu-
tions, solution enhanced dispersion by super-
critical fluids (SEDS) and gas antisolvent
technique (GAS) (Singh et al. 2014). In GAS, the
supercritical antisolvent is poured individually to
phospholipid and drug till a pressure of 10 mPa
is reached. In SEDS, antisolvent and solution
containing drug as well as phospholipids is kept
in a precipitation unit under a reduced pressure of
carbon dioxide. As compared to GAS, there is
loss of crystallinity in SEDS method (Khan et al.
2013).

442 Solvent Evaporation

In this technique, the organic solvent contains
both the drug and lipid together in the flask. The
organic solvents used are ethanol and tetrahy-
drofuran. The reaction mixture is kept at an
optimum time interval and temperature so that
maximum drug entrapment can be achieved in
the phytosomes formed. The organic solvent is
then removed under reduced pressure via rota-
tory evaporator (Singh et al. 2014). Nimesulide is
a potent drug but its use is limited because of its
poor aqueous solubility, less bioavailability and
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poor absorption. The phospholipid complex has
been formed by dissolving the nimesulide and
PC in dichloromethane (DCM) and their phyto-
somes have been formed (Semalty and Tanwar
2013). Curcumin (Gupta and Dixit 2011),
luteolin-phospholipid complex (Sabzichi et al.
2014) mitomycin C-soybean (Hou et al. 2013)
and embelin (Pathan and Bhandari 2011) loaded
into PC phytosomes have also been prepared by
this method.

4.4.3 Antisolvent Precipitation
Technique

The basic principle is same as that of solvent
technique. The only difference is that a solvent
like n-hexane is used to precipitate out the con-
jugate of lipid and drug from the organic solvent
in which they are dissolved. The solvent is then
removed and is vacuum dried (Patel et al. 2009).
Naringenin-PC phytosomes has been prepared by
dissolving both of these into DCM and was
further precipitated by adding n-hexane (Semalty
et al. 2010b). Ellagic acid, an antioxidant was
formulated with PC by this technique (Murugan
et al. 2009).

4.5 Mechanism of Liposome
and Phytosome Formation

Lipids by virtue of which liposomes are synthe-
sised possess both hydrophilic as well as
hydrophobic characters or are amphipathic. Two
chains of fatty acid containing 10-24 carbon
atoms with 0-6 double bonds per chain are
known to complete the hydrophilic tail of lipids.
The polarity of molecule is due to phosphoric
acid moiety joined to a water molecule. On
interaction with solvent, hydrophilic and
hydrophobic parts of lipids reorient and then
organise themselves into an ordered structure. If
water is the solvent, then polar heads organise
themselves towards aqueous environment and
shields the inner hydrophobic core (Mansoori
et al. 2012). It could be explained by citing an
example of CMC of dipalmitoyl phosphatidyl
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choline. CMC value of dipalmitoyl phosphatidyl
choline in water is 4.6 x 107'° M, indicating its
affinity for the hydrophobic environment while
the free energy for transference from water to
micelle is 15.3 kcal/mol. The large difference
between free energy of water and hydrophobic
environment explains the thermodynamic basis
for formation of lipid bilayer i.e. by the assembly
of lipids. The aggregated structure formed has
the highest stability and lowest energy (Kant
et al. 2012).

On the other hand, phytosomes are formed by
stoichiometry reaction of natural phospholipids
and natural plant product in a solvent of
non-polar nature (Bombardelli et al. 1989). The
formation of hydrogen bonds occurs between
heads of phospholipids and functional groups of
substrate as both are polar in nature. In addition
to their lipophilic nature, they have a sharp
melting point, soluble in non-polar solvents and
can dissolve themselves in fats. Phytosomes
when dissolved in water organise themselves into
micelle like orientation (Karatas and Turhan
2015). Spectroscopic techniques are used to
detect molecules attached to the head of mem-
brane via chemical bonds (Bombardelli 1991;
Bombardelli and Spelta 1991). For example, in
catechindistearylphosphatidylcholine conjugate,
hydrogen bonds have been formed between fla-
vones (OH) and PC (PO, ) (Semalty et al.
2010a). PC can be determined by spectroscopic
studies when compared to pure molecules. The
signal for fatty acids remains unaltered. The long
chain hydrocarbons surround the biomolecules,
thereby forming a lipophilic layer protecting the
polar parts of molecule and allow them to dis-
solve in solvents of low polarity (Bombardelli
and Mustich 1991).

4.6 PhysicoChemical
Characterisation of Liposomal
and Phytosomal Formulations

The biological properties of liposomes and phy-
tosomes have been determined by studying
kinetics as well as dynamics of encapsulated
materials in animal models (Franco and
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Bombardelli 1998). Liposomal and phytosomal
formulations offer much greater bioavailability
and solubility than pure compounds (Dubey et al.
2007). There are many factors like size, type of
encapsulated molecules; permeability and com-
position of the formulation are responsible to
determine the behaviour of liposomes and phy-
tosomes in biological media. Therefore, the
physical characterisation is very important before
their administration (Jain 2001). Various tech-
niques used for characterisation of liposomes and
phytosomes are scanning electron microscopy,
atomic force microscopy, transmission electron
microscopy, cryo-TEM, dynamic light scattering,
measuring polydispersity index and zeta poten-
tial, and fourier transform infra-red spectroscopy.
These techniques have been discussed in detail in
Chap. 2. Few other techniques more precisely
used for characterisation of liposomes and phy-
tosomes are stated below.

Cryo-TEM is a technique widely accepted for
understanding of materials which are quite
complex (Almgren et al. 1996). This technique
holds good advantage for characterisation of
liposomes as these contain both hydrophobic as
well as hydrophilic molecules into them. This
technique helps in understanding the morphology
of liposomes as well as changes which occur
after encapsulation of molecules (Davidsen et al.
2005). The solution containing the sample is
coated on grid which is further blotted by filter
paper to remove excess of the sample and then
vitrified by plunging into ethane or liquid nitro-
gen. The vitrified grid is placed on cryo-holder to
visualise liposomal structure (Almgren et al.
2000). The rapid freezing is advantageous as it
prevents the ice crystal formation and conserves
the drugs or proteins encapsulated in their native
form without any distortion. Thereby the details
of sample morphology delivered by this tech-
nique are obtained in true form (Bibi et al. 2011).

Differential scanning calorimetry (DSC) is a
very sensitive thermodynamic technique used to
determine the hydrated phospholipid membranes
and their transition temperature (T.) (Chiu and
Prenner 2011). This technique reveals how the
chemical structure of lipids gets transformed to
the thermodynamic behaviour, thus contributing
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to a change in their phases i.e. liquid-crystalline
changes. The phase behaviour is important in
determining fluidity, permeability, fusion and
binding of molecules at membrane (Mozafari and
Mortazavi 2005). It helps to determine the
physicochemical parameters as well as stability
of liposomes (Demetzos 2008). The basic prin-
ciple that lies behind this technique is that it
contains two cells where one cell acts as a ref-
erence cell while other as sample cell. The tem-
perature of both the cells is raised uniformly by
the power compensation unit. If a change occurs
in the phase transition of sample, temperature of
sample cell gets altered. Due to this, sample cell
suffers from a temperature lag. Finally, the value
of power which keeps both the cells at same
temperature is measured. The excess heat
capacity is calculated by the extra amount of heat
required by sample cell to be at the same tem-
perature as that of reference cell. A graph of heat
capacity vs temperature can be obtained and
finally T. and changes in enthalpy are calculated
(Chiu and Prenner 2011). As liposomes are
amphipathic in nature, they undergo changes at a
temperature below their melting point. These
changes are contributed by number of factors like
length of hydrocarbon chain, presence of acyl
and methyl groups, polarity of molecule and
ionic strength (Taylor and Morris 1995). All
these factors change T, of liposomes. It has been
found that low phase transition temperature holds
a good place for liposomes to act as a good
delivery vehicle for molecules whose release rate
is intended to be faster (Betz et al. 2005). Phy-
tosomes of diosmin (a flavanoid) encapsulated
into soybean phospholipids (Freag et al. 2013),
mitomycin C into soybean phosphatidylcholine
(Hou et al. 2013) have also been assessed for
their thermal behaviour using DSC.

Nuclear magnetic resonance (NMR) is
another technique used to exploit the fluidity and
lamellarity of liposomes. It reveals about physi-
cal nature of molecules and how do they affect
the phospholipid bilayer. This technique enables
the estimation of soluble molecules being
encapsulated and does not determine the
non-soluble part of molecule (Peleg-Shulman
et al. 2001). NMR is used to study the order of
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chain, sugar backbone and phosphate groups of
phospholipid bilayer. The lamellarity in terms of
number of lipid bilayers surrounding the core can
be evaluated by comparing the intensity of sig-
nals of outer layer and total signals (Yamauchi
et al. 2007). The naringenin—phospholipid com-
plex phytosomes have been characterised using
NMR which showed their interaction with each
other (Semalty et al. 2010b). NMR spectroscopy
of embelin and embelin complexed with soya
phosphatidylcholine has shown that phenylhy-
droxyl part of embelin was complexed with lipid
(Pathan and Bhandari 2011).

4.7 Surface Modifications
of Liposomes and Phytosomes

Liposomes have been used in various imaging
and diagnostic techniques. The conventional
liposomes possess very short half life and are
considered as foreign antigens due to which they
are easily cleared from reticuloendothelial system
(RES) of body and experience opsonisation
(Immordino et al. 2006). Thus, a need was felt to
modify the surface of liposomes so that they will
have a better half life and long RT in blood
stream. Numerous approaches have been
employed to change the size and surface charge
of liposomes. The stepping stone towards mak-
ing liposomes stealth in nature was their modi-
fication by use of natural polymers like pullulans
and dextrans (gangliosides) which were then
surmounted by PEG (Nag and Awasthi 2013).
After surface binding, PEG did not provide any
further space for binding of opsonins on to
liposomes, thereby, preventing liposomal
removal by RES (Drummond et al. 1999). The
cholesteryl-PEG has also been used where PEG
was anchored to cholesterol. The use of choles-
terol increases hydrophilicity and stabilises
liposomal membrane (Kirby et al. 1980). Lipo-
somes coated with mucin (sugar chain) have
been prepared for the delivery of insulin by vir-
tue of which insulin was prevented from degra-
dation in gastrointestinal tract, thus increased its
stability and resulted in slow and sustained
release (Iwanaga et al. 1997). To increase RT of
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calcitonin in body, the surface charge of lipo-
somes was amended using carbopol (negative
charge) and chitosan (positive charge). The car-
bopol has imparted negative charge and provided
a better adherence to liposomes (Takeuchi et al.
2003). The liposomes coated with polydopamine
have also provided mucoadhesivity for internal-
isation of a lipophilic compound from the surface
of cells (Lynge et al. 2011). Oral administration
of eudragit S-100 coated atenolol liposomes has
paved a way for better residence time and
bioavailability of drug. They have possessed a
bigger size than uncoated liposomes and better
encapsulation efficiency (Karn et al. 2011).

The surface modification of phytosomes can
be attained by applying their surface with some
hydrophilic, mucoadhesives or stabilising agents
like surfactants (Tiwari et al. 2012). The surface
coatings bring a change in zeta potential i.e.
overall charge, hydrophobicity, and their muci-
lage and protein adsorption activity which plays
an important role in the uptake of phytosomes.
The phytochemicals lack good absorption and
RT in gastrointestinal tract (Gunasekaran et al.
2014). For this purpose, mitomycin C loaded into
soybean phosphatidylcholine phytosomes has
been surface modified using folate-PEG so as to
have targeted delivery and improved therapy in
HeLa cells. The surface modified phytosomes
have shown enhanced cellular uptake and better
anticancer activity (Li et al. 2014).

4.8 Targeting Mechanism

of Liposomes and Phytosomes
4.8.1 Active Targeting
Active targeting is the targeting of cells by
knowing specific receptors present on their sur-
face and by the expression of specific proteins of
cells. This is generally done to reduce the
off-target effects. The active targeting aims to
move liposomes to the desired organ, either it is a
cell or a tissue; before its contents are released.
The surface is modified in such a way that
liposome moving towards target forms a lock and
key so that it can be restricted at the target site
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only (Cirli and Hasirci 2004). To attain this,
various surface modifications of liposomes are
being done. Liposomes for active targeting are
attached with various moieties like antibodies,
ligands and peptides (Byrne et al. 2008). Further,
the use of some external factors like light, laser,
ultrasound and local environment near the tar-
geted tissue also help to release the contents from
liposomes only at tumor site (Pitt and Husseini
2008). Liposomes which are pH and heat sensi-
tive have been coated with antibodies for active
targeting. Photosensitivity is one of the parame-
ters exploited for targeted release of molecules
from liposomes. Photosensitive liposomes have
been prepared by joining photolabile lipids and
retinoids into lipid bilayer. On exposure to
gamma rays or ultraviolet rays, these photosen-
sitive components destabilise the liposomal
membrane and causes release of contents (Miller
et al. 2000). A similar example was found when
gold NPs were embedded into liposomes and
release of calcein was seen in human retinal
pigment epithelial cells. The gold NPs absorb
light energy upon exposure to UV rays, and
cause a thermal change in lipid bilayer, which
further releases calcein into cells. No release was
seen without exposure to UV rays (Paasonen
et al. 2010). pH sensitive liposomes are another
type of liposomes that has been constructed to
enhance the intracellular delivery of bioactive
molecules. The fact lies that they are stable at pH
7 and when exposed to some acidic environment,
they get disrupted and thus release the aqueous
contents. Liposomes made up of PC and oleyl
alcohol loaded with cytosine B-
D-arabinofuranoside (araC) have been examined
against KB cell lines for intracellular delivery of
molecules. KB (epidermal carcinoma) cells
express folate receptors on them, thus liposomes
were targeted onto cells. The results showed that
araC was released into cells approximately 17
times higher as compared to non pH sensitive
liposomes (Sudimack et al. 2002). Gelonin, is a
well-known antitumor molecule which arrests
ribosomes, thus truncating the synthesis of pro-
tein. It suffers from a major drawback that it
cannot pass through plasma membrane. If it does
s0, it gets break down within endosomes. Thus,
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gelonin along with listeriolysin O (helps in flee
of gelonin from endosomes to cytosol) have been
encapsulated into pH sensitive liposomes. They
were checked against B16 melanoma cell line
and showed remarkable cytotoxic effects of
gelonin as compared to gelonin alone and gelo-
nin encapsulated without listeriolysin O (Provoda
et al. 2003). For active targeting, another strategy
has been investigated that involved binding of
some specific ligands on the surface of lipo-
somes. pH sensitive liposomes made up of
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
and oleic acid have been coated with anti-H-2K*
antibody and showed better effectiveness in
releasing their contents than the ones which
did not possess antibody on their surface (Con-
nor and Huang 1986). Anti-BCG (bacillus
calmatte-guerin) antibodies were attached on
liposomes modified with succinylated polygly-
cidol for better internalisation. These liposomes
have been examined against mouse carcinoma
expressing BCG on them. These liposomes have
been found to recognise their target cells and
transferred their content to cytoplasm (Mizoue
et al. 2002). The surface functionalised phyto-
somes of mitomycin C with folate-PEG have
been targeted to HeLLA cell and showed better
efficacy under in vitro as well as in vivo condi-
tions (Li et al. 2014).

4.8.2 Passive Targeting

Passive targeting is the delivery of drug mole-
cules into body dependent upon the longevity of
desired molecule in the systemic circulation and
its accumulation at pathological site. It aims at
normal distribution of liposomes in body in
accordance to their own fate. The tumor blood
vessels have leaky nature due to which various
nanosized drug delivery vehicles enter the inter-
stitial space after crossing endothelium lining of
cells. The normal endothelium has size range of
5-10 nm while it varies from 100 to 780 nm
depending upon different cancer types (Haley
and Frenkel 2008). In solid tumors, there is very
less amount of proper lymphatic clearance lead-
ing to accretion of nano-vehicles and



4 Liposomal and Phytosomal Formulations

macromolecules at tumor site. This occurrence is
termed as enhanced permeability and retention
(EPR) effect that is an important strategy used for
targeting of liposomes at tumor spot (Torchilin
2011). Small molecules possessing the low
molecular weight stays for longer duration at
tumor site. The targeting of drugs is a major
issue  which is totally dependent on
patho-physiological properties of the tumor spot
and is termed as passive drug targeting (Desh-
pande et al. 2013). The more number of times
blood passes through target, more is the EPR
effect and it increases the interaction of lipo-
somes with target cell (Torchilin 2010). The
amassing of liposomes is dependent upon the
size of endothelial walls and capillaries, thus the
size of liposomes should be less than 400 nm
(Danhier et al. 2010). Doxorubicin loaded lipo-
somes have been coated with polyvinyl alcohol
and hydroxypropyl methylcellulose and there-
fore, depicted higher drug dose at tumor spots in
tumor exhibiting rats (Takeuchi et al. 2001).
Liposomes containing anti-TB (tuberculosis)
drug has been administered intravenously and
found effective against extra-pulmonary TB
treatment compared to free drug (Pinheiro et al.
2011). Phytosomes loaded with luteolin can
sensitise MDA-MB 231 (breast cancer cells) to
doxorubicin and thus helps in passive targeting
of drug towards these cells (Sabzichi et al. 2014).
Luteolin inhibits Nrf2 pathway and sensitises the
agents possessing chemotherapeutic properties.

4.9 Medical Applications
of Liposomes and Phytosomes

The liposomal applications are widely exploited
in research, industry, pharmacology and medi-
cine depending upon the types of drugs and
molecules encapsulated into them. With the
advances in liposomal design, these are widely
used as carriers in diagnostics, imaging and tis-
sue regeneration, as a tool in drug delivery and in
prevention of body from the attack of microbes
because of slow release of encapsulated mole-
cules from them. The phytosomes of various
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molecules possessing antioxidant and anticancer
potentials have been explored for their drug
delivery.

4.9.1 Diagnostics and Imaging
Nowadays, liposomes are engineered in such a
way that they can effectively deliver drug and
various imaging agents to diseased site to be
further detected by imaging systems (Petersen
et al. 2012). The passive targeting of liposomes is
being exploited for the delivery of imaging
agents to liver and spleen. Liposomes containing
aqueous contrasting agents are used to assess the
differences between tumor and non-tumor tissue
and are further detected by computational
tomography (CT) (Seltzer 1988). Ultrasound
imaging and magnetic resonance imaging
(MRI) are important tools for diagnostics and are
done by liposomes filled with gas. The gas in
these liposomes is able to reflect sound waves
thus contributing to Doppler’s effect. Adzamli
et al. (1990) have successfully used
1,2-distearoyl-sn-glycero-3-phosphocholine
liposomes encapsulating gas for echocardiogra-
phy. The gas bubbles as contrast agent helps in
sensitisation of liposomes to ultrasounds. The
liposomes become highly echogenic because the
gas provides oscillatory effects to liposomes on
application of some external acoustic waves
(Kheirolomoom et al. 2007). Several iodinated
contrast agents have been trapped into liposomes
and are used for CT. During CT, the contrast
agents opacify liver and spleen tissues (Seltzer
et al. 1988). Liposomes made on the basis of
various agglutination tests TB/M card test and
TB screen tests have been used for the detection
of antigen or anti-glycolipid antibodies (Bisen
et al. 2005). An assembly of liposomes has been
prepared by attaching non-covalently linked
DNA in solution. These liposomes on interaction
with complementary strands of DNA form
aggregates. These aggregates then get disinte-
grated on heating and show very critical thermal
change which helps in the detection of single
nucleotide polymorphism (Jakobsen and Vogel
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2009). Various contrasting agents have been
inserted into paramagnetic liposomes and are
employed for in vitro and in vivo imaging. MRI
active liposomes have been prepared by adding
gadolinium (Gd) as contrast agents into lipid
bilayer or by inserting contrast agents into the
aqueous core of liposomes and these are used for
tracking of cells (Oliver et al. 2006). Kabalka
et al. (1988) reported that liposomes containing
Gd cause an ample amount of increase in MRI
signal intensity and holds a good place for
imaging liver, spleen, bone marrow and all other
organs which have an increased macrophage
activity in them. The encapsulation of MRI agent
Gd into liposomes core, and its development as
antibody targeted liposomes have been made for
imaging purpose (Ayyagari et al. 2006; Erdogan
et al. 2006). Surface of liposomes have been
modified with arginine-glycine-aspartate
(RGD) tripeptides and targeted towards the
walls of cancer cell of tumor bearing mice. MRI
in combination with fluorescence microscopy has
been used to image angiogenesis of these cells
which was detected by enhanced expression of
o3, integrins (Mulder et al. 2005). PTc-labelled
liposomes have been used in replacement of red
blood cells and in detection of some internal
bleeding sites and internal clotting sites. These
liposomes have been reported as safe for use and
have higher efficiency (Torchilin 1995).

4.9.2 Drug Delivery

There are many drugs used to treat cancer but
they are non specific in nature and sometimes kill
the nearby healthy cells (Sunderland et al. 2006).
Cancer cells possess several unique properties
and exploiting these properties liposomes can be
emerged as an important nanomaterial for the
delivery of various molecules. Liposomes have a
wide regime in encapsulating and delivering
anticancer drugs. Various drugs like doxorubicin,
methotrexate and cisplatin are less soluble in
water but have high anticancer activities. These
drugs have been encapsulated into liposomes.
The liposomes have a long circulation time and
are used for both active and passive targeting of
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anticancer drugs (Franciullino and Ciccolini
2009). Doxorubicin HCI encapsulated into lipo-
somes is the first commercialised product that
came into existence in 1995 for cancer treatment
(Bogner et al. 1994). The inclusion of antitumor
drugs into liposomes has caused a decrease in the
concentration of drug and thereby, reduced the
toxicity of free drug in blood stream. Due to
increase in vasculature size of blood capillaries,
liposomes get accumulated at tumor site. Mel-
phalan and methotrexate, anticancer drugs
attached to rac-1,2-dioleoylglycerol have been
entrapped into liposomes made up of PC and
phosphatidylinositol and evaluated under in vitro
conditions. Liposomes containing methotrexate
have helped in overcoming the resistance of
tumor cells to drug i.e. multiple drug resistance
effect (Vodovozova et al. 2008). Cisplatin, an
anticancer drug possesses a great potential to
treat head, neck and various kinds of solid
tumors. The drug has been encapsulated into
phospholipid bilayer of liposomes and tested in
ovarian carcinoma cell line which shows
improved cytotoxicity as compared to pure drug.
This was explained on the fact that drug encap-
sulated in the shell of liposomes was protected
from disintegration by enzymes and hence
demonstrated a better efficacy (Kroon et al.
2005). Various liposomes encapsulating dox-
orubicin, daunorubicin and cytarabine have been
used to cure metastatic ovarian cancer, acute
myeloid leukaemia and leukaemia with menin-
geal spread, respectively (Glantz et al. 1999;
Latagliata et al. 2008; Markman et al. 2010). The
human ovarian cancer developed in nude mice
model has been treated with paclitaxel loaded
liposomes whose surface was modified with
RGD peptide had shown inhibition in growth of
tumor cells (Zhao et al. 2009).

There are various polyphenols whose
bioavailability has been improved by exploiting
the likeness of phenolics to phospholipids. Due
to this, a conjugate of precise stoichiometry is
formed with the capacity to cross biological
membranes and is soluble in intestinal layer. So,
phytosomes of various polyphenols have been
prepared (Kidd 2009). Compared to the con-
ventional plant extracts and their products,
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phytosomes have been found to be better in
efficacy as well as in therapy (Tedesco et al.
2004). Silymarin is an important molecule hav-
ing a wide potential in hepatoprotectivity. But its
use is limited because of its low bioavailability,
absorption and solubility. To overcome the
above said problems, its phytosome has been
prepared. An adduct of silymarin has been
formed with phospholipids (La Grange et al.
1999). By the use of silymarin phytosomes, rat
foetuses were protected against ethanol-induced
toxicity (Busby et al. 2002), the broiler chicks
were also found to be safe against aflatoxin B1
(Tedesco et al. 2004) and the serum ferritin levels
got reduced in the chronic hepatitis C patients
(Bares et al. 2008). The increase in solubility can
be accounted on the basis of binding of silymarin
to the polar head of phospholipids (Bilia et al.
2014). Silibin, an antioxidant isolated from milk
thistle is a polyphenol flavonolignan. It is an
active constituent of silymarin. The prostate
cancer patients were treated with silibin phyto-
somes to check its level in blood and tissues. The
patients were administered with silibin phyto-
somes for 20 days before the operation which
showed that oral dose of silibin had achieved its
higher concentration in blood (Flaig et al. 2010).
The comparative effect of silibin and its phyto-
somes has been checked in humans by an oral
administration of a dose of 360 mg. Phytosomal
silibin was observed to be absorbed at 4-6 times
higher than non-phytosomal silibin. Silibin phy-
tosomes lower the enzymes level produced by
liver and resulted in improvement of symptoms
of cirrhosis and hepatitis caused by viruses (Kidd
2009).

Curcumin is a polyphenol derivatised from
turmeric. It has the potential to fight against
cancer and aid in chemotherapy. The bioavail-
ability and poor absorption limits the use of
curcumin. The phytosomes prepared were given
to mice through gavage and showed higher level
of curcumin in rat plasma and liver as compared
to non-phytosomal curcumin (Marczylo et al.
2007; Shehzad et al. 2010). The phytosomes of
curcumin were checked for their transdermal
penetration. The phytosomal curcumin showed
60 % increase in distribution than pure curcumin
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(Zaveri et al. 2011). The phytosomal curcumin
showed better bioavailability in topical formula-
tion proving its better anti-ageing and antioxidant
properties (Gupta and Dixit 2011).

Catechins are present in green tea and possess
different properties like cardioprotectivity, neu-
roprotectivity, antioxidant and anticancer activity
in nature (Kidd 2009). However, their low
bioavailability limits its translation into clinics.
The decaffeinated catechin extract and the one in
phytosomes were checked and after 6 h, phyto-
somal catechin concentration in blood was found
to be almost double than pure extract (Barzaghi
et al. 1990). A phytosome carrying catechin more
than 400 mg is good enough to stop atheroscle-
rosis and angiogenesis and it blocks vascular
endothelial growth factors (Neuhaus et al. 2004).
A dose of 135 mg/day catechins administered for
two weeks in humans, revealed that vitamin D
and poly unsaturated fatty acids (PUFA) levels in
blood rises which make RBCs less prone towards
oxidation (Pietta et al. 1998).

The grape seed extract being antioxidant in
nature has been used to form phytosomes. A dose
of 110 mg/day of phytosome given for 30 days
revealed the enhanced level of a-tocopherol in
RBCs in addition to higher PUFA levels. It has
been found that these phytosomes reduce the
oxidative stress in body (Wang et al. 2008).
These phytosomes have been found to enhance
the pumping of heart, and increase prostacyclins
into blood circulation. Phytosomes bind to
lumens of endothelial cells, and render protection
from oxidative stress (Carini et al. 2001). The
phytosomes prepared from different phytocon-
stituents are tabulated in Table 4.1.

4.9.3 Tissue Regeneration

Tissue engineering or regenerative medicine lays
stress on recent technological developments to
make tissues functional in such a way that it
repairs or replaces the tissue already worn out
due to some injury or disease. Nowadays, the
alterations in cell behaviour like adhesion, loco-
motion, contraction and cytoskeletal movements
are being carried out by nanomaterials which
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Table 4.1 List of phytosomes prepared

Phytosome Phytoconstituent (source) Uses

Silybin Silymarin marianum (Milk
thistle)

Curcumin Curcuma longa

Ginkgo Ginkgo biloba

Green tea Camellia sinensis

catechin

Quercetin Fruits, vegetables

Ginseng Panax ginseng

Naringenin Citrus paradise, Lycopersicum
esculentum

Resveratrol Mulberry, peanuts, grapes

Grape seed Vitis vinifera

have in turn increased their usage in regeneration
and orthopaedic repair. The nanofibrous struc-
tures have proved to be well-known material to
bring changes in bone in accordance to the
scaffold material used (Nair and Laurencin
2008). Gene transfer by means of liposomes is an
effective measure for regeneration of both dermal
as well as epidermal tissue layers of skin. The
biological as well as chemical structures of
liposomes contribute to their regenerative prop-
erties (Jeschke et al. 2005). Injectable
thermo-liposome hydrogels contain crosslinking
agents which act as scaffold for regeneration of
bones or repair of wounded skin tissues. The
crosslinking agents kept in polymer solution
cannot diffuse out of thermo-liposomes at room
temperature. Whenever there is an injury, the
temperature rises at the wound site because of
inflammation. The rise in temperature causes
transformation from sol to gel form and causes
release of crosslinking agents (Sudahakar et al.
2015).

In rats, repair of tooth sockets has been evalu-
ated by administrating liposomes containing var-
ious growth factors like insulin growth factor and
platelet derived growth factor and a mixture of
both the growth factors. The production of osteo-
calcin and vascular endothelial growth factor has
confirmed the enhancement in repair of socket
bone (Abreu et al. 2013). Liposome encasing

Hepatoprotective, antioxidant

Antioxidant, anti-inflammatory, anticancer
Antioxidant, neurocognitive

Neuroprotectant, cardioprotectant, helps in
weight loss

Antioxidant, antimicrobial, anticancer
Immunomodulator

Antitumor, anti-estrogenic

Antioxidant, anti-ageing, neuroprotective

Antioxidant, nutraceutical
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buflomedil hydrochloride has been topically
applied to wounds in normal and ischemic mice.
These have ameliorated the healing process in both
the groups of mice. The regeneration has been
confirmed by neovascularisation and formation of
epithelium at wounded site (Roesken et al. 2000).
The human mesenchymal stem cells have been
cultured with liposomal magnetic particles with a
magnet placed with them. Under the effect of
magnetic field, these cells were found to form
multilayered cell sheets and were layered on
ischemic tissues of nude mice. While for control,
the magnetised cell was administered via con-
ventional needle method. These sheets have
demonstrated an increment in angiogenesis as well
as in preserving the tissues in ischemia (less
amount of apoptosis) as compared to control (Ishii
etal. 2011).

