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Dissertation Director: Professor Ki-Bum Lee

Nanotechnology offers tremendous potential for use in biomedical applications, includ-
ing cancer and stem cell imaging, disease diagnosis and drug delivery. The development
of nanosystems has aided in understanding the molecular mechanisms of many diseases
and permitted the controlled nanoscale manipulation of biological phenomena. In re-
cent years, many studies have focused on the use of several kinds of nanomaterials for
cancer and stem cell imaging and also for the delivery of anticancer therapeutics to
tumor cells. However, the proper diagnosis and treatment of aggressive tumors such
as brain and breast cancer requires highly sensitive diagnostic agents, in addition to
the ability to deliver multiple therapeutics using a single platform to the target cells.
Addressing these challenges, novel multifunctional nanomaterial-based platforms that
incorporate multiple therapeutic and diagnostic agents, with superior molecular imag-
ing and targeting capabilities, have been presented in this work.

The initial part of this work presents the development of novel nanomaterials with
superior optical properties for efficiently delivering soluble cues such as small interfering
RNA (siRNA) into brain cancer cells with minimal toxicity. Specifically, this section
details the development of non-toxic quantums dots for the imaging and delivery of

siRNA into brain cancer and mesenchymal stem cells, with the hope of using these

i



quantum dots as multiplexed imaging and delivery vehicles. The use of these quantum
dots could overcome the toxicity issues associated with the use of conventional quantum
dots, enabled the imaging of brain cancer and stem cells with high efficiency and allowed
for the delivery of siRNA to knockdown the target oncogene in brain cancer cells.

The latter part of this thesis details the development of nanomaterial-based drug
delivery platforms for the co-delivery of multiple anticancer drugs to brain tumor cells.
In particular, this part of the thesis focuses on the synthesis and use of a biodegradable
dendritic polypeptide-based nanocarrier for the delivery of multiple anticancer drugs
and siRNA to brain tumor cells. The co-delivery of important anticancer agents using
a single platform was shown to increase the efficacy of the drugs manyfold, ensuring
the cancer cell-specific delivery and minimizing dose limiting toxicities of the individual

drugs. This would be of immense importance when used in vivo.
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Chapter 1

Introduction

Nanotechnology is considered to be an emerging, disruptive technology that will have
significant impact in all industrial sectors and across-the-board applications in cancer
research. In 1959, the promise of nanotechnology was outlined by Nobel Prize laureate
Richard Feynman in his famous talk, “There’s Plenty of Room at the Bottom”. Since
then, there has been tremendous investment in this area and an explosion of research
and development efforts in recent years, particularly in the area of nanomedicine and
cancer research. Nano refers to nanometer which is 1 x 10 m. Nanotechnology is the
engineering, characterization, and application of man-made structures on the scale of
1-100 nm in at least one dimension. Materials engineered on this scale have unique
properties that are not seen with materials on larger scales and materials at this scale
have a favorable profile for interaction with cell surface and intercellular structures.
We have witnessed tremendous progress of nanotechnology over the past few decades.
The recent emergence of nanotechnology, however, has set very high expectations in
biological and medical sciences. This is not surprising at all, given that the sizes of func-
tional elements in biology such as proteins and polynucleic acids are in the nanometer
scale range [1]. In addition, nanomaterials have novel electronic, optical, magnetic,
and structural properties that cannot be obtained from either individual molecules or
bulk materials. These unique features can be precisely tuned to explore biological
phenomena through numerous innovative techniques. In fact, we believe the current
nanotechnology-based approaches can resolve key questions concerning biological sys-
tems by giving us the ability to investigate, probe and manipulate these systems at

the nanoscale. Currently, there are over several nanotechnology-based products in the



market for applications such as drug delivery, molecular diagnostics and cancer ther-
apy. However, in order to apply nanotechnology to investigating and solving the key
questions in cancer biology and medicine, particularly in the field of drug deliivery
and molecular imaging, several conditions must be considered: i) the nanomaterials
used must be designed to have superior physical/chemical properties and interact with
proteins and cells without interfering with their biological activities, ii) nanomaterials
must maintain their physical properties after surface modification, and iii) nanomate-
rials must be non-toxic.

