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Abstract Treatment of diseases using conventional drugs is often limited by their
low bioavailability, short circulation half-lives, poor solubility, and nonspecificity
which results in high-dosage requirements. The high dosage of drug molecules
results in higher toxicity, increasing the side effects of the conventional drugs used
for treatment of diseases. Nanomedicine is the use of nanotechnology for healthcare
with clinical applications ranging from disease diagnosis to formulation of carriers
for drug and gene delivery applications. Use of nanotechnology-based delivery
vehicles, such as nanoparticles, nanocapsules, micelles, or dendrimers, has emerged
as a promising strategy to deliver conventional drugs, recombinant proteins, vac-
cines, and, more recently, genetic material by addressing the problems related to
poor solubility, high toxicity, nonspecific delivery, in vivo degradation, and short
circulation half-lives of the conventional drugs, which often limits optimal dosage
at the target site. The rapidly growing nanomedicine industry not only caters to the
treatment of various diseases including cancer, pain, asthma, multiple sclerosis, and
kidney diseases but also helps in differentiating normal and diseased cells. Metallic,
polymeric, semiconductor, and magnetic nanoparticles have been employed in engi-
neering nanostructures that are increasingly being employed for disease diagnosis.
While the unique optical, magnetic, and size-dependent properties of nanoparticles
make them suitable candidates for disease diagnosis, their ability to undergo surface
modification with polymers, antibodies, or aptamers helps in increasing their circu-
lation time and reduces their potential toxicity. Conjugation of these nanoparticles
with aptamers has been utilized for development of sensors with fluorescence, opti-
cal, and electrochemical detection signals which are sensitive, highly specific, reus-
able, and label-free. Nanostructures have improved medical diagnosis by providing
inexpensive, reproducible, sensitive, and highly specific methods for disease diag-
nosis either in terms of sensors or as imaging agents. Nanomedicine not only
includes the fields of therapeutics and diagnostics but also involves development of
implantable materials and devices. Despite the innumerable advantages of nano-
structures in the field of nanomedicine, only a handful of products have been able to
reach the market due to several disadvantages that these magic bullets are associated
with including toxicity of the said materials. However, maintenance of a balance
between the advantages and disadvantages would definitely open up avenues for
personalized medicine through therapeutics, diagnostics, and theranostics. The
present chapter discusses the current state-of-the-art materials used in nanomedi-
cine for disease diagnosis or treatment, problems associated with them, and future
prospects of nanomedicine toward personalized medicine.

Keywords Nanobiotechnology - Nanodiagnostics - Nanoparticles - Aptamers -
Personalized medicine
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List of Abbreviations

ATP adenosine triphosphate

bp base pairs

DNA  deoxyribonucleic acid

FRET Fluorescence Resonance Energy Transfer
H,O,  hydrogen peroxide

HIV human immunodeficiency virus
IFN-y interferon-y

PBCA  poly(butyl cyanoacrylate)

PDGF platelet-derived growth factor
PLGA  poly-(lactic-co-glycolic) acid

QD quantum dot

RNA  ribonucleic acid

SERS  surface-enhanced Raman scattering
VEGF vascular endothelial growth factor

9.1 Introduction

Nanomedicine is the use of nanotechnology for healthcare with clinical applications
ranging from disease diagnosis to formulation of carriers for drug and gene delivery
applications. It is often regarded as the use of unique nanoscale properties which
includes transition in physicochemical properties and physiological interactions of
the nanostructured materials, i.e., structures with at least one dimension up to 300
nm, for human health. Nanostructures have a greater surface area to volume ratio
which increases their carrying capacity and possibility of surface modifications.
They exhibit unique size-dependent properties which are fairly distinct from those
of bulk material, for example, 20 nm gold nanoparticles exhibit red color which
changes to blue on increasing their size. The unique optical properties of nanopar-
ticles make them suitable candidates for optical imaging. The use of nanostructures
as drug carriers offers several advantages including higher stability, ability to incor-
porate both hydrophobic and hydrophilic drugs, and ability of controlled drug
release. Moreover, nanostructures can be administered through various routes
including inhalation, oral, intravenous, or intramuscular, reducing the intrusions
and hence increasing patient compliance. The unique advantages of nanostructures
including targeted delivery of drug, reduced side effects of free drug molecules,
increased bioavailability, smaller and highly sensitive diagnostic tools along with
reduced degree of invasiveness have resulted in a new field of medicine,
“nanomedicine.”

The first nanomedicine which was a liposomal formulation of anticancer drug
doxorubicin was introduced in the year 1995, and since then, about 50 other
nanostructure-based drugs have entered clinical practice (Min et al. 2015). A pleth-
ora of nanostructures including nanoparticles, nanocapsules, liposomes, micelles,
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Fig. 9.1 Different nanostructures used for disease diagnosis and treatment

dendrimers, and quantum dots are being used as nanomedicines for the diagnosis
and treatment of a wide variety of diseases (Fig. 9.1) including cancer, infectious
diseases, multiple sclerosis, chronic pain, asthma, and emphysema (Hobbs et al.
1998). Nanomaterials are being used not only for drug and gene delivery applications
but also for detection of pathogens (Edelstein et al. 2000), for tissue engineering
(Ma et al. 2003; de la Isla et al. 2003), as contrast agents (Weissleder et al. 1990),
for tumor destruction (Shinkai et al. 1999), and also as fluorescent biological labels
(Bruchez et al. 1998; Chan and Nie 1998). According to a recent review on nano-
medicine, by 2013, about 247 nanomedicine products were approved or were in
various stages of clinical study (Etheridge et al. 2013). Nanomedicine has become
a vast industry in a small span of just two decades due to its ability to address several
issues related to poor solubility, high toxicity, nonspecific delivery, in vivo degrada-
tion, and short circulation half-lives of the conventional drugs, which often limits
optimal dosage at the target site (Gelderblom et al. 2001). Nanostructures used for
diagnosis due to their distinct optical, magnetic, and structural properties offer sev-
eral advantages over the traditional diagnosis methods including but not limited to
minimal invasiveness, simplicity, low-detection limits, rapid analysis at room tem-
perature, and capability of in situ analysis (Jyoti and Tomar 2017).

Current application of nanostructures in the nanomedicine arena includes devel-
opment of (a) implantable materials for tissue engineering including repair and
replacement, (b) implantable devices including implantable sensors and surgical
aids, (c) diagnostic tools for disease detection, and (d) biopharmaceuticals for drug
and gene delivery (Agrawal 2016). A wide variety of nanomedicines are available
commercially or are in clinical trials to treat diseases including breast cancer, non-
small cell lung cancer, pancreatic cancer, ovarian cancer, and multiple myeloma as
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well as diagnostic tools to detect disease-causing pathogens or to locate the tumor
location (Agrawal 2016).

Nanostructures have presented themselves as promising nano-therapeutic agents,
i.e., a combination of diagnosis and therapy. While the optical and magnetic
properties of nanostructures make them great imaging agents, simultaneous drug
loading in these nanostructures could help cure the disease at the same time.
Nanotheranostics open up new avenues for personalized medicine. While an imag-
ing agent can assist localization in the diseased area, its amalgamation with a thera-
peutic drug would help in treatment of the disease. The imaging nanostructure could
also be utilized to monitor the effectiveness of the therapy in being site specific
while predicting the side effects (accumulation in healthy cells) at the same time.
Despite the promising potential of nanostructures in diagnosis and treatment of dis-
eases, the technical developments in nanomedicine raise concerns related to the
safety of the said materials, making toxicity of nanomaterials a major concern for
their future developments. Moreover, the effects of these nanostructures on the bio-
chemical pathways are yet unknown.

The current chapter discusses the application of different nanostructures in the
field of nanomedicine for diagnostic as well as therapeutic purposes, followed by a
brief overview of the drawbacks that these magic bullets face and the future direc-
tions to expand the nanomedicine market.