Dihydroquercetin ~ (plant  flavonoid), an
antioxidant in conjugation with glycine has been
encapsulated into lecithin liposomes and was
assessed against healing of burns. The antioxi-
dants did not allow the rise in any reactive
oxygen species in cells and thus the same level of
proteins, uric acid and o-tocopherol is main-
tained. This formulation was found to be attrib-
uted towards reduction of inflammation, necrosis
and deepened the formation of oil glands and hair
follicles at burnt site (Naumova and Potselueva
2010).
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4.9.4 Antimicrobial Activity

There are several types of antimicrobial agents
being used to kill various kinds of pathogens like
bacteria, fungi, virus, nematodes and actino-
mycetes. They have high therapeutic index but
their improper dosage at delivery site may cause
various side effects like irritation, inflammation,
peeling of skin and reduction in natural flora of
body. To minimise the abovementioned side
effects, antimicrobial agents have been encapsu-
lated into liposomes (Zhang et al. 2010). The
mechanism of their entry is endocytosis through
which they get internalised and release their
contents to inactivate the infections caused by
microorganism (Zhang et al. 2008). Pseu-
domonas aeruginosa is the causative agent for
cystic fibrosis. The liposomal formulation con-
taining gentamycin has been examined for min-
imum inhibitory concentration (MIC) and was
found to be more potent than free gentamycin.
The reason for its better efficacy was due to
enhanced penetration of liposome containing
gentamycin into bacterial cells (Rukholm et al.
2006). Similar results have been found for LUV
liposomes containing ceftazidime and cefepime
(Torres et al. 2012). The MIC of various organ-
isms like Staphylococcus aureus, Klebsiella
sp. and Escherichia coli has been checked by
liposomes containing a cyclic dipeptide named as
cyclo(L-tyrosyl-L-prolyl) (cyclo(Tyr-Pro)).
These liposomal formulations were found to be
more effective than free drugs and also trounce
over bacterial resistance (Kilian et al. 2011).
The plant extract of Origanum dictamnus
encapsulated into liposomes has been seen for its
antimicrobial activity against Candida albicans
and was more effective than pure methanolic
extract (Gortzi et al. 2007). Magallanes et al.
(1993) have encapsulated aminoglycoside
antibiotics like gentamycin and streptomycin and
used to cure mice and pigs infected with Brucella
sp. Liposomal linolenic acid formulation has
increased bacterial cell death and showed better
in vivo effects in gastritis ulcers caused by
Helicobacter pylori (Jung et al. 2015). The
human skin dermis provides a surface for fixation
of Pseudomonas aeruginosa on to it. The
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liposomes containing amikacin, ciprofloxacin or
polymyxin B has been used to treat such skin
surfaces; helping in elimination of all the
attached microbes and thereby cleaning the
whole skin dermis (Trafny et al. 1999).

4,10 Conclusions

Both liposomes and phytosomes are made up of
phospholipids and can encapsulate wide variety
of molecules into them. Despite possessing
common features like decrease in dosage and
enhanced RT, they are unique to one another.
The phytosomes formation occurs at molecular
level by joining two molecules such as PC and
polyphenol. The molecule in phytosomes is said
to be very near to PC as it forms a quasi-stable
bond and thus the molecule entrapped forms an
integral part of membrane. The molecule thus
marked as lipid as well as water soluble, thus
helps in the transport from watery environment
of intestine to cell membrane of enterocytes
which is lipophilic in nature. The liposomes are
spherical bodies formed of hundreds of phos-
pholipids in which a molecule is entrapped into
the core of sphere. The molecule does not form
any bonds rather it is physically entrapped. The
phytosomes hold a promising place in oral
delivery of molecules and have better absorption
while it does not hold good for liposomes. The
liposomes and phytosomes serve as potent
delivery systems by increasing the therapeutic
index of encapsulated molecules. These formu-
lations are developed as they are safer in use than
existing drugs. Thus, these formulations can
serve as better targeting agents and can deliver
encapsulated drugs at specific sites, thereby
proving promising candidates in various medical
fields for enhancing health regimen of an
individual.
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Abstract

Nanocellulose is a class of fascinating bio-based nanomaterials with
dimensions from few nanometers up to several micrometers depending upon
the type of cellulosic fibers obtained from the source. Cellulose is a
biopolymer present in huge amounts in the biosphere that mainly include the
cell walls of green plants, bacteria, fungi, and tunicates. The isolation of
nanocellulosic fibers is done by various methods like enzymatic methods,
chemical methods, and chemical combined with mechanical methods. A large
number of parameters like methodology used for isolation, source of
cellulose, age, and reaction parameters affect the physicochemical properties
of nanocellulose. Nanocellulose show unique features like biocompatibility,
abundance in nature, high thermal stability, great mechanical, chemical, and
physical properties which make them a suitable candidate for applicability as
reinforcing agents in nanocomposites formation. The nanocellulose also plays
a great role in drug delivery, tissue engineering, and repair of organs. This
chapter mainly deals with detailed description of nanocellulose, types,
sources, and methodologies opted for isolation, properties, and surface
modifications. The applications of nanocellulose in the medical are also
covered to make nanocellulose as a potential candidate to serve humankind.
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5.1 Introduction

Cellulose is the most widely abundant, inex-
haustible, and renewable source present on this
global earth with an annual biomass production
of about 7.5 x 10' tons (Habibi et al. 2010).
Cellulose is a primary component of cell walls of
green plants such as woods, reeds, grasses,
stalks, and other vegetations (Alemdar and Sain
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2008). It is also present in various other forms of
living entities like bacteria, fungi, actinomycetes,
and tunicates. In the old past history, cellulose
was used in the form of cellulosic fibers or its
derivatives for a great spectra of applications in
daily life as it is inexhaustible natural biopolymer
possessing wide efficacies which include its
utility in paper formation, textiles, explosives,
dietary fibers, and many more (Habibi et al.
2010). Natural plant fibers mainly contain cel-
lulose, hemicelluloses, starch, and lignin.
Removal of lignin, hemicelluloses and pectins
like impurities is required from the original plant
source by appropriate processing method to
obtain pure cellulosic fibers (Siro and Plackett
2010). The content, quality, and other properties
of fibers depend on various factors such as type
of fiber, origin, size, maturity, and processing
methods used for the isolation of fibers (Bledzki
and Gassan 1999). Despite the chemical com-
position, properties of natural fibers are strongly
influenced by factors that may differ among dif-
ferent parts of the plant as well as among dif-
ferent plants.

Recently, a new class of cellulosic biomate-
rials has been introduced named as nanocellu-
lose. The term “nanocellulose” is an example of
one dimensional nanoparticles (NPs) used to
describe elongated crystalline rod-like cellulose
NPs having at least one dimension in the nano
(10_9 m) range (Siro and Plackett 2010).
Nanocellulose is also named as cellulose
nanocrystals (CNCs), nanowhiskers, cellulose
nanofibers (CNFs), nanorods, and cellulose
microcrystals depending on their dimensions and
aspect ratio (length/diameter). A wvariety of
methods are known to obtain pure nanocellulose
from the original source, viz, chemical method,
enzymatic method, and chemomechanical
method. All these methods help to remove the
noncellulosic impurities from the source of cel-
lulose. The treatment by any of these methods is
generally followed by acid hydrolysis to break
the bonds between amorphous and crystalline
regions of cellulose fibers to convert it into micro
or nanoscale dimension (Brinchi et al. 2013). In
comparison to natural cellulose fibers, the
growing interest in the preparation of nanoscale
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cellulosic particles is due to the remarkable fea-
tures induced by nanosize effect as well as
renewable nature of nanocellulose. The
nanocellulose possesses unsurpassed physical
and chemical properties such as high aspect ratio
(I/d), environmental benign nature, high sustain-
ability, abundant availability, low density, low
energy consumption, inherent renewability, high
tensile strength, more flexibility, good mechani-
cal, electrical and thermal properties, biodegrad-
ability and biocompatibility (Roohani et al. 2008;
Siro and Plackett 2010).

Due to the above-mentioned properties,
nanocellulose have been used in diverse signifi-
cant applications, including antimicrobial films,
pharmaceutical, drug delivery, biomedical
implants, biosensing, paper making, electronics,
catalysis, and nanocomposite formation, tissue
engineering and many more (Duran et al. 2011).
The surface modification of nanocellulose is
possible due to the presence of large number of
OH™ on its surface (Habibi et al. 2010). A large
number of chemical methods such as acetylation,
oxidation, silylation, non-covalent modification
and grafting have been reported to alter the
chemical functional groups on the surface of
nanocellulose to make them successfully well
designed for the attachment of any active moiety
or ligand (Habibi 2014). A lot of research has
been done worldwide on the use of nanocellulose
for the formation of nanocomposites because one
can exploit the high stiffness of nanocellulosic
fibers for reinforcement. Despite this, a variety of
metal nanoparticles like gold, silver, and copper
have also been used as dispersed phase or fillers
in the formation of bionanocomposites with cel-
lulose fibers as matrix, due to their different
properties being small size and homogenous size
distribution as compared to bulk counterpart
(Thomas et al. 2007). The bionanocomposites are
of potential use in a wide range of applications
such as medical, optical, water treatment, sen-
sors, textile, and energy conversion, cosmetics,
and electronics (Kalia et al. 2011).

In view of the fascinating properties of
nanocellulose, the contents of current book
chapter are designed in such a manner to provide
a detailed description on this topic. The chapter
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deals with the structure and morphology of cel-
lulose, its sources, methods of nanocellulose
isolation, its types based on source and dimen-
sions, properties of nanocellulose, the vital fac-
tors affecting nanocellulosic properties, surface
modifications, and ultimately the applications in
nanocomposites formation. The chapter also
throws light on the biomedical applications of
nanocellulose like drug delivery and tissue
engineering.

5.2 Structure and Morphology
of Cellulose

Cellulose is a long homopolysaccharide consist-
ing of D-glucose units with repeating units of
cellobiose, where two glucose molecules are
joined through a B-1,4 glycosidic linkage. Cel-
lulose possesses a complicated architecture of
B-D-glucopyranose rings representing a *C; chair
conformation (Klemm et al. 2005). The —OH
functional groups present on the surface of cel-
lulose are oriented in an equatorial plane of the
ring form, whereas the hydrogen atoms are pre-
sent in the axial positions. This structure of cel-
Iulose is stabilized by an intramolecular
hydrogen bonding extending from O(3')-H
hydroxyl group to the O(5) ring oxygen of the
next unit across the glycosidic linkage and from
the O(2)-H hydroxyl to the O(6') hydroxyl of the
next residue (Habibi et al. 2010). The degree of
polymerization of cellulosic chains depends on
the source of cellulose. It is observed that wood
cellulose contain approximately 10,000 glu-
copyranose units while cotton cellulose has
15,000 units (Sjostrom 1993).

In nature, the cellulose is present as a main
component in plant cell wall and help to provide
mechanical strengths to plants. In plants, the
cellulose does not exist as an individual entity
but many chains of cellulose fibers assemble
together (Somerville 2006). In general, 36 indi-
vidual cellulose molecules assemble with one
another via van der Waals forces and hydrogen
bonds to form larger units known as protofibrils
or elementary fibrils (Williamson et al. 2002).
These protofibrils are further packed into larger
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microfibrils which in turn assemble to form cel-
lulose fibers (Moon et al. 2011). These cellulose
microfibrils are made up of two major parts
consisting of highly ordered cellulose crystalline
structure as well as randomly oriented amor-
phous part. The cellulose microfibrils in the cell
wall are also surrounded by nanocellulosic
compounds such as lignin and hemicelluloses.
The isolation of highly pure crystalline cellulose
referred as nanocellulosic crystals, deals with the
deconstruction of this highly crystalline structure
by removal of lignin and hemicelluloses from the
cell wall by adopting a proper methodology in a
combination of mechanical, chemical and/or
enzymatic treatments (Alemdar and Sain 2008).
Some bacterial cells and tunicate have also been
known to form cellulose in pure forms only.
Natural cellulose mainly exists in the form of
cellulose I with its two allomorphs Ia and IB. The
occurrence of these allomorphs in different ratios
is highly dependent on the type of plant species
from which the cellulose is extracted (Eichhorn
et al. 2010). The bacterial cellulose is usually rich
in Io whereas tunicates cellulose contain high
content of If form (Nishiyama et al. 2002).

5.3 Sources of Cellulose

Cellulose occurs in nature in wide variety of
sources that include green plants, viz, woody
vegetations, stalks, reeds, and agricultural bio-
mass. Other sources of polymeric cellulose com-
prise bacteria, fungi, tunicates, and actinomycetes.
Green vegetation contain lignins, hemicelluloses,
and starch residues along with long cellulose
fibers having diameter 5-50 nm and length up to
several micrometers. Cellulose fibers of plant
origin can be categorized based on the plant spe-
cies and plant parts. The different types of plants
and plant parts like leaves (cantala, abaca,
pineapple, sisal, date palm, and banana); seeds
(cotton); fruits (oil palm, coir, kapok);
straw/agricultural biomass (rice husk, wheat, sor-
ghum, barley, soy hulls); bast (flax, ramie, hemp,
jute); grass (alfa-alfa, bamboo, bagasse) are rich in
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cellulose (Williams and Wool 2000; Torres and
Diaz 2004). The bacterial cells (Acetobacter,
Agrobacterium, Alcaligenes, Pseudomonas, Rhi-
zobium, or Sarcina) and tunicates (Ciona intesti-
nalis, Ascidia sp., Halocynthia roretzi and Styela
plicata) synthesize cellulose in the pure forms and
also in the nanocellulosic forms (Keskh 2014;
Zhao and Li 2014). Nanocellulose in the forms of
CNFs/CNCs have been extracted from various
sources including corncob (Silverio et al. 2013),
cotton (Xiong et al. 2012), wheat straw and soy
hulls (Alemdar and Sain 2008), bamboo culm
(Nguyen et al. 2013), bamboo wood pulp (Brito
et al. 2012), curaua (Correa et al. 2010), wood
(Stelte and Sanadi 2009), agave (Rosli et al. 2013),
algae (Imai et al. 2003), bacteria (Olsson et al.
2010), and tunicates (Iwamoto et al. 2011). The
isolation of nanocellulose from different sources
requires an intense amount of further work. A brief
information regarding the sources from which
different forms of nanocellulose has been isolated
along with the size, shape, and morphology is
presented in tabular form (Table 5.1).

5.4 Types of Nanocellulose

Nanocellulose is categorized into various kinds
based on their dimensions and sources. The
dimensions of nanocellulose vary depending
upon the raw material used and processing
methods opted.  Microfibrillated  cellulose
(MFCs), cellulose nanocrystals (CNCs), and
bacterial nanocellulose (BNCs) are the different
types of nanocellulose known.

5.4.1 Microfibrillated Cellulose

(MFCs)

Microfibrillated cellulose is also known as cel-
lulose microfibrils, microfibers, microfibrillar
cellulose, nanofibrillar cellulose, as well as cel-
Iulose nanofibers (Siro and Plackett 2010). These
fibers contain aggregates of many microfibrils
having both the crystalline and amorphous parts
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of cellulose and exist in a rigid network like
structure (Lu et al. 2008). MFCs possess high
aspect ratio with an average width of 20-60 nm
and length up to several micrometers generally
10 um (Krassig 1993). The microfibers are syn-
thesized in plants during the biosynthesis of
cellulose. Their diameters vary depending upon
the source of origin of cellulose.

5.4.2 Cellulose Nanocrystals (CNCs)

Cellulose nanocrystal is a term used to designate
cellulose NPs that are prepared from natural
source of cellulose by acid hydrolysis method.
CNCs are also known as nanowhiskers which are
elongated, cylindrical and rod like in morphol-
ogy with widths of 5-70 nm and lengths of
100 nm to several micrometers (Silverio et al.
2013). These CNCs are shorter and thinner than
cellulose microfibers. This rod-like form of
crystalline nanocellulose is obtained when all the
noncellulosic polysaccharide impurities have
been removed from the fibril surface and also
after the cleavage of amorphous parts of cellulose
(Kargarzadeh et al. 2012). CNCs form disper-
sions in aqueous mixtures as well as organic
solvents but show particle aggregations in highly
hydrophobic solutions.

5.4.3 Bacterial Nanocellulose (BNCs)

In comparison to plant species, the biosynthesis
of extracellular cellulose takes place in many
bacterial species such as Rhizobium, Acetabacter,
Agrobacterium, Pseudomonas, and many more.
Even other microbial sources like fungi and
actinomycetes also form cellulose. The biocel-
lulose formed from microbial sources possess
diameter in the range of 20-100 nm, whereas
length of 100-300 nm depending upon the cul-
tivation conditions, type of microbial strain used,
and bioreactor used. BNCs are form of pure
cellulose made by self-assembly of cellulose
fibrils secreted in the media (Klemm et al. 2011).
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5.5 Preparation Methodologies
of Nanocellulose

Since cellulose fibers present in cell walls pro-
vide great tensile strength to plant fibers, there
isolation from cell wall is necessary to exactly
get information about the properties of fibers in
the form of either MFCs or nanocellulosic crys-
tals (CNCs), so as to use them for a particular
application. The preparation methods involve the
pretreatment (chemical and enzymatic), acid
hydrolysis, mechanical treatment, and a combi-
nation of chemical and mechanical methods.

5.5.1 Pretreatment

Pretreatment is a general method followed to
isolate CNCs/CNFs from the natural fibers. It
involves the use of enzymatic as well as chemical
approach to extract nanocellulose. The main
objective behind the use of pretreatment enzy-
matic and chemical agents is to remove all the
components of cell wall other than cellulose. The
removal of lignin, hemicelluloses, starch, wax
and oils is necessary to obtain pure cellulosic
nanocrystals.

5.5.1.1 Chemical Pretreatment

The chemical pretreatment consists of applica-
tions of a large number of chemical agents to
remove noncellulosic components from the plant
cell walls. The wax from the plant material is
removed using a mixture of hexane/ethanol/water
in soxhlet apparatus. The complex of
lignin/hemicelluloses and pectins is removed by
the treatment of alkali agents like sodium
hydroxide or potassium hydroxide. These lignin
and hemicelluloses are solubilized in alkali
agents at high temperature (Abdel-Halim 2014).
The removal of phenolic compounds or chro-
mophore pigments is required for bleaching of
the fibers that involve the treatment of bleaching
agents. Bleaching is done by the use of acidified
sodium hypochlorite solution (NaOCl) at high
temperature (Nguyen et al. 2013). The bleaching
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or delignification can also be obtained by a
chlorine free method which involve the heating
of cellulosic pulp in a mixture of hydrogen per-
oxide and tetraacetylethylenediamine (Rosa et al.
2012). Thus, the chemical pretreatment helps in
almost complete removal of noncellulosic com-
ponents like lignin, pectins, and hemicelluloses
to leave behind only pure cellulose. Alkali
treatments is needed to be given in a controlled
manner to avoid cellulose degradation and to
make sure that hydrolysis occurs only at the fiber
surface to obtain fibers in their intact form (Wang
and Sain 2007).

Instead of bleaching and alkali pretreatment,
chemical oxidative treatment is also given to fibers
with the purpose to solve the problem of fiber
aggregation arising due to the presence of —OH
groups on the surface of native cellulose. These
—OH groups are converted to carboxylate and
aldehyde functional groups by
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
mediated oxidation process (Saito and Isogai
2005). The oxidation induces negative charge at
fiber surface which is responsible for fiber repul-
sion further leading to fibrillation. The TEMPO
mediated oxidation process is very fast as com-
pared to other chemical pretreatments and form
uniform CNCs dispersion in water without having
any chances of aggregation (Qian et al. 2012).
A study has also reported the comparison of CNCs
obtained from bamboo, softwood, and cotton lin-
ters by TEMPO mediated oxidation followed by
ultrasonication (Qian et al. 2012).

The only disadvantage behind the use of
chemical treatment for the isolation of
CNCs/CNFs is the employment of highly toxic
chemical agents. The usage of such chemicals
may sometimes be not human and environmental
friendly. Sometimes, the treatment procedure
also involves the application of high temperature
which is an energy consuming process.

5.5.1.2 Enzymatic Pretreatment

The enzymatic pretreatment is generally given to
already bleached cellulose in order to obtain
nanocrystalline cellulose. It is not possible in
nature to degrade cellulose by using a single
enzyme but it requires a set of cellulases to break
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cellulose. The enzyme cellobiohydrolases is
further categorized into type A- and B-cellulases
and also known as exoglucanases (Henriksson
et al. 2007). These cellobiohydrolases are able to
hydrolyze the highly crystalline cellulose at the
chain endings. Another enzyme known as
endoglucanase is responsible for degrading the
amorphous regions of cellulose (Siro and Plack-
ett 2010). Most systems use a combination of the
cellobiohydrolases and endoglucanases to allow
MECs disintegration. In general, it is also rec-
ommended to use cellulases and hemicellulases
together as a synergistic effect to remove hemi-
celluloses and also facilitate cellulose hydrolysis
(Siqueira et al. 2010b). The resulted MFCs
obtained after the enzymatic pretreatment show a
more favorable structure with a greater aspect
ratio. Campos et al. (2013) has used a combi-
nation of hemicellulases/pectinase and endoglu-
canase to isolate CNFs from curava and
sugarcane bagasse fibers.

The enzymatic route for the isolation of syn-
thesis offers the potential for higher yields,
higher selectivity, lower energy costs, and milder
operating conditions other than chemical pro-
cesses. The enzymatic treatment is environmental
friendly as compared to chemical method of
treatment but facing the difficulty in its applica-
tion due to high cost of enzymes, and long pro-
cessing time required for cellulose degradation
(Pedersen and Meyer 2010).

5.5.2 Acid Hydrolysis

Acid hydrolysis is used to break the polysac-
charides into monomeric units. In this case, the
isolation of CNCs of highly crystalline nature
can be obtained by removing the amorphous part
of cellulose (Rosli et al. 2013). The removal of
disorderly arranged amorphous regions, acid
hydrolysis is imparted to pretreated fibers.
Majorly, sulphuric acid and hydrochloric acid are
the two good options for acid hydrolysis of fibers
(Braun and Dorgan 2009; Fortunati et al. 2013b).
Oxalic acid and nitric acid can also be used to
form crystalline nanocellulose (Deepa et al.
2011; Xiong et al. 2012). Hydrochloric acid
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impart neutral charge on the fiber surface with
lesser water dispersibility, whereas sulphuric acid
treatment provides negative charge to cellulose
suspension allowing its better dispersion ability
in aqueous media and also impart greater stability
(Rosli et al. 2013).

The acid hydrolysis is generally given at high
temperature of around 45 °C for a variable time
period depending upon the source of cellulose
and requirement of desirable dimensions of
CNCs/CNFs. Reaction time is a critical parame-
ter to be considered during hydrolysis. The long
reaction time of hydrolysis results in almost
complete degradation of cellulosic amorphous
regions (Kargarzadeh et al. 2012). Insufficiently
short hydrolysis time produces large sized
undispersible fibers and lead to their aggrega-
tions. Acid treatment after a particular time per-
iod does not have further impact on reducing the
nanocellulose dimensions. In a study, the effect
of hydrolysis conditions have been shown on the
morphology and crystallinity of CNCs isolated
from kenaf fibers (Kargarzadeh et al. 2012).

5.5.3 Mechanical Treatment

A purely mechanical method is used to develop
fine fibers. Several methods which come under
mechanical treatment are named as high-pressure
homogenization, grinding, cryocrushing, and
sonication. The only disadvantage behind the use
of mechanical method of treatment is the
requirement of high energy consumption.

5.5.3.1 High-Pressure Homogenization

It is a conventional technique used to isolate
nanocellulose with simplicity, high efficiency,
and without the requirement of toxic organic
solvents. This technique can easily be used for
scaling up the procedure for extraction of fine
fibrillated cellulose from cellulosic biomass. In
this process, the wood pulp or cellulose slurry is
passed through a narrow homogenization gap at a
very high pressure and at high velocity. During
the successive and rapid opening and closing of
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valve, the fibers undergo disintegration by
shearing and impact forces (Karadag et al. 2014).
The mechanical treatment is responsible for
irreversible changes in the fiber structure by
altering the morphology and size (Nakagaito and
Yano 2004). The number of homogenization
passes determines the size range of obtained
nanofibers. There is a great problem for the
extraction of nanocellulose by this method as
cellulose is insoluble in water and most of the
organic solvents due to which it can clog the
valves of homogenizer. The valve clogging leads
to nonuniform refining of nanocellulose
(Kaushik and Singh 2011). Using the refining
and high-pressure homogenization method,
nanocellulose has been isolated from sugarcane
bagasse (Li et al. 2012) and cotton (Wang et al.
2015).

5.5.3.2 Grinding

Commercial grinders with disks of modified
designs are available commercially for the
extraction of cellulose in the micro or nano form.
In this procedure, the cellulose slurry is passed
through a static grind stone and rotating grind
stone revolving at 1500 rpm. The multilayered
microfibers of cellulose present in cell walls and
their hydrogen bonds are broken by the impact of
shearing forces generated by grind stone to form
nanofibrillated cellulose from the pulp (Siro and
Plackett 2010). The isolation of CNFs of 15 nm
diameter from wood has been obtained by using
mechanical treatment through grinding (Abe
et al. 2007). The disintegration of fiber into
submicron-sized fibers requires only 3 passes
through grinder whereas 5 passes of grinding
produce fibers of nano size range. As compared
to homogenization process, the mechanical
treatment using grinder requires comparatively
lesser number of passes to MFCs (Lavoine et al.
2012).

5.5.3.3 Cryocrushing

In this process of mechanical treatment, the fibers
are first frozen using liquid nitrogen to form ice
crystals within the cell wall. These ice crystals
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exert high pressure on the cell wall when
high-impact shear forces are applied on the fro-
zen fibers during crushing. The pressure devel-
oped will lead to damage of cell wall and
ultimately release of CNFs (Wang and Sain
2007). Cryocrushing method has been applied to
extract MFCs from wheat straw and soy hulls
(Alemdar and Sain 2008) where 60 % of fibers
were of diameter 30—40 nm and length up to
several thousand nanometers.

5.5.3.4 Sonication

Ultrasonication is a reliable and powerful tech-
nique and requires use of high intensity ultra-
sonic waves for the formation, expansion and
collapse of gas bubbles. A high temperature up to
5000 °C and pressures of greater than 500 atm is
produced near the implosion site and immediate
surroundings of the liquid sample. Higher is the
temperature, better is the fibrillation of cellulose
fibers. A larger distance between the tip of son-
ication probe and the beaker containing cellulose
suspension is not favorable for the disintegration
of fibers from cellulose cell wall (Wang and
Cheng 2009). The process of sonication is gen-
erally followed after the chemical treatment of
raw or natural fibers for nanocellulose extraction.

5.5.4 Combined Chemical
and Mechanical Approach

Chemical combined with mechanical approach is
generally followed these days for the isolation of
nanocellulose. In this approach, first the natural
fibers undergo chemical pretreatment which is
then followed by mechanical treatment using
sonication or homogenization. Using this
approach, the drawbacks associated with indi-
vidual chemical or mechanical method are min-
imized. CNFs isolation from soybean source has
been done by such chemomechanical approach
where mechanical treatment (refining and beat-
ing) was given after complete chemical treatment
(Wang and Sain 2007). Similarly, the extraction
of cellulose microfibrils from potato tuber using
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the same methodology in which chemical pre-
treatment was given initially and then followed
by 15 passes of homogenization (Dufresne et al.
2000).

5.6 Multiscale Characterizations

A large number of high throughput instruments
and techniques are employed for the characteri-
zation of CNCs/CNFs. The shape, size and
morphology of these nanocellulosic fibers
extracted from variable sources using different
preparation methodologies is examined by
microscopic techniques like transmission elec-
tron microscopy (TEM), scanning electron
microscopy (SEM) and atomic force microscopy
(AFM). The surface topography of fibers is
generally examined through SEM which reveals
the smoothness or roughness of the outer surface
of fibers. TEM clearly examines the shape and
size of CNCs/CNFs. AFM mainly helps to know
the 3-D structure of fibers. Another technique
known as dynamic light scattering (DLS) deter-
mines the hydrodynamic diameter of fibers as
well as surface charge (Yadav et al. 2014). The
estimation of surface charge is necessary to know
the tendency of aggregation or flocculation of
nanocellulose suspension in water. CNCs having
negative surface charge do not agglomerate while
positively charged fibers do not disperse in
aqueous media and get easily flocculate (Fahma
et al. 2010). Apart from the morphological
examination, a number of other structural attri-
butes of nanocellulose are decided on the basis of
their crystallinity index, surface functional
groups, thermal stability, mechanical strength
and viscosity.

Fourier transform infrared (FTIR) spec-
troscopy is used to examine the chemical com-
position of fibers before and after each step of
chemical treatment to know whether the non-
cellulosic impurities like lignins, pectins and
hemicelluloses have been removed from the raw
fibers by estimation of change in transmittance
intensity of corresponding peaks at a particular
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wavenumber (Nguyen et al. 2013). The thermal
properties of nanocellulose are determined by
thermogravimetric analysis (TGA). The tech-
nique works on the principle where the physical
and chemical properties of the substances are
measured as a function of increase in temperature
or time (Xiong et al. 2012). A sample of known
weight is kept in the sample pan of the instru-
ment and is heated at a particular temperature.
A loss in weight of sample is measured. On the
basis of weight loss at a particular temperature,
thermostability of the sample can be estimated.
Differential scanning calorimetry (DSC) is
another technique also used to determine the
thermal degradation of CNCs/CNFs.

X-ray diffraction (XRD) technique is used to
analyze the degree of crystallinity of nanocellu-
lose. The nanocellulosic sample before and after
acid hydrolysis is analyzed through XRD. The
curve showing the peak at a particular 2-theta
value denotes the % crystallinity in the sample. In
case of nanocellulose, a sharp peak around 22.5°
designates the crystalline region and a broad peak
at 15-18° designates the presence of amorphous
regions of cellulose (Abe and Yano 2009).
Another important property of cellulose
microfibrils is mechanical behavior. Tensile test-
ing is the technique used to measure the tensile
strength, Young’s modulus, and elasticity of the
fibers. The tensile tester measures the elongation at
break and also the stress/strain ratio which deter-
mines that how much force is required to break a
sample of particular area (Wang and Sain 2007).

Another valuable property of CNCs is degree
of polymerization and viscosity which is calcu-
lated by using viscometer. Preparation of
microcrystalline cellulose from cotton fibers has
shown that degree of polymerization decreases
during the formation of microcrystalline cellu-
lose from 1200 to 219 indicating the effect of
chemical treatments on degree of polymerization
for the extraction of the same (Xiong et al. 2012).
The rheological properties of CNFs solutions are
also characterized by rheometer that measures
the viscoelastic behavior of dispersions. The
rheology is a study of flow and deformation of

R. Singla et al.

matter in liquid state under applied forces
(Hardelin et al. 2013).