One of the important technological aspects of nanotechnology-based applications
lies in the ability to tune materials in a way that their spatial and temporal scales are
compatible with biomolecules. That said, materials developed at the nanometer scale
can investigate and control the interactions between biomolecules and their counter-
parts at almost the single molecule level. This, in turn, indicates that nanomaterials
and nanodevices can be fabricated to show high sensitivity, selectivity, and control
properties, which usually cannot be achieved in bulk materials. The wide range of the

scale of materials and biointeractions is described in Figure 1.1.
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Figure 1.1: Range of scale of biomolecular interactions. a) a dust mite, b) SEM of a
strand of hair, ¢) a virus, d) red blood cells, e) gold nanoparticles, f) side view of an
SEM of clay mineral and g) small molecules.



The last decade has seen a surge in the use of nanomaterials for several biological ap-
plications such as molecular imaging, diagnostics, biosensing and most importantly for
drug delivery. Even though, there are numerous studies on the use of nanomaterials for
drug delivery and imaging, very few have actually reached the clinic. Successful clinical
applications of nanomaterials for the treatment of cancer requires the ability to have
(1) targeted delivery of drugs or biomolecules in a cell- or tissue-specific manner; (2)
co-delivery of two or more drugs or therapeutic modalities for combination therapy; and
(3) visualization of sites of drug delivery by combining therapeutic agents with imaging
modalities; Furthermore, the nanomaterials must be non-toxic and biocompatible with

favorable clearance properties.
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Figure 1.2: Applications of nanotechnology in biology and medicine.



Therefore, it is not surprising that the last decade has seen a significantly large
proportion of chemists, materials scientists and biomedical engineers working hand-in-
hand with medical experts to develop newer and better nanomaterials to address the
current limitations in cancer diagnosis and therapy. Figure 1.2 summarizes some of the
important applications of nanotechnology in biology and medicine. This chapter will
broadly cover the applications of several novel nanomaterials in cancer biology with
a focus on (i) Nanostructures as multimodal imaging and diagnostic probes, and (ii)

Nanomaterials for drug delivery and effective cancer therapy.

1.1 Nanomaterial-based Molecular Imaging and Multimodal Diagnos-

tic Agents

Since ancient times, visualization of the detailed inner spaces of the body, without
surgery, was a physicians dream. Diagnostic imaging modalities are currently one of
the most rapidly expanding domains in the eld of medicine, with several methods for
imaging internal structures and functions of the body including X-ray, computed tomog-
raphy (CT), positron emission tomography (PET), single-photon emission computed
tomography (SPECT), ultrasound (US), and magnetic resonance imaging (MRI). Each
method has its advantages and disadvantages according to the physical phenomena
that are being employed to create imaging information. In CT, an X-ray beam is sent
through an object and is differentially attenuated by the various structures of the ob-
ject according to their densities. For example, in living organisms, bones impede most
of the incident X-rays, while soft tissues and uids do not. X-rays blunting across the
object are detected from multiple angles around the circumference of the scanner and a
two—dimensional (2D) image of each slice of the object can be reconstructed by a com-
puter. On the other hand, PET is an imaging method that uses a radioactive isotope
incorporated in a metabolically active molecule, commonly Fluorodeoxyglucose (FDG).
These radioactive tracers are injected into the circulating blood and decay by emitting
a positron, which on annihilation by an electron results in a pair of photons moving in

nearly opposite directions. These photons are then detected by a scintillator material in



the scanning device using photomultiplier tubes. SPECT also works on a similar prin-
ciple, the difference being that SPECT images are collected using gamma cameras and
the 2D images acquired from multiple angles are then tomographically reconstructed
to obtain a three—dimensional (3D) image. Nuclear medicine imaging techniques (e.g.,
PET and SPECT) have the advantages of an excellent sensitivity and the possibility
to create 3D images. However, the radiotracers could have dentrimental side effects.
In this regard MRI has emerged to be a very safe method for human in vivo imaging
that uses a powerful magnetic eld to align the nuclear magnetization of hydrogen atoms
which are responsible for the majority of MRI signals. Hence, the water distribution
in the body is shown by MRI to correlate with the anatomy of the body. MRI use
the principles of nuclear magnetic resonance (NMR) for signal acquisition (i.e., interac-
tions between nuclear spin and magnetic field). The distinguishing feature of MRI, in
comparison with other available methods, is its unique potential to probe the in vivo
molecular diffusion of water (i.e., its molecular movement along random paths).
Nanotechnology has contributed significantly to the advancement of medical imag-
ing and thus has become recognized as a key enabler in pharmaceutical research and
development. Advances in nanotechnology and their integration into imaging in analy-
ses of cellular and tissue functions, drug discovery, and drug delivery have contributed
to providing new and unique insights into the pathways and fates of drugs, nanosystems,
and molecular species involved in promotion of pathological processes or functional re-
pair. Nanoparticles (NPs), which are typically inorganic, organic and dendritic, are
attractive due to several unique properties owing to their size. Size is known to have a
profound effect on the properties of nanoparticles and by controlling the conditions of
nanoparticle synthesis, the size and shape can be controlled within a very tight distri-
bution [2]. Nanoparticles also have enormous surface-to-volume ratios which aids their
modification with various ligands and functional groups that can help target, internalize
or stabilize the NPs. While many of such properties may be described as intermediate
between bulk materials and small molecules, other properties such as superparamag-
netism and quantum confinement are unique to the nanoscale. These unique properties