9.2 Nanostructures for Disease Diagnosis

A biosensor is a chemical sensor which comprises of a biological recognition ele-
ment that recognizes the analyte and transducer which transmits the signal. Different
biological interactions, e.g., antigen-antibody or antigen-aptamer, are utilized to
generate signals such as optical, electrochemical, thermal, or piezoelectric that help
in the detection of different disease-causing agents such as bacteria or virus.
Nanostructures have high surface area per unit volume which locates all the con-
stituent atoms near the surface leading to different physicochemical properties at
nanoscale compared to the bulk solid. They have high electrical conductivity, better
mechanical shock-bearing ability, show piezoelectric effect and color depending on
the size of the nanoparticles. Features of different nanostructures like high electrical
conductivity, colorimetric properties, and strong mechanical strength allow them to
be suitable for conjugation with aptamers and antibodies in biosensing applications.
Nanotubes (e.g., carbon nanotubes), nano-wires, nanorods, metallic nanoparticles
(e.g., gold), quantum dots, and thin films made up of nanocrystalline matter are
some widely used nanostructures for nano biosensing applications.

The emerging synergy between nanotechnology and biosensors has been utilized
over the past few years due to their potential to recognize threat agents in real time
and also perform their detection with extremely high sensitivity and selectivity.
Nanostructures-based sensors help in rapid, sensitive, easy, and cost-effective detec-
tion of different biological molecules including disease-causing pathogens, proteins
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expressed in different cancer cells, blood analytes such as glucose, cholesterol, uric
acid, and albumin along with distinguishing normal versus cancer cells (Manoharan
et al. 2018). Such sensors either use antigen-antibody interactions or functional
nucleic acids as bio-recognition elements. Functional nucleic acids including
aptamers, DNAzymes (catalytic DNA that can catalyze biochemical reaction in the
presence of cofactors), and Aptazymes (a combination of aptamer and DNAzyme)
(Li and Lu 2000; Jhaveri et al. 2000; Yi 2002; Navani and Li 2006), due to ability of
in vitro production and higher selectivity are now rivaling the antibodies (Jayasena
1999). The following section discusses different nanostructures including metallic,
polymeric, or magnetic nanoparticles, quantum dots, and aptamer-nanoparticle con-
jugates used for molecular diagnostics.

9.2.1 Metallic Nanoparticles for Diagnostics

The most widely used nanostructures for disease diagnosis are metallic nanoparti-
cles made up of gold, silver, or metal oxides such as titanium dioxide. Gold and
silver nanoparticles exhibit surface plasmon resonance which results in sharp,
intense absorption band in the visible range, making them suitable candidates for
development of optical nanosensors. Moreover, the properties exhibited by these
nanoparticles can be tailored by controlling their size and structure. Gold and silver
nanoparticles detect different disease-causing analytes, such as antigens, nucleic
acids, or aptamers, based on interparticle distance. Reduction in the interparticle
distance results in aggregation of particles which can be detected by a visible color
change mainly red to purple or blue in case of gold nanoparticles (Fig. 9.2) and yel-
low to brown for silver nanoparticles, making them suitable candidates for visible
optical detection (Boisselier and Astruc 2009). These particles are often surface
modified to increase circulation time (generally with polyethylene glycol) and
achieve targeted diagnosis (with antibodies or aptamers).

Surface-modified gold nanoparticles have been employed for detection of
Mycobacterium tuberculosis and Staphylococcus aureus based on the aggregation
principle. In presence of the microorganisms bound to the particles, they are unable
to come together and aggregate (no color change), whereas the absence of microor-
ganism results in visible aggregation in the form of color change on addition of
sodium chloride (NaCl) (Baptista et al. 2006; Huang 2007). Gold nanorods, surface
modified with polyethylene glycol and covalently attached to monoclonal antibody
‘Herceptin’ for targeting breast cancer cells, have demonstrated their potential
in vitro as well as in vivo in tumor-bearing nude mice (Eghtedari et al. 2009). The
most common use of metallic nanoparticles is for detection of hydrogen peroxide
(H,0,), the most extensively studied reactive oxygen species in medicine, overpro-
duction of which is associated with many diseases including cardiovascular dis-
eases, diabetes, neurodegeneration, cancer, and aging. Recent advances in use of
metallic nanoparticles have focused on development of bimetallic sensors. Zhang
et al. (2016) combined the advantages of nano gold and silver to prepare core-shell
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Fig. 9.2 Visible colorimetric sensing using gold nanoparticles. [Addition of NaCl results in aggre-
gation (color change to blue or purple) of nanoparticles in absence of any analyte. However, pres-
ence of analyte increases the interparticle distance and hence prevents aggregation (red color)]

nanoparticles for detection of H,O, in human fluids. The developed nanosensor
exhibited greater stability provided by nano silver and higher surface plasmon effect
displayed by nano gold. Gold nanoparticles exhibit a surface plasmon peak at
520 nm (wine red), whereas the developed bimetallic sensor exhibits a surface plas-
mon peak at 375 nm (orange). In the presence of H,0O, and glucose or cholesterol, a
redox reaction results in reduction of silver. As a consequence, only gold nanopar-
ticles are left in the solution, shifting the absorbance peak to 520 nm (wine red). The
shift in peak can then be quantified to determine the concentration of H,O, or cho-
lesterol in the fluid being tested (Zhang et al. 2016). Other bimetallic sensors being
explored for sensing of peroxide, glucose, and cholesterol include Au/Pt (Che et al.
2009; Yanyan et al. 2011), Pt/Pd, and TiO,/graphene-supported Pt/Pd nanocompos-
ites (Cao et al. 2013; Safavi and Farjami 2011).

Though metallic nanoparticles constitute the major market in disease diagnosis
nanostructures made from polymers, magnetic material and semiconductors (quan-
tum dots) discussed below are also being increasingly employed for effective dis-
ease diagnosis.

9.2.2 Polymeric Nanoparticles for Diagnostics

Synthesis of nanostructures using polymers such as polypyrrole and polyaniline for
different sensing applications has recently gained attention due to their greater bio-
compatibility and biodegradability. Conducting properties of polypyrrole, carboxyl-
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ated polypyrrole, polyaniline, and poly (3, 4-ethylenedioxythiophene) were
employed by Park et al. (Park et al. 2016) and Song et al. (Song et al. 2013) to
develop bioelectronic-based nanosensor for detection of hydrogen peroxide (H,0,).
Hydrogen peroxide is a reactive oxygen species which is essential for cell growth
and is thus related to several diseases including cancer and Alzheimer’s. Polypyrrole-
coated silver nanostrips integrated in an electrochemical sensor have also been
developed for catalytic detection of H,O,. The enlarged surface area of silver nano-
structures has been reported to facilitate rapid sensing (response time less than 5 s)
and reducing minimum detection limit (Mahmoudian et al. 2014). Glucose sensing,
important for monitoring diabetes, has been done using polymeric nanoparticles by
employing a hybrid nanostructure entrapping glucose oxidase and gold nanoparti-
cles in polyaniline layers. Gold nanoparticles were reported to assist polyaniline
layer formation and the developed biosensor consisting of glucose oxidase as cata-
lyst resulted in formation of hydrogen peroxide which was used as an indicator for
presence of glucose (Mazeiko et al. 2013).

9.2.3 Magnetic Nanoparticles for Diagnostics

Magnetic nanoparticles are being used as a versatile diagnostic tool in nanomedi-
cine. They are attached to antibodies or aptamers specific to the target molecule or
microorganism, which on binding to specific targets result in magnetic signals that
can be detected in the presence of magnetic field using a sensitive magnetometer.
Magnetite, iron, nickel, and cobalt nanoparticles possess superparamagnetic prop-
erties at nanoscale, making them suitable candidates for being used as diagnostic
tools. However, these nanoparticles are easily oxidized and tend to aggregate.
Prevention of oxidation and aggregation of magnetic nanoparticles has been
achieved by constructing nanocomposites employing polymers on the outer layers.
Iron nanoparticles of 15-20 nm have been embedded in beads of styrene and glyc-
idyl methacrylate, resulting in 100-200 nm nanocomposites which are stable,
exhibit a zeta potential of —58.4 mV, and show superparamagnetic properties that
have been used for tracking cells and also for calcium sensing. Such nanoparticles
at a size range of 2-3 nm have been used to diagnose undetectable lymph nodes
(Atanasijevic et al. 2006). Polymer coatings also prevent nonspecific protein adsorp-
tion, an important requisite to biosensing (Jain 2007). Dextran-coated iron oxide
nanoparticles have also been used to enhance visualization of intracranial tumors in
magnetic resonance imaging. CellTracks are commercially available ferrofluids,
i.e., a magnetic core surrounded by a polymer layer which has antibodies attached
for capturing cells. The conjugated antibodies bind to the antigen on target cells.
This commercially available ferrofluid has been used to detect circulating cancer
cells and also for isolation of bacteria, making it easier to manage patients with seri-
ous infections (Manoharan et al. 2018). The toxicity of magnetic nanoparticles is
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determined by the constituents of the particle including the magnetic core (e.g.,
magnetite, iron, nickel, and cobalt), the outer polymeric shell, along with the shape
and size of the particle.