5.7 Physicochemical Properties

Nanocellulose is a biomaterial of advanced
research as it holds certain physical, chemical
and biological properties. Nanocellulose show
diverse characteristics which are quite different
from the bulk traditional materials such as bio-
compatibility, biodegradability, surface chem-
istry, surface charge, geometrical dimensions,
crystallinity index, mechanical properties, and
high surface area to volume ratio.

The surface properties of nanocellulose are
due to the structural chemistry of nanocellulose.
In a view of structure of cellulose as already
explained above, cellulose is a high molecular
weight polymeric compound composed of B-
1,4-anhydro-D-glucopyranose repeating units
which do not lie in the structural planes but adopt
a chair conformation. The great structural
chemistry of nanocellulose is imparted by the
presence of hydroxyl groups at carbons 2, 3, and
6 which have the tendency to readily form
hydrogen bonds. These bonds play an important
role in fibrillar and semicrystalline packing of
nanocellulose which determine the fascinating
physical properties of the CNCs/CNFs (Habibi
et al. 2010). Another important property of
nanocellulose is the surface charge. CNCs carry
negative charge on their surface due to the
presence of the sulfate ester groups. Later groups
are introduced during sulfuric acid hydrolysis on
the surface of CNCs via a process of condensa-
tion esterification occurring between surface
—OH groups and a H,SO,4 molecule. Due to the
existence of negative charge on CNCs surface,
these materials find a space in certain biomedical
applications like adsorption of enzymes/proteins
(Lin and Dufresne 2014).

Nanocellulose show astonishing properties
having high surface area due to the dimensions in
the nano scale range. The nanocellulose isolated
from biological sources is quite biodegradable,
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hemocompatible and biocompatible (Lin and
Dufresne 2014). Nanocellulose is highly porous,
and water insoluble having hygroscopic nature
which can absorb humidity or moisture.
Nanocellulose has high water uptake capacity
measured as the degree of swelling. Bacterial
cellulose have greater tendency to absorb more
water as compared to nanocellulose obtained from
other sources. CNFs films possess the oxygen
barrier properties making them highly applicable
for food packaging materials. The oxygen trans-
mission rate of CNCs films increases with an
increase in relative humidity (Miettinen et al.
2014). The nanocellulose possesses high dielectric
properties and is used as an insulator in electrical
industries. The dielectric constant is influenced by
moisture content, length of fibers, presence of
noncellulosic components, degree of polymer-
ization and fiber density (Bras et al. 2015). The
nanocellulosic films show remarkable optical
transparency due to which CNFs hold a place for
utility in optical devices. The orientation and
alignment of CNFs form suitable ordered struc-
tures. During the formation of solid films, the
casting of nanocellulosic dispersions on a solid
support is done where NPs can maintain their
alignment to form iridescent structures with chiral
nematic ordering (Edgar and Gray 2001). These
developed films possess the tendency to reflect
polarized light at a particular wavelength which is
further dependent on the pitch of liquid crystals
(Dufresne 2013). The high aspect ratio, cylindrical
shape, flexibility, and rigidity of CNCs lead to
their optical effects in the aqueous suspensions.
CNCs/CNFs have been used as reinforcing
agents or as fillers due to their strong mechanical
properties. The improvement in Young’s modu-
lus is responsible for better mechanical behavior
or tensile strength of CNCs. Due to the excellent
tensile strength; CNCs play a great role in
nanocomposites formation. Bacterial nanocellu-
lose has greater tensile strength as compared to
plant nanocellulose. This may be due to the
presence of substantial amount of pellicular
proteins that are secreted by bacterial cell and
bind together the cellulose microfibrils (George
et al. 2005). Another important property of
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nanocellulose fibers is high thermostability. The
thermal stability increases upon chemical and
mechanical treatments to the raw fibers. The high
thermostability of CNCs makes them appropriate
candidates for utility in thermoplastic nanocom-
posites (Alemdar and Sain 2008). The degree of
crystallinity or crystalline index is another valu-
able property of nanocellulose. The crystallinity
of nanocellulose determines the morphology of
CNCs/CNFs.  Crystallinity index of CNCs
increases after removal of noncellulosic compo-
nents from the natural fibers by using pretreat-
ment methods.

5.8 Factors Affecting Nanocellulose

A vast number of factors are known to affect the
dimensions, morphology, surface chemistry and
properties of nanocellulose. The major factor is
the source from which nanocellulose is extracted
play a vital role. The dimensions of nanocellulose
are determined by the original source of cellulose.
Apart from the bacterial sources, the cellulose
isolated from all other sources is obtained in
micrometer dimensions and requires further
purification and treatments to produce in nanos-
cale range (Alemdar and Sain 2008). For exam-
ple, cellulose microfibrils isolated from banana
rachis by applying combined chemical and
mechanical (sonication) method has been
obtained in the form of individualized or associ-
ated fiber bundles of 5 nm width (Zuluaga et al.
2007). On the other hand, CNCs extracted from
bacterial culture of Acetobacter xylinus followed
by enzymatic hydrolysis using cellulose enzyme
were 100-300 nm in length and 10-15 nm in
diameter (George et al. 2011). Moreover, the age
of source, climate conditions, and maturity level
has also affected the dimensions of nanocellulose.

The chemical, enzymatic or mechanical
method used has an impact on the dimensions of
CNCGCs. A study has reported the comparison of
properties of CNCs and cellulose nanofibrils
isolated from three different sources (bacteria,
wood, and tunicates) by applying acidic, enzy-
matic, mechanical, and oxidative approaches.
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The results described that size, aspect ratio and
other characteristics properties of CNCs and
nanofibrils are tuned by varying the source and
hydrolysis techniques (Sacui et al. 2014). During
the purification process, concentration and type
of reagents used, reaction temperature, time
duration, pH of the culture media and many more
lead to variations in the dimensions and mor-
phology of nanocellulose. Two different reports
have described the isolation of CNFs from rice
and wheat straw and studied the effect of acid
used, its concentration and time duration on the
size, morphology and other properties of CNFs
(Nasri-Nasrabadi et al. 2014a; Shamsabadi et al.
2015). Surface charge of nanocellulose can be
controlled through optimization of acid hydrol-
ysis parameters such as type of acid used (sul-
furic acid, hydrochloric acid, nitric acid, and a
combination thereof), concentration of the acid
used, temperature and time period for which
hydrolysis is carried out. The surface charge of
CNCs/CNFs also has also affected the properties
to a greater extent. The introduction of negatively
charged sulfate groups on the cellulosic crystals
could reduce the thermostability. The presence of
negative surface charge increases the suspension
stability of nanocellulose while decreasing the
chances of agglomeration or fiber aggregation.

Surface chemistry or tendency of surface
modifications has been affected by the presence
of hydroxyl groups on the structure of CNCs.
The hydroxyl group at C-6 can react ten times
faster than OH groups present at C-2 and C-3,
while the reactivity of the hydroxyl group on C-2
position was found to be twice than that of C-3
position (Habibi 2014). The ability to surface
modification is thus manifested by the chemical
conversions of these hydroxyl functional groups.
The size, shape and high surface area of
nanocellulose influences the properties in aque-
ous media, for example, the optical characteris-
tics, stability and rheology of their suspensions.
Rheological parameters of CNCs are also influ-
enced by properties such as liquid crystallinity,
ordering, and gelation properties (George and
Sabapathi 2015).
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The original source of cellulose and degree of
swelling also affects the mechanical properties of
CNCs. As a result of the internal stress produced
by swelling, the intermolecular bonds break
which are responsible for holding the fibers
together (Saheb and Jog 1999). Due to swelling,
the degree of order within the fiber is reduced
contributing toward decreasing mechanical
properties. The dimension of cellulose microfib-
rils has been found to be significantly affected the
mechanical properties. The longitudinal modulus
of pulp CNFs has been reported to be
81 £ 12 GPa (Cheng et al. 2009), whereas the
Young’s modulus of BNC was 114 GPa (Hsieh
et al. 2008). Another important property of crys-
tallinity index is also affected by various factors
such as source, and method used for fiber isola-
tion. Alkali treatment plays a major role to
determine the mechanical as well as crystalline
properties of nanocellulose (Das and Chakraborty
2008). BNC have greater degree of crystallinity
as compared to cellulose isolated from other
sources. The degree of crystallinity further affects
the oxygen transfer rate. The relatively low oxy-
gen transfer rate has been attributed to the higher
degree of crystallinity of CNFs and the higher
fibrillation of the materials.

5.9 Surface Chemical Modifications

Since nanocellulose is highly hydrophilic in
nature, a problem is faced due to its nonuniform
dispersion in various nonpolar media. The
researchers are interested in surface modifica-
tions of nanocellulose to enhance its compati-
bility with different types of matrices.
Nanocellulose has great ability for surface mod-
ifications by the reactions of various types of
chemical moieties with the hydroxyl groups
present on its surface. The tendency of surface
modifications makes them suitable candidates for
nanocomposites formation. A variety of methods
are known through which the surface of
nanocellulose is being modified which are
described in detail as ahead.



5 Nanocellulose and Nanocomposites

Non-covalent Surface
Modification

5.9.1

This is the method where non-covalent attachment
or adsorption of surfactants or oppositely charged
molecules is achieved on the surface of nanocel-
lulose. Surfactants are the molecules used to
reduce the surface tension when used at very low
concentrations. The use of surfactants such as
mono- and di-esters of phosphoric acid bearing
alkylphenol tails was introduced by Heux et al.
(2000) for improving the dispersion ability of
CNC:s in the nonpolar solvents. The interactions
mainly take place through van der Walls forces,
hydrogen bonding, hydrophilic affinity, or elec-
trostatic attractions with the surface moieties of
nanocellulose (Habibi 2014). Another approach
used for non-covalent surface modification of
CNCs is by the attachment of cationic surfactants.
As the surface of CNCs contain anionic charged
moieties at neutral pH, the modification with
cationic surfactants is done to improve
hydrophobic character of CNCs (Kaboorani and
Riedl 2015). In this case, hexadecyltrimethylam-
monium bromide used is a tetra substituted
ammonium cationic surfactant containing charged
quaternary nitrogen and a long straight alkyl chain
of 16 carbon atoms that has induced a high degree
of hydrophobicity to CNCs. Similarly, an entirely
bio-derived poly lactide acid (PLA)-carbohydrate
copolymer has been used to modify the surface of
BNC by the interactions through hydrogen
bonding in order to increase the mechanical
properties of nanocomposites (Lee et al. 2012).

5.9.2 Silylation

The silylation procedure is used to chemically
modify CNCs surface with the hydrophobic
compounds to enhance their interactions with the
polymer matrices (George and Sabapathi 2015).
Silane coupling agents such as chlorosilanes and
alkoxysilanes serve to modify the hydroxyl
groups present on the surface of nanocellulose to
improve its hydrophobic behavior. In a
study, CNCs have been silylated using

115

3-isocyanatepropyltriethoxysilane (IPTS) where
triethoxysilane moiety was grafted onto CNCs
surface offering good miscibility of silylated
CNCs with silicon rubber and further increased
its reinforcing capacity (Yu et al. 2015). Similar
experiment has described the silylation of cellu-
lose microfibrils extracted from sugar beet pulp
using isopropyl dimethylchlorosilane. The sily-
lated microfibrils showed flocculation in the
dispersion of tetrahydrofuran when the degree of
substitution was smaller than 0.1 whereas
homogenous dispersion was resulted between 0.1
and 0.4 degree of substitution. Silylation has
resulted in increased flexibility of microfibrils
(Gousse et al. 2004). In another case, either
CNCs or NFCs have been coupled with
3-aminopropyltriethoxysilane which resulted in
enhancement of their compatibility with PLA
responsible for improving the mechanical
strength of nanocomposites (Frone et al. 2011).

5.9.3 Acetylation

It is one of the useful methods of surface alter-
ation of nanocellulose and is mainly applied to
reduce the hygroscopic nature or moisture
absorption potential of cellulose fibers. Acetyla-
tion of fibers is a common method for esterifica-
tion reactions. Degree of acetylation has a crucial
impact on the physical properties of fibers while
maintaining their morphology as such. Acetyla-
tion occurs through the substitution of hydroxyl
groups by acetyl moiety by treating the fibers with
a mixture of dry acetic anhydride and acetic acid
along with the use of sulfuric or perchloric acid as
catalysts (Habibi 2014). A study reported the
surface acetylation of cellulose whiskers using
alkyenyl succinic anhydride and described that
acetylated whiskers maintained their morpho-
logical features along with crystallinity. But the
whiskers were more readily dispersible in less
polar solvents (Yuan et al. 2006). Similarly,
CNCs of cotton fiber have been acetylated by a
single step method using acetic anhydride in
anhydrous phosphoric acid system of solvents.
Acetylated CNCs have possessed the greater
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ability to disperse and also increased the rein-
forcing potential of PLA sheets (Yan et al. 2013).

5.9.4 Oxidation

TEMPO mediated oxidation is an effective and
simple to implement conversion of primary
hydroxyl alcohols into aldehydes, ketones and
carboxylic acids. Commonly, the reaction
involves the usage of a nitroxyl radical, TEMPO
along with NaBr and NaOCIl. The reaction is
carried out by dissolving catalytic amounts of
TEMPO and NaBr in polysaccharide solutions
generally at pH of 10-11. Oxidation reaction is
initiated by the addition of NaClO solution as a
primary oxidizing agent (Isogai et al. 2011). In a
study, TEMPO oxidized CNCs from olive stones
have been used to develop chitosan nanocom-
posites. These TEMPO-CNCs have increased the
mechanical strength of nanocomposites and
showed higher dissolution rate in simulated body
fluids (Abou-Zeid et al. 2015). Similarly, a
comparative study has been reported in which
TEMPO oxidized CNCs isolated from bamboo,
soft wood and cotton linters have been charac-
terized (Qian et al. 2012). TEMPO oxidation has
been applied to scaffold of bacterial cellulose
nanofibers. The oxidation has imparted few new
functions to scaffold used for tissue engineering
applications without any significant alteration in
the morphology, fiber diameter, and also the
tensile strength (Luo et al. 2013).

5.9.5 Polymer Grafting

Grafting of polymers on the surface of nanocel-
lulose can be achieved by two different approa-
ches namely ‘grafting onto’ and ‘grafting from’.
The first approach of grafting onto deals with the
attachment of polymers onto the surface of
CNCs/CNFs in the presence of coupling agent.
In this method, high density of grafting is not
possible to achieve due to steric hindrance of
polymer matrices. But the properties of material
formed by this method can be easily controlled as
the polymer characterization is possible before

R. Singla et al.

grafting (Missoum et al. 2013). In the second
approach, polymer chains are grown in situ from
the surface of nanocellulose by hydroxyl groups
initiated polymerization. It is difficult to control
the properties of grafted molecules but the
grafting density can be increased by this
approach (Islam et al. 2013). A study presented
the grafting of poly(acrylic acid) onto cellulose
microfibers where vinyl-terminated ethoxy silane
was deposited onto fiber surface in the presence
of potassium persulfate which acted as initiator
of polymerization reaction. The grafting process
was resulted in 3 times more water absorption by
grafted cellulose microfibers (Loria-Bastarrachea
et al. 2002). Similarly, CNCs have been grafted
by surface-initiated ~ polymerization of
4-vinylpyridine with ceric(IV) ammonium nitrate
as initiator. The grafting reaction has provided
controlled stability, wettability and dispersibility
to CNCs in nonpolar solvents (Kan et al. 2013).
In another study, surface of CNCs have been
modified by grafting from PLA by ring-opening
polymerization so as to improve the compatibil-
ity of CNCs and hydrophobic polymers (Peltzer
et al. 2014). The grafting of poly
(3-hydroxybutyrate) onto the bacterial cellulose
has been reported where laccase was taken as
grafting tool. The grafting has caused an increase
in mechanical strength as well as hydrophilic
characteristics of composite (Igbal et al. 2014).

5.10 Nanocomposites Formation

Nanocellulose find a great role as a reinforcing
agent or filler in the formation of nanocomposites
as it possesses extraordinary properties of great
tensile strength, thermal behavior, ease of surface
modifications, and many more. These properties
make nanocellulose a suitable candidate for
potentiality in nanocomposites development
(Siqueira et al. 2010a). Nanocomposites are solid
materials which incorporate nano-sized particles
into the matrix of material. Nanocomposites
generally composed of different constituents, i.e.,
dispersed phase or fillers, interfacial region and
dispersion matrix. The matrix is that phase in
which nano sized filler particles are incorporated.
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Commonly, nanocomposites have unique
characteristics as compared to conventional
composites mainly due to their large surface area
to volume ratio and nanometric size effect
(Mariano et al. 2014). In the nanocomposites
formation, nanocellulose may have the potential
to act either as matrix or fillers. The use of nat-
ural fibers like cellulose fibers is seeking atten-
tion in nanocomposites formation these days due
to their cheapness, environmental friendly nature,
and tendency to be recycled along with com-
parative mechanical properties (Kalia et al.
2011). Nanocomposites are mainly classified into
natural and synthetic nanocomposites based on
the constituents used. A wide variety of studies
have designed for the formation of nanocom-
posites using nanocellulose for utility in multiple
applications. A list of nanocomposites of
nanocellulose is given in (Table 5.2) which
describes the kind of dispersed matrix and type
of fillers used in nanocomposites along with their
application.

5.11 Applications of Nanocellulose
and Nanocomposites

in Biomedical

Nanocellulose and its nanocomposites play a great
part in biomedical applications such as disease
diagnostics, drug delivery for disease therapy,
antibacterial activity, tissue engineering including
wound healing and repair of damaged organs. The
role of nanocellulose in biomedical field is
attributed mainly to its biodegradable, cytocom-
patible, and hemocompatible nature. Some of the
biomedical applications of nanocellulose and
nanocomposites are discussed below.

5.11.1 Diagnostics

Polymeric materials like cellulose have been
used as a support for various medical and diag-
nostic  applications. The advantages of
hydrophilicity, nontoxic nature and ease of sur-
face modification with chemical reactivity make
them suitable for diagnostic purpose (Pelton
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2009). In a study, nanofibrillated cellulose have
been isolated from wood by chemical and
mechanical treatments and further oxidized by
TEMPO mediated oxidation reaction. The oxi-
dized nanofibrillated cellulose was then activated
by EDC/NHS coupling. Then bovine serum
albumin (BSA) and anti-human IgG was conju-
gated to the chemically activated nanocellulose
fibers which acted as a platform for the
immunoassays and diagnostics (Orelma et al.
2012).

In a report, it has been described that
fluorescein-5'-isothiocyanate (FITC) was cova-
lently attached to cellulose nanocrystals which
will act as a technique to fluorescently label
cellulose nanocrystals for bioassay and
bio-imaging applications (Dong and Roman
2007). Similarly, cellulose nanofibrils have also
been modified with luminescent carbon dots as
an attempt to develop a nanocomposites system
for bio-imaging (Junka et al. 2014). In a recent
study, cellulose nanoparticles have been used as
a biodegradable contrast agent in photoacoustic
signaling in live mice models of ovarian cancer.
The use of cellulose nanoparticles as a contrast
agent in optical imaging may serve as a better
agent in biomedical imaging (Jokerst et al. 2014).

5.11.2 Drug Delivery

Drug delivery system is a known program which
deals with the release of drugs at an appropriate
time, to specific targeted organ and in a specified
amount of needed drug. Cellulose has been used
as a tablet coating when blended with various
drug excipients in the pharmaceutical industry
(Jackson et al. 2011). The potential of use of
different forms of nanocellulose such as CNCs,
CNFs, BNCs and cellulose microfibrils as a
carrier for drug delivery by binding and releasing
drugs to a target organ have been referred in the
literature. The fascinating properties of nanocel-
lulose which are utilized in view of nanocellulose
as a drug delivery carrier are porosity, network
like structure, biocompatibility, nontoxic nature,
low cost, and easy to obtain in nature (Trovatti
et al. 2011).
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Table 5.2 Nanocomposites of nanocellulose and their functions

Reinforcing material

Titania nanoparticles
along with drugs
Chitin nanocrystals
Bacterial cellulose
nanofibers
Polyaniline
Cellulose nanofibers

Palladium nanoparticles

Collagen

Silver nanoparticles

Cellulose nanocrystals

Nanocellulose

Cellulose fibers

Flax cellulose
nanocrystals

Cellulose nanocrystals

Soy cellulose microfibers

Electrospun cellulose
nanofibers

Silk fibroin

Cellulose nanocrystals

Silver
nanoparticles + bacterial
cellulose nanocrystals

Ag—Pd alloy
nanoparticles

Matrix used

Cellulose nanofibers

Bacterial cellulose

Natural rubber

Bacterial cellulose
nanofibers

Sodium caseinate
protein films

Bacterial cellulose
nanofibers

Nanocellulose fibers

Microcrystalline
cellulose

Polyurethane film

Poly lactide acid
(PLA)

PLA and
ethylene-vinyl
acetate-glycidyl
Methacrylate

Starch-based film

PLA films

Soy protein film

Soybean protein
films

Bacterial cellulose

Chitosan polymer

Polyvinyl alcohol
(PVA)

Cellulose
nanocrystals

Surface
modification
(if any)

Polystyrene coated
bacterial cellulose

Oxidation to
dialdehyde
nanofibers

Glycidyl
methacrylate

grafting of cellulose

nanofibers

Polyethylene

grafting of cellulose

nanocrystals

Functionalization of

cellulose with
methyl adipoyl
chloride

TEMPO mediated
carboxylation of
cellulose

Applications/functions

In transdermal drug delivery
and as wound dressings

Antibacterial applications

For increasing mechanical
strength of natural rubber

Supercapacitor electrodes

Food packaging materials

Catalyst in chemical reactions

As wound dressing and tissue
engineering scaffold

Antimicrobial films

To increase the mechanical
strength of films

To enhance the thermal
resistance of nanocomposites

To improve the thermal,
rheological and
biodegradation properties of
nanocomposites

To increase mechanical
strength and water resistance
of starch based materials

Scaffolds for tissue
engineering

Increased mechanical strength
at elevated humidity levels

Increased the mechanical
strength and young’s
modulus of protein films

Scaffold for tissue
regeneration

Enhanced mechanical
strength and decreased
hydrophillicity of chitosan

To augment the properties of
PVA films

Labels for electrical detection
of DNA hybrids
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The biopolymeric bacterial cellulose has been
used as a model carrier of serum albumins. The
bacterial cellulose showed controlled drug load-
ing and release. This has suggested that this
hydrophilic, biocompatible material may serve as
an innovative drug delivery vehicle (Miiller et al.
2013). In another report, nanocrystalline cellu-
lose (NCCs) has been surface modified by cetyl
trimethylammonium bromide (CTAB) and loa-
ded with hydrophobic anticancer drugs namely
docetaxel, paclitaxel, and etoposide. NCCs
showed the controlled release of drugs over a
period of 2 days along with cellular uptake by
binding to KU-7 (bladder cancer cells) which
confirmed the potential of NCCs as novel drug
delivery vehicles (Jackson et al. 2011). Similarly,
bacterial cellulose has been used as a new drug
delivery system where cellulose was loaded with
berberine hydrochloride and berberine sulphate.
The drug release was found to be lowest in
simulated gastric fluid whereas highest release in
simulated intestinal fluid. This has depicted that
bacterial cellulose act as a carrier for sustained
drug release (Huang et al. 2013).

The development of a dual drug delivery
system was based on the pH and electro
responsive characteristics of bacterial cellulose
nanofibers along with sodium alginate hydrogel
(nf-BC/SA). The developed hybrid hydrogel was
loaded with a model drug ibuprofen. nf-BC/SA
hybrid hydrogels may serve as novel promising
candidates for dual controlled drug delivery
systems (Shi et al. 2014). Nanocomposites of
cellulose nanofibers and titania nanoparticles
have also been reported for drug delivery in
dermal applications. The nanocomposites was
loaded with drugs like diclofenac sodium,
penicillamine-D and phosphomycin. The major
advantage of using titanium nanoparticles in this
system was that titania has acted as binding agent
between cellulose and drugs. The developed
system showed the long term release profile of
drugs based on different release kinetics highly
depending on the type of medicine used in the
nanocomposites. The developed drug delivery
system may serve as anesthetics, analgesics, and
wound dressing materials (Galkina et al. 2015).
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Nanocellulose has been used in tissue engineer-
ing applications due to its great mechanical
strength, biocompatibility and inherent nontoxic
nature. The high oxygen transfer rate, ease of
preparation as well as surface modification,
porosity, suitable viscosity and elasticity prop-
erties of nanocellulose hydrogels are extensively
employed as 3D scaffold. Osteoarthritis is a dis-
ease of synovial joints due to defects in soft tis-
sues that causes pain and loss of function. Tissue
engineering may provide an artificial functional
cartilage for the repair and regeneration of
defected soft tissues (Elisseeff et al. 2002). To
repair and regenerate cartilages, nanocomposites
of porous starch/CNFs have been used for tissue
engineering (Nasri-Nasrabadi et al. 2014b).
Starch based films have great potential for tissue
engineering as a biomaterial scaffold. CNFs have
been incorporated in the starch to improve its
mechanical strength, hydrophilicity, porosity and
degradation rate in the living systems. The use of
this biomaterial nanocomposite as a cell scaffold
has increased the attachment and proliferation
rate of rabbit chondrocytes (Nasri-Nasrabadi
et al. 2014b). Bacterial cellulose has served as
a potential scaffold for cartilage tissue engineer-
ing and supported the proliferation of human
chondrocytes (Svensson et al. 2005).

Role  of  bacterial  cellulose-collagen
nanocomposites has been described in bone tis-
sue engineering. Collagen is supposed to provide
cell adhesion and enhanced cell proliferation,
whereas bacterial cellulose has network structure
to provide mechanical strength and barrier
properties required for scaffold materials. In this
case, osteogenic cells have been cultured to
observe the effect of this nanocomposite on cell
adhesion, proliferation and morphology. The
material has allowed the formation of
osteoblastic phenotype under in vitro conditions
beneficial for bone tissue engineering (Saska
et al. 2012). The preparation of electrospun
hydroxyethyl CNFs with the coating of calcium
phosphate has shown the pronounced cellular
attachment and proliferation of osteosarcoma
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cells, thereby, confirming the role of these
nanocomposites as promising candidates for
bone tissue engineering (Chahal et al. 2015).

Bionanocomposites of hyaluronic acid/CNCs
has promoted the proliferative activity of human
adipose derived stem cells confirming the role of
this material for tissue engineering in biomedical
applications (Domingues et al. 2015). Bacterial
cellulose has also been used as a material in
tissue engineering of cornea. Corneal disease is
common ophthalmic disease present in clinical
patients. The lack of corneal donors is a problem
faced in the transplantation of cornea. The
development of biomaterials for tissue engi-
neering of cornea may provide the solution to
this disease. Bacterial cellulose used in this
regard has shown the potential to support the
growth and proliferative activity of human cor-
neal stromal cells due to its high water holding
capacity as well as biocompatibility. Bacterial
cellulose may be used as a scaffold for corneal
tissue engineering (Hui et al. 2009).

5.11.4 Wound Repair

Wound/injury repair of skin or any other tissue
requires the materials possessing tendency to
provide moist environment to the wounded
organ. The moisture provided by the wound
dressing helps to promote the ulcer healing and
also reduces pain of the patients. The wound
dressing should have strong mechanical strength
and should also be easy to apply and easy to
remove without causing any damage to newly
developed epithelium. Nanocellulose wound
dressings possess all the features required for
optimum wound dressing. The nanocellulose
possesses high water uptake capacity, high
mechanical strength, biodegradability and cyto-
compatibility. In this attempt, various reports
have described the applicability of nanocellulose
as a biomaterial for wound healing. Antibacterial
silver nanoparticles/bacterial cellulose nanocom-
posites gel membranes have been used as wound
dressing biomaterial. These nanocomposites
have reduced the inflammation and pronounced
the wound healing under both in vitro and in vivo
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systems (Wu et al. 2014). BNC has also played a
role as wound dressing upon its incorporation
with antiseptic drug octenidine to provide
antibacterial activity. The drug loaded BNCs
were found to be highly biocompatible in human
keratinocytes suggesting their role in treatment of
chronic wounds (Moritz et al. 2014).

Nanocomposite of bacterial cellulose—
hyaluronan has also shown the potential for the
treatment of severe skin injury. These
nanocomposites films have shown the growth of
human fibroblast cells and have also been tested
for wound healing in wistar rats which showed
healing in shortest time (Li et al. 2015). Bacterial
cellulose isolated from Gluconacetobacter xyli-
nus by multilayer fermentation method has also
been used for skin tissue repair. The use of this
material as a wound dressing has resulted in
significant tissue regeneration and capillary for-
mation in the wounded region showing faster and
better signs of healing (Fu et al. 2012). Similarly,
nanocomposites of bacterial cellulose and kaolin
have been developed for wound healing purpose.
Kaolin is a blood clotting factor which has been
incorporated into bacterial cellulose to provide
combination of short term and long term wound
healing materials (Wanna et al. 2013). Bacterial
cellulose—chitosan nanocomposites membranes
have also been prepared for the wound healing
application. The chitosan is antibacterial in nat-
ure, promote the migration as well as prolifera-
tion of fibroblast cells and further help in
deposition of collagen III in the deformed skin
area, thus accelerating repair of injured tissue
(Lin et al. 2013).

5.11.5 Antimicrobial Activity

Nanocellulose does not show any antimicrobial
activity. But the nanoscale cellulose finds a
proper space in the treatment of wounds or in
tissue engineering applications due to its water or
moisture retaining capacity. As it keeps the
wounded tissue moist, there are quite high
chances of bacterial infection. To avoid the high
risk of microbial infection, the antimicrobial
nanocomposites  have  been developed.
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Nanocomposites containing bacterial cellulose
and silver nanoparticles have been developed
which showed antibacterial activity against gram
negative and gram positive bacteria (Barud et al.
2011). Similarly, nanocomposites of bacterial
cellulose nanofibers and chitin nanocrystals have
shown bactericidal activity (Butchosa et al.
2013). Zinc-oxide-silver NPs have been incor-
porated into CNCs possessing bactericidal
activity (Azizi et al. 2013). Also, antibacterial
nanocomposites of bacterial cellulose/poly
(2-aminoethyl methacrylate) have been devel-
oped (Figueiredo et al. 2015). Bacterial
cellulose-titanium dioxide nanocomposites have
been reported for antibacterial activity against
E. coli (Khan et al. 2015).