of nanoparticles make them very useful for medical imaging and diagnosis of debilitating



diseases such as cancer and neurodegenerative disorders.

The small size of these nanoparticles allows them to be easily taken up by the cell.
In addition to the facile cellular uptake, they also exhibit unique pharmacokinetics,
thus leading to increased bioavailaibilty and minimal renal filtration. Furthermore, the
particles can interact with individual biomolecules at the molecular level. By making use
of inorganic, organic, and surface chemistry techniques, biomolecules such as antibodies
[3] or peptides [4] can be added to nanoparticles to include functionality for targeting,
improve cellular uptake or for the conjugation of multiple imaging and therapeutic
modalities. These NPs can then be used for delivery of the desired cargo into cells and
most importantly, for tracking the release once uptaken by them in vivo. Important
types of NPs used for imaging of cancer and stem cells, both in vitro and in vivo, with
an overall goal of improving currently available medical imaging methologies, will be

discussed.

1.1.1 Plasmonic Nanoparticles

Plasmonics refers to the study of enhanced electromagnetic properties of metallic nanos-
tructures. The term is derived from plasmons, the quanta associated with longitudinal
waves propagating in matter through the collective motion of large numbers of elec-
trons. Metallic nanoparticles, usually made of gold or silver, show distinctive optical

properties by virtue of their strong surface plamson resonance (SPR) (Figure 1.3) [5,6].
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Figure 1.3: Schematic illustration of the optical properties of metallic nanoparticles for
surface—enhaced Raman spectroscopy. Reprinted with permission from [5]. Copyright
2008 American Chemical Society.

The potential of metallic nanoparticles as optically active biological labels has led to
the development of a variety of novel applications in medicine and biosensing with un-
precedented sensitivity. [7-14] Typical scattering cross sections of metal nanoparticles
greatly exceed the absorption cross-section of fluorescent dyes [15] and of fluorescent
proteins [16,17]. The photostability, water solubility and nontoxicity of gold nanopar-
ticles make these probes advantageous for biological imaging. In addition, the facile
surface chemistry and conjugation strategies to attach targeting or therapeutic moi-
eties are well developed [18-21]. The development of gold nanoparticle-based contrast
agents has given rise to new opportunities in optical imaging of cells and tissues; agents
have been developed using gold-based nanoparticles with various geometries, including

nanoshells [22-24], nanorods [25,26] and nanocages [27].
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Figure 1.4: Schematic Illustration of the Working Mechanism of MBA /SMART-AuNP
in a Melanoma Cell. Upon internalization by the cell, MBA/SMART-AuNPs form
gold NP aggregates as the result of surface charge conversions of the NPs. The gold
NP aggregates can form surface enhanced Raman scattering imaging probes at the
internally created hot spots where Raman scatterings are greatly enhanced. Reprinted
with permission from [28]. Copyright 2013 American Chemical Society.

Gold nanoparticles can provide optical contrast via either absorption, scattering
or luminescence; the surface plasmon resonance peak of gold nanoparticles is strongly
influenced by particle size, shape, material composition and interparticle spacing, and
can be tuned from the visible (500-600 nm) to the NIR spectral region (700-850 nm),
where tissue is the most transparent [29]. For instance, it was recently demonstrated
that rapid aggregations of the gold NPs provided hot spots for a conjugated surface
enhaced Raman spectral (SERS) probe with the enhancement factor reaching 1.3x10%,
thus shifting the absorption to far-red and near-infrared (which is optimal for deep tissue
penetration) by the coupled plasmon resonances; this shift was successfully exploited for

the successful Raman imaging of cancerous cells and also for low-threshold photothermal



therapy (Figure 1.4) [28].