9.2.4 Quantum Dots for Diagnostics

Quantum dots or semiconductor nanoparticles have unique optical properties
including simple, broad excitation range with a very narrow or sharp emission with
the emitted wavelength being dependent on size and composition of quantum dots.
These molecules exhibit size-dependent properties because of the presence of
“bandgap.” Bandgap is defined as the difference in the energy levels of the valence
band, the primary residence of electrons, and the conduction band, the energy level
to which the electrons reach after excitation. The movement of electron from con-
duction band to valence band when the excitation is stopped results in release of
energy in the form of light. The high sensitivity, simple instrumentation, and higher
photostability in comparison to organic or inorganic fluorescent dyes make them
suitable for various diagnostic applications including tagging viruses and cancer
cells. They can also be easily attached to cells, proteins, and nucleic acids making
them powerful tagging agents. The availability of quantum dots in red and infrared
colors enables whole blood analysis.

Carbohydrate-encapsulated quantum dots have been successfully employed in
imaging of cancer. Immunofluorescent labeling of breast cancer marker Her2 has
been achieved using polyacrylate-coated quantum dots that are covalently linked to
antibodies (Jain 2007). Cell surface proteins of respiratory syncytial virus have been
detected using quantum dots linked to antibodies (Bentzen et al. 2005). Dual color
quantum dots, capable of excitation with a single light source, have also been devel-
oped for detection of respiratory syncytial virus within few hours. Respiratory syn-
cytial virus while infecting lungs leaves its coat containing F and G proteins on the
cell’s surface. Antibody-linked quantum dots when come in contact with viral parti-
cles or infected cells stick to their surface assisting their diagnosis during the course
of infection itself. However, the most commonly used quantum dots made of CdSe
(cadmium selenide)-ZnS (zinc sulfide) release potentially toxic cadmium and zinc
ions into the cells. The toxicity of such quantum dots can be prevented by capping
them with zinc oxide which prevents Cd** formation on exposure to air (Jain 2007).

The synergy between metallic, polymeric, semiconductor, and magnetic nanopar-
ticles has contributed in development of several nanomedicines for disease diagno-
sis. While the unique optical, magnetic, and size-dependent properties of
nanoparticles make them suitable candidates for disease diagnosis, their ability to
undergo surface modification with polymers, antibodies, or aptamers helps in
increasing their circulation time and reduces their potential toxicity. Conjugation of
these nanoparticles with aptamers has helped in development of more robust diag-
nostic tools which have been discussed in the following section.
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9.2.5 Aptamer Nanoparticle Conjugates for Diagnostics

The current decade witnessed many advancements in aptamer-nanoparticle conju-
gates for diagnostic applications (Sharma et al. 2017; Dhiman et al. 2017; Sharma
et al. 2016; Sharma and Shukla 2014). Aptamers modified with nanomaterials have
great potential to be used in clinics for diagnostics purposes (Kalra et al. 2018; Kaur
et al. 2018; Chopra et al. 2014). The conjugate can bind with a broad range of
diverse targets ranging from small molecules and proteins to intact viruses and
whole cells. Aptamers have been selected for small molecules like cocaine, aspar-
tame, growth factors, toxins, peptides, viral proteins, and bacterial cells. Based on
the transduction principle, the diagnostic and imaging applications can be further
categorized into electrochemical, colorimetric, fluorescence, or magnetism based
methods outlined in the following subsections.

Fluorescence-Based Sensors

The unique optical properties of quantum dots or semiconductor nanoparticles
make them suitable for use in conjugation with aptamers for diagnostic and imaging
applications. The first reported use of quantum dots in conjugation with aptamer
was done by Levy et al. (Levy et al. 2005). In this work, they detected thrombin
using “Fluorescence Resonance Energy Transfer (FRET)” principles (Fig. 9.3) (Lee
et al. 2010). Thrombin aptamers were functionalized on quantum dots, and the com-
plementary nucleotide strand had a quencher at the end. In the presence of thrombin
in the test sample, the single-strand aptamer bound to thrombin and the complemen-
tary DNA-containing quencher were released that lead to fluorescence of quantum
dot (Levy et al. 2005). In advancement of the above method, Choi et al. (2006)
modified the sensor where interaction of thrombin with aptamers brought them
close to quantum dots that resulted in selective quenching of fluorescence due to the
charge transfer occurring from thrombin to the quantum dots with a limit of detec-
tion of 1 mM (Choi et al. 2006).

Meng et al. (Meng et al. 2016) devised a FRET-based biosensor for sensitive
determination of adenosine triphosphate (ATP) using aptamers. In this setup, 5’-car-
boxyfluorescein (5'-FAM), gold nanoparticles were used as energy donor and
acceptor, respectively, and were conjugated with complementary single-stranded
DNA. This aptasensor was developed by hybridization between the complementary
DNA strands of both donor and acceptor molecules. The setup could detect ATP in
the linear range of 0.1-100 pM with limit of detection 15.2 nM. In the presence of
specific ATP as the target, the FRET frequency of this detection system was gradu-
ally increased while nonspecific targets like uridine. Cytidine and guanosine tri-
phosphates had no such significant changes in frequency (Meng et al. 2016). In
order to reduce background fluorescence, enhance regeneration and long-term stor-
age, the fluorophore-labeled DNA could be immobilized on a solid surface.
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Fig. 9.3 Aptamer-quantum dot-based fluorescent sensors. (a) Thrombin aptamer is conjugated
onto quantum dot and hybridized to a complementary DNA with a quencher. Fluorescence of
quantum dot is quenched due to energy transfer from the quantum dot to the quencher. The com-
plementary DNA containing the quencher can be released after introduction of thrombin, inducing
recovery of the fluorescence from quantum dot. (b) Thrombin aptamers are conjugated to quantum
dots. The fluorescence of quantum dots can be quenched as thrombin binds to aptamer due to the
charge transfer from thrombin to quantum dot. [Adapted from Lee, Yigit (Lee et al. 2010) with
permission from Elsevier]. (QD-quantum dot)

While quantum dots conjugation with aptamers has been used for fluorescence
based sensors, metallic nanoparticles have been conjugated with aptamers for devel-
oping colorimetric and electrochemical based diagnosis methods discussed in the
following sections.

Colorimetric Sensor

Colorimetric properties of nanoparticles are a function of their size and complexity.
The most commonly used nanoparticles for colorimetric detection are gold and sil-
ver nanoparticles. Gold nanoparticles have a very high extinction coefficient. As
discussed earlier, dispersed gold nanoparticles show reddish color while aggregated
show blue color due to surface plasmon resonance shift to a higher wavelength
(Mirkin et al. 1996). Chang et al. (2013) demonstrated the detection of platelet-
derived growth factor (PDGF) using gold nanoparticles-aptamer bioconjugate by
colorimetric detection (Fig. 9.4). The detection was based on base stacking effect
coupled with unmodified gold nanoparticles as indicator. In the presence of target
protein which binds to aptamer probe, followed by base stacking effect that resulted
in a favourable and stable interaction between the aptamer and the capture probes.
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Fig. 9.4 (a) Schematic of the PDGF-BB detection design. (b) Absorption spectra for the aptasen-
sor in the presence of specific and nonspecific proteins in 1X phosphate buffer saline. The concen-
trations of all proteins were 50 nM. Inset: Photographic images of the corresponding solutions.
[Adapted from Chang, Wei (Chang et al. 2013) with permission from Elsevier]. (PDGF platelet-
derived growth factor, BB aptamer probe, /FN-y interferon y, BSA bovine serum albumin, NaCl
sodium chloride, Abs absorbance)

Further, capture probes dissociation from the gold nanoparticles surface induced
their aggregation, while in the absence of PDGF, both the aptamer and the capture
probe coexisted in solution because the complementary sequences were short (8 bp
only). This label-free sensitive colorimetric sensor can detect up to 6 nM (Chang
et al. 2013). Colorimetric sensing being more sensitive, many research groups
focused on the development of nanoparticle-aptamer conjugate for the detection of
biomarkers for a disease or disease-causing organism or even whole cell of infection
agent. More recently, our group has developed a “turn-on” aptasensor based on the
peroxidase-like activity of gold nanoparticles (regarded as NanoZyme) for the
detection of small molecules like kanamycin and acetamiprid, a neurotoxic pesticide
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(Weerathunge et al. 2014; Sharma et al. 2014). This approach gives a highly specific
colorimetric output owing to the specific interaction of aptamer to its cognate target.
This strategy yields highly sensitive detection down to 0.1 ppm acetamiprid and
~1.5 nM kanamycin (Sharma et al. 2014). Being a generic approach, this strategy
may also be used for the detection of other complex targets like whole cells.