5.12 Conclusions

Cellulose is a fascinating biopolymer of great
demand and is present in great abundance on
global earth including green woody plants, agri-
cultural biomass, bacteria, fungi, actinomycetes,
and tunicates. Nanocellulose extracted from these
sources by applying different isolation proce-
dures possesses various self-sufficient astonish-
ing properties different from the natural cellulose.
Due to these properties, nanocellulose find a
better space in wide applications such as
biomedical field, drug delivery, tissue engineer-
ing, nanocomposites formation, automobile
industry, digital display formation, textile
industry, foods and pharmaceuticals area. There
is further a scope to carry out high-end research
on this subject matter to find alternative ways to
modify the surface of nanocellulose so as to
make it suitable for other applications where
nanocellulose could act as a dispersed matrix or
reinforcing agent.
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Abstract

Theragnostic NPs give new hope in simultaneous diagnosis and therapy of
a disease at curable stage. Theragnosis is the fundamental requirement of
personalized medicine. For successful theragnosis applications, the
imaging agents and drugs should be efficiently delivered, resulting in
adequate imaging signal or drug concentration in the targeted disease site.
The selection of NPs for imaging, diagnosis and therapy was based on
their biomimetic features with higher surface to volume ratio of the
nanomaterials. The essential properties of nanomedicines involve early
and precise diagnosis of clinical conditions providing an efficient
treatment without secondary effects. Thus, nanotheragnostic probes are
much better than conventional treatments where the diagnosis and therapy
are way apart from each other. This chapter briefs about the recent
advancement of nanotheragnosis research with future scope and associated
hurdles.
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6.1 Introduction

In present era, early and effective diagnosis of
severe diseases like cancer, HIV-AIDS, diabetes,
etc., is an essential requirement. Delayed,

S. Walia and A. Acharya

defective diagnosis and nonspecific targeted
delivery of drugs are some of the major draw-
backs of conventional techniques of preclinical
examination and disease treatment (Krishanan
2010; Choi et al. 2012). However, the develop-
ment of such a diagnostic probe which can
overcome these limitations in clinical world had
still remained a dream. Research has played an
important role in this aspect, and a new concept
“theragnosis” came into origin. Theragnosis lead
to the recognition of a specific disease and ther-
apeutic efficacy of drug and its targeted delivery
to the disease site. Theragnosis is a modern
technique with dual property of imaging and
treatment of a specific disease. Theragnosis
encompassed two different applications on same
platform resulting in the identification and curing
of disease using single probe. The arrival of
nanoparticles (NPs) in the medical field fulfilled
the dream of the target-specific treatments with
rapid efficacy and also development of diagnosis
and treatment probe simultaneously (Janib et al.
2010; Bwatanglang et al. 2014). The synthesis of
materials at nanoscale level changes their phys-
ical as well as chemical properties. The size of
the NPs is in the range of series of biomolecules
viz., proteins (1-20 nm), deoxyribonucleic acid
(DNA, <diameter 2 nm), cell membrane (<6—
10 nm), virus (<20 nm), hemoglobin (<5 nm),
etc. (Acharya 2013). The selection of NPs for
imaging, diagnosis, and therapy was based on
such biomimetic features with higher surface to
volume ratio of these nanomaterials (Pison et al.
2006; Yezhelyev et al. 2006). The essential
properties of nanomedicines involve early and
precise diagnosis of clinical conditions providing
an efficient treatment without secondary effects.
These requirements can be customize at nanos-
cale level (Sanvicens and Marco 2008;
Salvador-Morales et al. 2009).

Though there are many achievements made by
the scientists in medicinal world, the conflict on
disease is still unsettled. The recognition of differ-
ent dreadful diseases and their effect on different
patients is the main reason behind this war. This led
researcher to believe that each patient required
disease specific therapy based on the differences in
genetic  factors, physical conditions, and
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environmental factors. The entire knowledge about
disease and patient is required for this approach
(personalized medicine). The in vivo imaging
techniques for noninvasive diagnosis act as a
powerful tool in monitoring the disease site and
biological situation of body (Lee et al. 2012). The
traditional imaging techniques in the clinic include
optical imaging, magnetic resonance imaging
(MRI), computed tomography (CT), ultrasound
(US), and positron emission tomography (PET) or
single photon emission computed tomography
(SPECT). The high spatial resolution is the char-
acteristic feature of primarily
morphological/anatomical imaging technologies,
such as CT, MRI (with contrast agents injected at
millimolar blood concentrations), and US. How-
ever, they also contribute to the limitation of not
being able to detect diseases until tissue structural
changes (for example, growth of a tumor) are large
enough to be detected by the imaging modality.
Primarily molecular imaging modalities, such as
optical imaging, PET, and SPECT (with radio-
tracers injected at nanomolar blood concentra-
tions), offer the potential to detect molecular and
cellular changes of diseases (for example, before
the tumor is large enough to cause structural
changes). However, these modalities suffer from a
poor spatial resolution (Willmann et al. 2008). The
innovative wave of multimodal imaging brought
new hope in imaging the disease site with high
sensitivity and spatial resolution. The team work of
Townsend and colleagues in collaboration with
Siemens Medical led to the invention of first fused
PET/CT instrument in 1988 and commercialized in
2001. This gave an innovation to the combination
of PET/MRYI, in which PET due to its high sensi-
tivity can scan the tissue of interest in very short
time by reducing the volume of targeted tissue. This
can be now imaged by high resolution MRI (EIl
2006; Cherry et al. 2008; Jarrett et al. 2008; Jen-
nings and Long 2009). The rise of these new hybrid
technology attracted researchers in designing and
development of such probes for clinical benefit. In
this aspect, nanoscale multimodal imaging probe
plays an important role as they can hold two or
more imaging agents. Simultaneously, these over-
come the limitations of single imaging probe pro-
viding full details of the target site via targeted
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delivery. There is class of inorganic NPs which
behave as imaging agents such as iron oxide
(I0) for MRI, gold NPs (AuNPs) for CT, and
quantum dots (QDs) for optical imaging. The
multimodal imaging probes can be developed by
combining these imaging agents via conjugation or
co-encapsulation. The organic NPs like liposomes,
micelles, polymeric NPs, etc., also play an impor-
tant role in the integration of these imaging probes
in the interior or on their surfaces (Jennings and
Long 2009; Louie 2010). Recently, trimodal
imaging probes by combining radiometal chelates,
such as 64Cu—l,4,7,1O-tetraazacyclododecane-1,
4,7,10-tetraacetic acid (DOTA) and Indium (*!'In)-
DOTA, to dual MRI/optical probes for
PET/optica/MRI have also been designed (Xie
etal. 2010a). The combination of different imaging
modalities are expected to have many advantages
like more precise and detailed information, high
sensitivity, and spatial resolution and these are
expected to compensate each other’s drawbacks.
But for the development of such an imaging probe,
one should take into account the rational selection
based on sensitivity and concentration of the
imaging agent to be used (viz., PET or near-infrared
fluorescence (NIRF) agents can be used in extre-
mely low concentrations, while MR and CT agents
need relatively high concentrations), probhition of
the overlapping of advantages and overcome the
weak points of each selected imaging modality to
increase the efficiency of the multimodal probe.
This is the reason that the imaging modalities with
high sensitivity (PET, optical, etc.) are frequently
combined with other imaging modalities with high
spatial resolution (MR, CT, etc.) (Willmann et al.
2008; Jennings and Long 2009). Here in this
chapter, detailed discussions have been included in
nanoparticles-based single and multimodal imag-
ing agents with special reference to theragnosis
concept.

6.2 Nanomaterials in Disease
Diagnosis and Therapy

The origin of NPs and their applications in med-
icine have revolutionized the twentieth century.
NPs provide various facilities in medical field



130

Fig. 6.1 Nanomaterials
for simultaneous disease
diagnosis and therapy
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ranging from diagnosis to therapies (Taton 2002).
Nanotechnology at its infant stage was studied
because of its physicochemical properties, but
now they have entered the commercial world
(Murray et al. 2000; Mazzola 2003; Paull et al.
2003). The selection of theragnostic NPs is
dependent on four components viz., signal emit-
ter, therapeutic payload, payload carrier, and tar-
geting ligand (Fig. 6.1). The signal emitter emits
signals physically or by absorbing energy from
external sources. The therapeutic payload can be
chemotherapeutic drugs, or nucleic acids, such as
DNA and small interfering ribonucleic acid
(siRNA). The payload carrier can be polymeric
matrix with multiple functional groups on which
signal emitters or therapeutic payloads can be
conjugated. The targeting ligand attached on the
NP surface can be utilized for recognizing specific
disease marker on the target cell, facilitating the
delivery and specific interactions of theragnostic
NP to the targeted cells or tissues (Fang and Zhang
2010). The details of the different payload carriers
have been discussed in next sections.

6.2.1 Metallic Nanoparticles

The metallic NPs are used at large scale for
biomedical applications because of their unique
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physicochemical properties due to the presence
of large amount of high energy surface atoms
than in the bulk material (Valden et al. 1998;
El-Sayed 2001). The well-known metallic NPs in
the field of pharmaceutics are silver (Ag), gold
(Au), iron oxide (I0), titanium dioxide (TiO,),
copper (Cu), zinc oxide (ZnO), etc. These are
used especially in cancer treatment, biosensing,
and imaging drug delivery (Nikalje 2015). Their
synthesis involves different wet chemical meth-
ods among which the use of excess of reducing
agents like sodium citrate or sodium borohydride
(Creighton et al. 1979; Panigrahi et al. 2004), use
of mesityl derivatives for the synthesis of Ag,
Au, and Cu NPs (Bunge et al. 2003) are most
common. Nowadays, green approaches are also
applied for the synthesis of metallic NPs
(Makarov et al. 2014). This point has been dis-
cussed in detail in Chap. 3.

6.2.2 Quantum Dots

QDs are fluorescent semiconductor nanocrystals
having optical properties. These fluorescent
semiconductor nanocrystals, contain an inorganic
core, and sometimes shell, and an organic, bio-
compatible coating. They are very small in size
ranging from 5 to 50 nm. QDs exhibit higher
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photostability, extinction coefficient, and quan-
tum yield, and can also provide broadband
absorption, narrow and tunable emission spectra,
and multivalent ligand conjugation as compared
to conventional organic fluorophores (Gao et al.
2004; Kim et al. 2004; Smith et al. 2004). QDs
provide information of biochemical processes
and cancer metastases in living animals (Aker-
man et al. 2002; Gao et al. 2004; Cai et al. 2006).
QDs with appropriate size (10-30 nm) and
fluorescence of near-infrared (NIR) emission
viz., InAs/ZnS (Choi et al. 2009), InAs,P,_/
InP/ZnSe (Kim et al. 2005), CdTe/CdSe (Kim
et al. 2004), and Cu-In-Se (Allen and Bawendi
2008) have extensively been used for sentinel
lymph node mapping (Kim et al. 2004, 2005;
Ohnishi et al. 2005; Parungo et al. 2005; Zimmer
et al. 2006; Frangioni et al. 2007; Knapp et al.
2007). These fluorescent NPs can also be modi-
fied to target living organisms by conjugating
them with small molecules, peptides, proteins, or
antibodies (Han et al. 2001; Cai et al. 2006; Nie
et al. 2007). In a recent work done by Hu et al.
(2015) NIR-II Ag,S QD has been used for ther-
agnositic purposes. For clinical use they have
first coated these NPs with biocompatible poly
(maleic-anhydride-alt-1-octadecene) poly-
ethylene glycol and then a therapeutic drug,
doxorubicin (DOX), was loaded inside poly-
ethylene glycol (PEG)/silver sulfide QDs. The
NIR-II QDs allow deep tissue imaging and fur-
ther help in the evaluation of therapeutic drug.
QDs are toxic due to the presence of toxic ele-
ments (e.g., In, As, Cd or Te), and their in vivo
stability is a challenge for their development
(Ballou et al. 2007). However, the stability can
be improved by coating the QDs with biomole-
cules like proteins, nucleic acids, antibodies,
peptides, and aptamers resulting in the formation
of biocompatible QDs. This strategy might
increase their possibility to be used in bioimag-
ing purposes. In the near future, the QDs should
be used for diagnosis including ultrasensitive
detection of various biomarkers, in vivo targeted
imaging and drug delivery (Zhou et al. 2015a).

6.2.3 Silica NPs

The pharmaceutical drugs used for the treatment
of diseases like chemotherapy of cancer are
based on conventional antitumor drugs which
causes adverse effect on normal tissues. Thus to
overcome this major drawback, approaches were
used to design biocompatible targeted drug
delivery models which should transport the
required amount of drug to the affected part of
the body with controlled and sustained release
(Slowing et al. 2008). Silica is one the most
appropriate candidate for this purpose due to its
biocompatibility, suitable size, thermal stability,
and reactive surface which allows these to be
surface functionalized with other groups (Mader
et al. 2008). The honeycomb-like structure of
mesoporous silica nanospheres allows the reac-
tants to absorb through the pores of silica shell
(Burns et al. 2009). The silica nanospheres can
act as biosensors, biomarkers, theragnostic, and
drug delivery agents in conjugation with Ag, Au,
and other metallic NPs, fluorescent NPs, pro-
teins, drugs, etc. (Hirsch et al. 2006; Walia and
Acharya 2015).

6.2.4 Carbon Nanotubes

Carbon nanotubes (CNTs) first came into
account in 1991. CNTs are allotropes of carbon
single-walled or multiwalled cylindrical tubes in
which different therapeutic and diagnostic agents
can be accommodated easily. The diameter of
CNTs is typically between 1 and 100 nm (Zhu
et al. 2002). The hydrophobic nature of CNTs
allows them to bind nonspecfically with plasma
proteins. The surface modification of CNTs has
been done by oxidation or conjugation to
hydrophilic organic molecules to make them
water soluble (Tasis et al. 2003). These water
soluble CNTs shows amazing strength, electrical
properties, and thermal conductivities, which
hold great promise in biomedical research
(Kolosnjaj et al. 2007). The in vivo studies on
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mice have been done by many researchers to
understand the biodistribution and translocation
of CNTs in animal model though contradictory
views regarding their toxicity inhibit their
biomedical applications (Wu et al. 2010).

6.2.5 Dendrimers

Dendrimers have wide range of applications in the
field of catalysis, optics, electronics, and biomedi-
cine. The biomedical applications of dendrimers
are dependent on their non-immunogenecity and
biocompatibility. This led to the synthesis of den-
drimer conjugated organic and inorganic NPs (Jang
et al. 2009; Medina and El-Sayed 2009). The den-
drimer encapsulated NPs are generally synthesized
by fast reduction and nucleation chemistry with a
size range of 5 nm (Crooks et al. 2001). Some other
methods include thermotreatment, ultraviolet
(UV)-irradiation, laser ablation, or g-ray irradia-
tion. The amine terminated polyamidoamine
(PAMAM) dendrimers are commonly used for the
synthesis of dendrimer-coated Au NPs (Shen and
Shi 2010). Similar strategies were also applied for
the synthesis of Ag NPs-entrapped dendrimers (Shi
et al. 2008). The biomedical applications of NPs
conjugated dendrimers are related to the NPs
entrapped in the dendrimer. They also bear higher
electron density than cellular system, and hence can
also be used as biomarkers (Shen and Shi 2010).
The pioneer group of Bulte et al. (2002) in their
three different studies used dendrimers modified
with iron oxide NPs (IONPs) for the detection of
olfactory ensheathing cells which ensheath the
axons of the olfactory receptor neurons (Barnett
and Riddell 2004), grafted into the rat spinal cord
in vivo (Lee et al. 2004), and also to track murine
and human skin stem/progenitor cells (Tunici et al.
2006). Further MR imaging was also done using
these dendrimers to analyze stem cells in vivo
(Bulte et al. 2002).

6.2.6 Micelles

Micelles are another class of organic NPs. They
are collidal NPs with hydrophilic shell and
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hydrophobic  core. Tumors, inflammation,
infarction, and lesions having leaky vasculature
structure help in the entry of the micelles. They
are novel carrier for water insoluble drugs, gene
delivery, and diagnostic imaging probes (Torch-
ilin 2007; Movassaghian et al. 2015). The bio-
compatibility, stability at in vivo and in vitro
systems, ability to solubilize a variety of poorly
soluble drugs, and the ability to accumulate in
the target area are some of its unique character-
istic properties which have attracted the
researchers (Movassaghian et al. 2015). Lin et al.
(2013) investigated the ability of paclitaxel
(PTX) micelles as a theragnostic probe for
imaging and chemotherapy of bladder cancer.
The mice carrying patient-derived xenografts
were taken to analyze antitumor efficacy. Zhou
et al. (2015b) reported the solvent-evaporation
method for the encapsulation of super paramag-
netic iron oxide nanoparticles (SPIONs) inside
polyethylene glycol-block-polycaprolactone and
modified these with a NIR fluorescent probe,
Cy5.5, and glioma-targeting ligand lactoferrin.
The in vivo results suggested that these micelles
are suitable candidate for MRI/optical imaging.
The MRI images showed their long-term stability
at tumor site. It was also helpful during and after
the surgery as fluorescent probe can be helpful in
discriminating the tumor surroundings.

6.2.7 Liposomes

Liposomes are the most prominent carriers for
delivery of hydrophobic and hydrophilic drugs,
diagnostic agents, peptides, antibodies, hor-
mones, and macromolecules after encapsulation
by the lipid membranes (Choi and Frangioni
2010). Liposomes came into existence by the
ability of self forming enclosed lipid bilayer upon
hydration (Samad et al. 2007). However, they
suffer from poor mechanical stability which can
be improved by coating them with biodegradable
coatings viz., PEG and further proteins,
oligosaccharides, add on to their targeted
approach (Langer 1998). It has been found that
liposomes-encapsulated agents have prolonged
circulation as compared to bare NPs. In this
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context, Zheng et al. (2007) demonstrated the
in vivo behavior of a liposome-encapsulated
iohexol (1-N,3-N-bis(2,3-dihydroxypropyl)-
5-[N-(2,3-dihydroxypropyl)acetamido]-2,4,6-
triitodobenzene-1,3-dicarboxamide) as
puted tomography (CT) agent and gadoteridol
[Gadolinium (III) cation (Gd**)] as magnetic
resonance (MR) agent for diagnostic applica-
tions. This liposome-based dual CT/MR probe
make it a promising agent for bioimaging appli-
cations because of its prolonged retention and
simultaneous CT and MR signal enhancement in
in vivo system. Similarly, De Leo et al. (2014)
also reported the encapsulation of hydrophobic
QDs in the phospholipid bilayers of liposomes
via micelle to vesicle transition approach and
reported increment of optical characteristics of
QDs.

com-

6.3 Different Imaging Modalities

Molecular imaging plays an important role in
patient health management and curing of disease.
It is one of the most challenging areas of science
which is growing rapidly. Molecular imaging is a
kind of facility to ‘see’ within the living human
body which leads to the treatment of disease by
understanding its biological complexities. It
involves the noninvasive study of biological
processes in vivo at the cellular and molecular
level. The key role for chemists is to design the
imaging agents that make molecular processes
visible, quantifiable and traceable over time,
aiming to probe molecular abnormalities. The
key is to scrutinize the molecular abnormalities
that are the basis of disease rather than to image
the end effects of these molecular alterations, i.e.,
earlier detection and characterization of disease,
earlier and direct molecular assessment of treat-
ment effects, and a more fundamental under-
standing of the disease process. Various imaging
modalities (e.g., PET, SPECT, MRI, optical, and
US) can be used to assess specific molecular
targets. Certain modalities are well suited for
some applications, but very poorly suited for
other applications. As no imaging modality that
can provide information on all aspects of
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structure and function, the research on a subject
using multiple imaging modalities is clearly
attractive (Jennings and Long 20009).

6.3.1 Optical Imaging Systems

Optical imaging is one of the fascinating tools for
the diagnosis of disease that uses NIR light to
assess optical properties of tissues and might
help in the detection of many critical diseases.
The major advantages of in vivo optical imaging
is that it does not use radioactive component and
can detect imaging agents in picomolar to
nanomolar concentration ranges (Herranz and
Ruibal 2012). The noninvasive imaging, high
sensitivity, cost-effectiveness, nonionizing, and
real-time imaging are the features of in vivo
optical imaging. These inimitable characteristics
attracted the interest of many researchers. Soft
tissues can be easily distinguished from one
another due to the wide variety of ways different
tissues absorb and scatter light (Weissleder and
Pittet 2008). There are different optical imaging
agents available like green fluorescent proteins,
organic dyes, etc. They have advantages viz., fine
visibility, efficiently emitting internal fluor-
ophore, high absorption, and longer emission
wavelength which are very helpful in biological
imaging of DNA, amino acids, etc. (Tsien 1998;
Gongalves 2009). Although it has lot of unique
features but still share some drawbacks like light
scattering, autofluorescence, and absorption by
adjacent tissues, water, and lipids from in vivo
systems; therefore, optical imaging for in vivo
systems has many limitations, in particular owing
to small penetration depths (typically, 1 cm).
They have not proved very successful where
long-term imaging of small biomolecule is
required (Medintz et al. 2005). So there is a need
of such optical imaging agents which can cope
up these limitations. However, some advanced
techniques have been developed to overcome
these limitations (viz., fluorescence, biolumines-
cence, diffused optical tomography, and optical
coherence tomography) (Weissleder and Pittet
2008). The development of QDs brought a new
hope in the world of optical imaging. The unique
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size, photostability, high fluorescence intensity,
and broad emission spectra ranging from UV to
infrared region differ them from conventional
fluorescent organic dyes (Zhou et al. 2015a).
They had vast applications for both in vitro and
in vivo studies including NIR imaging, targeted
fluorescence, life-time imaging, multimodal
imaging of tumors, proteins, DNA, siRNA, etc.
(Zhou et al. 2015a). Bruchez et al. (1998)
reported dual-colored silica-coated CdSe/CdS
QDs for dual-colored imaging of mouse fibrob-
last. The green and red-emitting QDs were used
to differentiate nuclei and actin filaments of
mouse fibroblast. Dubertret et al. (2002) also
used phospholipid-encapsulated QDs for the
imaging of Xenopus embryogenesis. In the near
future, the clinical diagnosis can be improved
and developed by the applications of different
fluorescent QDs.

6.3.2 Magnetic Resonance Imaging
(MRI)

MRI is an excellent diagnostic tool used in
hospitals for detection of diseases. It is used to
investigate the anatomical, physiological, and
even molecular state of the internal system of the
body. The imaging of soft tissues with high
contrast, high spatial resolution, and deep pene-
tration is done using radio waves and magnetic
field in MRI. The spatial resolution can be
increased up to 10-100 um, depending on the
power of the magnetic field. For human body
imaging, it is generally restricted to approxi-
mately 1 mm. The 3-Tesla magnetic field
strength of MRI machines is quite efficient in
providing detailed information at anatomical
level, but due to low sensitivity their use at
molecular level is not much explored. Therefore,
to overcome the low sensitivity of MRI, various
exogenous MRI contrast agents (IO, and Gd,
etc.) have been synthesized and/or under devel-
opment (Key and Leary 2014). The two main
well-known imaging sequences are spin-echo
and inversion recovery, which results in the
improvements in the signal-to-noise ratio, con-
trast resolution, and imaging time. The clinical
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MRI imaging technique mainly focused on
multislice, multiecho spin-echo imaging because
it is less time-consuming technique. A standard
spin-echo examination is the combination of one
set of spin-lattice relaxation time (T;)-weighted
images (short repetition time [TR]) and one set of
spin—spin relaxation time (T,)-weighted images
(long TR) (Scherzinger and Hendee 1986). The
relaxation rates can be modified using MRI
contrast agents, such as Gd chelators, which
enhance the positive signal on T;-weighted
images, while T, agents, such as superparamag-
netic iron oxide nanoparticles (SPION)-based
contrast agents, decrease the signal intensity on
T,-weighted images (Thomas et al. 2013). There
are many examples of such contrasting agents
which improve the imaging of tissues and organs
that are under diagnosis. Yang et al. (2011)
reported a water soluble SPION-based nanocar-
rier. The in vitro studies revealed that the cellular
uptake was higher when SPION were attached to
tumor-targeting ligand as compared to bare
tumor-targeting ligand. Chen et al. (2014b)
reported folic acid-conjugated manganese oxide
(MnO) NPs for efficient imaging of tiny brain
gliomas in vivo. The SPIONs also showed effi-
ciency toward stem cell labeling and tracking (Li
et al. 2013). Along with such excellent proper-
ties, these contrast agents also suffer from some
limitations including poor signal-to-noise ratio,
low sensitivity, relatively long acquisition time,
and requirement of expensive equipment
(Thomas et al. 2013).

6.3.3 Computed Tomography (CT)

CT uses X-ray beam for the diagnosis and imaging
of tissues with high spatial resolution. In CT, the
images of thin slice of patient are recorded using a
beam of X-rays. The different tomographic ima-
ges have been produced from the X-ray images
taken from different angles of the scanned area of
an object or patient. The detectors of CT absorb
X-rays that have passed through different tissues
and differentiate the various tissues by detecting
the difference in tissue density. CT is considered
to be more efficient than conventional X-rays in
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terms  of  greater  contrast  resolution,
cross-sectional modality. Further this technique
also eliminates problems of superimposition of
overlying structures to a much greater extent. The
information collected from the attenuation of the
X-ray beam by the tissues is converted by the
detectors into an arbitrary scale (Hounsfield units
[HU]). The different tissues having different den-
sities will result in variable HU values. For
example bones, fats, air, and water have different
electron densities and thus absorbs X-rays at dif-
ferent values. Bone or calcification (the abnormal
deposition of calcium in soft tissues) is the most
attenuating and are given a value of +1,000 HU,
whereas air, the least attenuating, is given a value
of —1,000 HU. The values are converted to a
grayscale image and assigned a brightness level
with the highest numbers in white and the lowest
numbers in black. When interpreting CT exami-
nations, the range (window width) and mean value
(window level) of density units are selected to
optimize visualization of different tissue densities
of interest. Tissues of densities outside of the
range selected will not be visible and will be either
totally black or totally white. Standard settings can
be selected to display variably lung, bone, or soft
tissue, as required (Weissleder 2002; Barentsz
et al. 2006). The contrast agents used in CT are
commonly low molecular weight resulting in the
rapid clearance from the body. In contrast to these
agents, macromolecules and NPs of high molec-
ular weight like gold, iodine and bismuth retained
in the blood for longer time. The NPs thus can be
used as vascular CT contrast agents because of its
prolonged retention in blood pool. The AuNPs
have gained much attention for their use as con-
trasting agent in CT (Cormode et al. 2009). The
Au NPs have many advantages like biocompati-
bility, very high absorption coefficient, targeting
ability toward cancer via enhanced permeability
and retention (EPR) effect, and it also provides
enhanced X-ray attenuation and contrast. All these
properties made them suitable candidate for con-
trast agent in CT (Giljohann et al. 2010). Also
micelles and liposomes, and polymer-based NPs
are promising CT contrast agents (Lusic and
Grinstaff 2013; Cormode et al. 2014).
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6.3.4 Ultrasound (US)

Ultrasound is an imaging tool which uses sound
waves for diagnosis of disease. It records the
visualize structure present underneath the skin,
resulting from the returned echoes of sound
waves from internal organs that are beamed
inside the body. The sound waves (N20 kHz) are
emitted by transducer which is paced against the
skin. The sound waves echoed by different tis-
sues provide information to construct a shadow
picture. It is commonly used to visualize the
interface between solid- and liquid-filled spaces.
US comprises many advantages like its low cost,
speed, simplicity, and safety which make it the
most common clinical imaging modalities
(Massoud and Gambhir 2003). US contrast
agents can improve imaging by introducing a
material with different acoustic properties from
that of tissues, such as gas (Blomley et al. 2001).
NPs-based US contrasting agents play an
important role. The echogenic poly(lactic-co-
glycolic acid) (PLGA) NPs are efficiently used as
contrasting agent in US-based gene delivery
systems (Figueiredo and Esenaliev 2012). Larina
et al. (2005) reported the in vivo studies of
enhanced delivery of chemotherapeutic drugs
when US is used in combination with polysterene
NPs.

6.3.5 Nuclear Imaging

Nuclear imaging is the technique based on
detection of radioisotopes that emit one or two
gamma rays or positrons. It includes noninvasive
imaging modalities such as PET and SPECT.
Both the techniques are powerful imaging tool
because of their specificity, sensitivity, and fast
detection time. The isotopes used in PET are
%8Ga, "°Br, technetium-94 m (°*™Tc), !'C, N,
15 O, 18F, and 64Cu, whereas SPECT is dependent
upon gamma-emitting heavy radioisotopes such
as "%, technetium-99m (°°™Tc), '**Xe (Cassidy
and Radda 2005). The noninvasive diagnosis of
tumors by PET and SPECT in which radionu-
clides are combined with molecular tracers is
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quite common imaging technique nowadays. For
example, Fludeoxyglucose ['"*FIFDG is used for
the PET imaging of various cancers, while
Todine-123  fluoropropyl ['*I]-FP-CIT is a
SPECT biomarker for dopamine transporter
(Pimlott and Sutherland 2011). PET is ten times
more sensitive than SPECT, however, in other
fields SPECT is better than PET as it enables
concurrent imaging of multiple radionuclides.
Such radionuclides are easy to prepare and have
longer half life than PET radionuclides. Further,
the gamma cameras used in SPECT are cheaper.
The advantage of PET and SPECT over other
imaging modalities such as MRI and optical
imaging is that these are quantitative techniques
(Beer and Schwaiger 2008). However, low spa-
tial resolution and poor anatomical details are
some of the drawbacks of these techniques
(Pimlott and Sutherland 2011).