HaCat healthy cells HSC cancer cells

Figure 1.5: Molecular-specific imaging of cancer using gold nanoparticle/anti-EGFR
conjugates. Dark-field microscopy shows (right) HSC cancer cells clearly defined by
the strong LSPR scattering from (top) gold nanospheres and (bottom) gold nanorods
bound specifically to the cancer cell surface, whereas (left) HaCat healthy cells have
(top) gold nanospheres and (bottom) gold nanorods randomly dispersed without specific
binding. The scattering color (LSPR frequency) of the nanospheres and nanorods can be
clearly distinguished. Reprinted with permission from [30]. Copyright 2005 American
Chemical Society.

It has also been shown that targeted gold nanoparticles can be used to provide high
contrast images of cancer cells using a variety of optical modalities, including reflectance
confocal microscopy [19,29], dark-field microscopy [30], phase-sensitive optical coher-
ence tomography [31] and photoacoustic imaging [32,33]. For instance, El-Sayed et al
used immunotargeted gold NPs for differentiating cancerous cells from non-cancerous
cells using dark-field microscopy [30]. They reported that the anti-EGFR antibody—
conjugated nanoparticles specifically and homogeneously bind to the surface of the
cancer cells with 600% greater affinity than to the non—cancerous cells. This spe-

cific and homogeneous binding was found to give a relatively sharper SPR absorption
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band with a red shifted maximum compared to that observed when added to the non—
cancerous cells. These results suggest that SPR scattering imaging or SPR absorption
spectroscopy generated from antibody conjugated gold nanoparticles can be useful in
molecular biosensor techniques for the diagnosis and investigation of cancer cells in
vitro and in vivo (Figure 1.5). The concept of plasmon coupling of gold nanoparticles
has been explored extensively for molecular imaging of carcinogenesis [19,29,33]. A
number of cancer-related targets exist as closely spaced hetero- and homodimers; the
Epidermal Growth Factor Receptor (EGFR) is a prime example. Binding of the EGF
ligand induces EGFR dimerization and receptor aggregation in the plasma membrane.
Receptor mediated assembly of EGFR-targeted spherical gold nanoparticles on the cell
membrane can result in a dramatic spectral shift of more than 100 nm [29], thereby
allowing for the highly sensitive detection of labeled cells, even in the presence of single
unbound gold bioconjugates.

In addition to the gold NPs, metallic nanoparticles with a dielectric core/metallic
shell composition have been explored extensively as contrast agents for molecular imag-
ing. In particular, the optical resonance of nanoshells with a silica core and thin gold
coating can be tailored over a broad spectral range by simply changing the core size
and the core—to—shell ratio. Optimizing nanoshells to have peak scattering in the NIR
region imparts the highest imaging depth. The large optical cross-section of nanoshells
is especially valuable for imaging modalities such as optical coherence tomography and
confocal reflectance microscopy. Nanoshells targeted to human epiderml growth factor—
2 (HER2) have been used for dark-field and reflectance confocal imaging of HER2-
positive human breast carcinoma cells in vitro and ex vivo human tissue sections (Figure

1.6) [24,34,35].
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Normal HER2- HER2+

Figure 1.6: Reflectance confocal microscopy images of normal, HER2- cancerous, and
HER2+ cancerous human tissue samples incubated with a PBS (a) or HER2-targeted
nanoshells (b) for 5 min. Power for a and b at 0.4 mW and corresponding scale bar
represents 50 pum. Reprinted with permission from [35].

Nanoshell composition can be altered to reduce particle outer diameter while retain-
ing peak scattering in the NIR. For example, gold-gold sulfide nanoparticles (40 nm)
targeted to HER2, which are smaller than silica-gold nanoshells (120-150 nm), have
also been used for multiphoton imaging [36]. Multilayer, composite spherical nanopar-
ticles have been designed to further optimize optical properties for optical imaging
and therapeutic purposes. By altering the composition and thickness of three-layered
nanospheres, ultra-sharp resonance peaks are possible, which could allow for multiple

targets to be imaged simultaneously [21].

