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1 Definition of Topic

Nanoparticle-based targeted drug delivery system (DDS) is one of the major appli-
cations of nanotechnology in modern biomedical research. Basically, it comprises of
bare or functionalized biocompatible nanoparticles with or without targeting ligands
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and one or more chemotherapeutic drugs. While the targeting efficacy of DDS
without targeting ligands involves passive targeting through enhanced permeability
and retention (EPR) effect, DDS containing targeting ligands (e.g., protein, anti-
bodies, peptides, and small molecules) relies on their specificity to cell surface
receptors. To achieve combination therapy, two or more chemotherapeutic drugs
(exhibiting synergistic effect) are often loaded on nanoparticulate DDS. Besides site-
specific delivery, the release of drugs from the DDS and stability of nanomaterials
are also important factors to develop an effective nanomedicine that could overcome
the disadvantages (e.g., nonspecificity, less bioavailability, and adverse side effect)
associated with conventional treatment strategies of different diseases. To compre-
hend the drug release, stability of nanomaterials as well as ultimate therapeutic
applications of DDS, it is highly essential to gradually develop and understand
relevant physicochemical and biological characterization techniques. In view of
the rapid growth of modern biomedical research involving drug delivery, it might
be speculated that many nanomedicines based on DDS would come up in near future
for practical therapeutic applications in human.

2 Overview

Nanotechnology offers an extensive shift in modern days diagnostic as well as thera-
peutic treatment strategies for various types of diseases. The applications of nanotech-
nology are generally described as nanomedicine. The huge implication of nanomedicine
for several disease theranostics might be manifested to the facile interaction of nano-
particles with cell surface receptors, proteins, DNA/RNA, and other biomolecules
because of their nanoscale size similarity. Almost all of the conventional drugs for the
treatment of some certain diseases have some common limitations such as side effect,
nonspecificity issue, and low bioavailability. In this scenario, nanomedicine could play
an important role through targeted drug delivery approach, where nanoparticles act as a
drug carrier for the delivery of drugs to the specific disease site with better efficacy and
reduced systemic toxicity. Although nanomedicine shows several biomedical applica-
tions, nanoparticle-based targeted drug delivery has got maximum attention to the
researchers. Since past decades, numerous literature report only the applications of
targeted drug delivery of different nanomaterials. However, the report describing the
characterizations of drug delivery system (DDS) is very scarce. In this context, this
chapter describes the detailed chemical and biological characterizations of nano-
particulate targeted DDS as well as their brief therapeutic applications. Finally, we
conclude with diverse challenges and future aspects of nanoparticle-based targeted DDS.

3 Introduction and Background
Nanotechnology refers to an interdisciplinary field of contemporary science and tech-

nology encompassing the field of physics, chemistry, engineering, and biology [1-3]. It
deals with various types of nanoparticles, having unique physicochemical characteristics
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such as mechanical, electrical, optical, and biological properties as compared to the
corresponding bulk substances, which could be attributed to their high surface area to
volume ratio. Due to possessing unusual and interesting properties, nanomaterials
exhibit various applications in diverse fields including agriculture, [4] energy, [5]
catalysis, [6] electronics, [7] and environment [8]. Although nanotechnology involves
numerous applications, it especially brings revolution in modern biomedical research
field in terms of developing new therapeutic and diagnostic treatment strategies of
different diseases via nanomedicine approach [9, 10]. The extensive applications of
nanotechnology in healthcare research could be manifested by the easier interaction of
nanoparticles with cell surface receptors (~10 nm), proteins (~1-20 nm), and nucleic
acids (~2 nm) owing to their size (nanoscale range) similarity factor [9, 11].

Since past decades, scientists have highly engaged in design and development of
various kinds of functionalized/engineered nanomaterials often called as nano-
composites for different therapeutic and diagnostic applications including cancer ther-
apy, tissue engineering, wound healing, antimicrobial activity, bioimaging, and
biosensor [9]. However, major reports related to the biomedical applications of nano-
composite systems demonstrate their potential for designing efficient drug delivery
systems (DDSs), owing to their unique physicochemical features such as large surface
area, high drug loading capacity, easier functionalization, and controlled drug release.
The basic criteria for effective DDSs include slow and sustained release of therapeutic
drugs as well as their delivery to the specific site of body system [12]. To achieve site-
specific delivery of drug, researchers have generally employed either passive targeting
or active targeting approaches [13]. While passive targeting strategy relies on enhanced
permeability and retention (EPR) effect, [14] active targeting involves the conjugation of
nanoparticles with some active ligands (e.g., recombinant proteins, peptides, antibodies,
and small molecules) which would recognize cell surface receptors more
specifically [15].

The most common nanocomposites employed for targeted drug delivery applications
are based on noble metals (e.g., gold nanoparticles: AuNPs and silver nanoparticles:
AgNPs), transition metal oxides (e.g., ZnO nanoparticles, TiO, nanoparticles, super
paramagnetic iron oxide nanoparticles: SPIONs), carbon materials (e.g., graphene
oxide: GO, carbon nanotubes: CNTs, carbon dots: CDs, etc.), silica (silica nanoparticles:
SiNPs), lanthanides (cerium nanoparticles: CeNPs, gadolinium nanoparticles: GANPs),
as well as different organic/polymeric nanomaterials. Although various literature
demonstrated the applications of targeted DDS, the reports related to the characteriza-
tions of DDS are very limited. In this circumstance, this chapter offers an overview of
in-depth characterizations as well as brief therapeutic applications of recently developed
nanoparticulate targeted DDS, which are described in the following sections.

4 Experimental Methodology

Proper characterization of nanoparticles is highly essential prior to their applications
in any field especially in biomedical science and so for targeted drug delivery
application. The physicochemical characterizations of nanoparticles for targeted



420 A. K. Barui et al.

DDSs are based on their morphology, hydrodynamic size, surface charge, functiona-
lization, stability, drug loading capacity, encapsulation efficiency, and drug release
profile. On the other hand, biological characterizations for efficacy and mechanism
of action of different DDSs include cellular uptake, cell viability assay, apoptosis
assay, western blot, immunohistochemistry, and biodistribution. The following
sections elaborately discuss the physicochemical as well as biological characteriza-
tions of nanoparticles and nanoparticulate targeted DDSs.

4.1 Physicochemical Characterizations

4.1.1 Analytical Techniques

There are various analytical techniques available for characterization of bare as well
as functionalized nanoparticles such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), atomic force microscopy (AFM), dynamic
light scattering (DLS), X-ray diffraction (XRD), ultra violet spectroscopy (UV),
Fourier-transform infrared spectroscopy (FT-IR), and nuclear magnetic resonance
(NMR). While the morphology of nanomaterials is characterized by TEM, SEM, and
AFM, the hydrodynamic size and surface charge of nanoparticles are characterized
by DLS. TEM and DLS are also employed for the stability study of nanomaterials.
XRD analysis provides the crystalline characteristics of nanoparticles. The
functionalization of the nanoparticles is generally confirmed by FT-IR, NMR, and
UV. Fluorimeter and UV spectroscopy are often employed for measuring the drug
loading capacity and the encapsulation efficiency. The next sections elaborately
discuss the characterization methodologies of nanoparticles and their DDSs.

4.1.2 Particle Size and Morphology

The nanoparticles are primarily characterized by their particle size distribution and
morphology. The drug release from the nanoparticles is largely dependent on the
particle size of the nanoparticle. Fast drug release is observed in case of small size
nanoparticles due to their large surface area [16]. In contrast, slow diffusion of drug
occurs when the drug is encapsulated inside the larger particles. Moreover, during
the storage and transportation of the dispersed nanoparticles solution, there is a trend
of aggregation in case of small size particles [16]. Therefore, there is a mutual
compromise between the small size of the particles and maximum stability
[17]. Also, extent of degradation of polymeric nanoparticles depends on the particle
size, e.g., with increasing the particle size, the extent of poly (lactic-co-glycolic acid)
degradation increases [18]. The surface morphology of the nanoparticles plays an
important role in determining their stability for biological and biotechnological
application. There are various analytical tools available for measuring the nanopar-
ticle size as well the morphology as discussed below.

Dynamic Light Scattering (DLS)
DLS is very simple and widely used techniques for determination of the particle size.
The size distribution profile of small Brownian particles in colloidal suspension in
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nano or submicron ranges or polymer in solution is measured by DLS technique.
When shining monochromatic light (laser) is exposed to solution of spherical
particles in Brownian motion, Doppler shift occurs. There is a change in the
wavelength of the incoming light as a result of hitting the monochromatic light
with the moving particles. The size of the particles is determined by the extent of this
change in wavelength. Various types of nanoparticles including polymers, micelles,
lipid, proteins, carbohydrate, and inorganic nanoparticles are characterized by DLS.
This measurement depends on the particle concentration, type of the ions in the
medium, size of surface structures, and size of the particle core. DLS software of
commercial instruments typically displays the particle population at different diam-
eters. There is only one population in case of monodisperse solution. Multiple
particle populations are observed in polydisperse systems. In 2012, Lee et al.
developed a target-specific long-acting delivery system of interferon o (IFNa) for
the treatment of hepatitis C virus (HCV infection). The authors have developed a
hybrid material of AuNPs and hyaluronic acid (HA) for targeted delivery of inter-
feron o (IFNa). I[FNa was attached to HA-AuNPs through physical binding. Syn-
thesis of HA-AuNP/IFNa complex was fully characterized by various spectroscopic
techniques. The change in the particle size of AuNPs after attachment of HA and
IFNo was measured by DLS. The mean hydrodynamic diameter of AuNPs was
increased after HA and IFNa attachment (Fig. 11.1a) [19].