6.4 Hybrid Imaging Modalities

Each imaging modality discussed above has its
own advantages but also suffer some drawbacks.
There is no single modality which is perfect in all
respects. They have their own characteristic of
sensitivity, resolution, and quantitative capabili-
ties. The inability of single modality to assure the
conformance of diagnosis is a major dilemma in
determining the treatment. The synergistic com-
bination of two imaging modalities can solve this
problem, because each imaging modality offers its
own unique benefits. The advantage of such
hybrid modalities is that one imaging probe can
overcome the intrinsic limitations of a specific
modality and vice versa, or it is a combination of
techniques with paired qualities. It is the combi-
nation of advantages of two modalities and simul-
taneous reduction of their limitations (Sosnovik
et al. 2007; Nahrendorf et al. 2008). For example,
PET is known for its high sensitivity biological
and functional information about cancer. On the
contrary, anatomical information can be collected
by high resolution images from CT and MRIL
Therefore, combination of these two modalities
can provide complete information which includes
high sensitivity and resolution simultaneously
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with more detailed anatomical or biological
information about cancer. The detailed informa-
tion of the target site by targeted delivery can also
be achieved by these multimodal imaging probes.
Multimodal imaging for cancer theranostics is a
cutting-edge technology that maximizes the
advantages of nanoparticles (Heidt and Nahren-
dorf 2012; Lee et al. 2012) They have lot of
potential in the area of theragnosis, for instance
they can be used in surgery to guide the scalpel and
to track the delivery of drug inside the body (via
fluorescence imaging), to ensure that all cancerous
materials have been removed (MR imaging), and
to track and identify tumor cells and physiological
processes (PET or SPECT imaging). The
nanoparticles are the best choice in the context of
hybrid imaging modalities. Examples of the “dual
modality” approach include: (i) the high sensitiv-
ity of the fluorescence phenomenon to the high
spatial resolution of MRI which is obtained by
combining nanoparticles having properties of
fluorescence and magnetic resonance imaging,
(i1)) PET/MR is the combination of high soft tissue
contrast and the functional information obtained
by MRI and PET, respectively. MRI gives high
resolution whereas PET gives high sensitivity—
thus, overall giving anatomy and function. With
regard to oncology, this leads to improved diag-
nostic accuracy and radiotherapy planning (Jen-
nings and Long 2009), (iii) MRI/CT dual-modal
agent is a combination of two anatomic modalities
that share almost the same functional features
(Hasebroock and Serkova 2009).

6.4.1 Optical Imaging/MRI

The combination of MRI and optical imaging is
the well known and developed dual modality
imaging technique in the area of research and
clinical practices. The anatomical imaging can be
successfully achieved by MRI, but it lacks in
providing information at molecular level. This
drawback of MRI can be overcome using NIRF
dye-conjugated optical imaging contrast agent
which provide information at molecular level
(protease activity and gene expression) but pro-
vide poor anatomical information. Thus both the
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techniques are complementary to each other and
results in the improvement of imaging probe. The
commonly used NIRF dye is cyanine (Cy5.5) in
combination with SPION (Josephson et al. 2002;
Park et al. 2008; Cha et al. 2011). SPION are
regarded as the best choice for MRI contrast
agents because they enhance the T,-weighted
MRI signal, and are also nontoxic in the bio-
logically system, a good alternate to Gd-based
contrast agents. In comparison to traditional
paramagnetic contrast agents, SPION are
required in very minute concentration (sub-
molecular level), whereas the conventional con-
trast agents are detected at concentration of 10—
100 pm by T,-weighted MRI signal (Josephson
et al. 2002; Acharya et al. 2015; Walia and
Acharya 2015; Walia et al. 2016).

6.4.2 MR-PET/SPECT

The combination of magnetic resonance
(MR) with nuclear imaging has synergistic
applications in bioimaging. PET/SPECT are
known for their high sensitivity but also have
poor resolution, on the other hand MRI has
excellent spatial resolution of soft tissue. The
combination of these modalities decreases the
risk of exposure of radiation to patients and one
of the most suitable imaging modality for future
generation (Key and Leary 2014). Choi et al.
(2008) demonstrated the application of MR—PET
using Mn-doped Fe,O, providing MRI contrast
effect, and the surface modified with serum
albumin for high colloidal stability and then
conjugated to PET radionuclide '**I. The pre-
pared nanoprobe was used as biomodal imaging
probe for the visualization of sentinel lymph
nodes. Similarly, de Rosales et al. (2011b) syn-
thesized SPIONs coated with **Cu'-bis(dithio-
carbamatebisphosphonate)  conjugated  with
dextran, for the comparison of MR-PET imaging
of lymph nodes with an image of PET-CT. The
group also reported SPIONs-conjugated radiola-
beled bisphosphonates  (**™Tc-dipicolylamine
[DPA]-alendronate) agent for MR-SPECT
imaging (de Rosales et al. 2011a). However,
MRI-PET/SPECT is still not developed to that
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extent, as to the requirement of specialized
equipments and skills, toxicity of contrasting
agents is still unsolved. But advancement in
research and technology will help in the estab-
lishment of these bioimaging modality in the
near future as several clinical and preclinical
PET-MRI and SPECT-MRI scanners have
started to be installed worldwide (de Rosales
2014).

6.4.3 CT/MRI

The anatomical information with 3-D tomogra-
phy and high resolution can be obtained by CT
faster than MRI. But MRI is the best option for
the high contrast imaging of soft tissues and to
obtain physiological information of the treated
tissue or organ. Combination of these two
imaging modalities offer more advantages in
imaging field. CT contrast can be improved by
the use of targeted NPs with electron-dense core
materials. For CT-MRI the gold NPs combined
with SPIONs are widely used contrasting agents
(Key and Leary 2014). For example, Kim et al.
(2011) reported in vivo applications of amphi-
philic dodecyl methacrylate (DMA), methacrylic
acid, poly(ethylene glycol) methyl ether
methacrylate (mPEGMA)-coated gold, and
SPIONs hybrid NPs. The hepatoma regions of
mouse models after 24 h treatment of these
hybrid NPs showed time-dependent contrast.
Liang et al. (2015) also demonstrated the appli-
cations of CT-MRI for the diagnosis of brain
malignant gliomas using L-cysteine-coated FePt
(FePt-Cys) NPs. They have done the in vitro
studies to check CT-MRI characteristics of these
nanoprobes using three different gliomas cell
lines (C6, SGH44, U251). The results proved
that these NPs can be used as CT-MRI imaging
probe for the diagnosis of malignant gliomas.
A dual-contrast agent with an IO core and a
gold-layered shell with PEG coating was syn-
thesized to provide synergistic effects of both CT
and MRI. The intensity of the CT images for
PEG coated I0-Au NPs was greater than
iodine-based counterparts at the same concen-
tration, but the T, signal efficiency decreased
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compared to oleic acid/oleylamine coated SPION
(Kim et al. 2009a). Thus, it is concluded that NPs
with appropriate size and composition can
enhance the imaging property of each of the
modality and will pave great impact on health-
care (Key and Leary 2014).

6.4.4 PET/NIRF

NIRF imaging is a noninvasive technique to
analyze disease at molecular level. It offers a
variety of advantages viz., high spatial resolu-
tion, high sensitivity, and low risk of exposure to
the living model by using nonionizing radiation.
Increased depth penetration and quantification
can be obtained by combining NIRF with PET.
Ca et al. (2007) demonstrated the imaging of
integrin ayB3 expression in tumor-bearing mice
using QD conjugated with arginine—glycine—as-
partic acid (RGD) peptides and DOTA chelators
through amide coupling. This QD-RGD-DOTA
complex was then conjugated with radiolabeled
copper-64 (**Cu). The images of tumor obtained
by this hybrid QD—RGD-DOTA-Cu were much
better when compared with tumors exposed to
QD-DOTA-Cu. Further, Chen et al. (2014a)
synthesized the hybrid PET/NIRF imaging tool
applying mesoporous silica NPs as a platform for
the conjugation of **Cu, 800CW (NIRF dye),
and TRC105 (a human/murine chimeric IgG1
monoclonal antibody). A detailed in vitro,
in vivo, and ex vivo studies on 4T1 murine
breast tumor-bearing mice were done to evaluate
the efficacy and specificity of these hybrid NPs as
suitable agents for PET/NIRF imaging of the
tumor vasculature.

6.4.5 SPECT/NIRF

Another nuclear imaging system SPECT can also
be conjugated with NIRF. The SPECT imaging
uses signals received from gamma-emitting
radioisotopes. Although SPECT imaging holds
promising sensitivity, it also suffers by relatively
poor spatial resolution. On the other hand, high
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spatial resolution and real-time imaging of tis-
sues are the properties of optical imaging.
Importantly, the ex vivo analysis of excised tis-
sues can be done from fluorescent signal exerted
by imaging probe. The combinations of these
two techniques are considered to be of great
value in biomedical system (Xing et al. 2014).
Liang et al. (2010) reported the synthesis of
DOTA chelator labeled with '!'In (as a SPECT
agent) and a biotinylated Cy5.5 fluorophore to a
streptavidin nanoparticle in conjugation with
biotinylated anti-Her2 Herceptin antibody to
provide tumor targeting. The detection of tumor
in mouse model by combined optical and nuclear
imaging was done by these streptavidin
NPs-based complexes. It was concluded from the
results that preferential tumor accumulation and
strong tumor to normal tissue contrast can be
observed by both SPECT/NIRF. Similarly Zhang
et al. (2013) described the synthesis and use of
heptamethine cyanine-based dual-mode
SPECT/NIRF imaging probe °°™Tc-PC-1007.
The imaging of human breast cancer MCF-7
cells showed the higher accumulation of these
complexes at tumor site. Also Zhang et al. (2011)
proposed the dual-imaging probe for the nonin-
vasive imaging of apoptosis by Annexin
AS5-conjugated polymeric micelles labeled with
both NIR fluorophores and a radioisotope '''In
for SPECT. These NPs were injected in mice
bearing EL4 lymphoma which were previously
treated with anticancereous drug, cyclophos-
phamide and etoposide. Further, the mice bearing
MDA-MB-468 breast tumors were treated with
poly(L-glutamic acid)-paclitaxel and cetuximab
(IMC-C225) anti-epidermal growth factor
receptor antibody and the tumor apoptosis was
clearly visualized by both SPECT and fluores-
cence molecular tomography.

6.5 Trimodal Imaging

Recent years have also seen tremendous develop-
ment in the direction of multimodal imaging
modalities, where more than two imaging modali-
ties have been coupled in a single nanoprobe.
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6.5.1 CT/MR/Optical

Earlier different imaging probes were applied for
a complete diagnosis of a disease. This causes
patients a great risk of exposure to radiations
resulting in harmful and toxic effects due to the
probe radiations. Xing et al. (2012) reported the
synthesis of trimodal imaging probe of size
50 nm by combining PEGylated NaY/GdF,: Yb,
Er, Tm @SiO,—Au@PEGsqy,. This trimodal
imaging probe showed the characteristics of
strong emissions ranging from the visible to
near-infrared for fluorescent imaging, T-weigh-
ted MRI by shorting T; relaxation time, and
enhanced Hounsfield value as a CT contrast
agent. The in vitro and in vivo studies demon-
strated the potential of PEGylated NaY/GdF(4):
Yb, Er, Tm @SiO(2)-Au@PEG(5000) NPs as
trimodal imaging probe.

6.5.2 PET/MR/Optical

There is another example of trimodal imaging
probe formed by the combination of PET, MR,
and optical imaging agents. The integration of
PET/MRI/optical imaging offers many applica-
tions in preclinic research and clinical studies
(Park et al. 2010a). The biological and functional
information of cancer can be obtained by PET
with high sensitivity. On the contrary, CT and
MRI provide anatomical information of targeted
tissues with high resolution imaging character-
istics (Thomas et al. 2013). Therefore, a combi-
nation of these imaging modalities can provide
not only high sensitivity and resolution, but also
more detailed anatomical or biological informa-
tion about cancer. Xie et al. (2010a) synthesized
DOTA-modified iron oxide nanoparticles
(IONPs) encapsulated within the human serum
albumin (HSA). Further, the NPs were labeled
with ®*Cu-DOTA and Cy5.5. The potential of the
hybrid imaging nanoprobe for trimodal imaging
was tested in subcutaneous U87MG xenograft
mouse model. The results suggested that there
was a preferential accumulation of NPs at tumor
site and lesions and HSA added to the prolonged
circulation half life. Park et al. (2010a) also
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reported a facile methodology for the preparation
of NIR/MR/optical imaging-based trimodal
probe. They have used Cerenkov radiation (as
optical imaging moiety) generated by PET
radionuclide '?*1. Further, the optical and PET
radionuclides were conjugated with PEG func-
tionalized IONPs. The in vivo studies were car-

ried out by injecting the NPs in 4Tl
tumor-bearing BALB/c mouse. The results
showed differentiation between

tumor-metastasized sentinel lymph nodes (SLNs)
and tumor-free SLNs using this trimodal imaging
probe.

6.5.3 SPECT/MR/Optical

Hwang et al. (2010) reported the synthesis and
application of multimodal cobalt—ferrite NPs
conjugated with AS1411 aptamer for targeting
nucleolin protein which is highly expressed on
the membrane of cancer cells. The NPs were
further labeled with silica-coated rhodamine and
a chelating agent-2-(p-isothio-cyanatobenzyl)-
1,4, 7-triazacyclonane-1,4,7-triacetic  acid  (p-
SCN-Bn-NOTA) which act as a source of
Gallium-67 (°’Ga) labeling radionuclide. The
nanomaterial was capable of simultaneous
fluorescence imaging, radionuclide imaging, and
MRI in vitro and in vivo (Hwang et al. 2010).

6.6 Nanoparticles as Theragnostic
Probes

The effective treatment of any disease depends
upon its early and curable stage. Nanotechnology
displays a new paradigm in the arena of disease
diagnosis and their treatment. Nanosystems pro-
vide platform for incorporating drugs that are
efficient in cell-targeted delivery (Groneberg
et al. 2006). NPs are engineered in such a manner
that they are attracted by diseased cells and help
in their treatment without harming normal cells.
The properties of NPs were also utilized in the
development of molecular imaging systems. The
optical (fluorescent, surface-enhanced Raman
spectroscopy  (SERS), photoacoustic, etc.),
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magnetic, radioactive (positron or y-ray emit-
ting), X-ray opaque (NPs with high electron
density), and ultrasound-sensitive (nanobubbles)
agents are some of the imaging agents based on
nanomaterials. The polymer coating was used in
NPs to make them efficient for medicinal appli-
cations (Fang and Zhang et al. 2010). The unique
size of these NPs helps them to reach the target
tissues thereby crossing the biological barriers
(Nel et al. 2009). In the present scenario, the NPs
with the properties of drug and NPs which were
applied as diagnostic tool are integrated for the
purpose of theragnosis (Kim et al. 2009b; Xie
et al. 2010b).

6.6.1 Chemotherapy Via
Theragnostic

Nanotechnology

The chemotherapy, based on conventional small
molecule drugs, carries many disadvantages
including the lack of sufficient specificity to the
tumor, severe and toxic side effects in healthy
tissues, limited delivery of hydrophobic drugs to
the tumor cells, and drug resistance (Khemtong
et al. 2009; Shapira et al. 2011). The conven-
tional chemotherapy can be made more efficient
and patient friendly by nanomaterials (Gelperina
et al. 2005; Park et al. 2010b; Shapira et al.
2011). Nanomaterials with anticancerous drugs
viz., DOX or PTX were incorporated with
imaging agents which provides dual applications
for simultaneous imaging and targeted
chemotherapy (Kelkar and Reineke 2011;
Ahmed et al. 2012). Xiao et al. (2015) reported
hyaluronic acid (HA)-functionalized camp-
tothecin (CPT)/curcumin (CUR)-loaded poly-
meric NPs and investigated their synergistic
effect in the targeted drug delivery and efficacy
for colon cancer therapy (HA-CPT/CUR-NPs).
The results suggested that these NPs hold high
antitumor  activity in  combination  with
chemotherapy. Nanocarriers are helpful in pre-
venting drug degradation by evading the reticu-
loendothelial system (RES), and thus a high
blood circulation profile enables transport
through biological barriers, increasing the
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availability of drug at the targeted intracellular
compartments reducing the toxicity and other
side effects associated with conventional drug
delivery agents (Parhi et al. 2012). Kim et al.
(2010) had developed a nanoprobe which is a
conjugate of Cy5.5-labeled fluorescent probe for
imaging and PTX as anticancerous drug coated
by chitosan. This hybrid nanocomposite proved
to be more effective than water soluble linear
polymer or polystyrene beads in accumulation at
tumor tissues. These therapeutic hybrid
nanocomposites accumulated at the tumor tissues
much more efficiently than water soluble linear
polymer or polystyrene beads. The fast cellular
uptake of the hybrid nanocomposite resulted in
higher therapeutic efficacy. The NIRF label is
allowed to noninvasively monitor the in vivo fate
of the NPs in live animals. The controlled
administration of PTX-loaded CyS5.5-labeled
CNPs greatly minimized the tumor size, while
minimizing the severe toxicity associated with
free PTX administration. The real-time informa-
tion of NPs on its location, release or efficacy of
the contained drug, and detecting residual tumor
cells with various optical imaging techniques are
some of the advantages of theragnostic NPs (Ryu
et al. 2012).

6.6.2 Photodyanamic Therapy

It is the commonly used minimally invasive
technique in oncology (Chiaviello et al. 2011).
This technique involves administration of a
photo-triggered chemical drug as photosensitizer
which produces singlet oxygen, and thus absorbs
energy of particular wavelength and their emis-
sion generates fluorescence. The generated
fluorescence can be used for imaging and singlet
oxygen can damage major cellular organelles like
mitochondria, resulting in cell death. So these
can be applied for optical imaging and pho-
todyanamic therapy (PDT) simultaneously (Celli
et al. 2010). The nanoscale photosensitizer car-
riers have been used to improve therapeutic
efficacy and to prevent the damage to normal
tissues and cells (van Nostrum 2004; Chatterjee
et al. 2008; Jeong et al. 2011; Lee et al. 2011b;
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Park et al. 2011). Different PDT delivery carriers
have been developed viz., PDT system with
chlorin e6 (Ce6) and black hole quencher-3
(BHQ-3) as the photosensitizer and fluorescence
resonance energy transfer (FRET) quencher
(Fang and Zhang 2010). Lee et al. (2011a)
reported the synthesis of tumor-targeted
Ce6-conjugated glycol-chitosan NPs and sug-
gested their efficient applications in PDT for the
treatment of cancer.

6.6.3 Photothermal Therapy

The AuNPs play an important role in photothermal
therapy. Their applications as simultaneous imag-
ing and theragnostic agent have been demonstrated
by many researchers. The AuNPs accomplished
with different properties like optical absorption,
scattering, quenching, and photothermal properties
(Nikoobakht and El-Sayed 2003; Schultz 2003;
Orendorff et al. 2006; Horimoto et al. 2008; Li et al.
2009). These properties are the results of their
different shapes and sizes, which made them effi-
cient for imaging and photothermal therapy. In this
direction, Yi et al. (2010) have reported the syn-
thesis and applications of Au nanorods (AuNRs) in
cancer theragnosis. The AuNRs was modified with
a matrix metalloprotease (MMP)-sensitive
fluorescence probe. Further, the binding of
fluorescent dye Cy5.5 to the AuNRs was done
through MMP enzyme substrate peptide. The
quenching effect of AuNRs decreases the fluores-
cence until the cleavage of MMP substrate lead to
the detachment of CyS5.5. The imaging of cancer
was possible when MMP-AuNRs was intratu-
morally injected in mouse models, because MMP
enzymes are abundant in tumors. In addition,
AuNRs can also be used in photothermal therapy as
a heat source because these can convert light
energy into heat upon laser irradiation. In the same
study, the laser irradiation was used to increase the
temperature of MMP-AuNRs. The absorption
wavelength was adjusted to the NIR region by
tuning their aspect ratio to enhance the laser
absorption (671 nm), causing damage to the tumor
tissue (Yi et al. 2010). The in vitro molecular
imaging and photothermal therapy using AuNRs

was also done by Huang et al. (2006). The selective
accumulation of AuNRs on tumor was made pos-
sible by conjugating them with the anti-epidermal
growth factor receptor (anti-EGFR) monoclonal
antibodies. The NRs were incubated with nonma-
lignant and malignant cell lines viz., HOC 313
clone 8 and HSC 3, respectively. The confirmation
of binding of AuNRs to malignant cell lines was
done by dark-field microscopic images, and a
strong signal was observed in malignant cell lines
only. This result suggested the successful high
affinity binding of anti-EGFR antibody-conjugated
AuNRs to the malignant cells. Further malignant
cells were destroyed through laser irradiation.

6.6.4 Hyperthermia Therapy

Hyperthermia is a well-known technique for the
treatment of cancer at very high temperature (up
to 113 °F). Magnetic hyperthermia in the pres-
ence of applied alternating magnetic field uses
magnetic NPs for selectively heating of target
tissues (Asin et al. 2013). The IONPs are used for
noninvasive hyperthermia in preclinical and
clinical trials (Maier-Hauff et al. 2007; Johannsen
et al. 2010). The IONPs of size 1-100 nm are
used for magnetically mediated hyperthermia.
Jordon et al. (2006) applied small magnetities for
hyperthermia but due to the drawbacks of
unequal distribution of magnetites and heat at
tumor site, their applications in clinics were
hindered. High magnetic loading is the most
important criteria for hyperthermia therapy. Fol-
lowing this Béalle et al. (2012) prepared ultra
magnetic liposomes with up to 30 % IONPs
volume fraction to take the maximum advantage
of IONPs for hyperthermia. In a pioneer work
done by Asin et al. (2013), magnetic NPs coated
with dendrimers showed 100 % cell death. Fan-
techi et al. (2014) reported the application
SPION conjugated with human ferritin protein
cage (HFt) for cancer treatment by therapeutic
drug delivery and magnetic fluid hyperthermia.
Chiang et al. (2013) reported anticancer drug,
DOX loaded with SPION encapsulated in a
polymer, can be used for dual function. Such
NPs showed increase in temperature triggered by
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high-frequency magnetic field and pH reduction.
The requirement of higher concentration of
IONPs at solid tumor site for hyperthermia is a
major challenge of this therapy.

6.7 Factors Affecting Disease
Diagnosis and Therapy

The origin of nanotechnology brings new hope in
the diagnosis and therapy of many diseases. The
applications of NPs in diagnosis and therapy
were due to their unique future of early detection
of disease. Nanomaterials have wide range of
applications in cancer diagnosis and therapy,
molecular imaging, implant technology, tissue
engineering, and nanodevices for drug, protein,
gene and radionuclide delivery (Alharbi and
Al-sheikh 2014). Nanotechnology also leads to
the combination of these two different branches
resulting in modified healthcare system. This was
possible because of their unique characteristics of
large surface to volume ratio (Yezhelyev et al.
2006). Though these NPs have many advantages,
they are facing problems at clinical level. There
are some important factors that have to be con-
sidered before using NPs at clinical level.

6.7.1 Biopersistence of NPs

The long-term tumor imaging can be done only
by the prolonged circulation of NPs in the bio-
logical systems. The human body has a very
strong defense system including physiological
(blood, liver, spleen, kidneys, immune system)
and cellular (lysosomes, nucleus, mitochondria)
barrier which restricted the entry of foreign par-
ticles viz., bacteria, fungi, drugs, viruses, etc.
Therefore to control the circulation of NPs, there
is a need of designing or modifying NPs with
biocompatible components so that the NPs can
reach the target cells or tissues (Kievit and Zhang
2011). The surface modification of NPs with
silica, polymers like PEG, zwitter ion, dextran,
some protein coatings viz., bovine serum albu-
min (BSA) should be more explored (Xia et al.
2013). These stealth coatings will mimic the cell
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organelles and misguide the macrophages and
help the NPs to escape immune attack in the
body and avoid renal clearance. Sarparanta et al.
(2012) also applied the same strategy to increase
the circulation time of luminescent porous silicon
NPs by coating them with self-assembled fungal
hydrophobin protein shell via hydrophobic
interaction which resulted in their increased
accumulation in liver and spleen. Similarly, Xia
et al. (2013) reported the encapsulation of silicon
NPs with BSA by hydrophobic interaction and
the results suggested reduced nonspecific cellular
uptake in vitro and prolonged blood circulation
in vivo of the BSA-coated silicon NPs. Hu et al.
(2011) reported the top-down biomimetic
approach for the encapsulation of PLGA
biodegradable polymeric nanoparticles with nat-
ural erythrocyte membranes, (red blood corpus-
cles, RBCs). This approach has aimed at
long-circulating cargo delivery of
RBC-camouflaged polymeric NPs.

6.7.2 Efficacy of NPs

The physicochemical and physiological process
occurring inside biological environment should
be well explored before the extensive in vivo
study of nanoparticles. The prediction of
biodistribution of NPs is still difficult. The NPs
get interacted with undesirable phagocyte sys-
tems. This might retard their circulation half life
in the biological systems (Gref et al. 1994;
Owens and Peppas 2006). The NPs even of very
small size after reaching the target site cannot
recognize biological targets, such as cells or
organelles and thus failed to enter them. There-
fore, there is a need of designing strategies by
keeping in mind the intracellular uptake and
proficient entry of the NPs into cell organelles
like mitochondria, lysosomes, nucleus, etc., or in
other words NPs should be very selective and
specific toward their targets (Breunig et al. 2008).
Tada et al. (2007) studied the processes and
mechanism involved in the transport of drug
carriers in vivo. The tumor-targeting monoclonal
anti-HER2 (human epidermal growth factor)
antibodies labeled with QDs were injected in
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mice with HER2-overexpressing breast cancer.
However, this approach is quite helpful only if
the blood group of the patient matched to these
conjugated RBCs on the NPs. The circulation
barrier increases due to the conflict between
strategies for prolonged circulation and strategies
for targeting of NPs. Therefore, there is a need of
approaches for the synthesis of NPs that maintain
the balance between circulation and targeting of
NPs (Rajeeva et al. 2014).

6.7.3 Target Specificity
of Theragnostic NPs

The diagnosis of disease and administration of
proper drug dosage depends on effective target-
ing of theragnostic NPs. The accumulation of
NPs in tumor occurred through EPR effect which
depends on the size and shape of NPs and also on
surface modification with targeting ligands to
target the cells (Mitragotri and Stayton 2014).
Despite this, there are many barriers which
inhibit their targeting efficiency. Intravascular
administration of NPs leads their accumulation in
liver and spleen. Moreover, protein adsorbed on
to the surface of NPs hindered the specific
interactions of NPs with target receptors
(Rajeeva et al. 2014). It has been noticed that
most of the targeted moieties are heterogeneous
in terms of biology, the most common example is
tumor. Therefore, this heterogeneity should be
kept in mind during the targeting strategies.
Multiple targeting might help in increasing the
specificity of NPs toward the target organs
(Mitragotri and Stayton 2014).

6.7.4 In Vivo Clearance of NPs

An ideal bioimaging probe should be least toxic
or better to be biocompatible, with appropriate
blood half life, high ability to bind specific, and
selective binding target tissues or organs, and
finally safer elimination from the body without
any side effects and should have better fluores-
cence emission and stability (Choi and Frangioni
2010). The NPs for bioimaging should be
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tailored in such a manner that they can meet
these parameters. Primarily, the physicochemical
and pharmacokinetic properties of NPs depend
on their size, shape, and chemical composition.
These parameters can be optimized by adjusting
their size, composition, shape, and surface char-
acteristics. These properties are also responsible
for in vitro and in vivo toxicity (Choi et al. 2007;
Liu et al. 2007; Choi et al. 2009). The in vivo
behavior of NPs played an important role in the
future success of NPs-based theragnostic probes.
Though few of the NPs are explored at in vivo
level, still there are many unsolved mysteries.
These include their biodistribution at disease site
and their clearance from the body (Choi et al.
2007; Alexis et al. 2008). From the literature
reports, it has been observed that the NPs of size
ranging from 10 to 100 nm are widely studied for
biomedical applications. The main drawback of
these small sized NPs is their poor clearance, and
thus absorption in the reticuloendothelial system
(Zhang et al. 2008). It has been reported that QDs
can retain in the body for almost 100 days and
also retain their fluorescent properties as they are
much photostable than fluorescent dyes (Ballou
et al. 2007). The metallic NPs are much toxic and
their prolonged retention time in body may cause
adverse effects on the body. The synthesis of NPs
with optimal clearance characteristics will mini-
mize toxicity risks and decrease concerns of NP
interference by reducing the duration of exposure
to these agents. The NPs with improved optimal
clearance properties will help in the production
of agents with better clearance (Longmire et al.
2008). The inorganic NPs with optimal renal
clearable characteristics are being synthesized in
order to replace NPs that have prolonged clear-
ance time and get accumulated in the retic-
uenothelium organs (liver, spleen) (Choi et al.
2007; Longmire et al. 2008; Liu et al. 2013).
Choi et al. (2007) had devoted efforts to design
renal clearable zwitterionic cysteine-coated QDs.
The NPs due to very small hydrodyanamic
diameter of ~5.5 nm were rapidly excreted
within 4 h through urinary system with <5 %
accumulation in liver. The zwitter ion plays an
important role in the rapid clearance of these
QDs. The zwitter ion ligands acts as PEG ligands
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to minimize serum protein adsorption which also
increases the stability of these NPs by maintaining
the hydrodyanamic diameter of the QDs below
kidney filtration threshold (KFT: ~5.5 nm) (Choi
et al. 2007). In a pioneer work done by Zhou et al.
(2011), the fast renal clearance was observed for
zwitter cysteine ion-coated AuNPs of ~3 nm
hydrodyanamic diameter with very little amount
of accumulation in liver. The Au NPs of same size
without any coating were not renal clearable
because of their low physiological stability. In an
another report, Yang et al. (2015) had successfully
designed glutathione (GSH)-coated copper
NPs (CuNPs) and their dissociation products,
Cu(I)-GSH disulfide complexes as models. The
comparable in vitro and in vivo studies showed
that GSH ligand can significantly enhance renal
clearance of CuNPs. In a similar manner pro-
longed retention of many other NPs with specific
coating can be decreased, and thus the adverse
effects caused by these NPs can be minimized.
Also these degradable NPs act as supplement
to the conventional NPs and might help in solving
the major issues of clearance and toxicity
caused by the accumulation of these NPs for long
period.