1.1.2 Magnetic Nanoparticles

The imaging of deep-rooted tumors such as brain cancer is an extremely challenging
task. Several techniques such as magnetic resonance imaging (MRI), bioluminescence,
positron emission tomography, and multiple photon microscopy are now available for

in vivo imaging of such tumors. Of these, MRI offers several advantages such as high
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resolution, speed, easy accessibility and three dimensional capabilities [37-39]. In addi-
tion to providing information about the tumor lesion, a significant advantage of MRI is
that it provides information about the surrounding tissues (e.g. normal tissue, vascu-
lature, edema or inflammation), which may give valuable information while performing
tumor resections in the brain and breast. Superparamagnetic iron oxide nanoparticles
(SPIONSs) have garnered significant attention owing to their biodegradability and inher-
ent contrast enhancement properties in MRI [40,41]. Magnetic nanoparticles (MNPs),
whose sizes can be precisely tuned, offer great potential for MRI applications. The
magnetic nanocrystals tend to behave as a single magnetic domain in which all nuclear
spins couple to create a single large magnetic domain. At certain temperatures and
crystal sizes, these moments wander randomly (superparamagnetic), or become locked
in one direction, making the material ferromagnetic [42]. Magnetic nanocrystals of dif-
fering compositions and sizes can be synthesized to generate ultra-sensitive molecular

images as shown in Figure 1.7 [43].

Figure 1.7: Cancer cells labeled with iron oxide nanoparticles. Prussian blue stained
histology images of micrometastases in lungs and livers from NP-IgG (control) and NP-
Neu (targeted) treated transgenic breast cancer mice. Scale bars correspond to 20 pm.
Reprinted with permission from [43]. Copyright 2012 American Chemical Society.

Magnetic nanoparticles can either bind to the external cell membrane or be internal-

ized into the cytoplasm. Particles that are bound externally do not affect cell viability
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and can be used for remotely actuating the MNPs, which causes the activation of sig-
naling pathways within the cells or causes the release of drugs from the MNPs Figure

1.8 [44,45].

Figure 1.8: Activation of cellular signaling processes by magnetized nanoparticles. (a)
Targeting and magnetic aggregation of cell surface receptors. (b) Scanning electron mi-
croscopy (SEM) image of before and after the magnetic field application. Nanoparticles
are false-colored as yellow for clear visibility. (c) Magnet setup diagram for cell activa-
tions. (d) Phosphorylation of Tie2 (p-Tie2) and Western blot analysis. (e) Phospho-
rylation of Akt (p-Akt) and fluorescence confocal microscopy images of cell cytoplasm
before and after application of a magnetic field. (f) Morphological change of HUVECs
with Tie2 receptors before and after the application of magnetic field. Reprinted with
permission from [44]. Copyright 2011 American Chemical Society.

On the other hand, the surfaces of MNPs can be modified to ensure that they are
internalized within cells in a highly efficient manner, with minimum deleterious effects
on the cells. For example, dextran or other similar polymers have been used to coat
the surfaces of superparamagnetic iron oxide nanoparticles (SPIONs) to enhance the
stability and solubility of SPIONSs [46], prevent aggregation [47] and above all to increase

their biocompatibility. The coated SPIONs are useful for imaging tumor vaculature and
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also for tracking the delivery of anticancer therapeutics with MRI. For example, SPIONs
coated with a copolymer of chitosan and polyethylene glycol (PEG) were labeled with a
fluorescent dye for optical detection and conjugated with a monoclonal antibody against
the Neu receptor (NP-Neu). SPIONSs labeled with mouse IgG were used as a non-—
targeting control (NP-IgG). These SPIONs had desirable physiochemical properties for
in vivo applications such as near neutral zeta potential and hydrodynamic size around
40 nm and were highly stable in serum containing medium. Only NP-Neu showed high
uptake in Neu expressing mouse mammary carcinoma (MMC) cells which was reversed
by competing free Neu antibody, indicating their specificity to the Neu antigen. In vivo,
NP-Neu was able to tag primary breast tumors and further only NP-Neu was found
to significantly bind to liver, lung, and bone marrow metastases in a transgenic mouse
model of metastatic breast cancer, highlighting the necessity of targeting for delivery
to metastatic disease. The SPIONs provided significant contrast enhancement in MR
images of primary breast tumors; thus, they have the potential for MRI detection of
micrometastases (Figure 1.9) and provide an excellent platform for further development