Optical sensors exhibit high sensitivity and specificity, but their sensitivity is
reduced in presence of a colored sample which interferes with the detection mecha-
nism. The diagnostic tool often employed for detection of analytes in colored sam-
ples such as blood is based on electrochemical sensing discussed as follows.

Electrochemical Sensor

For colored samples, electrochemical sensors are indispensable. Blood sample being
colored can be easily monitored using electrochemical sensors. Lai et al. (2007)
reported the detection of PDGF using an electrochemical, aptamer-based sensor
directly in unmodified blood serum. They claimed that the sensor being very sensi-
tive and highly selective could “detect the BB variant of PDGF at 1 nM directly in
undiluted, unmodified blood serum and at 50 pM (1.25 ng/mL) in serum-diluted
2-fold with aqueous buffer” (Lai et al. 2007). Compared to optical detection meth-
ods, this approach has improved the detection limit by four orders of magnitude.
Further, the aptamer-based sensing method is reusable, label-free, and electronic.
These features encourage the implementation of electrochemical sensors in portable
microdevices to be used on-site use for detection of protein and small molecules in
clinical samples.

In a very interesting work, Shukoor et al. (2012) developed Boolean logic opera-
tions for the detection of PDGF and vascular endothelial growth factor (VEGF)
(Fig. 9.5). “In this work, gold nanoparticles perform Boolean logic operations in
response to two proangiogenic targets important in cancer diagnosis and treatment:
PDGEF and VEGEF. In the absence of protein target, gold nanoparticles are initially
dispersed as a red solution; the addition of target proteins causes nanoparticle aggre-
gation, turning the solution blue, as well as the release of dye-labeled aptamer
probes, which causes an increase in fluorescence. These outputs constitute an AND
or OR gate for simultaneous protein detection. We believe this logic-gate-based
detection system will become the basis for novel rapid, cheap, and reliable sensors
for diagnostic applications” (quoted with permission from ACS). The developed
sensor could spectrophotometrically detect protein concentrations as low as 1 nM;
however, a clear visible color change from red to purple was observed at a protein
concentration of 25 nM (Shukoor et al. 2012). The logic-based detection method
due to its high specificity and sensitivity presents itself as a promising diagnos-
tic tool.

Thus, the conjugation of nanostructures with aptamers has been utilized for
development of sensors with fluorescence, optical, and electrochemical detection
signals. Aptamer-nanoparticles-based sensing method is sensitive, highly specific,
reusable, and label-free. It presents itself as a promising diagnostic tool for the
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Fig. 9.5 (a) Scheme 1. (Top) Two Types of Nanoparticles That Make up the Nanoparticle Logic
Gate with No Target in the System and Each Aptamer (Purple and Orange) Protecting Its
Complementary DNA. (Bottom) Components Used in the System. (b) Scheme 2. Schematic of
Gold Nanoparticle-Based OR (Top) and AND (Bottom) Logic Gate Designs for Fluorescence
Detection and Colorimetric Output Mode, Respectively. [Adapted from Shukoor, Altman (Shukoor
et al. 2012) with permission from American Chemical Society (ACS)]

future. Apart from being wonderful sensors, nanoparticles have been successfully
used to assist diagnostic imaging done by sophisticated techniques including mag-
netic resonance imaging, computed tomography, ultrasound, optical imaging, and
photoacoustic imaging, as well as positron emission tomography and single photon
emission computed tomography as pointed out in the subsequent section.
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9.2.6 Nanostructures in Imaging

The unique properties of materials at the nanoscale make them suitable candidates
for being explored to assist noninvasive imaging techniques such as magnetic reso-
nance imaging, computed tomography, ultrasound, optical imaging, and photo-
acoustic imaging, as well as positron emission tomography and single photon
emission computed tomography. The requisite properties of nanoparticles to make
them suitable as contrast enhancement agents include high site specificity and
appropriate blood circulation half-lives. While particles <5 nm have a very short
circulation half-life due to uptake and clearance by the reticuloendothelial system,
those >1 pm might have a very large circulation half-life due to no clearance or
uptake by reticuloendothelial system increasing the background signal (Kiessling
etal. 2014). Among the wide variety of nanomaterials available, iron oxide nanopar-
ticles have been used as contrast agents in magnetic resonance imaging to either
monitor gene expression or to detect cancer, inflammation, arthritis, or atheroscle-
rotic plaques (Moghimi et al. 2005). Also, quantum dots have been employed for
antigen, receptor, and enzyme imaging along with tracking of metastatic tumor cell
extravasation (Akerman et al. 2002; Voura et al. 2004; Dahan et al. 2003; Wu
et al. 2002).

Nanoparticle-aptamer conjugates have also been used in imaging methods such
as magnetic resonance imaging and surface-enhanced Raman scattering (SERS).
SERS imaging is based on “Raman scattering” which can be defined as the inelastic
scattering of a photon by an excited molecule. Raman scattering can be amplified
by employing SERS phenomenon. Wang et al. (2007) have shown the detection of
a-thrombin by SERS. Two aptamers were selected for two binding sites of throm-
bin. Here in this work, they first immobilized aptamer 1 on a substrate and then
treated with thrombin followed by gold nanoparticles functionalized with aptamer 2
and SERS reporter. The authors claimed the detection limit to be around
0.5 nM. Advantage of SERS is that it can be used for in vivo imaging also.
Polyethylene glycol-modified nanoparticle-aptamer bioconjugate can be used for
targeted imaging of tumors (Qian et al. 2007; Keren et al. 2008). Table 9.1 summa-
rizes the use of different nanostructures for a wide variety of noninvasive imaging
techniques used for diagnosing different pathophysiologies.

Therefore, nanostructures have improved medical diagnosis by providing inex-
pensive, reproducible, sensitive, and highly specific methods for disease diagnosis
either in terms of sensors or as imaging agents. While a large variety of products
have already reached market (Table 9.2), many are in different phases of clinical
trials (Caster et al. 2017) or are being developed at laboratory scale to provide dif-
ferent tools and hence help understand the mechanisms in which normal and dis-
eased cells differ, along with detecting disease-specific analytes. The magnificent
properties of nanostructures have not only advanced nanodiagnostics, but the treat-
ment of diseases has been explicitly enhanced by nanostructure-based delivery
agents described in the rest part of the chapter.
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Table 9.1 Different nanostructures employed for disease diagnosis using noninvasive imaging
techniques (Baetke et al. 2015)

Imaging method Nanoparticulate contrast agents developed

Magnetic resonance imaging Gadolinium — containing probes

(Ultrasmall) superparamagnetic iron oxide
nanoparticles

Paramagnetic liposomes and polymers
ParaCEST agents
Hyperpolarized probes

Computed tomography Iodine-based micelles and liposomes

Barium-based nanoparticles

Gold-based nanoparticles

Bismuth nanoparticles

Ultrasound Targeted and nontargeted gas-filled microbubbles
Nanobubbles
Air-releasing polymers