6.7.5 Nanotoxicity

The unique physicochemical properties that
make NPs as novel biomedical agents are also
responsible for their toxic effects on human
health. Several studies have revealed that cyto-
toxicity of QDs is dependent on their size and
concentration. The QDs with small size and high
concentration are more toxic (Zhang et al. 2007).
Lovric et al. (2005) found that the cellular
accumulation and cytotoxicity of CdTe NPs were
influenced by the physicochemical properties of
NPs. The green emitting positively charged CdTe
QDs with very small size (2r = 2.2 £ 0.1 nm)
exhibited marked cytotoxicity at concentrations
as low as 10 pg/ml in PC12 (cell line derived
from a pheochromocytoma of the rat adrenal
medulla) and N9 (microglia cells derived from
mouse) cells as compared to same concentration
of large (2r =5.2 £ 0.1 nm), equally charged
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red-emitting QDs. However, NPs geometry also
adds dimensions to the toxicity of NPs. For
example, while comparing the in vitro cytotoxi-
city of carbon nanomaterials with different
geometry, such as single-walled or multiwalled
nanotubes and nano-60 fullerenes, it has been
found that single-walled nanotubes were most
toxic and nano-60 fullerenes were least toxic (Jia
et al. 2005). Some NPs like QDs made up of Cd,
Se, Te, Gd, As, Pb are also hazardous to human
health (Nel et al. 2006; Choi and Frangioni
2010). Moreover surface coatings also enhance
the toxicity of NPs. Conner et al. (2005) tested
the cytoxicity on K562 leukemia cell line of Au
NPs modified with different surface coatings.
The results demonstrated that the NPs coated
with citrate and biotin surface modifiers did not
showed toxicity at concentration of 250 um
(gold atoms), whereas in case of gold salt pre-
cursor solution (AuCly) 90 % toxicity was
observed at same concentration, while glucose or
cysteine surface modifiers showed no toxicity up
to 25 um. Last but not least, the prominent
chemical stability of NPs creates problems in
their disposal which could led to their entry in the
water cycle and also affects the environment.
Nanotoxicology mainly aims at risk associated
with exposure to the NPs and we should pay
attention on short-term and long-term toxicities
associated with NPs (Choi and Frangioni 2010;
Singh 2013).

6.8 Current Scenario and Future
Aspects

Theragnosis-based NPs act as multitasking
agents by improving the diagnostic features and
therapy by delivering the NPs to targeted disease
site and also facilitate better efficacy and toxicity
aspects (Lammers et al. 2010). The curing of
diseases using more specific and efficient probes
can be enhanced by the combination of thera-
peutic and diagnostic characteristics of different
NPs on a single platform (Wang et al. 2012).
There are number of NPs that have been syn-
thesized including polymers, liposomes,
micelles, QDs, and metallic NPs (Au, Ag, 1O,
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etc.) where these NPs have been used for ther-
agnosis (Lammers et al. 2010; Wang et al. 2012).
The biocompatible liposomes, micelles, and
polymers which act as drug-targeting systems are
functionalized with drugs and contrasting agents,
whereas QDs and metallic NPs having intrinsic
characteristics important for imaging purposes
are extensively implemented for combining dis-
ease diagnosis and therapy (Lammers et al.
2010). One of the first theragnostic agent dev-
loped was Herceptin® and was approved for the
treatment of HER2-positive metastatic breast
cancer (Brenner and Adams 1999), but because
of some limitations it was not that much com-
mercialized. The development of NPs help to
overcome drawbacks of conventional therag-
nostic agents, thereby providing sustained tar-
geted delivery of therapeutics in combination
with imaging probes, thus simultaneously
real-time distribution of drugs to tissues can be
followed (Lammers et al. 2011). The effective
treatment without side effects is the main criteria
which are considered while the development of
these nanotheragnostic agents. There are many
nanomedicines for theragnosis which are
approved by US Food and Drug Administration
(FDA) viz., Doxil® (Janssen Biotech) meant for
the treatment of metastatic breast cancer, ovarian
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cancer, multiple myeloma, and AIDS-related
Kaposi’s sarcoma (KS) (Egusquiaguirre et al.
2012), Caelyx® (in Europe), Myocet® (Sophe-
rion Therapeutics Inc., Princeton, NJ, USA),
DaunoXome® (Galen US Inc, Souderton, PA,
USA), DepoCyt® (Pacira Pharmaceuticals Inc,
San Diego, CA, USA), Abraxane® (Celgene
Corporation), Genexol-PM® (Samyang Biophar-
maceuticals Corporation, Jongno-gu, Seoul,
Korea), and Oncaspar® (Enzon Pharmaceuticals
Inc, Bridgewater, NJ, USA) (BBC Research
2010). There are some magnetic NPs-based for-
mulations which are approved for theragnosis
and some are under clinical trials viz., Fer-
idex®IV and Endorem® (Bayer Healthcare
Pharmaceuticals) for liver and spleen imaging,
Lumiren® (Guerbet SA, Villepinte, France) and
Gastromark® (Advanced Magnetics Inc, Roche-
ster, IN, USA) for bowel imaging (Mura et al.
2013). IONPs-based drug, NanoTherm® (Mag-
force AG, Berlin, Germany), is applicable for
hyperthermia treatment of tumor, sparing adja-
cent healthy tissue (Etheridge et al. 2013)
(Table 6.1). A recent report showed that there
were approximately 200 patents on nanomedi-
cine registered till 2012 for approval in the
World Intellectual Property  Organization
(WIPO) (Hawkins et al. 2008).

Table 6.1 Commercially available nanotechnology-based drugs and contrast agents

Nanomedicine

Doxil® (Caelyx®

Nanoparticles

Liposomes and

Company

Jannsen Biotech

Sopherion Therapeutics Inc,
Princeton NJ, USA

Galen US Inc, Soudern, PA,

Pacira Pharmaceuticals Inc,

Application

Treatment of metastatic breast
cancer, ovarian cancer, multiple
myolema, AIDS-related Kaposi’s
sarcoma

Treatment of metastatic cancer

Treatment of Kaposi’ sarcoma,
leukemia

Lyphoma treatment

San Diego, CA, USA

in Europe) doxorubicin
Myocet® Liposomes and
doxorubicin
hydrochloride
DaunoXome® Daunorubicin citrate
liposome USA
Depocyt® Cytarabine liposomal
Abraxane® Paclitaxel

Feridex IV®, Magnetic NPs

Endoderm®

Lumiren® Magnetic NPs
Gastromark® Magnetic NPs
Nanotherm® Iron oxide NPs

Celgene Corporation

Bayer Healthcare
pharmaceuticals

Guerbet SA, France
Advanced Magnetics Inc, USA
Magforce AG, Germany

Treatment of metastatic breast
cancer

Liver, spleen imaging

Bowel imaging
Bowel imaging

Hyperthermia treatment of tumor
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Despite notable progress, there are still many
challenges to meet clinical standards. Though it
is well known that the majority of nanothera-
nostic probes posses advantages and unique
properties but also suffers from limitations, viz,
the cost of AuNPs, insufficient sensitivity of
IONPs acting as MRI contrast agent, the large
size of silica NPs, nonbiodegradable property of
carbon materials, incomplete clearance QDs used
for imaging, etc. (Wang et al. 2012). The versa-
tile nanoparticles viz., Au, IONPs, QDs, and
polymeric NPs are suitable probes for carrying
therapeutic agents with simultaneous biosensing.
The IONPs can be easily metabolized in blood
serum (Ho et al. 2011). However the toxicity of
QDs, Au NPs, and CNTs is a major challenge at
present. The surface modification of these NPs
with biocompatible coating can help in their
renal clearance from animal body. These studies
are not very well explored at in vivo level. Also
scalability, reproducibility, in vivo administra-
tion and biodistribution, toxicity, clearance and
safety issues should be considered for approval
from FDA and European Medicines Agency
(EMA) before their impact to be accessed at
clinical level (Mura et al. 2013). So these reports
suggested that there are many aspects that have
to be addressed before the commercialization of
the nanomedicines in the near future.

6.9 Conclusion

NPs provide tremendous opportunities in the field
of theragnosis. The unique physicochemical
properties influence the integration of multiple
functionalities in a single domain, resulting in the
development of theragnostic approach (Fang and
Zhang 2010). Although there are many obstacles
and hurdles that have to be solved, nanotherag-
nosis is an emerging field that is growing day by
day. The most important advantage of theragnosis
is that it provides the synergistic effect of diag-
nosis and therapy simultaneously by combining
different NPs. It is clear that nanotheragnostic
probes are much better than conventional treat-
ments where the diagnosis and therapy are way
apart from each other. There is the requirement of

S. Walia and A. Acharya

focused research and attention to provide answers
of the queries regarding toxicity, efficacy scala-
bility, etc. (Pedrosa et al. 2015). From the reports it
has been observed that most of theragnostic NPs
are studied only for in vitro level followed by very
less little in vivo analysis (Muthu et al. 2014).
Nanotheragnosis has extensive scope in near
future and detailed study in this direction at
in vitro and in vivo level can help in curing many
severe diseases like cancer at its early stage.
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Abstract

Nanoparticles (NPs) are being extensively used in the field of
nanomedicines. Different types of NPs are administered into the body
by various routes. NPs come in contact with cells inside the body. Cellular
response of NPs is affected by size, shape, surface chemistry, and cellular
uptake pathways of NPs. In addition to this, type of cells, various cell
lines, and growth media are also found to affect the cellular response of
NPs. NPs induce diverse cellular responses like apoptosis, necrosis, and
reactive oxygen species (ROS) production. NPs also form a protein corona
inside the biological media which may alter their identity and behaviour as
compared to bare NPs. In this chapter, we have made an attempt to throw
light on cellular uptake pathways of NPs, monitoring of endocytic
pathways followed by NPs, factors affecting cellular responses of
therapeutic NPs, and protein corona formation, characterisation and its

implications on fate of NPs.
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7.1 Introduction

Recent developments in the biomedical sciences
such as hyperthermia cancer therapy (Hainfeld
et al. 2004; El-Sayed et al. 2005; El-sayed et al.
2006), targeted gene, and drug delivery (Sandhu
et al. 2002; Koo et al. 2005) involve the inter-
action of nanoparticles (NPs) with living organ-
isms, at the cellular level (Alivisatos et al. 2005;

A. Kumari et al.

Parak et al. 2005; Luccardini et al. 2007). All
these applications of NPs involve administration
of NPs by different routes. After administration
by various routes, NPs come in contact with
cells. NPs may not only enhance the pharmaco-
logical effects of drugs, but also cause unwanted
effects in the target cells (Nishikawa et al. 2009).
Many factors affect the biological response of
NPs with cells.

Cellular response of NPs can be varied by
changing the type of NPs. Changing of even one
variable can induce a very different outcome for
NPs exposed to cells (Oh et al. 2011). The bio-
logical responses of NPs are dependent on size,
charge, chemical composition, shape and surface
chemistry (Verma and Stellacci 2010). In addi-
tion, targeting moieties such as tripeptide glu-
tathione, cell penetrating peptides, nuclear
localisation signal peptides, and proteins can also
affect the cellular response (Oh et al. 2011).
These parameters can also affect the cellular
uptake, and the biological response of NPs
(Oberdorster et al. 2005; Xia et al. 2008a, b). NPs
in the blood stream are known to encounter with
plasma proteins and immune cells. Processes
such as adsorption of proteins create unfavour-
able condition for cellular uptake. Uptake of NPs
by immune cells may occur by various pathways
and can be enhanced by adsorption of plasma
proteins. NPs coated with targeting moieties
activate their receptor-mediated internalisation.
The activation of membrane receptors strongly
depends on the size of nanomaterials. NPs coated
with targeting moieties are also found to be
activating cell signalling processes essential for
basic cell functions including cell death (Jiang
et al. 2008).

Cellular uptake of NPs also has an influence
on response of NPs towards cells. They are
involved in manipulation of signal transductions
leading to the expression of cell functions
(Nishikawa et al. 2009).

Owing to currently arising opportunities and
concerns associated with NPs in living systems,
it is of immense importance to develop an
understanding of the complex processes that
govern their cellular response and intracellular
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fate of nanomaterials (NMs). Interestingly, the
interaction between NPs and molecules of the
biological milieu results in the formation of a
biological coating on the surface of NPs (Lynch
and Dawson 2008). Therefore, biological entity
which interacts with cells, tissues and organs, is
completely different from the original surface of
the NPs. Formation of biomolecule corona is a
dynamic process and biomolecules like proteins
and lipids present in the biological fluids com-
pete for NPs surface to form biomolecule corona
(Mahmoudi et al. 2011a, b). The biomolecule
corona is usually enriched with about 10-50
proteins, that have the maximum affinity for the
NPs surface, out of several thousand proteins of
the biological milieu. New and advanced tech-
niques are required for deep understanding of
both the thermodynamics and kinetics of the
biomolecule corona evolution and its subsequent
biological impacts (Mahmoudi et al. 2011a, b).
The biological responses to NPs are greatly
affected by the key forces at the bio-nano inter-
face and also by the inherent characteristics of
the NPs like size, shape, charge, coatings, surface
modifications with targeting ligands, crys-
tallinity, electronic states, surface wrapping in
the biological medium, hydrophobicity, and
wettability. Therefore, a thoughtful investigation
of the NP biomolecule complex is essential for
the development of therapeutically safe NPs (Nel
et al. 2009). In this chapter, we have covered
pathways for cellular uptake of NPs, monitoring
of endocytic pathways, cellular response of
therapeutic NPs, and formation, characterisation,
and factors affecting biomolecule corona of NPs.

7.2 Pathways for Cellular Uptake
of Nanoparticles

The invasion of NPs in human body occurs via
inhalation, ingestion or through the skin. Once
these tiny particles enter a biological milieu, they
will inevitably come into contact with a huge
variety of biomolecules including proteins, sug-
ars and lipids which are dissolved in body fluids.
Thus, the NPs have to be viewed as evolving
systems which adapt to varying concentrations of
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the biomolecules present in the fluid. NPs enter
the cells mainly through the passive diffusion or
active transport, while nanomedicines got entry
into cells via endocytosis which helps the drug to
penetrate the specific cells and get accumulated
(Fig. 7.1). The endocytosis pathway has been
classified according to the proteins which play a
major role in the process. Correspondingly, the
mechanism of interaction of NPs with
cytomembrane which governs the entrance and
travel of NPs inside cells has also been exten-
sively studied.

Various aspects such as pathways of entrance,
factors affecting the pathways, functions of some
proteins involved in endocytosis are still uncertain
and are not absolutely proven. Such study is nec-
essary for better understanding of the novel field of
multifunction nanomedicines. NPs uptake into cells
occurs through endocytosis (Jones et al. 2003), a
process by which cells absorb NPs from outside by
engulfing them within their cell membrane (Conner
and Schmid 2003). This process of cellular uptake
is further categorised into two phenomena, namely
phagocytosis and pinocytosis (Fig. 7.1). Phagocy-
tosis was originally discovered in macrophages.
Phagocytes such as macrophages, neutrophils and
monocytes destroy foreign particles such as NPs in
blood through the phagocytosis process (Watson
et al. 2005). Relatively, large NPs prefer this
mechanism which initially involves recognition by
opsonin viz., immunoglobulin (IgG and IgM),
complement component (C3, C4, and C5) and
blood serum proteins. Thereafter, the NPs bind to
the cell surface receptors inducing the cup-shaped
membrane extension formation. Such membrane
extensions encircle the NPs and then internalise
them, forming the phagosomes of diameter 0.5—
10 pm which finally move to fuse with lysosomes
(Aderem and Underhill 1999). Pinocytosis has been
reported to occur by four different mechanisms:
macropinocytosis, caveolin-dependent endocytosis,
clathrin-dependent  endocytosis and  clathrin/
caveolin-independent ~ endocytosis  (Fig. 7.1)
(Swanson and Watts 1995; Patel et al. 2007; Xu
et al. 2009). Macropinocytosis is a growth
factor-induced, actin-driven endocytosis and a
non-selective process for uptake of solute molecules
or cargo. Macropinocytosis involves the formation



156

A. Kumari et al.

@ nps I Ligand receptor @ Clathrin
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Fig. 7.1 Different uptake pathways followed by NPs for
internalisation inside the cells. NPs follow phagocytosis,
clathrin mediated endocytosis, caveolin mediated

of lamellipodia-like plasma membrane extensions.
Interestingly, macropinosomes can uptake NPs of
>200 nm in size (Walsh et al. 2006). Cellular
uptake by macropinocytosis has been reported for
PEGylated-poly-L-lysine NPs (Walsh et al. 2006).
Receptor-mediated endocytosis process is assisted
by specific proteins, either clathrin or caveolae (Bao
and Bao 2005). Caveolin, a protein exists in most
cells plays a dominant role in caveolae-dependent
endocytosis process. This pathway bypasses lyso-
somes (Benmerah and Lamaze 2007), thus many
pathogens including viruses and bacteria select this
pathway to avoid lysosomal degradation
(Medina-Kauwe 2007). Transferrin-coated PLGA
NPs are highly absorbed by brain endothelial cells
via caveolae pathway (Chang et al. 2009). Simi-
larly, clathrin-coated pits have the ability to accu-
mulate NPs only up to 100 nm (Pelkmans and
Helenius 2002) and targeted (receptor) NPs are
internalised by clathrin-mediated endocytosis
(Walsh et al. 2006). The internalisation is more
efficient for NPs smaller than the caveolae.
Clathrin/caveolae-independent endocytosis is a dis-
tinct pathway which relies on cholesterol and

Clathrin mediated Caveolin mgdiated
Endocytosis

@ Caveolin

Macropinocytosis
Clathrin and Caveolin
Independent . .
Endocytosis @

endocytosis, clathrin and caveolin-independent endocyto-
sis and macropinocytosis pathways

requires specific lipid compositions. NPs endocy-
tosis by cells not only depends on the size, but also
on surface properties of the NPs. Carboxy
dextran-coated superparamagnetic iron oxide NPs
(SPION) have been internalised by human mes-
enchymal stem cells and the efficiency of internal-
isation was correlated with the amount of carboxyl
groups on the NPs surface (Mailénder et al. 2008).
Cationic NPs enter HeLa cells in greater amounts
than anionic NPs (Harush-Frenkel et al. 2007,
Dausend et al. 2008). NPs uptake may also depends
on the length of the molecules on the surface
coating (Chang et al. 2009), or the type of cells (Xia
et al. 2008a, b).

7.3 Monitoring Endocytic Pathways

Researchers have been interested in identifying
the different pathways that NPs use during their
internalisation to cells. Either endocytic markers
or inhibitors have been used for long time to
locate NPs and confirm whether the corre-
sponding pathway plays an important role in the
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Fig. 7.2 Factors affecting cellular response of NPs a Size
Positively charged NPs are well taken up by cells.
b Shape Spherical NPs are efficiently taken up by cells
¢ Temperature High temperature allows both cellular

uptake of the NPs. More recently, a combined
approach has been postulated for better under-
standing of such mechanisms. Low-density
lipoprotein (Duit et al. 2010) and transferrin
(Liu et al. 2010a) enter into cells through
clathrin-dependent endocytosis, and hence these
are commonly used markers for
clathrin-dependent endocytosis process. Simi-
larly, caveolin-1 is mostly used as a marker of
caveolae-dependent endocytosis, and dextran is
the marker of macropinocytosis (Petrescu et al.
2009). Inhibitors can be used to block certain
endocytic pathways to verify whether this route
has been used by NPs to enter cells. It has been
reported that amiloride, cytochalasin D and rott-
lerin can block macropinocytosis (Diken et al.
2011), whereas chlorpromazine (50-100 pm),
hypertonic sucrose (0.4-0.5 m) and potassium
depletion can be wused to inhibit the
clathrin-dependent endocytosis (Ivanov 2008).
Similarly, methyl-B-cyclodextrin, filipin, nystatin
and cholesterol oxidase can be used as the inhi-
bitors for caveolae-dependent endocytosis
(Diken et al. 2011).

uptake and interaction, whereas at low temperature only
interaction of NPs takes place. d Cell culture media NPs
incubated in RPMI media showed more cell uptake than
NPs incubated in DMEM media

7.4 Factors Affecting Cellular
Response of Nanoparticles

NPs possess intricate structures and surface
chemistry. In biological systems, they may play
an undecided role (Xie et al. 2009). Response of
NPs with cells depends on the type of cells, cell
culture media, size, shape, surface charge, sur-
face moieties, temperature and route of admin-
istration of NPs (Fig. 7.2). These are the key
parameters for particle binding and wrapping by
the surface membrane as well as defining the
path of cellular uptake (Xia et al. 2008a, b). Type
of cells and cell lines also affect the cellular
response. Cell lines grown in different culture
media showed different cellular response to NPs
(Maiorano et al. 2010). In addition to this, type of
NPs also has an effect on its fate inside the cells.
NPs are synthesised from materials of different
compositions. Biodegradable NPs are rapidly
cleared from the cells (Chellat et al. 2005), while
non-biodegradable particles are retained inside
the body for longer duration (Niidome et al.
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2006). NPs uptake by cells is also affected by
their shape. Shape of NPs has not only affected
the cellular uptake but also the internalisation.
Spherical particles are internalised at a higher
rate in endothelial cells (Jun et al. 2005).

Surface chemistry of NPs has immense role to
play in the cellular response of NPs (Bartneck
et al. 2010) Polyethylene oxide (PEO)-coated
gold nanorods with amine end groups have
exhibited anti-inflammatory properties, whereas
carboxy terminated led to proinflammatory
effects. NMs surface chemistry has influence on
the expression of inflammatory genes and phe-
notype of macrophages (Bartneck et al. 2010).
Surface charge of NPs is also reported to affect
the response of NPs with cells. NPs with
cationicsurface charge show positive response
with negatively charged cell membrane. The
internalisation of negatively charged NPs is
believed to occur through non-specific binding
and clustering of NPs on cationic sites of the
plasma membrane and their subsequent endocy-
tosis. Negatively charged NPs have displayed a
less efficient rate of endocytosis. NPs with pos-
itive surface charge depolarize the plasma
membrane leading to increased Ca* influx (Yue
et al. 2011). Positively charged NPs normally
escape from lysosome and reside in perinuclear
region, whereas the negatively charged NPs
prefer to co-localise with lysosome (Yue et al.
2011).

Cellular uptake of positively charged particles
into lysosomal compartments could lead to
cytotoxicity by acidifying proton pump (Boussif
et al. 1995). In addition, the positively charged
NPs (Fig. 7.2) have been shown to target cell
membranes through strong binding to phospho-
lipid components, which can lead to membrane
disruption (Asokan and Cho 2002).

Charged NPs can also activate complement
system, hemolysis and thrombogenicity. Charged
NPs are more aggressively invoked complement
system than neutral ones (Bartlett and Davis
2007; Nagayama et al. 2007). Gold NPs activate
the immune system (Bastus et al. 2009). Bare
lipid NMs show high cellular uptake due to
non-specific  internalisation through charge
interaction of the positively charged NPs with the
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negatively charged cell surface. The PEGylation
of the NPs limited the non-specific charge
interaction and resulted in reduced cellular
uptake of NPs (Wang et al. 2009).

Targeting moieties attached to the surface of
NPs decide their fate inside the cells. NPs with
specific recognition moieties bound to the sur-
face have a good potential for site-selective
uptake as well as improved specificity for drug
targeting (Dinauer et al. 2005). This strategy is
used to direct NPs to cell surface carbohydrates,
receptors and antigens (Sinha et al. 2006). Moi-
eties attached to the surface can include any
molecule that selectively recognises and binds
molecules on target cells (Sapra and Allen 2003).
Antibodies, oligopeptides, carbohydrates, gly-
colipids and folic acid are the most widely used
moieties for targeting different cells and tissues.
Targeted NPs can bind more specifically to
cancer cells than normal cells. NPs without
specific moieties can attack normal cells as well.
Peptide-conjugated gold NPs activate the mac-
rophage system. Macrophage activation by gold
NPs depend on the peptide pattern at the NPs
surface (Bastus et al. 2009). Targeted NPs are
internalised by  cancer cells through
receptor-mediated endocytosis enhancing cancer
cell killing (Hu et al. 2010). NPs are internalised
by different uptake pathways which also affect
the cellular response (Xia et al. 2008a, b; Kumari
and Yadav 2011). Multiwalled carbon nanotubes
(MWCNTs) and quantum dots delivered by
nano-channel electroporation undergo nonendo-
cytic uptake in BEAS-2B cells and result in
higher cell death (Zhao et al. 2015). Cellular
uptake of NPs is also affected by the type of
cells. Different types of cells internalise NPs to a
different extent. Gold NPs with positive surface
charge have shown more cell internalisation
ability than those with negative surface charge in
non-phagocytic cells. However, the internalised
amount of negatively charged gold NPs was
similar with that of the positively charged gold
NPs in phagocytic cells (Liu et al. 2013).

Polystyrene NPs have been efficiently inter-
nalised by human ATI cell line (TT1) cells, while
uptake of NPs by primary human ATII cells was
negligible (Thorley et al. 2014). It has been
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shown that extent of NPs uptake, kinetics of NPs
uptake and NPs internalisation mechanisms differ
between primary cells and phenotypically linked
cells (Lunov et al. 2011). Pericellular matrix
(PCM) of cell has been documented for a role in
accumulation and enhancing uptake of NPs
(Zhou et al. 2012). Cellular uptake of NPs is also
modulated by cell surface area and membrane
tension. It has been reported that cellular inter-
nalisation is enhanced linearly with cell surface
area and decreased exponentially with increasing
membrane tension (Huang et al. 2013). Cell
culture media also has an influence on NPs
uptake and internalisation. TiO, NPs incubated
in three different media showed different extent
of uptake and internalisation. Uptake of TiO,
NPs was maximum in media with highest
amount of protein (Strickland et al. 2013). Gold
NPs incubated in RPMI media showed more
cellular uptake than NPs incubated in DMEM
media (Maiorano et al. 2010).

7.5 Cellular Response
of Therapeutic Nanoparticles

NPs are increasingly used in the field of drug
delivery. NPs show various responses with cells.
These include interactions with cellular mem-
brane and cellular uptake, signalling pathways,
ROS production, cell cycle dysregulation and
necrosis or apoptosis (Jones and Grainger 2009).
Many in vitro models are used to study the
response of NPs with cells (Kumar et al. 2012).
Metallic and polymeric NPs are extensively used
in the field of nanomedicine due to their ease of
preparation and surface modification. Under-
standing the cellular response of metallic, poly-
meric and silica NPs has recently fascinated the
attention of scientific community.

7.5.1 Metallic Nanoparticles

Toxicity of silver nanoparticles (Ag NPs) to
human hepatoma cells is the result of oxidative
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stress and is independent of the toxicity of Ag”
ions (Jun et al. 2005). Polysaccharide-coated and
uncoated Ag NPs are distributed differently and
cause different levels of DNA damage in mouse
embryonic stem cells (MES) and mouse embry-
onic fibroblast cells (MEF). Both types of Ag
NPs induce p53 protein expression, DNA
double-strand breakage and apoptosis responses
in MES and MEF cells (Ahamed et al. 2008).
Upon exposure to 6.25 pg/mL. Ag NPs, mor-
phology of both HT-1080 and A431 types of
cells remain unaltered. However, at higher con-
centrations (6.25-50 pg/mL) of Ag NPs, cells
became less polyhedra, more fusiform and
shrunken. Changes in the levels of catalase and
glutathione peroxidase in A431 and A431 types
of cells are statistically insignificant. Ag NP
exposure caused the DNA fragmentation in cells
(Arora et al. 2008). Citrate-stabilised NPs show
significant cellular response, while cellular
treatment with nucleic acid or BSA function-
alised NPs caused no detectable changes in gene
expression, cell cycle progression or apoptosis
induction (Massich et al. 2010). Nucleic
acid-modified gold NPs have been reported for
less immune response (Massich et al. 2009). The
L929 cells become round and even shrunken on
exposure to TiO, NPs (Jin et al. 2008). More-
over, TiO, NPs-treated cells either show con-
densation of fragmented chromatin or directly
necrosed. Cells cultured in a medium containing
300 pg/mL TiO, have increased the number of
lysosomes and damaged some of the cytoplasmic
organelles. Gold NPs with weakly bound ligands
have shown significant cellular responses, while
gold NPs with strongly bound ligands have
shown weak cellular responses (Massich et al.
2010). Gold NPs have also been observed to
induce cell death in human carcinoma lung cell
line A549. In contrast, BHK21 (baby hamster
kidney) and HepG2 (human hepatocellular liver
carcinoma) cell lines remain unaltered by gold
NPs treatment (Patra et al. 2007). ZnO NPs
showed dose-dependent toxicity in RAW 264.7
cells, higher cellular uptake and elevated intra-
cellular ROS level (Hong et al. 2013).
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7.5.2 Silica Nanoparticles

SiO, NPs are extensively used in the field of
cancer therapy (Hirsch et al. 2003), DNA deliv-
ery (Bharali et al. 2005), drug delivery
(Venkatesan et al. 2005) and enzyme immobili-
sation (Qhobosheane et al. 2001; Chen and von
Mikecz 2005). SiO, NMs have caused decrease
in number of molecules released per mast cell
granule (Maurer-Jones et al. 2010). Exposure to
25-500 pg/mL of mesoporus SiO, NPs have
been reported to inhibit cellular respiration in a
concentration and time-dependent manner (Jin
et al. 2007). Dye-doped silica NPs have shown
low level of genotoxicity and cytotoxicity against
the tested AS549 cells (Jin et al. 2007). Silica
nanotubes have exhibited growth inhibition in
epithelial breast cancer cell line (MDA-MB-231)
and primary umbilical vein endothelial cell line
(HUVEC) (Nan et al. 2008) in a
concentration-dependent manner.

7.5.3 Polymeric Nanoparticles

PLA NPs have elicited a strong cytotoxic T
lymphocyte (CTL) response and a strong T
helper cells-biased cytokine release in mice
(Ataman-Onal et al. 2006). HIV envelope gly-
coproteins 140 carrying carnuba wax NPs have
been reported to induce strong cellular/humoral
response without inflammation (Arias et al.
2011). Polysiloxane NPs were endocytosed via
caveolae in human aortic endothelial cells and
enhanced nitric oxide release (Nishikawa et al.
2009). The incorporation of a bombesin peptide
or RGD peptide via a PEG spacer in polymeric
NMs was resulted in receptor-mediated cellular
uptake and high gene silencing efficiency in U87
cells (Wang et al. 2009). Ligand-receptor
recognition between cRGD and a,f; integrin
has mediated the surface binding of
RGD-targeted NMs to HUVECs and probably
induced cRGD- targeted NPs to enter cells
through caveolae and localised in the perinuclear
regions (Liu et al. 2010b). cRGD functionaliza-
tion of PLGA NPs has appreciably improved NP
accumulation in tumour cells in vitro and
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resulted in improved tumour accumulation of
NPs in a mouse model (Toti et al. 2010).
Cationic polystyrene NPs have caused necrotic
and apoptotic cell deaths in BEAS-2B and
RAW264.7 cells, respectively (Xia et al. 2008a,
b).