Transmission Electron Microscopy (TEM)

The most common technique to analyze the morphology, shape, and size of the
nanoparticles is the TEM. Moreover, the aggregation tendency and the stability of
the nanoparticles are often studied by TEM. It provides direct images of the
nanoparticles and also accurate estimation of nanoparticle homogeneity. TEM is a
microscopy technique based on the interaction between a thin sample and a uniform
current density electron beam. When the electron beam reaches the sample, part of
the electrons is transmitted, while the rest are scattered [20]. The magnitude of the
interaction depends on several factors such as size, elemental composition, and
sample density. The final images are produced with the information gathered from
the transmitted electrons. Nanoparticle solution is deposited onto support grid or
films during TEM characterization. To make nanoparticles unaffected against the
instrument vacuum and easy handling, they are fixed using negative staining agent
such as uranyl acetate and phosphotungstic acid. Alternatively, nanoparticle sample
is exposed to liquid nitrogen temperatures after embedding in vitreous ice. One of
the limitations of TEM is the difficulty in quantifying a large number of particles.
Lee et al. used TEM for characterization of AuNP/IFNa and HA-AuNP/IFNa
complex, used for targeted delivery of interferon a (IFNa) for the treatment of
hepatitis C virus (HCV infection). The monodispersed morphology was observed
in TEM images of AuNP/IFNa and HA-AuNP/IFNa complex (Fig. 11.1b) [19].

Scanning Electron Microscopy (SEM)
SEM is another type of electron microscope. The size, shape, and surface morphology of
the nanoparticles with direct visualization is determined by this microscope. SEM
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Fig. 11.1 (a) Dynamic light scattering analysis for the hydrodynamic diameter of AuNP/IFNa and
HA-AuNP/IFNa complexes. Transmission electron microscopic images of (b) AuNP/IFNa and (c)
HA-AuNP/IFNa complexes. (Adapted from Ref. [19]. Copyright © 2012, American Chemical
Society)

constructs the images of the sample scanning its surface with a focused beam of
electrons in a raster scan pattern. The surface topography and composition of the sample
is obtained from the various signals, which is produced by the interaction of the
electrons and the atoms in the sample. For nanoparticles characterization by SEM, the
solution of nanoparticles should be converted into a dry powder. Then it will be further
mounted on a sample holder and coated with conductive metal using a sputter coater.
The whole sample is scanned with a focused fine beam of electrons [21]. The surface
characteristics of the sample are determined by secondary electrons, emitted from the
sample surface. The average mean size obtained from SEM and DLS is comparable.
The disadvantages of this technique include high cost, time consuming process and
frequent need of complementary information about size distribution [22]. In 2011,
Sanpui et al. reported chitosan nanocarriers (NCs)-based delivery system, where the
authors delivered silver nanoparticles (AgNPs) to mammalian cells. The authors
observed that AgNP-nanocarriers (Ag-CS NCs) with very low concentrations of the
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Fig. 11.2 (a) Typical SEM image of Ag-CS NCs. (b) (Inset) Particle size distribution calculated
based on the SEM images and mean particle size was found to be 172.6 nm. (Adapted from
Ref. [23]. Copyright © 2011, American Chemical Society)

AgNPs induces apoptosis to the mammalian cells. The average size and morphology of
Ag-CS NCs was determined by SEM, which was found to be 172.6 nm (Fig. 11.2) [23].

Atomic Force Microscopy (AFM)

AFM is based on a physical scanning of samples at submicron level. A probe tip of
atomic scale is required during AFM analysis. It offers ultrahigh resolution in particle
size measurement [24]. This technique is also used for studying the particle size and
morphology of the nanoparticles. The samples are generally scanned in contact mode
or noncontact mode based on the properties of the samples. A topographical map is
produced by tapping the probe on to the surface across the sample during contact
mode; however, in noncontact mode, the probe drifts over the surface. The main
advantage of AFM is, even nonconducting samples are imaged without any specific
treatment. For that reason, delicate biological and polymeric nano- and microstructures
also can be imaged [25]. The most accurate description of size, distribution of size, and
real picture is obtained from AFM (without any mathematical calculation), which
helps in understanding the effect of functionalization as well as various biological
condition [26]. In 2010, Liu et al. developed a delivery platform based on PEGylated
nanographene oxide for hydrophobic anticancer drug SN38 delivery. The authors
characterized graphene oxide (GO) and PEGylated graphene oxide (NGO-PEG) by
AFM. The as-made GO sheets were 50—500 nm in size, whereas NGO-PEG was ~5 to
50 nm. The researchers also checked the water and serum stability of GO and
NGO-PEG. It was found that GO was aggregated in serum as well as in DMEM
medium, but NGO-PEG was stable in those solutions (Fig. 11.3) [27].
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Fig. 11.3 PEGylation of graphene oxide: photos of GO (a) and NGO-PEG (b) in different
solutions recorded after centrifugation at 10000g for 5 min. GO crashed out slightly in PBS and
completely in cell medium and serum (top panel). NGO-PEG was stable in all solutions; AFM
images of GO (c¢) and NGO-PEG (d). (Adapted from Ref. [27]. Copyright © 2008, American
Chemical Society)

4.1.3 Surface Functionalization

Surface functionalization of the nanoparticles is very essential aiming various
biomedical and biotechnological applications of inorganic, organic, and polymeric
nanoparticles. The surface of the nanoparticles is functionalized with various
molecules like PEGylation with polyethylene glycol for increasing the hydrophi-
licity and biocompatibility of the nanoparticles. The nanoparticles surface can also
be functionalized with proteins, small molecules, peptides, various receptor
targeting ligand, and anticancer drugs for various biomedical applications. After
functionalization of nanoparticles, there is alteration in their size and surface
morphology which are usually characterized by measuring the size distribution
by TEM or DLS, and the surface charge by DLS. Most importantly, the functiona-
lization of nanoparticles is generally characterized by various spectroscopic
techniques such as UV-Vis spectroscopy, FT-IR, and NMR. Here we discuss
the various spectroscopic techniques for characterization of functionalized
nanoparticles.
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UV-Vis Spectroscopy

One of the most important techniques for characterization of nanoparticles
functionalization is UV-Vis spectroscopy. It is an absorption spectroscopy or reflec-
tance spectroscopy in the ultra violet-visible spectral region. Absorption spectros-
copy is complementary to fluorescence spectroscopy. Absorption measures
transition from the ground state to the excited state, while fluorescence spectroscopy
deals with transitions from the excited state to the ground state. Various nano-
particles have characteristic UV absorption peak, which is shifted to higher or
lower wavelength or the intensity is lowered and increased after the functiona-
lization. There is the appearance of new absorption peak or disappearance of exiting
peak due to functionalization of nanoparticles in some cases. As discussed earlier,
Lee et al. developed AuNPs-based DDS for targeted delivery of interferon a (IFNo)
for the treatment of hepatitis C virus. The formation of AuNP/IFNa and HA-AuNP/
IFNa complex was assessed by UV-Vis spectra. The surface plasmon resonance
(SPR) band of AuNPs is red-shifted after attachment of IFNa, which confirms the
interaction of IFNa with AuNPs. Moreover, the SPR peaks shifted from 519 to
523 and 527 nm as a result of stepwise binding of HA-SH and IFN« to AuNP
(Fig. 11.4) [19].

FT-IR Spectroscopy

This is the most frequently used techniques for the characterization of functionalized
nanoparticles. An infrared spectrum of absorption or emission of nanoparticles is
obtained using FT-IR spectroscopy. An FTIR spectrometer simultaneously collects
high-spectral-resolution data over a wide spectral range. The term Fourier-transform
infrared spectroscopy implies that a Fourier transform (a mathematical process) is
necessary to convert the raw data into the actual spectrum. There are some nano-
particles such as graphene and CNTs, which have characteristics FT-IR absorption
peaks. There is shift in the FT-IR absorption peak position as well as appearance of
the new peaks in the FT-IR spectrum of functionalized nanoparticles depending on
the type of functionality present in the attached functional proof. FT-IR technique is
the direct proof of the functionalization of nanoparticles.

NMR Spectroscopy

Since its discovery, NMR has grown to be one of the major characterization tool for
scientists to obtain information about the structure and dynamics of molecules with
atomic resolution. It has also important application in characterization of nano-
particles functionalization. It is a spectroscopic technique to observe local magnetic
fields around atomic nuclei. An NMR signal is generated by excitation of the nuclei
sample with radio waves into nuclear magnetic resonance, when the sample is placed
in a magnetic field. The signal is detected with sensitive radio receivers. The
intramolecular magnetic field around an atom in a molecule changes the resonance
frequency. As a result, details of the electronic structure of a molecule and its
individual functional groups are obtained. The synthesis of organic nanoparticles,
polymeric nanoparticles, lipid nanoparticles, and micelle are usually confirmed by
"H and >C NMR spectroscopy. NMR spectra of functionalized nanoparticles are



426 A. K. Barui et al.

Fig. 11.4 UV-Visspectraof g 1.