of an efficient metastatic breast cancer therapy [43]
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Figure 1.9: MRI of NP treated transgenic breast cancer mice. (a) Colorized T2 maps
of the tumor site were overlaid onto anatomical images. Noninjected and control NP-
IgG injected mice showed no significant T2 changes in their tumors 48 h postinjection.
Targeted NP-Neu treated mice showed shortened T2 relaxation times in tumors 48 h
postinjection, indicating that there was a significant uptake of NPs. (b) Decrease in T2
relaxation times 48 h after injection. A much larger decrease in T2 relaxation time was
observed in tumors of NP-Neu treated mice (n = 3) as compared to no injection (n =
2) than NP-IgG (n = 3), suggesting a targeting role of NP-neu.  indicates a statistical
difference as compared to no injection. Reprinted with permission from [43]. Copyright
2012 American Chemical Society.
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Integrating multiple modalities can result in a technique that enables deep tissue
imaging with a traditional imaging modality to identify suspicious areas, together with
a companion optical modality to interrogate these suspicious regions with higher spa-
tial resolution to more precisely determine tumor location, monitor systemic particle
distribution or to improve surgical margin planning. The use of multimodal particles to
track stem cells in vivo exemplifies how whole-body imaging using traditional modalities
(MRI) can be combined with high-resolution optical imaging to provide new capabilities
that may ultimately be useful to improve diagnosis or to monitor targeted therapeu-
tics [48]. While MRI using magnetic nanoparticles provides excellent soft-tissue contrast
and multidimensional functional, structural and morphological information, it suffers
from low sensitivity. Optical imaging provides high sensitivity and real-time tracking of
biological processes. However it suffers from limited deep tissue penetration and back-
ground autofluorescence. SPECT and PET have high-sensitivity in tracking biological
events but they have a poor spatial resolution. Therefore there is a growing interest
in the use of multimodal imaging methods that combine several imaging techniques for
preclinical and clinical studies. In this regard, more recent strategies have enabled the
combination of traditional MRI-contrast agents together with both wide-field and high-
resolution optical approaches. For instance, Xie and coworkers modified the the surface
of SPIONs using fluorescent and isotope labels [49]. The magnetic nanoparticles used
by the group consisted of small (15 nm) monocrystalline superparamagnetic iron oxide
nanoparticle (IONPs) cores which were stabilized by coating with human serum albu-
min (HSA). These HSA-IONPs were labeled with Cy5.5® dye and *Cu-DOTA chelates
and injected into a subcutaneous USTMG xenograft mouse model. NIRF/PET/MRI
imaging and histopathology were performed to understand the particles’ pharmacoki-

netics and to evaluate their potential role as theranostic platforms. (Figure 1.10) [50].
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Figure 1.10: MRI/NIRF/PET trimodal imaging with MNPs that were conjugated with
both 4Cu-DOTA and Cy5.5. a) Representative in vivo NIRF images of mouse injected
with HSA-IONPs. Images were acquired 1 h, 4 h and 18 h post injection. (b) In vivo
PET imaging results of mouse injected with HSA-IONPs. Images were acquired 1 h, 4
h and 18 hours post injection. (¢) MRI images acquired before and 18 h post injection.
Reprinted with permission from [50].

Several other iron-based magnetic contrast agents such as zinc-doped iron oxide
(Zn—Fep04), FePt and FeCo have also been used for multimodal imaging [51]. These
nanoparticles have known to have a higher magnetization, thus, improving the MR
signal in imaging, which in combination with Raman or NIR imaging, renders these
nanoparticles as excellent multimodal imaging probes for cancer and other cells. For
example, Dai and coworkers pioneered the use of Iron-cobalt magnetic NPs coated with
a graphitic carbon shell (FeCo/GC) as a multimodal imaging probe using NIR, Raman
and MR imaging techniques. They also demonstrated its use for vascular imaging in
vivo in rabbits [52,53].