Optimal imaging Near-infrared fluorochrome-labeled nanoparticles

Quantum dots
Fluorescent nanoparticles probes

Photoacoustic imaging Gold nanoparticles, gold nanorods

Carbon nanotubes

Fluorescent dye-loaded nanoparticles

Positron emission tomography Radioactive contrast agents (e.g., radiolabeled gold
nanoshells)
Polymeric nanoparticles
Single photon emission computed Technetium-labeled gold nanoparticles
tomography Indium-labeled liposomes

Nano- and microcolloids

Table 9.2 Different nanostructures in market for in vivo imaging and diagnostics (Wagner et al.
2006)

Market product or

application Nanostructure Indication

In vivo imaging

Resovist Iron nanoparticles Liver tumors

Feridex/Endorem Iron nanoparticles Liver tumors

Ferumoxsil Siloxane-coated iron oxide Oral contrast agent
nanoparticles

Gastromark/Lumirem Iron nanoparticles Imaging of abdominal structures

Sienna Dextran-coated iron oxide Sentinel lymph node mapping
nanoparticles

In vitro diagnostic

Lateral flow tests (NicAlert, | Colloidal gold Pregnancy, ovulation, HIV,

Verigene) among others

Clinical cell separation Magnetic nanoparticles Immunodiagnostics

(CellTracks)
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9.3 Nanostructures for Drug and Gene Delivery

Nanostructures offer several advantages over conventional drug therapies, making
them suitable candidates for drug and gene delivery applications. The small size of
nanostructures, 5—100 nm, makes them suitable for staying in circulation for a lon-
ger time and increasing cellular uptake by various cells, thus increasing the proba-
bility of reaching the target site. Moreover, the size of nanostructures also makes
them suitable candidates for enhanced permeability and retention effect which is
helpful in treating cancer due to the leaky tumor vasculature (Kumar 2012; Greish
2010). The higher surface area to volume ratio of nanostructures increases drug dis-
solution, resulting in the drugs being effective at low dosage. Moreover, the bio-
availability of drugs is increased by their association with nanostructures as they are
protected against degradation while in circulation. Nanostructures also help in
improving the pharmacokinetics of poorly water-soluble or insoluble drugs
(Dreaden et al. 2012). Since conventional drug therapies involve systemic application
of drugs, they do not just damage the diseased cells but even harm the healthy ones.
The abovementioned issues can be circumvented by using different nanostructures
such as micelles or liposomes and nanoparticles made of polymers, lipids, or inor-
ganic material for drug or gene delivery. Targeted delivery of the therapeutic mole-
cule by attaching antibodies and aptamers helps in specific and selective delivery,
increasing the effectiveness of the drug. With targeted drug delivery, the concentra-
tion of the therapeutic molecule increases at the desired sites of action while other
tissues remain unaffected. The following sections discuss applications of different
nanostructures as antimicrobials for treatment of cancer, pain, asthma, multiple
sclerosis, and kidney diseases.

9.3.1 Nanostructures for Cancer Treatment

Conventional therapies to treat cancer generally involve use of radiation and chemo-
therapy which cause significant damage to healthy cells as well. Nanostructures in
the form of polymeric, lipid, inorganic, or magnetic nanoparticles are being exten-
sively employed to treat cancer by active or passive targeting. The first liposomal
formulation encapsulating anticancer drug Doxil was approved by Food and Drug
Administration in 1995. Since then, a plethora of drugs including amphotericin B,
daunorubicin, and morphine have been encapsulated in liposomes and are being
marketed as commercial products (Table 9.3). Encapsulation of commonly used
anticancer drug paclitaxel in albumin nanoparticles (130 nm) resulted in reducing
the side effects (Micha et al. 2006) of the drug administered systematically along
with higher drug dosing at tumor site (Ibrahim et al. 2002). Nanostructures have
alsobeenusedformultipledrugtherapy,forexample, polymerpoly-(lactic-co-glycolic)
acid (PLGA) was used to encapsulate drug doxorubicin (chemotherapeutic) in
liposomes composed of phospholipids conjugated with polyethylene glycol and
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Table 9.3 Approved nanostructure products in market for drug and gene delivery applications
(Wagner et al. 2006)

Disease Market
category Indication Drug Nanostructure product
Infectious Fungal infections Amphotericin B | Lipid complex Abelcet
Lipid colloidal Amphotec
dispersion
Liposome Ambisome
Hepatitis B and C Interferon a-2a Pegylated Pegasys
Hepatitis C Interferon o-2b Pegylated Peglntron
Cancer Breast cancer, Paclitaxel Albumin-bound Abraxane
pancreatic cancer, nanoparticle
non-small cell lung
cancer
Kaposi’s sarcoma Daunorubicin Liposome DaunoXome
Cancer, meningitis Cytosine Liposome Depocyte
arabinoside
Kaposi’s sarcoma, Doxorubicin Liposome Doxil
ovarian cancer, breast
cancer, and multiple
myeloma
Breast, lung, and Paclitaxel Polyethylene Genexol-PM
ovarian cancer glycol-polylactic
acid polymeric
micelle
Cancer Kaposi’s sarcoma, Doxorubicin Liposome Lipo-Dox
breast and ovarian
cancer
Acute lymphoid Vincristine Liposome Marqibo
leukemia
Osteosarcoma Mifamurtide Liposome Mepact
MTP-PE
Breast cancer Doxorubicin Liposome Myocet
Thermal ablation - Iron oxide NanoTherm
glioblastoma nanoparticle
Leukemia L-Asparaginase | Polyethylene Oncaspar
glycol protein
conjugate
Acromegaly - Polyethylene Somavert
glycol-human
growth hormone
Liver and renal cancer | Styrene maleic Polymer protein Zinostatin
anhydride conjugate stimalamer

neocarzinostatin

(continued)
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Table 9.3 (continued)
Disease Market
category Indication Drug Nanostructure product
Neural Multiple sclerosis Glatiramer Copolymer of Copaxone
acetate alanine, lysine,
glutamic acid, and
tyrosine
Age-related macular Anti-vascular Pegylated aptamer | Macugen
degeneration endothelial
growth factor
Age-related macular Verteporfin Liposome Visudyne
degeneration
Miscellaneous | Immunodeficiency Adenosine Pegylated drug Adagen
disease deaminase
Antiemetic - Nanocrystalline Emend
aprepitant
Menopausal therapy Estradiol Micellar Estrasorb
nanoparticles
Severe combined Adenosine Pegylated liposome | Exparel
immunodeficiency deaminase
Postoperative pain Bupivacaine Liposome Exparel
Anemia of chronic - Carbohydrate- Feraheme
kidney disease coated iron oxide
Eating disorder Megestrol acetate | Nanocrystalline Megace ES
formulation
Chemotherapy-induced | Filgrastim Pegylated-G- Neulasta
neutropenia cerebrospinal fluid
Immunosuppressant - Nanocrystalline Rapamune
sirolimus
Chronic kidney disease | — Cross-linked Renagel
poly(allylamine)
resin
Lipid regulation - Nanocrystalline Tricor or
fenofibrate Triglide

drug combretastatin (antiangiogenic) (Sengupta et al. 2005). The synthesized nano-
structures, 80—100 nm in diameter, assist control release due to slow degradation of
PLGA along with increased residence time due to polyethylene glycol conjugation
(Harris and Chess 2003), thus increasing the effectiveness of drugs by enhanced
permeation and retention effect. Recently, Hrkach and Von Hoff (2012) reported
synthesis of polylactic acid-PLGA nanoparticles containing anticancer drug
docetaxel, which were targeted to prostate-specific membrane antigen. The synthe-
sized nanoparticles were tested for their efficacy in mouse tumor models, and their
pharmacokinetics was tested in mice, rats, monkeys, and humans.
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Cationic liposomes, solid lipid nanoparticles are also being used to deliver
nucleic acid-based therapeutics including small interfering RNA, antisense oligo-
nucleotides, and aptamers (Farokhzad and Langer 2006). Active targeting of differ-
ent nanostructures often involves attaching receptor molecules such as antibodies
and aptamers on their surface that bind with antigens/molecules expressed on can-
cer cells (Kumar 2012). Different nanostructures being marketed for use in cancer
treatment are summarized in Table 9.3 and those approved for different clinical
phase trials in Tables 9.4 and 9.5. While cancer is the major target of most of the
nanostructures being developed, nanostructures are also being engineered for treat-
ment of diseases caused by microbial infections.