(a) AuNP/IFNa and (b) AUNP
HA-AuNP/IFNa complexes. 1.0 % AUNP/IFNG.
(Adapted from Ref. [19]. . £ \\
Copyright © 2012, American <D(
Chemical Society) < 08
g |
bt 0.6 4
£
3 04
o 7
<
0.2 |
0.0 . r . -
400 500 600 700 800
Wavelength (nm)
b 12
AuNP
1.0 1 —— HA-AUNP
. HA-AUNP/IFNo.
EE) 0.8
Y 7
2
] 0.6 1 /
o A
@ 0.4
2o
< \
0.2 - .
0.0 T T v {
400 500 600 700 800

Wavelength (nm)

changed due to different functionality and the interaction of the attached molecules
with the nanoparticles. A novel gold conjugate (GNP-NHN = Dox-mPEG) with
doxorubicin (DOX) shielded by PEGylation on the surface of GNPs is designed by
Cui et al. [28] Fig. 11.5 represents the synthetic procedure of a novel lipoic acid
(LA)-modified PEG derivative of Dox (LA-NHN = Dox-mPEG)-attached gold
nanoparticles (GNP-NHN = Dox-mPEG) and their intracellular drug release mech-
anism. GNP-NHN = Dox-mPEG enters into the cancer cells through endocytosis
mechanism followed by the liberation of Dox-mPEG in acidic lysosomes and then
free Dox in cytoplasm, which is catalyzed by esterase.

The authors characterized the DDS GNP-NHN = Dox-mPEG through FT-IR and
"H NMR spectroscopy (Fig. 11.6). All the data supports the successful synthesis of
GNP-NHN = Dox-mPEG. A two-step stimulus-responsive drug release in response
to an acidic environment in lysosomes and then esterase in the cytoplasm has been
achieved with DOX-GNPs conjugate with improved solubility and stability, which
allows sustained drug release to increase antitumor efficacy.
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Fig. 11.6 (A) FT-IR spectra and (B) 1H NMR spectra of (¢) Dox-HCI, () LA-NHN=Dox-mPEG,
and (¢) GNP-NHN=Dox-mPEG. (Adapted from Ref. [28]. Copyright © 2017, American Chemical
Society)

4.1.4 Surface Charge

Interaction of nanoparticles with the bioactive molecules as well as with the biolog-
ical environment is determined by their surface charge and intensity. Surface charge
of the nanoparticle is estimated by measuring its zeta potential. Zeta potential of the
nanoparticles determines the stability of colloidal materials. High zeta potential
values (either positive or negative) of nanoparticles indicate the high stability and
nonaggregation tendency. Moreover, the surface hydrophobicity, nature of the mate-
rials encapsulated within the nanoparticles, and type of materials coated or
functionalized on the surface are also determined by measuring the zeta potential
values [29]. Recently, Palanikumar et al. introduced a degradable mesoporous silica
nanoparticle (MSN) system as a simple, facile, and versatile drug delivery vehicle,
decorated with HA, which augmented the targeted delivery of doxorubicin hydro-
chloride to CD44 over-expressed cancer cells. The successful coating of polymeric
gatekeeper as well as HA on the MSN was confirmed by measuring the zeta potential
(Fig. 11.7) [30].

4.1.5 Drug Loading and Encapsulation Stability and Drug Release

A crucial property of nanoparticle-based therapeutic systems is drug release, directly
related to the drug stability and the therapeutic results. It is a process by which the
drug loaded in or on the nanomaterials is released in the body through diffusion or
dissolution of the nanomaterials matrix releasing the drug in solution or the release
of the drug from the nanoparticles by biodegradation, a process of breakdown of the
DDSs inside the body. One should consider both the drug release and biodegradation
during the development of nanoparticle-based DDS. Generally, the effectiveness of
drugs not only depends on its active component, but its diffusion and solubility. The
effectiveness of the nanoparticle-based drug delivery is affected by the particle size
and the release process, which is again affected by the biodegradation of the particle
matrix. Faster rate of drug release is observed in case of smaller particles as it has
large surface area to volume ratio, so most of the drug molecules will be near the
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particle surface. In contrast, in case of larger size particles, slower drug release is
observed as its larger core allows more drugs to be encapsulated per particles.
Therefore, particle size is an important factor to consider during design of
nanoparticle-based DDS. There are two important parameters “drug loading capac-
ity”” and “drug entrapment efficiency,” which determine the capacity of DDS. Drug
loading capacity denotes the mass of the drug encapsulated in the nanoparticles/mass
of the nanoparticles, whereas drug entrapment efficiency denotes mass of the loaded
drug/mass of initial drug. Various techniques such as high-performance liquid
chromatography (HPLC) after ultracentrifugation, gel-filtration, ultra-filtration, and
UV spectroscopy are used to measure these parameters. Similar techniques for
determination of drug loading are also used for drug release analysis, which is
generally assessed for a period of time to evaluate the drug release mechanism
[31, 32]. In general, release rate of the drug depends on several factors such as
desorption of the surface bound or adsorbed drug, drug solubility, nanomaterials
matrix degradation or erosion, and drug diffusion out of the nanomaterials matrix.
When the drug is loaded to the nanoparticle through covalent attachment, the drug
release is affected completely by drug-nanomaterials diffusion. When the drug is
encapsulated inside nanomaterials, diffusion of the drug from the nanomaterials
interior controls the drug release. In an encapsulated drug where the drug is uni-
formly distributed inside the nanomaterials matrix, drug release occurs by diffusion
and/or erosion of the matrix. The diffusion largely controls the mechanism of
release, when the diffusion of the drug is faster than matrix erosion. Recently,
various DDSs have been reported, where the drug release is controlled by external
stimuli such as light, pH, and enzyme. In 2013, Wang et al. developed dendrimer-
encapsulated gold nanoparticles (DEGNPs) as a carrier of thiolated anticancer drugs.
Thiol-containing drugs such as captopril and 6-mercaptopurine loaded within
DEGNPs showed an “off—on” release behavior in the presence of thiol-reducing
agents such as glutathione and dithiothreitol (Fig. 11.8) [33].
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4.1.6 Nanoparticle Stability

Stability of the nanoparticles is measured by the DLS. Aggregation tendency of the
nanoparticles over time can be measured by measuring the size of the nanoparticles
in DLS over time. If there is aggregation of the nanoparticles, there will be larger
population of particles with larger radius and size of the nanoparticles will increase
with time. In contrast, there will be no change in the particle size in case of the stable
nanoparticles. Stability of the nanoparticle plays a critical role in determining their
potential application in drug delivery. There are two terms “colloidal stability” and
“serum stability” most frequently used to address the stability of the nanoparticles.
When a nanoparticle is added to the biological medium such as phosphate buffer
saline (PBS) and Dulbecco’s modified Eagle’s medium (DMEM), their intrinsic
properties such as surface charge, size, and aggregation state could change signifi-
cantly due to interaction with the physicochemical properties of the solution such as
pH, components, and temperature. These properties of the nanoparticle determined
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the colloidal stability of nanoparticles. Such properties of the nanoparticles do not
change in case of the nanoparticle which have good colloidal stability. However,
poor colloidal stability makes the nanoparticle unsuitable for drug delivery applica-
tion. There is another term, i.e., serum stability, which signifies the stability of the
nanoparticle in blood serum. The nanoparticle must remain unchanged and circulate
in the blood for a moderately long period of time after intravenous injection to be
accumulated at the target site, to be used as a potential drug delivery candidate. In
2015, Wang et al. reported the increase in colloidal stability of silk fibroin nano-
particles after coating with cationic polymer for effective drug delivery application.
The authors checked the colloidal stability of their nanoparticles by measuring the
change in the particle size by DLS over time (Fig. 11.9) [34].