In addition to the imaging of cancer cells, SPIONs are also being used for labeling
stem cells. Considering the recent emergence of the cancer stem cell (CSC) hypothei-
sis [54] and the tumor tropism of mesenchymal (hMSCs) and neural stem cells (NSCs)
for several types of cancer including brain cancer, the use of SPIONs for labeling and
detecting transplated stem cells is of great importance in cancer diagnosis and therapy
(Figure 1.11). Since their unique properties allow precise control of size and composi-
tion, MNPs offer great potential for highly specific MRI to track stem cells. The major
transfer mechanism of nanoparticles through the cell membrane, in order to label stem

cells, is endocytosis or more specifically pinocytosis [55-57]. For instance, Chien et al.
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recently demonstrated the use of ferucarbotran and protamine (Fer-Pro) complexes for
labeling human mesenchymal stem cells (hMSCs) for MRI tracking of glioma tropism in
vivo. They found that Fer-Pro was highly efficient for labeling hMSCs in vitro and fur-
ther that, cell labeling with Fer-Pro promoted the migration of hMSCs toward glioma
U8TMG cells in vitro [58].
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Figure 1.11: Labeling of hMSCs using magnetized nanoparticles for tumor tropism.
The labeling of human mesenchymal stem cells (hMSCs) with ferucarbotran can induce
epidermal growth factor receptor (EGFR) overexpression. Labeled hMSCs with their
overexpressed EGFR, were attracted by tumorous EGF and more effectively migrated
toward tumor than unlabeled cells. Reprinted with permission from [59]. Copyright
2011 american Chemical Society.

In another study, Bulte and coworkers [60] demonstrated the potential of MRI in
tracking magnetically labeled mesenchymal stem cells (MSCs) in a swine model of
myocardial infarction. The mesenchymal stem cells were labeled with dextran-coated
SPIONs (Feridex®) in order to noninvasively track the quantity and location of the
MSCs after myocardial infarction. It was concluded that the MRI tracking of the MSCs
labeled with Feridex® was feasible and represented a preferred method for studying
engraftment of MSCs in myocardial infarction.

However, several studies have found that iron oxide nanoparticles, which tend to
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dissolve within the cells, may increase the formation of free hydroxyl radicals and re-
active oxygen species. These may have toxic effects, such as an increase in the rate
of apoptosis or cell death and alterations in cellular metabolism [61], potentially due
to the dissolved Fe?T ions from the dissolved iron oxide nanoparticles. This is highly
undesirable for labeling stem cells as they need to survive for longer periods. In or-
der to protect stem cells from the toxic effects of SPIONs and to successfully track
the behavior of stem cells in vivo, a very attractive alternative is to coat the SPIONs
with gold. A gold coating provides an inert shell around the nanoparticles and pro-
tects them from rapid dissolution within the cytoplasmic endosomes [62]. In addition,
the gold coated shell significantly enhances MRI contrast. More importantly, gold has
very well defined surface chemistry with thiol (-SH) or amine (-NHz) moieties. This
offers an attractive and convenient route for further functionalization of the SPIONs
with biomolecules via thiol or amine coupling chemistry [63]. For instance, magnetic
iron oxide nanoparticles (MIONs) were coated with gold to form a typical core-shell
structure [62]. These Au-MIONS, of 20 nm hydrodynamic size, were used to label NSCs
obtained from the rat spinal cord. When the labeled NSCs were transplanted within
the spinal cord, the Au-MION system offered a strong and durable signal such that,
as little as 20 cells could be detected with relative ease under optimal conditions using
MRI. In addition, the Au-MION labeling helped distinguish the labeled NSCs from
the haemoglobin breakdown products in vivo. False positives obtained due to Prussian
Blue staining of haemoglobin products in histology could be avoided by using a selective
stain for gold.

Hence, we see that without a depth-penetration limit of the magnetic field in the
human body, magnetic nanoparticles have been one of the ideal platform materials for
targeted imaging of biological objects. Their additional capabilities are non-invasive
and remote actuation for controlled drug release and cell signaling for therapeutics.
These nanoparticles can also be used for targeted imaging of specific receptors and
enzymes in disease processes and for the monitoring of the efficacy of the treatments.
The current developmental stage of magnetic theranostic nanoparticles is still too early

to predict their success, but rapid advances in new design concepts for next-generation
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nanoparticles would have promising potential in that avenue.