9.3.2 Nanostructures as Antimicrobials

Nanostructures not only act as delivery vehicles for delivery of different antimicro-
bials, but polymeric and metallic nanoparticles have themselves demonstrated anti-
microbial activity (Caster et al. 2017; Sharma et al. 2012a, b). The renal and
neurological toxicity of antibiotic aminoglycoside, a drug useful for treating
multidrug-resistant tuberculosis and gram-negative bacteria, was prevented by
encapsulating the drug in a liposomal formulation, which also increased the circula-
tion time of the drug (Caminero et al. 2010; Canton et al. 2005; Meers et al. 2008).
Inhalable liposomal formulation for drug-resistant pseudomonas infections is under
clinical trials to treat patients with cystic fibrosis. Amphotericin B, an antifungal
agent, is also being marketed as a liposomal formulation (Larson et al. 2000).
Various dendrimeric and polymeric formulations containing antibiotic, antibacte-
rial, and antifungal drugs are being developed to prevent these infections. Different
polymeric and metallic nanoparticles are themselves being used as antimicrobials.
While quaternary ammonium polyethyleneimine, a highly charged polymer mole-
cule, has been employed to disrupt the membrane of gram-positive and gram-
negative bacteria (Ortega et al. 2015), nano silver has been used to induce toxic
effects. Nano silver kills bacteria by release of ions that can easily penetrate the
organism. In a recent study by Sharma and Sapra (Sharma et al. 2012b), silver
nanoparticles were functionalized in a single step with an antibacterial peptide,
enterocin, from a food-grade lactic acid bacterium. The synthesized nanoparticles
exhibited broad-spectrum inhibition without any detectable toxicity to red blood
cells. Inhibition in the growth of Staphylococcus aureus and Escherichia coli was
determined using scanning electron microscope and has been depicted in Fig. 9.6
(Sharma et al. 2012b).

Protein-based nanoparticles containing respiratory syncytial virus fusion protein
have been developed to treat respiratory syncytial virus. Different nanostructures
being marketed for use in treatment of infectious diseases are summarized in
Table 9.3 and those approved for different clinical phase trials in Tables 9.4 and 9.5.



317

9 Nanomedicine: Diagnosis, Treatment, and Potential Prospects

(penunuoo)
i * orewA[og aurpoAafxoq snnuopotad ooy
I * Jwosodry g unudjoydury SISBIUBWIYSII] SNOAUBIND)
-1 urxojodip Jwosodi] V UIX0) wnurnog SINSAD [ennsIu]
-1 VSD-1 Qwosodr ur10dso[oh) SUBIN[QO SHI[OIYOUOIg
i IASY uro)oig urojoxd uorsny A SY SUOT)OQJUT SNITA TeNASUAS K10jerdsay]
I €OCCLVIN [eisAro/prdry g unuajoydury SISEIPIpUED SIUOIYT
urureud[Ayekjod
-1 19d-VO oLewA[od wnuowuy SUOIOJUI BIOY [BIO PAXIA
1 ® owosodr] 201VD Bruownaug
i 121 143 qwosodr 9reuoqe)e [oupaidajo snureydorg
111 QIOSBA[IS [2S01pAH IOA[IS suonoajur [esrdoy,
SUOIIOJJUT SITA ADUDIOOpOUNIUL
11 [98eAIA IOWILIPU(] IOUWILIPOISY uewny ‘snaia xo[durs sadioyg
1 Jaeurdo[ONVN aaeurdo|
I ZudIAeJoONVN oLewA[od ZUOIIABJF |  UOTOQJUI SNIIA AOUQIOLOpPOUNIII UBWNE
I ueInoAN qwosodry uneIsAN SUOT)OQJUI [e3UN,]
uoneordde
3nIp moN 10STIVIN [e1sAro/prdry upeIuY
HI-1I umbew|ng
it umbodriy Qwosodry uroexopoxdi) SUOT}OQJUI dATJEIQU-WERID)
SUOT}OdJUT XI[dWOD WNTIAB-WNLINOLQOIATA
11 QoY owosodr] UIBYIWwY ‘feuowopnasd ‘oaneSou-wern SNoNodJUT
oseyd Qe Jonpold QIMONISOUBN Snig 9sn [RUONBINSIAUL/UOTIBIIPU] K1039180
[e11) TeOTUI]D aseasig

(L10T 'Te 10 19)se)) suoneorjdde A1oarfop Snip 10y syermn [eorur]d ur syonpoid aimonnsoueu pasoiddy ¢ A[qeL



M. Bansal et al.

111 D-6¥01dS Qoo JoWA[04 urIqIOXoq JI9JUBD JLIISES PAJUBAPY
I €8/81dS-X1d | paresSn(uod rowLpudq [oxe100Qq JIOJUBD PAOUBAPY
(pouuerd) T 10€-XTID poye3n(uod rowkjoq [oxe1000( sIoun) AI0)oeIjoy
SQIOURUSI[EW [BIIS0[0J9UAS ‘QuuIojrnua
nni orxedQ xown[Srod [exeoeq BUWO)SB[QOI]T ‘IOdUBD JOoU pue Peof]
111 [ear[oed Qoo JoWA[0g [oxeoed SOIOURUSI[BW [BIISO[00UAD
I 1S€-XdD owosodr] ouiqere}fo + uroiqniouneq BIWAYNA] SnouaSo[oAw a1noe YSL-Y3IH
(uonejqe
111 XOpOULIdY ], owosodr] umiqnioxo( | Aouenbaijorper yim) siown Krerjiqoredoy
9rednluoo I20UBD
11 101-XTID ULNXIPO[OAD) uoyioidwe) | 181091 ‘sorourUSI[EW JOWN) PI[OS PAOUBAPY
I 910%-DON unerdirexQ
III/11 unepdoueN unedsty
1I/1 CI02IN 9[0T IOWATO | ([0qRIAU UBINOULIT) B¢-NS
I [nIworq O UroAWoN
I S0€-THI owosodry UBOIJOULI] soroueUSI[EW JOWN) PI[OS PAOUBAPY
J[reoru drrdwAjod I0oued Juny
I $T0-ANID pareSIel-vINSd [9XB1000(] | [[9D [[BWIS-UOU ‘I30UEBD 2Je1soxd oneiseloy
111 86E-ININ Jwosodr] UBdJOULI] 190UBD JNEBISBIIN
100ued Jun|
111 INd-[0XoU2D) Qoo w0 [oxenoed 1[99 [[BWIS-UOU IOJUBD ISBAIq ONLISBIOA
1 ST02IN o[[od1u JOWA[Oq [oxell[oRd
I ZOC-ININ owosodry uIqIOX0( I0JUBD JSBAIq O1EISEIOJA] I00UBD)
aseyd QuIeu 10NpoIJ QINJONISOUBN Sniq 3SN [BUOTIESTISIAUT/UOT)RIIPU] K1039180
[eL1) [eOIUI]D aseasig

318

(PaNuUnu0d) 76 AqRL



319

9 Nanomedicine: Diagnosis, Treatment, and Potential Prospects

pst awreu 3onpoid oNp*

i [°S1day wosodry QUIPOT QUOPTAO] uoy

I * wosodry qureoeardng QIN)ORI [RIOW]

I IVINAIT qwosodr QuojosIupalg SISATRIP [eUY]

I 10208-20'T-AN owosodr| V urre)iA stsoxqyy onedoy

-1 * ouowA[od QUOSEBYIAWEXI(] BUWIOP Ie[NOBW O1)dqRI(]
1 011-1dS ouwA[od urAwedey

1 [AYSSEN orwATg 9SBOL[) mon

I * RIERIAN ( urureA K>uaroyap ( ureiiy

I * Qwosodr QUOI)S0)SAT, swoldwAs esnedousjy

11 * qwosodr Quoidysadord/uadonsyg swojdwks esnedouspy

-1 utnsup AdH RIIERIAN utpnsuy S9leqel(

I unsodr| wosodry 4 uipue[Seisold 9seASIp [eLIoME [eroydiog

I 0867-6L-AVE awosodry IIIA 10198} JUBUIQUOIY Vv eriydowoy

I SNVL swosodry urdjoId A 9sea[onuopua SISOJRIOY JIUNOY

1 A9 T10I0y Qwosodry [AuBjuo,q BISageuy
asejnwsip aprxoradns

11 10NV swosodrg UZ/n) Jedrquiossy SONEULISp uoneIpey

it 600 TH Qwosodr urue[eqoo[Asoudpy spneuLep o1doyy

I 11000UBN] swosodry JuojosIupald SIII[0D QAIIBIO[N ‘SLIYLIE PIOJRWINSYY

UONUIAIOIUT ATBUOIOD

i 7199Vl qwosodry QJRUOIPUI[Y snoaue)norad 3sod STSOU)SAT ATRUOIOD) | SNOJUB[[ISTIA]