7.5.4 Quantum Dots

Quantum dots (QDs) with unique photochemical
properties such as high photoluminescence and
photo stability have shown great potential as a
bimodal imaging agent, cancer diagnostics and
drug delivery (Lee et al. 2010).
Cetuximab-coated quantum dots have shown
enhanced uptake in EGFR overexpressing A549
cells (Lee et al. 2010). Quantum dots have also
undergone transformation in biological systems
(Mahendra et al. 2008; Pettibone et al. 2013).
Speciation of four types of CdSe/ZnS QDs in
HepG2 cells has been studied in a recent report
and it was observed that two chemical forms,
named as QD-1 and QD-2, have been detected in
HepG2 cells. QD-1 and QD-2 has been con-
firmed as QD-like NPs and a kind of cadmium
metallothioneins complex, respectively (Peng
et al. 2015). Matrix metalloproteases (MMP-2
and MMP-7) decorated quantum dots also have
shown enhanced uptake in HT-1080 cells (Zhang
et al. 2006). Ligand-conjugated QDs were not
accumulated in vesicles of the early sorting
pathways and were also able to reach the lyso-
somes of dendritic cells (Cambi et al. 2007). Tat
peptide-conjugated quantum dots (Tat-QDs) has
been internalised by macropinocytosis. The
internalised Tat-QDs have sticked to the inner
vesicle surfaces and trapped in cytoplasmic
organelles and actively transported by molecular
machines such as dyneins along microtubule
tracks (Ruan et al. 2007).

7.5.5 Liposomes

Liposomes have long been considered good
candidates for drug delivery. Effect of surface
charge on the binding and endocytosis of
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liposomes has been investigated on human
ovarian carcinoma cell line (HelLa) and a
murine-derived mononuclear macrophage cell
line J774. HeLa cells have been found to endo-
cytose positively charged liposomes to a greater
extent than either neutral or negatively charged
liposomes (Miller et al. 1998). In contrast, the
extent of liposome interaction with J774 cells
was greater for both cationic and anionic lipo-
somes than for neutral liposomes (Miller et al.
1998). Tumour penetrating peptides (TPP) tar-
geting liposomes have exhibited remarkably
increased cellular accumulation by PC-3 tumour
cells than bare liposomes (Yan et al. 2014).
Liposomes modified with octaarginine have
enhanced the efficiency of cross-presentation of
ovalbumin in mouse bone marrow-derived den-
dritic cells (Nakamura et al. 2014). Hyaluronan
(HA) coated liposomes have shown cellular
uptake via lipid raft-mediated endocytosis in
A549 cells. Once within cells, HA-liposomes
have localised primarily to endosomes and
lysosomes (Qhattal and Liu, 2011). Aptamer
targeted liposomes have shown enhanced bind-
ing specificity and selectivity to CD44 express-
ing A549 and MDA-MB-231 cells (Alshaer et al.
2015). Annexin A5 functionalised liposomes
bind to phosphatidylserine exposing apoptotic
K562 cells with high specificity (Garnier et al.
2009).

7.6 Protein Corona Formation
on Therapeutic Nanoparticles

Upon entering in biofluids, NPs surfaces were
rapidly covered by selective sets of blood plasma
proteins forming the protein corona (Cedervall
et al. 2007a, b; Lindman et al. 2007; Mahmoudi
et al. 2009; Mahmoudi et al. 2010; Walczyk et al.
2010). Upon entry of NPs into biological millieu,
they were initially surrounded by high concen-
trations of free protein. Proteins moved towards
the NP surface either by diffusion, or by travel-
ling down a potential energy gradient. Protein
adsorption in the neighbourhood of the NPs

161

surface has occurred spontaneously only if it is
thermodynamically favourable (Walkey and
Chan 2012). In other words, if:

AGacls = AHads - TASads <0

where AG,q4s, AH,qs and AS,4 are the changes in
Gibbs free energy, enthalpy and entropy,
respectively, during adsorption, and T is the
temperature.

The formation of covalent and non-covalent
bonds between NPs and protein, rearrangement
of interfacial water molecules or conformational
changes in either the protein or the NPs surface
contribute to favourable changes in enthalpy
(AH,4s < 0), or entropy (AS.qs > 0) (Walkey and
Chan 2012). Type of protein (Lindman et al.
2007) and physiochemical properties of NPs
determine the mechanism involved during
adsorption and protein corona formation (De
et al. 2007). Proteins interact with NPs surface
through a portion known as domain during
adsorption and protein corona formation.
Adsorption of high-molecular weight protein
kininogen to iron oxide NPs has occurred
through its domain 5 (Simberg et al. 2009).
Adsorption of proteins to NPs surface may
involve interactions through many domains of
the proteins (Walkey and Chan 2012). AG,qs
determines the stability of the protein NPs
corona. Proteins with large AG,q4, stay with NPs
surface, while proteins with small AG,45 desorb
and return to solution (Norde 1994). Hydropho-
bic NPs interact strongly with proteins than those
of hydrophilic (Walkey and Chan 2012).
Hydrophobic or charged NPs cause more con-
formational changes in protein than their hydro-
philic counterparts. Conformational changes of
proteins are either reversible or irreversible and
depend on the structure and chemistry of protein
and NPs (Walkey and Chan 2012).

Protein corona is further divided into two types,
viz. hard corona and soft corona (Fig. 7.3). Hard
corona consists of an inner layer of selected proteins
with a lifetime of several hours in slow exchange
with the environment (Fig. 7.3). Soft corona
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Fig. 7.3 Nanoparticles inside the biological systems. NPs form soft and hard corona after interaction with plasma
proteins. Fate of NPs is decided by the protein corona of NPs

comprises of an outer layer of weakly bound pro-
teins, which are characterised by a faster exchange
rate with the free proteins (Mahmoudi et al. 2010).
It is now believed that the hard corona interacts with
cellular receptors and defines the fate of NPs in a
biofluid due to the long lifetime of the hard protein
corona (Mahmoudi et al. 2011a). It has been doc-
umented in a study that negatively charged NPs did
not show the formation of hard protein corona while
positively charged NPs show the formation of hard
protein corona (Casals et al. 2010). First monolayer
(hard corona) of transferrin binds irreversibly to
polystyrene NPs and second monolayer (soft coro-
na) is capable of exchanging proteins with solution
(Milani et al. 2012).

7.7 Characterisation of Protein
Corona on Nanoparticles

Upon contact with biological fluids, NPs interact
strongly with proteins and other biomolecules,
which drastically alter their surface characteristics.
NPs with improved and changed biological activity
will have the influence on NPs bio-distribution and
their in vivo fate. Therefore, it is essential to apply
and develop analytical tools and techniques to
investigate the interactions of NPs with proteins in
order to understand the protein corona composition
and their possible biological activity. When NPs are

meant for biological applications, it is necessary to
investigate their physicochemical characteristics in
the biological milieu (Mahmoudi et al. 2011a, b).
As reported, many studies have been performed to
shed light on the protein NPs association/
dissociation processes in serum and plasma. As
more than 3700 proteins coexist and compete for
binding to the NPs surface, the determination of
binding rates, affinities, and stoichiometries of pro-
tein association, and dissociation with NPs in bio-
logical fluids is particularly tedious and complicated
process (Mahmoudi et al. 2011a, b). Protein corona
is characterised by five parameters like thickness
and density, identity and quantity, arrangement and
orientation, conformation, and affinity of proteins
on NPs. Together, these parameters describe the
interaction of NPs with a biological environment
(Walkey and Chan 2012). The composition and
structure of the protein corona has been studied
using either in situ or ex situ techniques. In situ
techniques measure the protein corona, while the
NPs is dispersed in a biological milieu. These
techniques are limited in number and typically
provide the least amount of information. Ex situ
measurements require isolation of the NPs with its
bound protein from the biological environment
(Walkey and Chan 2012). Methods used for the
characterisation of protein corona are Fourier
transform infrared spectroscopy (FTIR), Raman
spectroscopy, fluorescence correlation
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spectroscopy, differential centrifugal sedimentation
(DCS), isothermal titration calorimeter (ITC),
LC-MS, electrophoresis, size exclusion chro-
matography, and dynamic light scattering.

Fourier Transform Infrared
Spectroscopy (FTIR)

7.7.1

FTIR spectroscopy is known as an important
technique for the examination of protein con-
formation in H,O-based solution, resulting in a
greatly expanded use in studies of protein sec-
ondary structure and protein dynamics in the past
decade (Kong and Yu 2007). FTIR spectroscopy
has been used for characterising the interactions
of NPs with proteins (Wang et al. 2012).

7.7.2 Raman Spectroscopy

Raman scattering technique is a vibrational molec-
ular spectroscopy in which a laser photon is scat-
tered by a sample molecule and during the process
energy is either lost or gained (Kengne-Momo et al.
2012). The amount of energy lost is seen as a
change in energy (wavelength) of the irradiating
photon which is characteristic for a particular bond
in the molecule. The Raman signal produces a
precise spectral sample fingerprint, unique to each
atom, group of atoms or individual molecule
(Kengne-Momo et al. 2012). A recent study has
used surface enhanced Raman scattering spec-
troscopy to study changes in the proteins secondary
structure as well as the effect on integrity and
conformations of disulfide bonds immediately on
the NP surface (Grass and Treuel 2014).

7.7.3 Fluorescence Correlation
Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a
technique used to study the molecular movements
and interactions. This technique monitors the fluc-
tuation in the fluorescence signal from fluorescently
labelled molecules inside the small confocal volume
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(Rocker et al. 2009; Maffre et al. 2011). In FCS, one
usually considers the dynamics of number fluctua-
tions in an open sampling volume of a macroscopic
system that fluctuates about average equilibrium
concentrations which are determined by the sur-
rounding medium and its thermodynamics (Rocker
et al. 2009; Maffre et al. 2011). The concentration
fluctuations of each species can occur by in situ
chemical reactions and by diffusion of each species
in and out of the sampling volume. FCS is a highly
accurate method to simultaneously determine
binding affinities and the thickness of the protein
corona on NPs (Rocker et al. 2009; Maffre et al.
2011). This method permits the quantitative obser-
vation of protein adsorption in situ on NPs (Treuel
et al. 2014). Recent study has used FCS to quan-
titatively monitor HSA adsorption onto dihy-
drolipoic acid quantum dots (Treuel et al. 2014).

7.7.4 Differential Centrifugal
Sedimentation

Differential centrifugal sedimentation (DCS) is
based on the ability to separate NPs of the same
density by mass, i.e. size (Colfen 2004). DCS is a
fast, accurate and relatively inexpensive, resolves
multimodal size distributions, and uses relatively
small sample volumes (Krpetic et al. 2012). DCS
have been extensively used to measure size dis-
tribution, and hydrodynamic radii of NPs
(Machtle 1999; Miiller 2004, 2006). In addition
to particle size, DCS has been used to determine
changes in surface structure, study of binding
isotherms of NPs and showed the attachment of
DNA binding protein to NPs (Salvati et al. 2013).
DCS can also be used for measuring thickness of
protein corona.

Isothermal Titration
Calorimetry

7.75

Isothermal titration calorimetry (ITC) is the only
technique that can simultaneously determine all
binding parameters in a single experiment. ITC
measures heat transfer during binding which
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enables accurate determination of binding con-
stants (Kp), reaction stoichiometry (n), enthalpy
(AH) and entropy (AS). This provides a complete
thermodynamic profile of the molecular interac-
tion. ITC also helps in elucidating the mecha-
nisms underlying molecular interactions. The
strength of protein interactions can be assessed
using ITC and it also provides additional infor-
mation on the thermodynamics of protein
adsorption (Lindman et al. 2007).

7.7.6 Liquid Chromatography-Mass
Spectrometry

Liquid chromatography-mass  spectrometry
(LC-MS) is a technique applied to a wide range
of biological molecules. Mass spectrometers
operate by converting the analyte molecules to a
charged state, with subsequent analysis of frag-
ment ions that are produced during the ionisation
process, on the basis of their mass to charge ratio
(m/z) (Pitt 2009). LC-MS plays an important role
in several areas of clinical biochemistry and
competes with conventional liquid chromatogra-
phy and other techniques such as immunoassay.
LC-MS has been used recently in a study to
quantify the proteins in protein corona formed on
SiO, and polystyrene NPs. The composition of
protein corona has been investigated by LC-MS
on polystyrene NPs with average diameters
slightly above 100 nm and resulted in identifi-
cation of approximately 170 different adsorbed
proteins (Ritz et al. 2015).

7.7.7 Matrix-Assisted Laser
Desorption/lonisation
Time of Flight Mass
Spectrometer
(MALDI-TOF MS)

The sample for  matrix-assisted laser
desorption/ionisation (MALDI) is uniformly
mixed in a large quantity of UV-absorbing
matrix and then followed by time of flight mass
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spectrometry (Marvina et al. 2003).The matrix
absorbs the UV light and converts it into heat
energy. A small part of the matrix is heated and
rapidly vaporised, together with the sample.
Different matrices are used for different kind of
samples. Derivatives of benzoic acid, cinnamic
acid and other related aromatic compounds are
usually approved as good quality MALDI
matrices for protein analysis (Hillenkamp et al.
1991). Charged ions of various sizes are gener-
ated on the sample slide, a potential difference
between the sample slide and ground attracts the
ions in a direction. As the potential difference is
constant with respect to all ions, ions with
smaller m/z value and more highly charged ions
move faster through the drift space until they
reach the detector. Consequently, the time of ion
flight differs according to m/z value of the ion
(Marvina et al. 2003). MALDI-TOF-MS has
recently been used in a study to identify the
proteins of NPs protein corona of nanosized
welding particles formed in vitro (Ali et al.
2015).

7.7.8 Electrophoresis

Electrophoresis is used for the identification of
proteins after separation of the NPs protein complex
that has been separated from excess plasma pro-
teins. Most commonly used method for this purpose
is two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE) (Blunk et al. 1993; Gessner
et al. 2002; Seehof et al. 2000). To identify indi-
vidual proteins, it iS common practice to compare
the 2-D protein gels to a 2-D master map of human
plasma proteins. However, differences in donor
plasma and anticoagulants used during the blood
collection process (EDTA, sodium citrate, lithium
heparin), can result in variations in plasma protein
maps, and hence may contribute to a misinterpre-
tation of the 2D data when compared to a specific
protein master map. The sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) is
used for identifying proteins in hard protein corona
(Winzen et al. 2015).
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7.7.9 Size Exclusion Chromatography

Size exclusion chromatography (SEC) separates
the NPs according to their size in dilute solutions
(Sun et al. 2004). SEC is the second method
investigated for its potential to reveal quantitative
information on protein—NPs interactions. NPs
and protein solution was passed through the
chromatographic resin which allows protein and
NPs to be resolved, but not different proteins.
There has been a clear difference in the elution
profile of HSA mixed with NPs, compared with
free albumin, which implies an interaction
between the protein and the NPs. Different pro-
teins show different elution profiles when in
protein NPs mixture than in free form. The rates
of association/dissociation are very different from
protein to protein, depending on the overall
protein NP composition (Cedervall et al. 2007a,
b). The strength of interactions of proteins with
NPs can also be studied using SEC (Cedervall
et al. 2007a, b).

7.7.10 Dynamic Light Scattering
Dynamic light scattering (DLS) measures the
hydrodynamic diameter of NPs. DLS measures
the size of NPs typically in the sub-micron region,
also referred to as photon correlation spectroscopy
or quasi-elastic light scattering. NPs suspended
within a liquid undergo Brownian motion. DLS
monitors the Brownian motion with light scatter-
ing. DLS measurements have been used to
determine changes in the NP diameter before and
after incubation with proteins. Proteins bind
strongly to the NPs surface when the incubation
time is increased, and they are stable against
desorption in the serum free media. NPs hydro-
dynamic diameter is also increased as a result of
the interactions of proteins with NPs. Adsorption
of proteins onto the NPs surface has increased the
overall size of NPs and not due to NPs aggrega-
tion (Casals et al. 2010). The thickness of the
protein corona can be measured in situ using DLS
(Walczyk et al. 2010).
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7.7.11 Bioinformatic Tools

In silico simulation studies of protein NPs
interactions is attracting attention as an alterna-
tive to experimental techniques (Walkey and
Chan 2012). Simulation has been successfully
adapted to study the adsorption of proteins on
NPs. Simulation results have been used to study
the interaction of a nanomaterial with individual
amino acids to be observed over femto second
timescales (Walkey and Chan 2012). Three
strategies commonly used to simulate protein
adsorption are quantum mechanical (QM), all
atom empirical force field (AA) and coarse
grained (CG) (Makarucha et al. 2011). Experi-
mentally measured reference values are required
to ensure the validity of simulation results. In
silico simulations have been used to study the
protein adsorption onto NPs as a function of
surface ligand structure (Makarucha et al. 2011),
surface curvature (Hung et al. 2011), and protein
identity (Ge et al. 2011). However, computa-
tional power is presently unable to handle the
complexity of competitive protein adsorption in a
biological milieu, and there is a scarcity of
availability of relevant force fields and descrip-
tions of salvation (Walkey and Chan 2012).

7.8 Properties of NPs Affecting
Protein Corona Formation

Interaction of NPs with biomolecules and com-
position of the resulting protein corona is affected
by many factors (Foroozandeh and Aziz 2015).
The physicochemical properties of NPs and the
biological environment are vital parameters
governing protein corona formation. Therefore,
studying and understanding each of these
parameters are essential for safe and smart
designing of NPs for targeted drug delivery. The
affinities and identities of proteins that bind to
NPs are affected by the composition and surface
chemistry of NPs. It has been reported that dif-
ferent proteins bind to different NPs with the
same surface charge (Deng et al. 2009). Similar
proteins can be adsorbed onto the TiO, and SiO,
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NPs, whereas significantly different proteins can
compose the hard corona of ZnO NPs. The cor-
ona of TiO, and SiO, NPs were comprised of
clusterin, apolipoprotein D and alpha-2-acid
glycoprotein, while these were not observed in
the corona of ZnO. Fascinatingly, transferrin, Ig
heavy chain alpha and haptoglobin have been
reported in the corona of ZnO NPs.

The size of NPs plays a vital role in the
adsorption of proteins, conformational changes and
composition of protein corona (Lundqvist et al.
2008; Lynch and Dawson 2008). It has been
reported that the thickness of protein corona pro-
gressively increases as the size of NP increases. In
addition, conformational change upon adsorption
on the NPs surface showed enhancement with the
size of NPs. Moreover, more proteins adsorbed on
smaller sized NPs than on larger sized NPs
(Dobrovolskaia et al. 2009). Interestingly, even
10 nm variations in NPs size have remarkably
affected the protein corona composition (Tenzer
et al. 2011). Shape of NPs has also affected the
formation of protein corona on NPs surface (Deng
et al. 2009). Surface charge of NPs also play vital
role in the composition and formation of protein
corona on NPs. Negatively charged NPs have been
shown for enhancement in plasma protein absorp-
tion with an increase in the surface charge density
of NPs (Gessner et al. 2002). In addition, proteins
with isoelectric points (PI) of less than 5.5 adsorbed
on positively charged NPs whereas proteins with
isoelectric points of higher than 5.5 bound to neg-
atively charged NPs (Foroozandeh and Aziz 2015).
More proteins can adsorb onto the surface of
hydrophobic NPs than their hydrophilic counter-
parts and lose their native structure (Roach et al.
2005). It has been observed that protein corona can
drastically affect the cellular uptake and internali-
sations of NPs. Distinct corona signatures are
indeed able to predict the cellular uptake of NPs.
Hence, covering NPs surface with physiological
proteins can indeed enhance or inhibit their cellular
uptake, whereas the surface charge of the uncoated
NPs appear to be less important (Monopoli et al.
2012; Lesniak et al. 2012; Zhang et al. 2014).
Protein corona fingerprints can be modulated for
increasing the cellular uptake of NPs across many
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biological barriers. It has been shown that
apolipoproteins promote the transport of NPs across
the blood brain barrier (Zhu et al. 2013) and dif-
ferent immunoglobulins and opsonins enable their
uptake into monocytes (Riehemann et al. 2009),
while dysopsonins inhibit the uptake of NPs (Ced-
ervall et al. 2007a, b). NPs targeted with transferrin
have been studied in foetal bovine serum albumin
for their targeting efficiency (Salvati et al. 2013). It
has been observed that serum decreased the overall
uptake of NPs through transferrin receptors. These
results have demonstrated that targeted NPs may
lose their targeting abilities in biological media.
This behaviour is attributed to the proteins in the
serum forming a protein corona around the NPs,
which masks the transferrin and stops it from
binding to the targeted receptors on the cells. Hence,
experiments carried out in vitro cannot be used to
provide a conclusive analysis of targeting efficiency.
Therefore, targeted NPs formulations should be
smartly designed by taking into account the protein
corona effect, and the problems faced due to the
route of administration, organs, tissues and cellular
uptake. This will help in developing targeted NPs
with clinical applications and achieving the concept
of personalised medicine (Gaspar 2013).

In addition to the properties of NPs, the
composition of protein corona is also affected by
the biological media in which NPs are incubated.
It has been reported that formation of protein
corona by utilising Dulbecco’s Modified Eagle’s
Medium (DMEM) media is significantly time
dependent, while using Roswell Park Memorial
Institute (RPMI) media leads to different
dynamics and reduction of protein corona
(Maiorano et al. 2010). Besides NPs properties
and biological milieu, other factors which affect
protein corona at bio-nano interfaces are gradient
plasma, plasma concentration, cell observer,
temperature and cell membrane composition.
Detailed investigations must be carried out to
understand these ignored factors as to enable the
development of better and effective nanomedi-
cine (Foroozandeh and Aziz 2015).

Protein corona has been recently exploited for
evading mononuclear phagocytic system. Albumins
form tight binding to SiO, NPs and may undergo
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rapid unfolding to form hard corona. Albumin has
been documented to promote NPs uptake into cells
that are expressing class A scavenger receptors and
resulted in internalisation of the protein NP complex
via receptor-mediated endocytosis (Mortimer et al.
2014).

7.9 Conclusions

NPs may not only promote the pharmacological
effects of delivered therapeutic molecules, but
also cause undesirable effects in the target cells.
Factors like size, shape and surface chemistry of
NPs can influence their cellular responses. NPs
have been observed to induce cellular responses
like ROS production, apoptosis, necrosis and
expression of genes. Most of the studies involv-
ing the cellular responses of NPs have been
carried out on in vitro cell lines, and therefore
final validation is required with primary cells.
Effect of various surface ligands and the use of
targeting moieties should be investigated to bet-
ter understand the cellular responses of NPs. NPs
should no longer be viewed as simple carriers for
biomedical applications, but can also play
dynamic role in mediating biological responses.
NPs-biomolecule corona should be more care-
fully characterised and quantified for safe and
effective use of NPs in nanomedicine. The
molecular design of basic molecules for NPs and
the response between NPs and cells should be
considered more carefully in terms of the acti-
vation of cell functions.

Acknowledgments We are grateful to Director, IHBT
for critical and valuable suggestions. Financial assistance
from Council of Scientific and Industrial Research,
Government of India is genuinely acknowledged.

References

Aderem A, Underhill DM (1999) Mechanisms of phagocy-
tosis in macrophages. Annu Rev Immunol 17:593-623

Ahamed M, Karns M, Goodson M et al (2008) DNA
damage response to different surface chemistry of
silver nanoparticles in mammalian cells. Toxicol Appl
Pharmacol 233:404-410

167

Ali N, Mattsson K, Rissler J et al (2015) Analysis of
nanoparticle—protein coronas formed in vitro
between nanosized welding particles and nasal lavage
proteins. Nanotoxicology 1-9

Alivisatos AP, Gu W, Larabell C (2005) Quantum dots as
cellular probes. Annu Rev Biomed Eng 7:55-76

Alshaer W, Hillaircau H, Vergnaud J et al (2015)
Functionalizing liposomes with anti-CD44 aptamer
for selective targeting of cancer cells. Bioconjugate
Chem 26:1307-1313

Arias MA, Loxley A, Eatmon C et al (2011) Carnauba
wax nanoparticles enhance strong systemic and
mucosal cellular and humoral immune responses to
HIV-gp140 antigen. Vaccine 29:1258-1269

Arora S, Jain J, Rajwade JM et al (2008) Cellular
responses induced by silver nanoparticles: In vitro
studies. Toxicol Lett 179:93-100

Asokan A, Cho MJ (2002) Exploitation of intracellular
pH gradients in the cellular delivery of macro-
molecules. J Pharm Sci 91:903-913

Ataman-Onal Y, Munier S, Ganée A et al (2006)
Surfactant-free anionic PLA nanoparticles coated with
HIV-1 p24 protein induced enhanced cellular and
humoral immune responses in various animal models.
J Control Rel 112:175-185

Bao G, Bao XR (2005) Shedding light on the dynamics of
endocytosis and viral budding. Proc Natl Acad
Sci USA 102:9997-9998

Bartlett DW, Davis ME (2007) Physicochemical and
biological characterization of targeted nucleic
acid-containing nanoparticles. Bioconjugate Chem
18:456-468

Bartneck M, Keul HA, Singh S et al (2010) Rapid uptake
of gold nanorods by primary human blood phagocytes
and immunomodulatory effects of surface chemistry.
ACS Nano 4:3073-3086

Bastus NG, Sanchez-Tillo E, Pujals S et al (2009)
Homogeneous conjugation of peptides onto gold
nanoparticles enhances macrophage response. ACS
Nano 3:1335-1344

Benmerah A, Lamaze C (2007) Clathrin-coated Pits: Vive
la Difference? Traffic 8:970-982

Bharali DJ, Klejbor I, Stachowiak EK et al (2005)
Organically modified silica nanoparticles: a nonviral
vector for in vivo gene delivery and expression in the
brain. Proc Natl Acad Sci USA 102:11539-11544

Blunk T, Hochstrasser DF, Sanchez JC et al (1993) Colloidal
carriers for intravenous drug targeting: plasma protein
adsorption patterns on surface-modified latex particles
evaluated by two-dimensional polyacrylamide gel elec-
trophoresis. Electrophoresis 14:1382-1387

Boussif O, Lezoualc’h F, Zanta MA et al (1995) A
versatile vector for gene and oligonucleotide transfer
into cells in culture and in vivo: polyethylenimine.
Proc Natl Acad Sci 92:7297-7301

Cambi A, Lidke DS, Arndt-Jovin DJ et al (2007)
Ligand-conjugated quantum dots monitor antigen
uptake and processing by dendritic cells. Nanolett
7:970-977



168

Casals E, Pfaller T, Duschl A et al (2010) Time evolution
of the nanoparticle protein corona. ACS Nano 4:3623—
3632

Cedervall T, Lynch I, Foy M et al (2007a) Detailed
identification of plasma proteins adsorbed on copoly-
mer nanoparticles. Angew Chem Int Ed 46:5754-5756

Cedervall T, Lynch I, Lindman S et al (2007b) Under-
standing the nanoparticle-protein corona using meth-
ods to quantify exchange rates and affinities of
proteins for nanoparticles. Proc Natl Acad Sci USA
104:2050-2055

Chang J, Jallouli Y, Kroubi M et al (2009) Characteri-
zation of endocytosis of transferrin-coated PLGA
nanoparticles by the blood-brain barrier. Int J Pharm
379:285-292

Chellat F, Grandjean-Laquerriere A, Le Naour R et al (2005)
Metalloproteinase and cytokine production by THP-1
macrophages following exposure to chitosan-DNA
nanoparticles. Biomaterials 26:961-970

Chen M, von Mikecz A (2005) Formation of nucleoplasmic
protein aggregates impairs nuclear function in response to
SiO2 nanoparticles. Exp Cell Res 305:51-62

Colfen H (2004) Analytical ultracentrifugation of
nanoparticles. In: Nalwa HS (ed) Encyclopedia of
nanoscience and nanotechnology, vol. 1. American
Scientific Publishers, Stevenson Ranch, pp 67-88

Conner SD, Schmid SL (2003) Regulated portals of entry
into the cell. Nature 422:37-44

Dausend J, Musyanovych A, Dass M et al (2008) Uptake
mechanism of oppositely charged fluorescent nanopar-
ticles in HeLa cells. Macromol Biosci 8:1135-1143

De M, You CC, Srivastava S et al (2007) Biomimetic
interactions of proteins with functionalized nanopar-
ticles: A thermodynamic study. J Am Chem Soc
129:10747-10753

Deng ZJ, Mortimer G, Schiller T et al (2009) Differential
plasma protein binding to metal oxide nanoparticles.
Nanotechnology 20:455101

Diken M, Kreiter S, Selmi A et al (2011) Selective uptake
of naked vaccine RNA by dendritic cells is driven by
macropinocytosis and abrogated upon DC maturation.
Gene Ther 18:702-708

Dinauer N, Balthasar S, Weber C et al (2005) Selective
targeting of antibody-conjugated nanoparticles to
leukemic cells and primary T-lymphocytes. Biomate-
rials 26:5898-5906

Dobrovolskaia MA, Patri AK, Zheng J et al (2009)
Interaction of colloidal gold nanoparticles with human
blood: effects on particle size and analysis of plasma
protein binding profiles. Nanomed Nanotechnol Biol
Med 5:106-117

Duit S, Mayer H, Blake SM et al (2010) Differential
functions of ApoER2 and very low density lipoprotein
receptor in Reelin signaling depend on differential
sorting of the receptors. J Biol Chem 285:4896-4908

El-Sayed IH, Huang X, El-Sayed MA (2005) Surface
plasmon resonance scattering and absorption of
anti-EGFR antibody conjugated gold nanoparticles in
cancer Diagnostics: applications in oral cancer. Nano
Lett 5:829-834

A. Kumari et al.

El-Sayed IH, Huang XH, El-Sayed MA (2006)
Photo-Thermal therapy of epithelial carcinoma using
anti-EGFR antibody conjugated gold nanoparticles.
Cancer Lett 239:129-135

Foroozandeh P, Aziz AA (2015) Merging worlds of
nanomaterials and biological environment: factors
governing protein corona formation on nanoparticles
and its biological consequences. Nanoscale Res Lett
10:221

Garnier B, Bouter A, Gounou C et al (2009) Annexin
AS5-Functionalized liposomes for targeting
phosphatidylserine-exposing membranes. Bioconju-
gate Chem 20:2114-2122

Gaspar R (2013) Nanoparticles pushed off target with
proteins. Nature Nanotech 8:79-80

Ge C, DuJ, Zhao L et al (2011) Binding of blood proteins
to carbon nanotubes reduces cytotoxicity. Proc Natl
Acad Sci 108:16968-16973

Gessner A, Lieske A, Paulke B et al (2002) Influence of
surface charge density on protein adsorption on
polymeric nanoparticles: analysis by
two-dimensional electrophoresis. Eur J Pharm Bio-
pharm 54:165-170