4.2 Biological Characterizations

4.2.1 Cell Viability Assay

Cell viability assay is one of the fundamental assays to comprehend the biocompatibility
of the nanoparticles, and therapeutic efficacy of these biocompatible nanoparticulate
targeted DDS in vitro [35-40]. To perform cell viability assay, researchers have used
various reagents including MTT (3-(4, 5-dimethylthiazol- 2-yl)-2, 5-diphenyl tetrazo-
lium bromide), alamarBlue, and trypan blue. In MTT reagent-based cell viability assay,
yellow-colored MTT is reduced by the mitochondrial dehydrogenase present in the
cells, leading to the formation of purple formazan crystals, whose absorbance could
reflect the viable cells [35, 36]. On the other hand, nonfluorescent alamarBlue reagent
(resazurin-based blue-colored solution) is getting reduced upon entering into live cells
leading to the formation of red fluorescent resorufin, whose absorbance or fluorescence
can reflect the cell viability. Trypan blue dye is also used for determining the cell
viability, where the principle is that living cells can exclude the trypan blue dye due to
their intact membrane, while dead cells cannot.
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Among all these reagents described above, MTT reagent has most frequently been
used for checking the cell viability in presence of any materials and so for nano-
conjugated system [35-40]. To perform cell viability assay, cells (generally, 10,000
cells/well) are seeded in all the wells of 96-well tissue culture plate and kept inside a
humidified incubator system (37 °C, 5% CO,) for 24 h. The cells are then treated with
the nanoparticles and/or DDS at different concentrations for a certain period of times
(generally, 2472 h). After this, media in the wells are replaced by DMSO-MeOH
(1:1; v/v) mixture to solubilize the purple formazan crystals, followed by checking the
absorbance of the purple solution in each well of the plate using a multimode reader at
570 nm. The cell viability in presence of the treatment materials can be normalized by
considering the viability of untreated control cells as 100%. For example, Bollu et al.
developed MSU-2 as well as MCM-41-based chloro- and amine-functionalized SiNPs
containing anticancer drug curcumin [35]. Cell viability study using MTT reagent
(Fig. 11.10) demonstrated that the curcumin-loaded DDSs (MSU-2: V3 and
MCM-41: V6) exhibited more inhibition of cancer cells (A549, MCF-7, and B16F10)
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Fig. 11.10 Cell viability assay in normal (CHO) and cancerous (A549, MCF-7, B16F10) cell lines
incubated with V1-V6. (a) All the materials (V1-V6), including curcumin-loaded materials, exhibit
their biocompatible nature into CHO cells. (b—d) Curcumin-based nanostructured V3 and V6
materials show significant cytotoxicity in various cancer cells [A549 (b), MCF-7 (¢), and
B16F10 (d)] compared to pristine curcumin suggesting the materials as potent drug delivery
systems. Curcumin and DMSO have been used as positive and vehicle control experiments,
respectively. Numerical values 5 and 10 indicate doses in pM with respect to curcumin.
“P < 0.05, *P < 0.005, “P < 0.0005 compared to control. (Adapted from Ref. [35]. Copyright
© 2016, Royal Society of Chemistry)
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proliferation in a dose-dependent manner as compared to untreated control cells,
corresponding chloro- (MSU-2: V1 and MCM-41: V4), and amine (MSU-2: V2 and
MCM-41: V5)-functionalized SiNPs as well as free curcumin. However, all the SiNPs-
based materials (V1-V6) are found to be biocompatible in normal CHO cells. Overall,
the cell viability study depicted the therapeutic potential of the SiNPs-based DDSs V3
and V.

4.2.2 Cellular Internalization

Cellular internalization of nanomaterials and corresponding DDS is another basic assay
to rationalize their mode of actions. Cellular uptake of nanopartiulate DDS have often
been characterized by means of several techniques including fluorescence/confocal
microscopy, flow cytometry, TEM, and ICP-OES/ICP-MS [35, 36]. In case of fluores-
cence/confocal microscopy and flow cytometry-based cellular uptake characterizations
of DDS, the nanoparticles or therapeutic drug should possess inherent fluorescence
properties that could be detected by the respective instruments. For instance, Bollu et al.
synthesized curcumin-loaded functionalized SiNPs-based DDSs (V3 and V6) as
described in earlier section and studied the kinetics of internalization of V3 and V6 in
A549 cells through fluorescence microscopy exploiting the inherent green fluorescence
of curcumin [35]. The result exhibited that V3- and Vé-treated cells showed more green
fluorescence as compared to untreated control cells, and the intensity of green fluores-
cence was enhanced with time (Fig. 11.11). The result suggested that intracellular uptake

s )

Fig. 11.11 Investigation of intracellular uptake of V3 and V6 in A549 cells using fluorescence
microscopy. Kinetic study for cellular internalization using fluorescence microscopy shows that the
cellular uptake of curcumin-loaded materials V3 and V6 increases in a time-dependent manner as
indicated by the enhanced green fluorescence intensity with time. Row1: control (al—a3: 6 h; a4—a6:
12 h); Row 2: cells treated with V3 (b1-b3: 10 pM w.r.t. curcumin, 6 h; b4-b6: 10 pM w.r.t
curcumin, 12 h); Row 3: cells treated with V6 (c1-c3: 10 pM w.r.t. curcumin, 6 h; c4—6: 10 pM
w.r.t. curcumin, 12 h). Column 1 and Column 4: bright field images; Column 2 and Column 5: green
fluorescent images; Column 3 and Column 6: merging of bright field and green fluorescent images.
The inset picture shows the enlarged images of cellular fluorescence. Scale bar = 50 pm. (Adapted
from Ref. [35]. Copyright © 2016, Royal Society of Chemistry)
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of V3 and V6 was increased with time. This cellular uptake study was further confirmed
by flow cytometry as well as ICP-OES analysis.

When the nanoparticles and the drug do not have fluorescence characteristics, some
dyes (e.g., Dil, FITC, Rhodamine, Cyanine, etc.) have often been conjugated with the
nanoparticulate DDS so that their internalization can be monitored either through
fluorescence/confocal microscopy or flow cytometry instrument. The kinetic study of
internalization of the DDSs could even be performed by these techniques by incubating
the cells with DDSs for different time points. It is to be mentioned here that the cells
could be live or fixed using paraformaldehyde (PFA) for fluorescence/confocal micros-
copy experiment. However, the cells are trypsinized after treatment followed by washing
with Dulbecco’s phosphate-buffered saline (DPBS) and then analyzed with flow
cytometry instrument. Besides microscopy and flow cytometry, TEM have often been
employed to analyze treated cells for understanding the localization of nanoparticulate
system inside cells, whether in cytoplasm or nucleus. ICP-OES and ICP-MS techniques
are also used to determine the cellular internalization of DDSs in terms of the content of
respective elements present in nanoparticles.

4.2.3 In Vitro Mechanistic Study

To understand the mechanistic pathways for therapeutic efficacy of DDSs, scientists
have employed several methodologies including apoptosis assay, determination of
reactive oxygen species (ROS), immunocytochemistry, and western blot, which are
briefly described in this section.

Scientists have often employed apoptosis assay to understand whether a material-
based toxicity to cells are induced via apoptosis pathway [35, 36, 39]. Apoptosis assay
for nanoparticulate DDSs are carried out either through propidium iodide (PI)/Hoechst
staining-based fluorescence microscopy or by means of flow cytometry analysis. PI
(DNA binding dye) can stain more the damaged DNA of nucleus during late apoptosis
process. In case of microscopy method, the cells are generally treated with DDSs for a
certain time period, followed by fixation with PFA and permeabilization using triton-X.
The cells are then incubated with PI/Hoechst solution for some periods, washed with
DPBS, and analyzed through fluorescence/confocal microscopy. On the other hand, for
flow cytometry technique, after the respective treatments with DDS, the cells are washed
with DPBS and stained with Annexin V FITC and PI staining solution, followed by
analysis in flow cytometry instrument.

ROS plays an important role for various cellular signaling pathways. Therefore,
researchers often check whether DDSs could induce the formation of intracellular ROS
such as H,O, or O, using fluorescence/confocal microscopy technique [35, 36]. To
measure the generation of intracellular ROS, cells are first treated with nanoparticulate
DDS, followed by staining with either H,DCFDA (green fluorescence for H,O,) or
DHE (red fluorescence for O ) and then analyzed with fluorescence/confocal micros-
copy. The cellular esterase could cleave the acetate group of H,DCFDA, which can get
oxidized by DDS-induced intracellular H,O,, leading to the formation of green fluores-
cent DCF (2',7'-dichlorofluorescein), that could be detected through fluorescence/con-
focal microscopy [38]. On the other hand, the formation of intracellular O, could be
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assessed by observing the red fluorescence deriving from the reaction of DDS-induced
O, and DHE, leading to the generation of 2-hydroxyethidium (red fluorescent). For
instance, Kotcherlakota et al. developed KIT-6 (S2), MSU-2 (S4), as well as MCM-41
(S6) based functionalized SiNPs conjugated with anticancer drug curcumin and dem-
onstrated the efficient antiproliferative effect of all these DDSs, especially S4 to various
cancer cells (A549, MCF-7 and SKOV3) as compared to free curcumin [36]. The
authors employed fluorescence microscopy study (Fig. 11.12) using DHE reagent,
which revealed that all these DDSs (S2, S4, and S6), especially S4, induced intracellular
formation of O} (evidenced by red fluorescence) as compared to the untreated control
cells and corresponding functionalized SiNPs without drug attachment (S1, S3, and S5).
The result indicated that formation of ROS might play a crucial role underlying
therapeutic potential of the DDSs.