II-11 | wear) umoresde) wosodry udresde) Ayredonau oneaqer(q

it 100-1LV10d Qwosodr jsoxdourie| rwioone[3 ‘uorsudradAy remnoQo

I * Qwosodry 010 swAzua0) 1 2d£y erxeide 10jowomnoQ

JuoryieInin
1 qloSIpeay swosodry auoryeInin
-1 UIuLINOBIOY |, pIo[[0D urunoIn)) eruarydoziyog [BINON




320

M. Bansal et al.

Table 9.5 Approved nanostructure products in clinical trials for gene delivery applications (Caster

et al. 2017)
Disease Clinical trial
category Indication Target Drug phase
Infectious Ebola virus infection VP24, VP35, TKM-100201 |I
Zaire ebola,
L-polymerase
Respiratory syncytial virus | Respiratory ALN-RSVO1 |II
infection syncytial virus
nucleocapsid
Hepatitis B virus infection | HBV conserved | ARC-520 I
domains
Cancer Adult, pediatric tumors p33 SGT-53 1I
Pancreatic cancer KRAS siG12D- 11
LODER
Solid tumor malignancies | KSP and VEGF | ALN-VSP I (extension
trial recently
completed)
Solid tumor malignancies | RRM2 CALAA-01 I (terminated)
Solid tumor malignancies | cRaf LErafAON 1
Solid tumor malignancies | RX34 miR-RX34 I
microRNA
Solid tumors PKN3 Atu027 I
Recurrent solid tumors EphAS EphA2-DOPC |1
Non-small cell lung cancer | Fus 1 gene DOTAP-Chol- |1
(insertion) EGFR
Oral squamous cell EGFR DC-Chol- I
carcinoma EGFR
Cancer PLK1 TKM-080301 | I
Advanced cancers EphA2 Small I
interfering
RNA-EphA2-
DOPC
Neural Pachyonychia congenita K6a (N171 K | TD101 I
mutation)
Age-related macular VEGFRI1 AGN211745 11
degeneration, choroidal
neovascularization
Ocular pain, dry eye TRPV1 SYL1001 /11
syndrome
Ocular hypertension, ADRB2 SYL040012 I
open-angle glaucoma
Optic atrophy, nonarteritic | CASP2 QPI-1007 I

anterior ischemic optic
neuropathy

(continued)
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Table 9.5 (continued)

Disease Clinical trial
category Indication Target Drug phase
Miscellaneous | Kidney injury, acute renal | p53 ISNP /i
failure
Choroidal RTP801 PF-655 11
neovascularization, diabetic | (proprietary (PF-04523655)
retinopathy, diabetic target)
mascular edema
Diabetic mascular edema, | VEGF Bevasiranib I
mascular degeneration
Familial adenomatous CTNNB1 CEQ508 /11
polyposis
Cicatrix scar prevention CTGF RXi-109 1
Transthyretin-mediated Transthyretin Patisiran TI/1IT
amyloidosis (ALN-TTRO02)

ALN-TTRsc | I
ALN-TTRO02 11
Hypercholesterolemia ApoB PRO040201 I (terminated)
PCSK9 ALN-PCS I (completed)
KRAS Kirstin Rat Sarcoma Viral Oncogene Homologue, KSP Kinesin Spindle Protein, VEGF

Vascular Endothelial Growth Factor, PCSK9 Proprotein Convertase Subtilisin/Kexin Type 9,
RRM?2 Ribonucleotide Reductase 2, ApoB Apolipoprotein

9.3.3 Nanostructures for Other Diseases

Nanostructures are also being explored for increasing the efficacy of drugs associ-
ated with ophthalmic conditions, pain management, psychological illness, meta-
bolic disorders, as well as neurological, cardiovascular, respiratory, and autoimmune
diseases. These have been discussed briefly in the subsequent paragraphs.
Blood-brain barrier is one of the major turning stones in treating diseases associ-
ated with central nervous system. Blood-brain barrier protects the brain cells by not
allowing foreign substances to enter and thus prevents therapeutic molecules to
enter. As a consequence, the amount of drug administered is very high, resulting in
adverse side effects. However, nanoparticles have demonstrated the ability to cross
the blood-brain barrier and effectively deliver the drugs to brain cells. Doxorubicin
is unable to cross the blood-brain barrier when given directly; however, its associa-
tion with polysorbate 80-modified polybutylcyanoacrylate nanoparticles facilitates
its delivery to the brain (Gulyaev et al. 1999). An analgesic drug dalargin was deliv-
ered to the central nervous system by adsorbing onto poly(butyl cyanoacrylate)
(PBCA) nanoparticles (Kreuter et al. 2003). PBCA has also been used to treat
Alzheimer’s disease (Siegemund et al. 2006). Other polymers that have been
employed include poly(hexadecyl cyanoacrylate) with polyethylene glycol,
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Fig. 9.6 Interaction of enterocin-capped silver nanoparticles with bacteria as observed through
scanning electron microscope. Upper panel, Staphylococcus aureus (a) untreated, (b) treated with
citrate-capped silver nanoparticles, and (c¢) treated with enterocin-capped silver nanoparticles.
Lower panel, Escherichia coli (d) untreated, (e) treated with citrate-capped silver nanoparticles,
and (f) treated with enterocin-capped silver nanoparticles (Sharma et al. 2012b)

poly(propylene oxide), and P-85 polymer. Polyethylene glycol-conjugated lipo-
somes have also demonstrated their potential to deliver drugs across the blood-brain
barrier. Prednisolone, a drug used to treat multiple sclerosis, was delivered using
polyethylene glycol-conjugated liposomes 90—100 nm in diameter (Schmidt et al.
2003). Nucleic acid-based therapeutics have also been developed using antibodies
conjugated to liposomes which have demonstrated their potential in rat models (Shi
et al. 2001).

Asthma, a very common allergic respiratory disease, is caused by drop in pro-
duction of interferon-y (IFN-y), which results in the patient being susceptible to
inflammation of the airways. Kumar et al. (Kumar et al. 2003) developed a polymer-
drug conjugate comprising of chitosan and IFN-y pDNA which was delivered intra-
nasally to increase the production of IFN-y and was reported to reduce inflammation.
Liposome-based 73 nm nanostructures have also been developed for treatment of
allergic asthma (John et al. 2003). However, the development of these nanostruc-
tures is still in inception and would need clinical trials to be brought to human use.

Nanostructures have also found applications in treating human immunodefi-
ciency virus (HIV), acquired immunodeficiency syndrome, and different ophthal-
mic conditions. HIV-1 protease inhibitor delivery is being investigated by Allemann
et al. using commercially available polymer Eudragit (De Jaeghere et al. 2000).
Solid lipid nanoparticles prepared using cationic lipids and surfactants have been
employed to adsorb HIV-1 Tat protein and DNA on the surface of nanoparticles
(Rudolph et al. 2004). Treatment of ophthalmic conditions is often associated with
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the ability of the drug to get entrapped in the ocular mucus layer that protects the
epithelial layer of cornea for a long duration. Nonsteroidal anti-inflammatory drugs
flurbiprofen and ibuprofen have been delivered to rabbit eyes employing nanopar-
ticles~ 100 nm in size using polymers such as poly(ethyl acrylate), poly(methyl
methacrylate), poly(chlorotrimethyl-aminoethyl-methacrylate), and commercially
available Eudragit (Pignatello et al. 2002a, b). These polymers assist controlled
release due to their properties of being insoluble and capability of swelling under
physiological conditions.