Grass S, Treuel L (2014) Mechanistic aspects of protein
corona formation: insulin adsorption onto gold
nanoparticle surfaces. J Nanopart Res 16:2254-2265

Hainfeld JF, Slatkin DN, Smilowitz HM (2004) The use
of gold nanoparticles to enhance radiotherapy in mice.
Phys Med Biol 49:N309-N315

Harush-Frenkel O, Debotton N, Benita S et al (2007)
Targeting of nanoparticles to the clathrin-mediated
endocytic pathway. Biochem Biophys Res Commun
353:26-32

Hillenkamp F, Karas M, Beavis RC et al (1991)
Matrix-assisted laser desorption/ionization MS of
biopolymers. Anal Chem 63:1193-1202

Hirsch LR, Stafford RJ, Bankson JA et al (2003)
Nanoshell-mediated near-infrared thermal therapy of
tumors under magnetic resonance guidance. Proc Natl
Acad Sci 100:13549-13554

Hong T, Tripathy N, Son H et al (2013) A comprehensive
in vitro and in vivo study of ZnO nanoparticles
toxicity. J Mater Chem B 1:2985-2992

Hu CM, Kaushal S, Tran Cao HS et al (2010)
Half-antibody functionalized lipid-polymer hybrid
nanoparticles for targeted drug delivery to carcinoem-
bryonic antigen presenting pancreatic cancer cells.
Mol Pharm 7:914-920

Huang C, Butler PJ, Tong S et al (2013) Substrate
stiffness regulates cellular uptake of nanoparticles.
Nano Lett 13:1611-1615

Hung A, Mwenifumbo S, Mager M et al (2011) Ordering
surfaces on the nanoscale: implications for protein
adsorption. J Am Chem Soc 133:1438-1450

Ivanov AI (2008) Pharmacological inhibition of endocytic
pathways: is it specific enough to be useful? Methods
Mol Biol 440:15-33

Jiang W, Kim BY, Rutka JT et al (2008) Nanoparticle-
mediated cellular response is size-dependent. Nat
Nanotechnol 3:145-150



7 Cellular Response of Therapeutic Nanoparticles

Jin Y, Kannan S, Wu M et al (2007) Toxicity of
luminescent silica nanoparticles to living cells. Chem
Res Toxicol 20:1126-1133

Jin CY, Zhu BS, Wang XF et al (2008) Cytotoxicity of
titanium dioxide nanoparticles in mouse fibroblast
cells. Chem Res Toxicol 21:1871-1877

Jones CF, Grainger DW (2009) In vitro assessments of
nanomaterial toxicity. Adv Drug Deliv Rev 61:438—
456

Jones AT, Gumbleton M, Duncan R (2003) Understand-
ing endocytic pathways and intracellular trafficking.
A prerequisite for effective design of advanced drug
delivery systems. Adv Drug Deliv Rev 55:1353-1357

Jun YW, Huh YM, Choi JS et al (2005) Nanoscale size
effect of magnetic nanocrystals and their utilization for
cancer diagnosis via magnetic resonance imaging.
J Am Chem Soc 127:5732-5733

Kengne-Momo RP, Daniel P, Lagarde F et al (2012)
Protein interactions investigated by the raman spec-
troscopy for biosensor applications. Int J Spectroscopy
2012: Article ID 462901, 7 pages. doi:10.1155/2012/
462901

Kong J, Yu S (2007) Fourier transform infrared spectro-
scopic analysis of protein secondary structures. Acta
Biochim Biophys Sin 39:549-559

Koo OM, Rubinstein I, Onyuksel H (2005) Role of
nanotechnology in targeted drug delivery and imag-
ing: A concise review. Nanomed Nanotechnol Biol
Med 1:193-212

Krpetic Z, Singh I, Su W et al (2012) Directed assembly
of DNA-functionalized gold nanoparticles using
pyrrole-imidazole polyamides. J Am Chem Soc
134:8356-8359

Kumar V, Kumari A, Guleria P et al (2012) Evaluating
the toxicity of selected types of nanochemicals. Rev
Environ Contamin Toxicol 215:40-112

Kumari A, Yadav SK (2011) Cellular interactions of
therapeutically delivered nanoparticles. Expert Opin
Drug Deliv 8:141-151

Lee J, Choi Y, Kim K et al (2010) Characterization and
cancer cell specific binding properties of anti-EGFR
antibody conjugated quantum dots. Bioconj Chem
21:940-946

Lesniak A, Fenaroli F, Monopoli MP et al (2012) Effects
of the presence or absence of a protein corona on silica
nanoparticle uptake and impact on cells. ACS Nano
6:5845-5857

Lindman S, Lynch I, Thulin E et al (2007) Systematic
investigation of the thermodynamics of HSA adsorp-
tion to N-iso-propylacrylamide/N-tert-butylacrylamide
copolymer nanoparticles. Effects of particle size and
hydrophobicity. Nano Lett 7:914-920

Liu AP, Aguet F, Danuser G et al (2010a) Local clustering of
transferrin receptors promotes clathrin-coated pit initiation.
J Cell Biol 191:1381-1393

Liu XQ, Song WIJ, Sun TM et al (2010b) Targeted
delivery of antisense inhibitor of miRNA for antian-
giogenesis  therapy using cRGD-functionalized
nanoparticles. Mol Pharm 8:250-259

169

Liu X, Huang N, Li H et al (2013) Surface and size effects
on cell interaction of gold nanoparticles with both
phagocytic and nonphagocytic cells. Langmuir
29:9138-9148

Luccardini C, Yakovlev A, Gaillard S et al (2007)
Intracellular uses of colloidal semiconductor
nanocrystals. J Biomed Biotechnol 2007:1-9

Lundqvist M, Stigler J, Elia G et al (2008) Nanoparticle
size and surface properties determine the protein
corona with possible implications for biological
impacts. Proc Natl Acad Sci 105:14265-14270

Lunov O, Syrovets T, Loos C et al (2011) Differential
uptake of functionalized polystyrene nanoparticles by
human macrophages and a monocytic cell line. ACS
Nano 5:1657-1669

Lynch I, Dawson KA (2008) Protein-nanoparticle inter-
actions. Nano Today 3:40-47

Machtle W (1999) High-Resolution submicron particle
size distribution analysis using gravitational-sweep
sedimentation. Biophys J 76:1080-1091

Maffre P, Nienhaus K, Amin F et al (2011) Character-
ization of protein adsorption onto Fept nanoparticles
using dual-focus fluorescence correlation spec-
troscopy. Beilstein J Nanotechnol 2:374-383

Mahendra S, Zhu HG, Colvin VL et al (2008) Quantum
dot weathering results in microbial toxicity. Environ
Sci Technol 42:9424-9430

Mahmoudi M, Simchi A, Imani M (2009) Cytotoxicity of
uncoated and polyvinyl alcohol coated superparamag-
netic iron oxide nanoparticles. J Phys Chem C
113:9573-9580

Mahmoudi M, Simchi A, Imani M et al (2010) A new
approach for the in vitro identification of the cytotox-
icity of superparamagnetic iron oxide nanoparticles.
Colloid Surf B 75:300-309

Mahmoudi M, Lynch I, Ejtehadi MR et al (2011a) Protein
nanoparticle interactions: opportunities and chal-
lenges. Chem Rev 111:5610-5637

Mahmoudi M, Sant S, Wang B et al (2011b) Superpara-
magnetic iron oxide nanoparticles (SPIONs): devel-
opment, surface modification and applications in
chemotherapy. Adv Drug Delivery Rev 63:24-46

Maildnder V, Lorenz MR, Holzapfel V et al (2008)
Carboxylated superparamagnetic iron oxide particles
label cells intracellularly without transfection agents.
Mol Imaging Biol 10:138-146

Maiorano G, Sabella S, Sorce B et al (2010) Effects of cell
culture media on the dynamic formation of
protein-nanoparticle complexes and influence on the
cellular response. ACS Nano 4:7481-7491

Makarucha J, Todorova N, Yarovsky I (2011) Nanoma-
terials in biological environment: a review of com-
puter modelling studies. Eur Biophys J 40:103-115

Marvina LF, Robertsb MA, Faya LB (2003) Matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry in clinical chemistry. Clin Chim Acta
337:11-21

Massich MD, Giljohann DA, Seferos DS et al (2009)
Regulating immune response using polyvalent nucleic


http://dx.doi.org/10.1155/2012/462901
http://dx.doi.org/10.1155/2012/462901

170

acid-gold nanoparticle Mol Pharm
6:1934-1940

Massich MD, Giljohann DA, Schmucker AL et al (2010)
Cellular response of polyvalent oligonucleotide-gold
nanoparticle conjugates. ACS Nano 4:5641-5646

Maurer-Jones MA, Lin YS, Haynes CL (2010) Functional
assessment of metal oxide nanoparticle toxicity in
immune cells. ACS Nano 4:3363-3373

Medina-Kauwe LK (2007) “Alternative” endocytic mech-
anisms exploited by pathogens: new avenues for
therapeutic delivery? Adv Drug Del Rev 59:798-809

Milani S, Bombelli FB, Pitek AS et al (2012) Reversible
versus irreversible binding of transferrin to polystyr-
ene nanoparticles: Soft and hard corona. ACS Nano
6:2532-2541

Miller CR, Bondurant B, McLean SD et al (1998)
Liposome-cell interactions in vitro: effect of liposome
surface charge on the binding and endocytosis of
conventional and sterically stabilized liposomes. Bio-
chemistry 37:12875-12883

Monopoli MP, Aberg C, Salvati A et al (2012) Biomolec-
ular coronas provide the biological identity of nano-
sized materials. Nat Nanotechnol 7:779-786

Mortimer GM, Butcher NJ, Musumeci AW et al (2014)
Cryptic epitopes of albumin determine mononuclear
phagocyte system clearance of nanomaterials. ACS
Nano 8:3357-3366

Miiller HG (2004) Determination of very broad particle
size distributions via interferences optics in the
analytical ultracentrifuge. Prog Colloid Polym Sci
127:9-13

Miiller HG (2006) Determination of particle size distri-
butions of swollen (Hydrated) particles by analytical
ultracentrifugation. Prog Colloid Polym Sci 131:121—
125

Nagayama S, Ogawara K, Fukuoka Y et al (2007)
Time-dependent changes in opsonin amount associ-
ated on nanoparticles alter their hepatic uptake
characteristics. Int J Pharm 342:215-221

Nakamura T, Ono K, Suzuki Y et al (2014)
Octaarginine-modified liposomes enhance
cross-presentation by promoting the C-terminal trim-
ming of antigen peptide. Mol Pharm 11:2787-2795

Nan A, Bai X, Son SJ et al (2008) Cellular uptake and
cytotoxicity of silica nanotubes. Nano Lett 8:2150-
2154

Nel AE, Madler L, Velegol D et al (2009) Understanding
biophysicochemical interactions at the nano-bio inter-
face. Nat Mater 8:543-547

Niidome T, Yamagata M, Okamoto Y et al (2006)
PEG-modified gold nanorods with a stealth character
for in vivo applications. J Control Rel 114:343-347

Nishikawa T, Iwakiri N, Kaneko Y et al (2009) Nitric
oxide release in human aortic endothelial cells medi-
ated by delivery of amphiphilic polysiloxane nanopar-
ticles to caveolae. Biomacromolecules 10:2074-2085

conjugates.

A. Kumari et al.

Norde W (1994) Protein adsorption at solid surfaces: A
thermodynamic approach. Pure Appl Chem 66:491—
496

Oberdorster G, Oberdorster E, Oberdorster J (2005)
Nanotoxicology: an emerging discipline evolving
from studies of ultrafine particles. Environ Health
Perspect 113:823-839

Oh E, Delehanty JB, Sapsford KE et al (2011) Cellular
uptake and fate of pegylated gold nanoparticles is
dependent on both cell-penetration peptides and
particle size. ACS Nano 5:6434-6448

Parak W1J, Pellegrino T, Plank C (2005) Labelling of Cells
with Quantum Dots. Nanotechnol 16:R9-R25

Patel LN, Zaro JL, Shen WC (2007) Cell penetrating
peptides: intracellular pathways and pharmaceutical
perspectives. Pharm Res 24:1977-1992

Patra HK, Banerjee S, Chaudhuri U et al (2007) Cell
selective response to gold nanoparticles. Medicine
3:111-119

Pelkmans L, Helenius A (2002) Endocytosis via caveolae.
Traffic 3:311-320

Peng L, He M, Chen B et al (2015) Metallomics study of
CdSe/ZnS quantum dots in HepG2 Cells. ACS Nano
9:10324-10334

Petrescu AD, Vespa A, Huang H et al (2009) Fluorescent
sterols monitor cell penetrating peptide Pep-1 medi-
ated uptake and intracellular targeting of cargo protein
in living cells. Biochim Biophys Acta Biomembr
1788:425-441

Pettibone JM, Gigault J, Hackley VA (2013) Discrimi-
nating the states of matter in metallic nanoparticle
transformations: what are we missing? ACS Nano
7:2491-2499

Pitt JJ (2009) Principles and applications of liquid
chromatography mass spectrometry in clinical bio-
chemistry. Clin Biochem Rev 30:19-34

Qhattal HSS, Liu X (2011) Characterization of
CD44-mediated cancer cell uptake and intracellular
distribution of hyaluronan-grafted liposomes. Mol
Pharmaceutics 8:1233-1246

Qhobosheane M, Santra S, Zhang P et al (2001)
Biochemically functionalized silica nanopatrticles.
Analyst 126:1274-1278

Riehemann K, Schneider SW, Luger TA et al (2009)
Nanomedicine challenge and perspectives. Angew
Chem Int Ed 48:872-897

Ritz S, Schottler S, Kotman N, Baier G et al (2015)
Protein corona of nanoparticles: distinct proteins
regulate the cellular uptake. Biomacromolecules
16:1311-1321

Roach P, Farrar D, Perry CC (2005) Interpretation of
protein adsorption: Surface induced conformational
changes. ] Am Chem Soc 127:8168-8173

Rocker C, Potzl M, Zhang F et al (2009) A quantitative
fluorescence study of protein monolayer formation on
colloidal nanoparticles. Nat Nanotechnol 4:577-580



7 Cellular Response of Therapeutic Nanoparticles

Ruan G, Agrawal A, Marcus Al et al (2007) Imaging and
tracking of tat peptide-conjugated quantum dots in
living cells: new insights into nanoparticle uptake,
intracellular transport, and vesicle shedding. J Am
Chem Soc 129:14759-14766

Salvati A, Pitek AS, Monopoli MP et al (2013)
Transferrin-functionalized nanoparticles lose their tar-
geting capabilities when a biomolecule corona adsorbs
on the surface. Nat Nanotech 8:137-143

Sandhu KK, McIntosh CM, Simard JM et al (2002) Gold
nanoparticle-mediated transfection of mammalian
cells. Bioconjugate Chem 13:3-6

Sapra P, Allen TM (2003) Ligand-targeted liposomal
anticancer drugs. Prog Lipid Res 42:439-462

Seehof K, Kresse M, Mader K et al (2000) Interactions of
nanoparticles with body proteins-improvement of
2D-PAGE-analysis by internal standard. Int J Pharm
196:231-234

Simberg D, Park JH, Karmali PP et al (2009) Difterential
proteomics analysis of the surface heterogeneity of
dextran iron oxide nanoparticles and the implications
for their in vivo clearance. Biomaterials 30:3926-3933

Sinha R, Kim GJ, Nie S et al (2006) Nanotechnology in
cancer therapeutics: Bioconjugated nanoparticles for
drug delivery. Mol Cancer Ther 5:1909-1917

Strickland J, Dreher K, Kligerman AD et al (2013) Effect
of treatment media on the agglomeration of titanium
dioxide nanoparticles: impact on genotoxicity, cellular
interaction, and cell cycle. ACS Nano 7:1929-1942

Sun T, Chance RR, Graessley WW et al (2004) A study of
the separation principle in size exclusion chromatog-
raphy. Macromolecules 37:4304-4312

Swanson JA, Watts C (1995) Macropinocytosis. Trends
Cell Biol 5:424-428

Tenzer S, Docter D, Rosfa S et al (2011) Nanoparticle
size is a critical physicochemical determinant of the
human blood plasma corona: a comprehensive quan-
titative proteomic analysis. ACS Nano 5:7155-7167

Thorley AJ, Ruenraroengsak P, Potter TE et al (2014)
Critical determinants of uptake and translocation of
nanoparticles by the human pulmonary alveolar
epithelium. ACS Nano 8:11778-11789

Toti US, Guru BR, Grill AE et al (2010) Interfacial
activity assisted surface functionalization: a novel
approach to incorporate maleimide functional groups
and cRGD peptide on polymeric nanoparticles for
targeted drug delivery. Mol Pharm 7:1108-1117

Treuel L, Brandholt S, Maffre P et al (2014) Impact of
protein modification on the protein corona on nanopar-
ticles and nanoparticles cell interactions. ACS Nano
8:503-513

Venkatesan N, Yoshimitsu J, Ito Y et al (2005) Liquid
filled nanoparticles as a drug delivery tool for protein
therapeutics. Biomaterials 26:7154-7163

Verma A, Stellacci F (2010) Effect of surface properties
on nanoparticle-cell interactions. Small 6:12-21

171

Walczyk D, Bombelli FB, Monopoli MP et al (2010)
What the cell “sees” in bionanoscience. J] Am Chem
Soc 132:5761-5768

Walkey CD, Chan WCW (2012) Understanding and
controlling the interaction of nanomaterials with
proteins in a physiological environment. Chem Soc
Rev 41:2780-2799

Walsh M, Tangney M, O’Neill MJ et al (2006) Evaluation
of cellular uptake and gene transfer efficiency of
pegylated poly-L-lysine compacted DNA: implica-
tions for cancer gene therapy. Mol Pharm 3:644-653

Wang XL, Xu R, Wu X et al (2009) Targeted systemic
delivery of a therapeutic siRNA with a multifunctional
carrier controls tumor proliferation in mice. Mol
Pharm 6:738-746

Wang T, Bai J, Jiang X et al (2012) Cellular uptake of
nanoparticles by membrane penetration: a study
combining confocal microscopy with FTIR spectro-
electrochemistry. ACS Nano 6:1251-1259

Watson P, Jones AT, Stephens DJ (2005) Intracellular
trafficking pathways and drug delivery: fluorescence
imaging of living and fixed cells. Adv Drug Deliv Rev
57:43-61

Winzen S, Schoettler S, Baier G et al (2015) Comple-
mentary analysis of the hard and soft protein corona:
sample preparation critically effects corona composi-
tion. Nanoscale 7:2992-3001

Xia T, Kovochich M, Liong M et al (2008a) Cationic
polystyrene  nanosphere toxicity depends on
cell-specific endocytic and mitochondrial injury path-
ways. ACS Nano 2:85-96

Xia T, Kovochich M, Liong M et al (2008b) Comparison
of the mechanism of toxicity of zinc oxide and cerium
oxide nanoparticles based on dissolution and oxidative
stress properties. ACS Nano 2:2121-2134

Xie J, Huang J, Li X et al (2009) Iron oxide nanoparticle
platform for biomedical applications. Curr Med Chem
16:1278-1294

Xu P, Gullotti E, Tong L et al (2009) Intracellular drug
delivery by poly (lactic-co-glycolic acid) nanoparti-
cles, revisited. Mol Pharm 6:190-201

Yan Z, Yang Y, Wei X et al (2014) Tumor-penetrating
peptide mediation: An effective strategy for improving
the transport of liposomes in tumor tissue. Mol Pharm
11:218-225

Yue ZG, Wei W, Lv PP et al (2011) Surface charge
affects cellular uptake and intracellular trafficking of
chitosan-based nanoparticles. Biomacromolecules
12:2440-2446

Zhang Y, So MK, Rao J (2006) Protease-modulated
cellular uptake of quantum dots. Nanolett 6:1988—
1992

Zhang Y, Bai Y, Jia J et al (2014) Perturbation of
physiological systems by nanoparticles. Chem Soc
Rev 43:3762-3809



172

Zhao X, Wu Y, Gallego-Perez D et al (2015) Effect of
nonendocytic uptake of nanoparticles on human
bronchial epithelial cells. Anal Chem 87:3208-3215

Zhou R, Zhou H, Xiong B et al (2012) Pericellular matrix
enhances retention and cellular uptake of nanoparti-
cles. J] Am Chem Soc 134:13404-13409

A. Kumari et al.

Zhu M, Nie G, Meng H et al (2013) Physicochemical
properties determine nanomaterial cellular uptake,
transport, and fate. Acc Chem Res 46:622-631



	Preface
	Contents
	About the Editor
	Abbreviations
	1 Nanoscale Materials in Targeted Drug Delivery
	Abstract
	1.1 Introduction
	1.2 Approaches for Synthesis of Nanoscale Materials
	1.3 Characterisation of Nanoscale Materials
	1.4 Types of Nanoscale Materials
	1.5 Targeted Drug Delivery
	1.6 Various Nanoscale Materials in Drug Delivery
	1.6.1 Polymeric Nanoparticles
	1.6.2 Metallic Nanoparticles
	1.6.3 Liposomes
	1.6.4 Quantum Dots
	1.6.5 Polymeric Micelles
	1.6.6 Carbon Nanotubes
	1.6.7 Dendrimers
	1.6.8 Magnetic Nanoparticles

	1.7 Conclusions
	Acknowledgments

	2 Biodegradable Nanoparticles and Their In Vivo Fate
	Abstract
	2.1 Introduction
	2.2 Synthesis of Biodegradable Nanoparticles
	2.2.1 Synthesis of PLGA and PLA Nanoparticles
	2.2.2 Synthesis of Chitosan Nanoparticles
	2.2.3 Synthesis of Protein Nanoparticles

	2.3 Biodegradable Nanoparticles for Drug Delivery
	2.3.1 Biodegradable Nanoparticles for Delivery of Anticancer Drugs
	2.3.2 Biodegradable Nanoparticles for Delivery of Psychotic Drugs
	2.3.3 Biodegradable Nanoparticles for Delivery of Antimicrobial Drugs
	2.3.4 Biodegradable Nanoparticles for Delivery of Hepatoprotective Drugs
	2.3.5 Biodegradable Nanoparticles for Proteins, Peptides and Nucleic Acids Delivery

	2.4 Drug Release Mechanisms from Biodegradable Nanoparticles
	2.5 Targeted Drug Delivery Using Biodegradable Nanoparticles
	2.6 Biological Barriers Encountered by Biodegradable NPs
	2.7 In Vivo Fate of Biodegradable Nanoparticles
	2.8 Toxicity of Biodegradable Nanoparticles
	2.9 Conclusions
	Acknowledgments
	References

	3 Metallic Nanoparticles, Toxicity Issues and Applications in Medicine
	Abstract
	3.1 Introduction
	3.2 Physico-Chemical Properties of Metal and Metal Oxide NPs
	3.3 Synthesis of Metal and Metal Oxide NPs
	3.3.1 Electrochemical Synthesis
	3.3.2 Sonochemical Method
	3.3.3 Thermal Decomposition
	3.3.4 Laser Ablation
	3.3.5 Chemical Reduction
	3.3.6 Polyol Method
	3.3.7 Microemulsion
	3.3.8 Biological Synthesis
	3.3.8.1 Bacteria-Mediated Synthesis
	3.3.8.2 Fungus-Mediated Synthesis
	3.3.8.3 Actinomycetes- and Yeast-Mediated Synthesis
	3.3.8.4 Plant-Mediated Synthesis


	3.4 Effect of Shape, Size and Surface Chemistry of NPs on Their Properties and Biological Behaviour
	3.5 Medical Prospects of Metallic Nanoparticles
	3.5.1 Disease Diagnostics
	3.5.1.1 Imaging
	3.5.1.2 Cancer Detection

	3.5.2 Disease Therapy
	3.5.2.1 Anti-microbial Activity
	3.5.2.2 Cancer Treatment
	3.5.2.3 Treatment of Other Diseases
	3.5.2.4 Radiotherapy
	3.5.2.5 Gene Therapy
	3.5.2.6 Targeted Delivery and Controlled Drug Release

	3.5.3 Tissue Engineering
	3.5.4 Wound Healing and Skin Repair
	3.5.5 Theranostics

	3.6 Toxicity Issues Related to the Use of Nanomaterials
	3.7 Conclusions
	Acknowledgements
	References

	4 Liposomal and Phytosomal Formulations
	Abstract
	4.1 Introduction
	4.2 Types of Liposomes
	4.2.1 Liposomes Based on Drug Delivery Systems
	4.2.2 Liposomes Based on Structural Parameters

	4.3 Methods of Preparation of Liposomes
	4.3.1 Passive Drug Loading/Encapsulation
	4.3.1.1 Mechanical Method
	4.3.1.2 Solvent Dispersion
	4.3.1.3 Detergent Removal

	4.3.2 Active Drug Loading/Encapsulation

	4.4 Methods of Preparation of Phytosomes
	4.4.1 Supercritical Fluids
	4.4.2 Solvent Evaporation
	4.4.3 Antisolvent Precipitation Technique

	4.5 Mechanism of Liposome and Phytosome Formation
	4.6 PhysicoChemical Characterisation of Liposomal and Phytosomal Formulations
	4.7 Surface Modifications of Liposomes and Phytosomes
	4.8 Targeting Mechanism of Liposomes and Phytosomes
	4.8.1 Active Targeting
	4.8.2 Passive Targeting

	4.9 Medical Applications of Liposomes and Phytosomes
	4.9.1 Diagnostics and Imaging
	4.9.2 Drug Delivery
	4.9.3 Tissue Regeneration
	4.9.4 Antimicrobial Activity

	4.10 Conclusions
	Acknowledgments
	References

	5 Nanocellulose and Nanocomposites
	Abstract
	5.1 Introduction
	5.2 Structure and Morphology of Cellulose
	5.3 Sources of Cellulose
	5.4 Types of Nanocellulose
	5.4.1 Microfibrillated Cellulose (MFCs)
	5.4.2 Cellulose Nanocrystals (CNCs)
	5.4.3 Bacterial Nanocellulose (BNCs)

	5.5 Preparation Methodologies of Nanocellulose
	5.5.1 Pretreatment
	5.5.1.1 Chemical Pretreatment
	5.5.1.2 Enzymatic Pretreatment

	5.5.2 Acid Hydrolysis
	5.5.3 Mechanical Treatment
	5.5.3.1 High-Pressure Homogenization
	5.5.3.2 Grinding
	5.5.3.3 Cryocrushing
	5.5.3.4 Sonication

	5.5.4 Combined Chemical and Mechanical Approach

	5.6 Multiscale Characterizations
	5.7 Physicochemical Properties
	5.8 Factors Affecting Nanocellulose
	5.9 Surface Chemical Modifications
	5.9.1 Non-covalent Surface Modification
	5.9.2 Silylation
	5.9.3 Acetylation
	5.9.4 Oxidation
	5.9.5 Polymer Grafting

	5.10 Nanocomposites Formation
	5.11 Applications of Nanocellulose and Nanocomposites in Biomedical
	5.11.1 Diagnostics
	5.11.2 Drug Delivery
	5.11.3 Tissue Engineering
	5.11.4 Wound Repair
	5.11.5 Antimicrobial Activity

	5.12 Conclusions
	Acknowledgements
	References

	6 Theragnosis: Nanoparticles as a Tool for Simultaneous Therapy and Diagnosis
	Abstract
	6.1 Introduction
	6.2 Nanomaterials in Disease Diagnosis and Therapy
	6.2.1 Metallic Nanoparticles
	6.2.2 Quantum Dots
	6.2.3 Silica NPs
	6.2.4 Carbon Nanotubes
	6.2.5 Dendrimers
	6.2.6 Micelles
	6.2.7 Liposomes

	6.3 Different Imaging Modalities
	6.3.1 Optical Imaging Systems
	6.3.2 Magnetic Resonance Imaging (MRI)
	6.3.3 Computed Tomography (CT)
	6.3.4 Ultrasound (US)
	6.3.5 Nuclear Imaging

	6.4 Hybrid Imaging Modalities
	6.4.1 Optical Imaging/MRI
	6.4.2 MR-PET/SPECT
	6.4.3 CT/MRI
	6.4.4 PET/NIRF
	6.4.5 SPECT/NIRF

	6.5 Trimodal Imaging
	6.5.1 CT/MR/Optical
	6.5.2 PET/MR/Optical
	6.5.3 SPECT/MR/Optical

	6.6 Nanoparticles as Theragnostic Probes
	6.6.1 Chemotherapy Via Theragnostic Nanotechnology
	6.6.2 Photodyanamic Therapy
	6.6.3 Photothermal Therapy
	6.6.4 Hyperthermia Therapy

	6.7 Factors Affecting Disease Diagnosis and Therapy
	6.7.1 Biopersistence of NPs
	6.7.2 Efficacy of NPs
	6.7.3 Target Specificity of Theragnostic NPs
	6.7.4 In Vivo Clearance of NPs
	6.7.5 Nanotoxicity

	6.8 Current Scenario and Future Aspects
	6.9 Conclusion
	Acknowledgments
	References

	7 Cellular Response of Therapeutic Nanoparticles
	Abstract
	7.1 Introduction
	7.2 Pathways for Cellular Uptake of Nanoparticles
	7.3 Monitoring Endocytic Pathways
	7.4 Factors Affecting Cellular Response of Nanoparticles
	7.5 Cellular Response of Therapeutic Nanoparticles
	7.5.1 Metallic Nanoparticles
	7.5.2 Silica Nanoparticles
	7.5.3 Polymeric Nanoparticles
	7.5.4 Quantum Dots
	7.5.5 Liposomes

	7.6 Protein Corona Formation on Therapeutic Nanoparticles
	7.7 Characterisation of Protein Corona on Nanoparticles
	7.7.1 Fourier Transform Infrared Spectroscopy (FTIR)
	7.7.2 Raman Spectroscopy
	7.7.3 Fluorescence Correlation Spectroscopy
	7.7.4 Differential Centrifugal Sedimentation
	7.7.5 Isothermal Titration Calorimetry
	7.7.6 Liquid Chromatography-Mass Spectrometry
	7.7.7 Matrix-Assisted Laser Desorption/Ionisation Time of Flight Mass Spectrometer (MALDI-TOF MS)
	7.7.8 Electrophoresis
	7.7.9 Size Exclusion Chromatography
	7.7.10 Dynamic Light Scattering
	7.7.11 Bioinformatic Tools

	7.8 Properties of NPs Affecting Protein Corona Formation
	7.9 Conclusions
	Acknowledgments
	References