Immunocytochemistry has been used by various researchers to understand the
expression of different proteins in cells treated with nanomedicine. These proteins are

Fig. 11.12 Determination of intracellular superoxide anion radicals in A549 cells by fluorescence
microscopy. The results show the formation of the superoxide ion radical in cells treated with
curcumin-loaded materials. Phase images (a—h) and corresponding fluorescent images (a’-h’) of
A549 cells. (a—a’): untreated control cells; (b—b’): cells treated with curcumin (10 pM); (c—¢”): cells
treated with S1; (d—d’): cells treated with S2; (e—¢”): cells treated with S3; (f-£°): cells treated with
S4; (g—g’): cells treated with of S5; (h—h’): cells treated with S6. The doses of all curcumin-loaded
silica materials are 10 pM w.r.t. curcumin. Scale bar = 200 micron. (Adapted from Ref. [36]. Copy-
right © 2016, Royal Society of Chemistry)
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often responsible in regulating the cellular mechanism which plays important role in the
therapeutic efficacy of the nanomedicine. The cells are generally seeded on coverslips,
and after the treatment with nanomedicine, the cells are washed with DPBS, fixed with
PFA, and permeabilized with triton-X. The cells are then subjected to blocking using
BSA in TBST buffer, followed by incubation with primary antibody and fluorescence
moiety conjugated secondary antibody sequentially for certain time periods. The cov-
erslips are mounted with DAPI for nucleus staining and sealed using nail polish,
followed by analyzing through fluorescence/confocal microscopy.

Similar to immunocytochemistry, expression of different proteins responsible for cell
signaling cascades are often been investigated using western block technique. To
perform western blot, the cells are first incubated with nanomedicine for certain time
periods. The cells are then lysed employing RIPA buffer (radioimmune precipitation
assay buffer) which contains protease inhibitor cocktail [35, 36]. To get the cell lysate,
the cell suspension are centrifuged, followed by estimation of protein content in lysate
using Bradford assay or BCA assay. The equal amount of proteins is loaded on SDS-
polyacrylamide gel and blotted on PVDF or nitrocellulose membrane after separation
through electrophoresis. The proteins are blocked using BSA or nonfat dry milk and
incubated with primary and secondary antibodies sequentially for some periods. The
blot is then developed using colorimetric or chemiluminescence reagents to understand
the expression of the target proteins. For instance, Kotcherlakota et al. developed
functionalized SiNPs-based curcumin-loaded DDS (S4) as described in earlier section
and studied the mechanism of therapeutic potential of the DDS through western blot
analysis [36]. The result revealed that S4 treatment in AS549 cancer cells led to
downregulation of the expression of poly ADP ribose polymerase (PARP) protein as
compared to control experiment and corresponding amine-functionalized SiNPs
(Fig. 11.13). The result suggested that S3 exhibited cancer therapeutic potential by
inducing apoptosis in cancer cells.

Fig. 11.13 Western blot
analysis for poly ADP ribose
polymerase (PARP) Ut CUR S8 S4

expression in A549 cells. (a) 116 k.Da aidsin ) — | paRP
Immunoblotting shows the

downregulation of the PARP
levels in cells treated with S4 37kDa | == === =— e |GAPDH
compared to untreated control

of apoptosis by the material.

(b) The quantification of i

PARP expression with respect 1.75

to GAPDH is presented as a . xe
histogram. *P “ 0.05, *P ” 1.65

0.005 compared to control. 1152 l
(Adapted from Ref. 15

[36]. Copyright © 2016, 1.45
CUR S3 S4

cells, indicating the induction b
Royal Society of Chemistry) A549

Expression levels of PARP
3




11 An Insight into Characterizations and Applications of Nanoparticulate. . . 437

4.2.4 In Vivo Studies

To comprehend the practical validity of in vitro biological characterizations and
therapeutic potential of nanoparticulate targeted DDSs, their in vivo characteriza-
tion/experiments in animal models are highly essential. The in vivo studies
employing DDSs generally include tumor regression analysis, biodistribution, his-
topathology, and immunohistochemistry. For instance, Sau et al. developed different
AuNPs-based nanoformulations for cancer therapeutics application [41]. These
nanoformulations included (F2) AuNPs-MDA (MDA: 11-mercaptoundecanoic
acid), (F3) AuNPs-Dex (Dex: Dexamethasone), (F4) AuNPs-MDA-Dex, (F5)
AuNPs-Dex MDA, as well as (F1) water-Dex-MDA formulation without AuNPs.
Intraperitoneal administration of these formulations to melanoma tumor containing
C57BL6/J mice showed that F5 significantly inhibited the tumor growth in compar-
ison with other formulations and untreated (UT) control experiment, as observed by
tumor regression analysis (Fig. 11.14a—c). Immunohistochemistry study of tumor
sections of different groups also revealed that F5 induced more apoptosis as com-
pared to UT and other formulations, as indicated by the TUNEL-based green
fluorescence in the respective tumor section (Fig. 11.14d). Additionally, the
biodistribution of AuNPs in F5-administered mice through ICP-MS showed higher
entrapment of AuNPs in tumor than in other vital organs such as lungs, spleen,
and kidney. The overall result suggested the cancer therapeutic potential of F5
nanoformulation.

The following section briefly discusses the experimental methodology of differ-
ent in vivo studies. In case of targeted DDS for cancers, respective doses of DDS are
administered through various routes (i.p.: intraperitoneal,. i.v.: intravenous, i.m.:
intramuscular, intratumoral, and oral) to animals (e.g., mouse, rat, rabbit, and others)
containing tumors for some certain days. The volume of the tumors are measured
from starting day of experiment to sacrificing day to plot the regression of tumors
that would give an overview of the therapeutic potential of the DDS [42].

Similar to cellular uptake experiment in vitro, nanoparticulate DDS could be
characterized by in vivo biodistribution analysis either through ICP-OES/ICP-MS or
in vivo imaging system. Various important organs (e.g., brain, heart, lung, liver,
kidney, spleen, etc.) of animals are collected after sacrificing, followed by washing
with DPBS and digested in nitric acid. The digested tissue solutions are subjected to
ICP-OES/ICP-MS analysis to detect the availability of the DDSs with respect to the
content of respective elements present in nanoparticles. On the other hand, some-
times DDS containing NIR dye might be administered to the animals for some time
periods, and then after sacrificing the animals, the vital organs are analyzed through
in vivo imaging system to understand the biodistribution of the DDS in different
organs.

Histopathology is one of the common methods to understand the structural
change of organs due to toxicity of any kind of materials [43]. Therefore, researchers
often perform histopathology of different organs of animals administered with
nanoparticulate DDS. In brief, after completion of experiment period, the vital
organs of animals are collected, washed with DPBS, and fixed with PFA. The tissue
samples are then embedded in paraffin, sectioned, and fixed on clean slides. The
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Fig. 11.14 Therapeutic study of GNP formulation: (a) tumor regression curve after subcutaneous
implantation of B16F10 cells in C57BL6/J mice followed by intraperitoneal injection of F1-F5 or
kept untreated (UT). Days of injection are indicated by black arrows. The dose of Dex in F1 was
10 mg kg~', whereas that in F3-F5 was 5 mg kg~'. ** Denotes p < 0.005 for the F5 treatment with
respect to the F1 treatment. (b) Representative tumors from mice of untreated group and different
treated groups in the tumor model experiment (in vivo). (¢) Comparison of average weight of
isolated tumors from mice respectively treated with GNPs (F1-F5) or from the untreated
(UT) group. * Denotes p < 0.05. (d) Microscopic pictures of 10 pm tumor sections from UT, and
F1-F5 (upper to lower). Panels from left respectively indicate the tissue architecture in bright field
(BF), apoptotic regions in TUNEL assay (green fluorescent), region with endothelial cells having
VE-cadherin stained (red fluorescent) and merger (yellow) of the second and the third panels from
the left. All the images are taken at 10 x magnification. (Adapted from Ref. [41]. Copyright © 2016,
Royal Society of Chemistry)

slides are dipped in xylene, rehydrated with ethanol, rinsed with water, and placed in
hematoxylin solution. After that, the tissue slides are washed with acidic water,
rinsed with 70% ethanol, and dipped in eosin solution, followed by dehydration
using absolute ethanol. Finally, tissue slides are rinsed in xylene and mounted using
mounting media followed by analyzing under bright-field microscope.

Similar to in vitro immunocytochemistry, in vivo tissue samples of animals
administered with DDS are often analyzed through immunohistochemistry experi-
ment to check the expression of proteins of interest. Briefly, the tissue samples are
washed with DPBS, fixed with PFA, and rinsed with 20% glycerol. While
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processing, the tissue samples are embedded in paraffin, sectioned, and fixed on
clean slides. The tissue slides are dipped in isopropanol and xylene for few minutes
and warmed in sodium citrate buffer. After cooling, the tissues are subjected to block
with BSA in TBST buffer, followed by incubation with primary antibody and
fluorescence moiety-tagged secondary antibody for few hours sequentially. Finally,
the tissue samples are washed with TBST buffer and mounted with DAPI for nucleus
staining. The tissue slides are then analyzed through fluorescence/confocal micros-
copy to comprehend the expression of the target proteins.

5 Therapeutic Applications of Drug Delivery Systems: Key
Research Findings

Since past decades, scientists have developed various active and passive targeted
nanoparticulate DDSs using different biocompatible nanoparticles, including gold,
silver, zinc oxide, iron oxide, titanium dioxide, CNTs, CDs, and SiNPs. The follow-
ing sections briefly discuss the therapeutic applications of few recent advancement
of these nanomaterial-based DDSs.