Nanostructures including solid dispersions, liposomes, nanoemulsions, self-
emulsifying drug delivery systems, nanostructured lipid carriers, cyclodextrins, and
nanocapsules have been employed for delivery of coenzyme Q10. Coenzyme Q10
is an antioxidant and essential molecule required for growth of every cell in the
body. Deficiency of Coenzyme Q results in disorders including neurological degen-
eration, reproductive disorders, aging, and cancer. The use of nanostructures for
delivery of coenzyme Q10 has resulted in reduced oxidative stress, increased bio-
availability, controlled release, and increased dissolution rates (Paroha et al. 2018).

In comparison to cancer and infectious diseases, not many products have reached
the nanomedicine market for treatment of ophthalmic conditions, pain manage-
ment, psychological illness, metabolic disorders, as well as neurological, cardiovas-
cular, respiratory, and autoimmune diseases. Table 9.3 summarizes the approved
products available in market for treatment of the mentioned diseases. However,
many nanostructures are under clinical trials (Tables 9.4 and 9.5) and in develop-
mental stages to be used as effective drug and gene delivery vehicles. Nanostructures
have also been conjugated to aptamers in order to enhance delivery efficacy.
Aptamer-nanostructure conjugates discussed below, due to their high binding affin-
ity and specificity, low immunogenicity, and versatile synthetic accessibility, offer
themselves as promising therapeutic agents.

9.3.4 Aptamer-Nanoparticle Conjugates for Therapeutic
Purposes

Nanoparticle-aptamer biconjugates along with varied diagnostic applications are
used for therapeutic purposes as well (Ghosh et al. 2013; Lambadi et al. 2015).
Aptamers with ease of selection and synthesis; high binding affinity and specificity;
low immunogenicity; and versatile synthetic accessibility are good candidates for
drug delivery in vivo. Different chemotherapy drugs like doxorubicin, docetaxel,
daunorubicin, cisplatin, toxins such as gelonin along with various photodynamic
therapy agents and small interfering RNAs can be delivered in the host body in a
programmed manner using nanoparticle-aptamer bioconjugates.

In one report, the authors used nanoparticle-aptamer conjugate which encapsu-
lated docetaxel. It was found that after endocytosis, the nanoparticle-aptamer-
docetaxel conjugate bound to prostate-specific membrane antigen on the cancer cell
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surface caused cellular toxicity while the control nanoparticle-docetaxel did not
cause toxicity to the cancer cell (Farokhzad et al. 2006; Bleickardt et al. 2002;
Miller and Kris 2000). Similarly, cisplatin, an anticancer drug, was delivered into
cancer cells (Dhar et al. 2008). In another work by Bagalkot et al. (Bagalkot et al.
2007), smart quantum dot-aptamer conjugate was designed which served both as a
fluorescence imager and a drug delivery vehicle. Different components were quan-
tum dots, prostate cancer cell-specific RNA aptamer, and doxorubicin. In the pres-
ence of cancer cells, quantum dot-aptamer (doxorubicin) system gradually released
doxorubicin induced by the binding of target molecule onto RNA aptamer. This
Dox release recovered the fluorescence of the quantum dot. So, the quantum dot-
aptamer (doxorubicin) system allows both targeted drug delivery and imaging target
cells (Bagalkot et al. 2007).

9.4 Further Applications of Nanostructures as Nanomedicine

Nanomedicine not only includes the fields of therapeutics and diagnostics but also
involves development of implantable materials and devices. Implantable materials
basically include materials for tissue repair/regeneration, bone implants, and
implant coatings. Surgical aids, implantable sensors, and sensory aids fall under the
category of implantable devices (Agrawal 2016; Lambadi et al. 2015).

Success of an artificial bone implant lies on its integration with the human body
which involves generation of osteoblasts on the implant, resulting in minimum
chances of rejection. If implant surfaces are left smooth, the surfaces get covered by
fibrous tissue resulting in loosening of implant and inflammation. Thus, covering
the implant surfaces with nanostructures made of polymers (nano-hydroxyapatite),
ceramics, and metals results in efficient integration of osteoblasts to the implant.
Coating of nanostructures has given rise to development of long-lasting and durable
implants (Sato et al. 2008). In order to improve scratch resistance of human teeth,
an artificial hybrid of poly(methyl methacrylate) copolymer and 15—18 nm ceramic
nanoparticles is available in market (de la Isla et al. 2003). Also, spherical, function-
alized magnetic nanoparticles have been used for cell separation and probing
(Pankhurst et al. 2003). Table 9.6 summarizes different nanostructure products
available in market as bone substitutes, dental composites, device coatings, medical
dressings, dialysis filter, and tissue scaffolds. A wide variety are still under develop-
ment and would benefit the nanomedicine market in near future.

Despite the innumerable advantages of nanostructures in the field of nanomedi-
cine, only a handful of products have been able to reach the market due to several
disadvantages that these magic bullets are associated with. However, maintenance
of a balance between the advantages and disadvantages would definitely open up
avenues for personalized medicine through therapeutics, diagnostics, and
theranostics.
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Table 9.6 Nanostructure products available in market for various applications

Application Product Nanostructure
Bone substitute | Vitoss 100-nm calcium phosphate
nanocrystals

Ostim 2-nm hydroxyapatite nanocrystals
OsSatura Hydroxyapatite nanocrystals
NanOss Hydroxyapatite nanocrystals
Perossal Hydroxyapatite nanocrystals
a-bsm, B-bsm, y-bsm, Hydroxyapatite nanocrystals
EquivaBone, CarriGen Ceramics nanoparticles

Dental repair Ceram X Duo Silica and zirconium nanoparticles
Filtek Supreme Nanoparticles containing dental
Mondial Prosthesis
Nano-Bond Nanoparticle composite
Premise Nanoparticle composite
Tetric EvoCeram Nanoparticle composite

Device coating | ON-Q SilverSoaker/SilvaGard Antimicrobial nano silver
EnSeal Laparoscopic Vessel Fusion Nanoparticle-coated electrode
NanoTite Implant Calcium phosphate nanocrystal

coating

Medical Acticoat Antimicrobial nano silver

dressing

Dialysis filter | Fresenius Polysulfone Helixone Nanoporous membrane

Tissue scaffold | TIMESH (lightweight polypropylene 30-nm titanium coating
mesh)

Heart failure Pacemaker Fractal electrodes

9.5 Darker Side of Nanomedicine and Future Perspective

Applications of nanostructures in the field of diagnostics, therapeutics, and develop-
ment of implantable materials have helped the medicine industry because of several
advantages that these nanostructures offer. Nanomedicine has resulted in higher
specificity, increased sensitivity, and faster response time at a much lower price as
compared to conventional drug therapies. Nanobiosensors help in detection of very
low concentrations of analyte under consideration and have also assisted targeted
delivery (Sharma et al. 2015). Nanomedicine has helped treat a wide range of ill-
nesses including cancer, pain, asthma, multiple sclerosis, and kidney diseases
(Manoharan et al. 2018). While nanomedicine is becoming an important part of
modern medicine, toxicity of the developed nanostructures to humans and the envi-
ronment is a major concern. Disposal of nanostructures used for diagnosis of
infectious diseases is a serious environmental concern. Nanostructures developed
for therapeutic purposes are in very preliminary stages, and the long-term effects on
human health require further investigation. While toxicity is a major concern, stud-
ies are being done to reduce the toxicity of the synthesized nanostructures weighing
the benefits provided by them. For example, toxic CdSe quantum dots have been
coated with ZnS/polyethylene glycol to reduce their toxicity (Ballou et al. 2004).
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Naturally available polymers and lipids that are biocompatible and biodegradable
are being employed to address the toxicity issues. Coating of nanostructures with
different natural polymers such polyethylene glycol or proteins has been demon-
strated to reduce toxicity to great extent (Goodman et al. 2004; Abraham et al.
2018). However, with risks associated with production, handling, and storage of
these nanostructures in terms of loss of efficiency, toxicity needs to be understood
further. Nanostructures possess the ability to integrate diagnostic and therapeutic
applications in a single nanoparticulate formulation, making them promising candi-
dates for theranostic applications which would help in personalizing nanomedicine-
based treatment. Thus, in summary, nanostructures have shown great potential to
play an important role in future development of diagnostics, therapeutics, and
theranostic applications contributing to personalized medicine—the need of hour of
modern medicine.
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