5.1 Gold Nanoparticles

Over the past decades, AuNPs have been developed for a wide variety of applica-
tions including catalysis, bioanalysis, and imaging. But the most important applica-
tion of AuNPs drawing attention to the researchers is the use of AuNPs as an ideal
drug delivery scaffold because they are known to be nontoxic and nonimmunogenic.
Researchers can readily functionalize the AuNPs with multiple targeting molecules
and have shown their excellent potential for the delivery of various potential
anticancer and antibacterial drugs. Several AuNPs-based drugs are currently under
clinical trials [44, 45]. In the recent years, researchers are trying to develop various
drug delivery platform based on AuNPs for better antitumor efficacy. In this
context, a pH-responsive DDS has been developed by Aryal et al. [46] The
authors have developed hydrophilic DOX-conjugated AuNPs, which exhibit a
significant pH-responsive drug release. Thiolated methoxy polyethylene glycol
(MPEG-SH) and methyl thioglycolate (MTG) at an equal molar ratio have been
used to stabilize the AuNPs. The anticancer drug DOX has been attached to the
MTG segments of the thiol-stabilized AuNPs through hydrazine as the linker.
DOX-conjugated AuNPs have the potential to deliver the anticancer drugs to their
target site to simultaneously enhance CT imaging contrast and facilitate photo-
thermal cancer therapy. In another study, Brown et al. have functionalized naked
AuNPs with a thiolated poly(ethylene glycol) (PEG) monolayer capped with a
carboxylate group to tether the active component of the anticancer drug oxaliplatin
for improved drug delivery [47]. The nanoparticle-conjugated drug shows as good
as, or significantly better, cytotoxicity than oxaliplatin alone in all of the cell lines.
It has also unusual ability to penetrate the nucleus in the lung cancer cells. Green
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synthesis of AuNPs was achieved by Kumar et al. using the extract of eggplant
as a reducing agent. HA serves as a capping and targeting agent [48]. Metformin
(MET) was successfully loaded on HA-capped AuNPs (H-AuNPs), and this
formulation binds easily on the surface of the liver cancer cells. This formulation
exhibited better targeted delivery as well as increased regression activity than free
MET in HepG2 cells. Suarasan et al. further developed a new pH- and
temperature-responsive nanochemotherapeutic system based on DOX non-
covalently bound to biosynthesized gelatin-coated gold nanoparticles (DOX-
AuNPs@gelatin) [49]. The high drug loading capacity and effective drug release
under pH control combined with the advantage of multimodal visualization inside
cells clearly indicate the high potential of our DOX-AuNPs@gelatin delivery
system for implementation in nanomedicine.

5.2 Silver Nanoparticles

Besides AuNPs, AgNPs are also extensively used as an effective drug delivery
platform. For instance, Benyettou et al. demonstrated simultaneous intracellular
delivery of DOX and alendronate (Ald) by bisphosphonate Ald-coated AgNPs
(Ald@AgNPs) for improving the anticancer therapeutic indices of both drugs
[50]. Dox- and Ald-loaded AgNPs (Dox-Ald@AgNPs) show better anticancer
activity in vitro than either Ald or Dox alone. Ald@AgNPs nanoplatform can
accommodate the attachment of other drugs as well as targeting agents and can be
used as a general platform for drug delivery. Figure 11.15 represents the synthesis of
Ald@AgNP and dye/drug conjugation, intracellular uptake of drug-Ald@AgNPs,
and subsequent drug release. Intracellular release of drug occurred within the acidic
microenvironment of late endosomes and lysosomes. In another study, Li et al.
functionalized the surface of AgNPs by polyethylenimine (PEI) and paclitaxel
(PTX) to evaluate the cytotoxic effect of Ag@PEI@PTX on HepG2 cells and
corresponding anticancer mechanism [51]. It has been shown that Ag@PEI@PTX
could enhance the cytotoxic effects on HepG2 cells and triggered intracellular
reactive oxygen species. Further the signaling pathways of AKT, p53, and MAPK
were activated to advance cell apoptosis. The result shows that Ag@PEI@PTX can
be used as an appropriate candidate for chemotherapy of cancer. Liang et al. have
further developed HA modified AgNPs for targeting CD44 receptors over-expressed
cancer cell lines for targeted cancer therapy [52]. HA was used as the reducing agent
and stabilizer and for targeting CD44. The antitumor efficacy was significantly
improved by HA modification. Moreover, multiple mechanisms including the
decline of mitochondrial membrane potential, cell-cycle arrest, apoptosis, and auto-
phagy are involved for the enhanced anticancer activities of HA-AgNP, which
provided a promising solution for AgNPs-mediated cancer treatment. In another
study, Wang et al. proposed one-step synthesis approach for folic acid (FA)-coated
AgNPs for DOX drug delivery [53]. Paramasivam et al. also reported biopolymers of
chitosan (CH) and dextran sulfate (DS)-coated silver nanorods (AgNRs) for encap-
sulation of water-soluble antibacterial drugs like ciprofloxacin hydrochloride (CFH)



11 An Insight into Characterizations and Applications of Nanoparticulate. . . 441

H,0 (pH 4)
A 70°C
Alendronate mjicrowave irradiation ™

Chelated Ag*| o Reduced Ag| ~ /"

Alendronate

, = RhB/Dox <

e Early Endosome

2
e Late Endosome

Drug S8
Release & Lysosome

Fig. 11.15 (a) Schematic representation of Ald@AgNP formation and dye/drug conjugation. (b)
Schematic representation of the uptake of drug—Ald@AgNPs into cells and drug cargo release.
(Adapted from Ref. [50]. Copyright © 2015, Royal Society of Chemistry)

[54]. The authors compared the encapsulation of drugs and profiles of drug release to
that of spherical AgNPs. Such system shows unique and attractive characteristics
required for drug delivery.

53 Zinc Oxide Nanoparticles

Zinc oxide (ZnO)-based drug delivery platform has many advantages over the other
DDSs as it is benign and weakly toxic. This property of ZnO nanoparticle makes
it ideal for drug delivery application. In this context, Cai et al. developed a
pH-responsive drug delivery platform for intracellular controlled release of drugs
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Fig. 11.16 Cytotoxicity assay of A549 cells after 48 h of incubation with (a) ZnO QDs and
comparable concentrations of Zn*" ions; (b) ZnO — DOX, HA — ZnO — DOX, and free DOX.
(Adapted from Ref. [55]. Copyright © 2016, American Chemical Society)

based on acid-decomposable, luminescent-aminated ZnO quantum dots (QDs)
[55]. NH,-ZnO QDs are attached with dicarboxyl terminated PEG to increase
their stability in physiological condition, followed by the attachment of a
targeting ligand HA to target the CD44 over-expressed cancer cells.
PEG-functionalized ZnO QDs are loaded with DOX via formation of metal-
DOX complex and covalent interactions. Dissociation of the metal-drug complex
and a controlled DOX release was occurred as pH-sensitive ZnO QDs dissolved
to Zn>" in acidic endosome/lysosome after cellular uptake, leading to achieve a
synergistic therapy. Figure 11.16 represents the cytotoxicity of ZnO QDs and
comparable concentrations of Zn®>* ion in human lung cancer (A549) cell line.
The result showed that both displayed significant antitumor effect with the
dosage surpassing 25 pg/mL. The cytotoxicity of ZnO-DOX, HA-ZnO-DOX,
and free DOX was also evaluated in A549 cell line. Dose-dependent toxicity was
found in all the three groups. Moreover, toxicity of HA-ZnO-DOX was higher
than ZnO-DOX due to specific targeting of HA. In another study, an iron
oxide—zinc oxide core-shell nanoparticle has been synthesized, which can deliver
carcinoembryonic antigen into dendritic cells [56]. As a result, enhanced tumor
antigen-specific T-cell responses delayed tumor growth and better survival was
obtained in nanoparticle—antigen complex-treated mice, immunized with dendritic
cells. In another report, Chen et al. synthesized core-shell structured NCs with ZnO
QDs-conjugated AuNPs as core and amphiphilic block copolymer (containing poly
l-lactide: PLA inner arm and a folate-conjugated sulfated polysaccharide outer
arm) as shell for targeted anticancer drug delivery. Both NCs and CPT-loaded NCs
show better antitumor efficacy in mice [57]. In another study, water-soluble
curcumin was delivered by 3-mercaptopropionic acid (MPA)-functionalized
ZnO-NPs. ZnO-MPA-curcumin complex shows enhance toxicity on MDA-MB-231
breast cancer cells compared to free curcumin, which suggests novel ZnO-MPA-curcumin
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nanoformulation is promising and could be considered for new therapeutic applica-
tion [58]. Further, Han et al. reported the targeted photocatalytic and chemotherapy
in a multifunctional drug delivery platform based on aptamer-functionalized ZnO
nanoparticles (NPs) [59]. Aptamer-ZnO NPs system loaded with anticancer drugs
shows higher rate of death of cancer cells compared to that of single photocatalytic
or chemotherapy. The results indicate the potential of aptamer-functionalized semi-
conductor nanoparticles for targeted photocatalytic and chemotherapy against
cancer.

5.4 Iron Oxide Nanoparticles

Magnetic iron oxide (IO) nanoparticles are extensively used as a promising
theranostic candidate for drug delivery. For example, Chen et al. showed the
delivery of DOX by a reducible copolymer self-assembled with super-
paramagnetic iron oxide nanoparticles (SPIONs) [60]. TPAA@SPIONs were
synthesized by the alkyl grafts of reducible copolymers made of polyamidoamine
(rPAA) with PEG/dodecyl amine graft intercalated with the oleic acid layer
capped on the surface of magnetite nanocrystals. IPAA@SPIONs loaded with
anticancer drug DOX inhibited the tumor growth in mice with xenograft
MDA-MB-231 breast tumor. In another study, Park et al. converted drug-loaded
polymeric NPs into polymer iron oxide nanocomposites (PINCs) by dopamine
polymerization for drug delivery application [61]. PINCs was accumulated in
poorly vascularized subcutaneous SKOV3 xenografts that did not support the
EPR effect by in vivo magnetophoretic delivery and showed better efficacy.
Nasongkla et al. also developed iron oxide nanoparticle-based theranostic abbre-
viated as SPIO-DOX-cRGD micelles for targeted drug delivery. The authors
loaded DOX and a cluster of magnetic iron oxide nanoparticles into the cores
of PEG-PLA micelles, which was further functionalized with cRGD targeting
ligand for targeting the integrin av3 of tumor or endothelial cells. SPIO-DOX-
cRGD micelles exhibited enhanced uptake in avp3 overexpressing endothelial
cells [62]. In another study, Hwu group conjugated iron oxide nanoparticle
surfaces by PTX, a mitotic inhibitor used in cancer chemotherapy, through a
phosphodiester moiety to increase the efficacy of PTX [63]. Further, Quan et al.
developed a human serum albumin (HSA)-coated iron oxide nanoparticles
(HINPs) and loaded DOX onto the HINPs to assess the potential of the conjugate
(D-HINPs) as theranostic agent [42]. D-HINPs showed a striking tumor suppres-
sion effect that was comparable to that of Doxil and greatly outperformed free
Dox in a 4 T1 murine breast cancer xenograft model. Such a strategy can be
readily applicable to other types of anticancer drugs, making HINPs a promising
theranostic nanoplatform. Figure 11.17 represents the tumor growth inhibition
study and body weight change by the treatment of D-HINPs in 4 T1 tumor model.
The result shows the significant antitumor effect of D-HINPs, and it does not
cause any toxicity to mice.
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Fig. 11.17 Left: tumor growth curves for treatment with (1) D-HINPs (3 mg of Dox/kg); (2) free
Dox (3 mg of Dox/kg); (3) Doxil (3 mg of Dox/kg); (4) HINPs (with same Fe concentration as in 1)
and (5) PBS. D-HINPs showed similar therapeutic efficacy to Doxil and greatly outperformed free
Dox. Right: change of mouse body weight during treatment (n = 5/group). (Adapted from Ref.
[42]. Copyright © 2011, American Chemical Society)

5.5 Titanium Oxide Nanoparticles

Titanium oxide with its unique properties is found to be a potential candidate in drug
delivery. For instance, Li et al. designed biocompatible one-dimensional titanium
dioxide whiskers (TiO, Ws) loaded with daunorubicin (DNR) and explored it for
drug delivery application and anti-tumor function [64]. Intracellular concentration
and potential anti-tumor efficiency of DNR is greatly increased in presence of
TiO,Ws in human hepatocarcinoma cells (SMMC-7721 cells), indicating TiO,Ws
could produce an efficient drug delivery carrier effect importing DNR into target
cells. This study reveals that TiO, Ws-based delivery of anticancer drugs represents a
promising approach in cancer therapy. Further, Kamari et al. prepared insulin
conjugated montmorillonite nanocomposites, which were further coated with TiO,
to modulate the slow release of insulin from the DDS [65]. The results showed that
incorporation of TiO, coating significantly enhanced the drug loading, while reduc-
ing the amount of drug release, so that the nanocomposites without and with TiO,
coating could release insulin after 60 min and 22 h at pH 7.4, respectively. The
authors suggest that these findings could be used for converting the administration of
insulin from injection to oral. In another study, graphene oxide/TiO,/DOX
(GO/Ti0,/DOX) composites was loaded into the chitosan/PLA solutions to synthe-
size the electrospun chitosan/PLA/GO/TiO,/DOX nanofibrous scaffolds via electro-
spinning process for increasing the efficacy of DOX [66]. The higher sustained
release rate of DOX following the small burst release was achieved from nanofibrous
scaffolds having 30 and 50 m thicknesses within 2 weeks incubation time. It was also
found that the DOX release rate is faster in pH 5.3 compared to pH 7.4. Higher
proliferation inhibition effect of nanofibers on target lung cancer cells was observed
in the presence of magnetic field. Wang et al. also introduced PEI-modified novel
multifunctional porous titanium dioxide (TiO,) nanoparticles to achieve ultraviolet
(UV) light-triggered drug release [67]. Additionally, FA was chemically attached to
the surface of the functionalized multifunctional porous TiO, nanoparticles through
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amide linkage with free amine groups of PEI to effectively promote cancer-cell-
specific uptake through receptor-mediated endocytosis. A typical poorly water-
soluble anticancer drug PTX was incorporated in multifunctional porous TiO,
nanoparticles and its drug delivery efficiency was studied. The anticancer effect
was controlled by the amount of drug released from multifunctional porous TiO,
nanoparticles regulating the UV-light radiation time. This multifunctional porous
TiO, nanoparticle shows a combination of stimuli-triggered drug release and cancer
cell targeting. Further, Leon et al. prepared a novel targeting DDS for
2-methoxyestradiol (2ME) for improving the clinical application of this antitumor
drug [68]. For this purpose, TiO,-PEG-2ME composite was formed, where 2ME
was encapsulated in titanium dioxide (TiO,) nanoparticle coated with PEG. Modi-
fying TiO, NPs with PEG loaded with the 2ME drug showed that the titanium
dioxide nanocarrier has potential application as a system of drug delivery.

5.6 Carbon Nanotubes

Among various nanomaterials, CNTs have drawn particular attention as carriers of
biologically relevant molecules due to their unique physical, chemical, and physio-
logical properties. For example, Chen et al. developed a novel single-walled carbon
nanotube (SWNT)-based tumor-targeted DDS, consisting of a functionalized SWNT
attached to tumor-targeting modules biotin and a spacer as well as prodrug, taxoid
with a cleavable linker that is activated to its cytotoxic form inside the tumor cells
upon internalization and in situ drug release [69]. It has been observed that this
tumor-targeting DDS shows high potency toward specific cancer cell lines, thereby
forming a solid platform for further development. In another study, Li et al.
synthesized antibody of P-gp (anti-P-gp)-functionalized water-soluble single-
walled carbon nanotubes (Ap-SWNTs) loaded with Dox, Dox/Ap-SWNTs, for
overcoming the multidrug resistance (MDR) of K562 human leukemia cells
[70]. The resulting Ap-SWNTs specifically recognize the multidrug-resistant
human leukemia cells (K562R) and demonstrate controllable release performance
for Dox toward the target K562R cells by near-infrared radiation (NIR) exposure.
Dox/Ap-SWNTs showed 2.4-fold higher cytotoxicity and significant cell prolifer-
ation suppression toward K562R leukemia cells (p < 0.05) as compared with free
Dox. Further, a dual-targeting DDS has been developed for treatment of brain
glioma by Ren et al., based on PEGylated oxidized multiwalled carbon nanotubes
(O-MWNTs) modified with angiopep-2 (O-MWNTs-PEG-ANG) [71]. O-MWNTs
can distribute in brains, accumulate in tumors, and have ultrahigh surface area with
remarkably high loading of anticancer drug DOX. Angiopep-2 can specifically
combine to the low-density lipoprotein receptor-related protein (LRP) receptor
overexpressed on the blood—brain barrier (BBB) and glioma cells, which was
selected as targeting ligand. The antiglioma effect of DOX-loaded O-MWNTs-
PEG-ANG (DOX-OMWNTs-PEG-ANG) was determined by C6 cytotoxicity and
median survival time of glioma bearing mice, which revealed a better antiglioma
effect than DOX, which suggests that O-MWNTs-PEG-ANG is a promising
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dual-targeting carrier for brain tumor treatment. Further, Zhang et al. reported a
pH-responsive targeted DDS based on single-wall carbon nanotubes (SWCNTSs),
functionalized with carboxylate groups and coated with a polysaccharide material
[72]. Functionalized SWCNTs was loaded with the anticancer drug DOX at
physiological pH (pH 7.4) and is only released in lysosomal pH and the pH
characteristic of certain tumor environments. SWCNTs was also attached to FA,
a targeting agent for many tumors for selective delivery DOX into the lysosomes of
HeLa cells with much higher efficiency than free DOX. Meng et al. also reviewed
the design and synthesis of SWNT-based DDSs and their pharmacokinetic, cancer
targeting, and therapeutic properties both in vitro and in vivo [73].

5.7 Carbon Dots

CDs are exceptional nanocarriers due to their potential optical properties and
biocompatibility. For instance, Feng et al. have reported a cisplatin (IV) prodrug
conjugated CDs based extracellular micro-environment responsive DDS (CDs-Pt
(IV)@PEG-(PAH/DMMA)) for imaging guided drug delivery [74]. High tumor
inhibition efficacy and low side effects of cisplatin(IV) was observed in the presence
of CDs nanocarrier, proving its capability as a smart drug nanocarrier with enhanced
therapeutic effects. In another study, a smart stimuli-responsive DDS has been
reported by Majumder et al. [75] Carbon-dot-coated novel alginate beads
(CA-CD) was used as a drug delivery vehicle, in which garlic extract (GE), a
model drug containing allicin, was loaded to form the DDS CA-CD-GE. The DDS
exhibits pH-dependent controlled drug release which results in increased therapeutic
efficiency. CA-CDGE is both stimuli responsive and a controlled drug release
system as it releases drug according to the pathogen concentration (MRSA).

5.8 Mesoporous Silica Nanoparticles

In recent past, several research groups including ours have developed different
MSN-based DDSs. For instance, Chen et al. developed dextrin-coated, DOX-
conjugated MSNs-based DDS which could release DOX at a faster rate at mild
acidic pH (pH 6.0) as compared to physiological (pH 7.4) [76]. The faster release of
DOX at acidic pH might be due to the hydrolysis of Schiff’s base (pH sensitive)
present in the said DDS. Additionally, the in vivo studies in tumor (H22 cells)-
bearing mice model illustrated the enhanced retention time and more entrapment of
the DDS in tumor in comparison with pristine DOX, indicating the therapeutic
efficacy of the DDS. In another report, M. B. Cardoso and group synthesized FA-
modified SiNPs-based DDS containing anticancer drug curcumin [77]. The DDS
exhibited efficient delivery of curcumin to prostate cancer cells (PC3). The authors
further showed that the DDS was more cytotoxic to PC3 cells as compared to the
prostate epithelial cell (PrEC), indicating the targeting efficacy of the DDS. Further,
Palanikumar et al. reported a simple as well as robust procedure for the synthesis of
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polymer (containing pyridine disulfide hydrochloride: PDS and PEG)-
functionalized, targeting ligand (cyclic (Arg-Gly-Asp-D-Phe-Cys: cRGDfC)-
decorated MSN-based DDSs containing hydrophilic anticancer drugs doxorubicin
hydrochloride or cisplatin [78]. Here, PEG on MSN surface facilitated the water
solubility and could prevent the nonspecific interaction with different
biomacromolecules. On the other hand, PDS augmented the functionalization of
the targeting ligand on MSN surface. The DDS exhibited high drug loading capa-
bility with 44 wt% for doxorubicin hydrochloride and 33 wt% for cisplatin. The
results depicted that doxorubicin hydrochloride-conjugated polymer-wrapped MSNs
(PMSNs) containing cRGDfC ligand (RGD-PMSN5s) exhibited better cytotoxicity in
KB cells (human nasopharyngeal carcinoma cells) as compared to the nonligand-
wrapped PMSNSs, indicating targeting efficacy of the DDS. Additionally, while both
cisplatin- and Dox-loaded PMSNs were administered to KB cells, their synergistic
effect showed better cytotoxic potential as compared to the treatment with single
drug-loaded DDS, suggesting the potential applications of PMSNs for combination
therapy. In another study, MSNs were used as a drug carrier for various hydrophobic
anticancer drug (DOX, PTX, camptothecin: CPT, tamoxifen: TMX, Cur: curcumin),
having high drug loading capability and colloidal stability [79]. The results illus-
trated that the combination of DOX-CPT-PTX and DOX-CPT-Cur with polymer-
coated MSNs (PMSNs5) showed better cytotoxicity to KB cells as compared to the
DDS with single drug loading. Moreover, targeting ligand (RGD peptide: KB cells;
SP94 peptide: HepG2 hepatocellular carcinoma cells) containing CPT-loaded
PMSNss exhibited better cytotoxic potential and cellular uptake as compared to the
nonligand-decorated PMSNs, suggesting the targeting efficacy of DDSs. Very
recently, Oh et al. have developed GSH-modified anticancer drug (DOX and
CPT)-loaded MSNs, decorated with HER2-binding affibody combined with
glutathione-S-transferase (GST), to form a protein corona shielding nanoparticle
(PCSN)-based targeted DDSs [80]. The affibody served as the targeting moiety as
well as it could prevent the protein corona formation around the nanoplatform.
Confocal microscopy study in Raw264.7 cells showed that the protein corona shield
minimized the cellular uptake of PCSN in macrophages as compared to the
PEGylated MSN (PEG-MSN). Further, confocal microscopy revealed that
CPT-conjugated PCSN exhibited significant cytotoxicity to HER2 receptor over-
expressing SKBR3 breast cancer cells as compared to HER2 receptor negative cells
HEK?293T, suggesting the targeting efficacy and potential application of the DDS for
breast cancer therapy. To assess the in vivo biodistribution, the authors administered
DiD-loaded PCSN and PEG-MSN to SKBR3 tumor-bearing nude mice intrave-
nously. Post 48 h of injection, the mice were sacrificed and the vital organs were
collected, followed by analysis through in vivo imaging system. The result exhibited
that fluorescence intensity for PCSN group was significantly higher in tumor as
compared to PEG-MSN group (Fig. 11.18a-b). Moreover, for PEG-MSN group, no
such difference in fluorescence intensity between tumor and reticuloendothelial
systems (liver and spleen) was observed. However, PCSN group exhibited almost
seven times higher fluorescence signal in tumor than that in reticuloendothelial
systems. The result suggested that the protein corona shielding could facilitate the
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Fig. 11.18 Ex vivo and in vivo efficiency of PCSN. (a, b) Fluorescence images of organs and
tumors 48 h after intravenous injection and biodistribution of injected formulations in animals with
SK-BR3 tumor xenograft from fluorescence intensity analysis. In vivo antitumor effects in different
treatment groups loaded with camptothecin (CPT) (1.5 mg/kg of mice) (scale bar is 2 cm).
(¢) Growth curve of tumor volume after intravenous injection with various groups of carriers
until day 21 (n = 6 mice per group, mean £ 1 day [n = 6 mice per group, mean + SD, statistical
significance was calculated by one-way analysis of variance, "P < 0.05, P < 0.01]. (Adapted from
Ref. [80]. Open Access Journal)

nanoparticles to avoid immune system, thereby enhanced entrapment in target tumor
site. Additionally, CPT-loaded PCSN (PCSN-CPT) exhibited better in vivo thera-
peutic efficacy as compared to CPT-loaded PEG-MSN and free CPT in terms of
more tumor volume regression in SKBR3 tumor-containing mice (Fig. 11.18c). The
overall experimental data demonstrated that binding of GST-HER2 affibody with
MSNss leads to the formation of protein corona shield, which could minimize the
interaction of PCSN with serum protein as well as improved its tumor targeting
efficacy and therapeutic potential.

6 Conclusions: Challenges and Future Perspective

Since past decades, nanoparticulate targeted DDSs have been emerged as one of the
revolutionizing nanomedicine approaches that could serve as an alternative to the
conventional therapeutic treatment strategies for different diseases. Although, the
study related to nanoparticulate targeted DDS have gradually been growing, the
systematic investigation of nano-toxicity to humans is in early stage [81]. The
physicochemical properties of nanomaterials such as size, morphology, surface
charge, and stability often play a vital role behind their toxicological profile. To
evaluate the nanotoxicity, the interaction of nanoparticles with cells, tissue, blood,
proteins, and nucleic acids are to be thoroughly studied [82]. Additionally, number
of doses of nanoparticulate system, administration route (i.p,. i.v., i.m., intramuscu-
lar, intratumoral, and oral), and immunological response are also to be assessed
during the evaluation of toxicity profile of any nanomaterials. It is well known that
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in vitro toxicity data of nanosystem might or might not be the similar in case of
in vivo conditions. Therefore, in-depth evaluation of toxicological profile of nano-
particulate system is immensely important for the safety of our lives. Another
challenge for nanomaterial-based system is that there is no precise uniform protocol
for the assessment of toxicity of nanomaterials. It imposes the necessity for the
development of standard protocols that would be followed globally, to get more
reliable toxicity data for particular nanomedicine, which would be beneficial for
practical biomedical applications of nanomaterials for human. Besides nanotoxicity,
the fate of the nanomaterials for prolonged periods inside body system has to be
considered for checking their adverse side effects. In this context, it is highly
essential to investigate the pharmacokinetics, pharmacodynamics, and excretion of
nanoparticulate systems. It is to be mentioned here that after investigating the
thorough toxicological as well as pharmacokinetic profiles of therapeutic nano-
materials, the nanoformulations should be subjected to clinical trials, so that we
could avail the practical benefits from the nanomedicines for different diseases.
Although, there is not so much nanoparticulate targeted DDS available in market,
considering the growth of present research in drug delivery field, we could expect
many more nanomedicines would arise for practical biomedical applications for
human in near future.
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