1.1.3 Fluorescent Nanoparticles

One of the fundamental goals in biology is to understand the complex spatiotempo-
ral interplay of biomolecules from the cellular to the integrative level. To study these
interactions, researchers commonly use fluorescent labelling for both in wvivo cellular
imaging and in vitro assay detection. In this regard, the discovery and development of
fluorescent inorganic nanoparticles called as quantum dots (QDs) has revolutionized the
field of biological imaging. Quantum dots are semiconductor nanocrystals with diam-
eters smaller than the Bohr excitation diameter (210 nm). The size-dependent optical
properties are due to quantum confinement of electrons and holes. Apart from MNPs,
QDs are being extensively used for applications in cell biology such as cell labeling,
cell tracking, and in vivo imaging due to their potential in imaging and detection ap-
plications. Quantum dots overcome limitations of conventional imaging methods such
as fluorescence microscopy and differential interference contrast microscopy. Quantum
dots exhibit improved brightness due to their high extinction coefficients that are an
order of magnitude higher than most fluorescent dyes. In addition, these particles have
improved photostability compared with organic fluorophores, and their broad excita-
tion bands and narrow emission spectra facilitate the simultaneous labeling of multiple
biomarkers. For instance, multiple QDs with different emission wavelengths have been
used in parallel for multiplex imaging of cancer and other mammlian cells [64-67].

(Figure 1.12) [68].
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Figure 1.12: Excitation and emission spectra of CdSe quantum dots. a) Absorption
(Abs) and emission (Em) of rhodamine red, a common organic dye and genetically en-
coded DsRed?2 protein. b) Absorption and emission of six different QD dispersions. The
black line shows the absorption of the 510-nm-emitting QDs. ¢) Photo demonstrating
the size-tunable fluorescence properties and spectral range of the six QD dispersions
plotted in b versus CdSe core size. All samples were excited at 365 nm with a UV
source. For the 610-nm-emitting QDs, this translates into a Stokes shift of ~250 nm. r
= radius. Reprinted with permission from [69].

The interesting optical properties of QDs originate from the interactions between
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electrons, holes, and their local environments, which can be precisely controlled to gen-
erate desired emission and absorption spectra. Since absorption and emission spectra
exhibit sensitive changes depending on particle size, a wide range of emission spectra
from ultraviolet (UV) to infrared (IR) can be obtained. Therefore, unique emission
spectra by synthesizing particles with different diameters have been acquired [70-72].
In addition, the need for an external excitation source may be eliminated with particu-
lar quantum dots. Quantum dots generally have a core composed of heavy metals, such
as Cadmium-Selenide (CdSe) and Cadmium-Telluride (CdTe), with a surrounding ZnS
shell. The thickness of the shell can be tuned depending on the reaction time. Typ-
ically, the core/shell QDs with sizes ranging from 2-8 nm in diameter are synthesized
by changing reaction conditions such as temperature, duration, and ligands. In addi-
tion to the CdSe/ZnS Qds, a new generation of QDs have recently become popular as
their emission properties depend on the materials from which they are synthesized and
not on their sizes. These are the ternary I-III-VIy type QDs [73-78] like AgInSs [75],
CulnSy [74,76] and ZnS-AgInSy [77], which offer better control of band-gap energies
and demonstrate great potential as non-toxic molecular probes. Considering the toxi-
city of the heavy metals such as cadmium and selenide, the non-toxic ZAIS QDs seem
to be an attractive choice for cellular delivery and molecular imaging.

The distinctive photophysical properties of QDs, coupled with their diverse bio-
logical applications make them very attractive probes for the imaging and diagnosis
of cancer. Since the introduction of biocompatible QDs for imaging of cancer cells in
1998 [79,80], researchers have synthesized QD-based probes conjugated with cancer spe-
cific ligands, antibodies, or peptides for cancer imaging and diagnosis in vitro [81-88].
Compared with traditional immunohistochemistry (IHC), QD-IHC is more accurate and
precise at low protein expression levels and can achieve quantitative detection which
will provide much more information for personalized treatment. For instance, Xing and
coworkers demonstated the use of boconjugated QDs for multiplexed and quantitative

immunohistochemistry in tissue samples (Figure 1.13).
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Figure 1.13: Multiplexed QD-IHC images of clinical prostate tissue specimens and
quantitative analysis of cancer biomarkers. The fluorescence images were obtained
with UV excitation, with the p53 marker stained red with QD655, the EGR-1 marker
stained green with QD565, and the tissue background observed as blue. The color maps
show the location where a biomarker (or the tissue background) is more pronounced
than others. (a) Original multicolor image; (b) p53 protein (red); (¢) EGR-1 pro-
tein (green); (d) tissue background fluorescence (blue); (e) combined map of dominant
markers and background; and (f) automated boundary segmentation using level-set
algorithms. Reprinted with permission from [89].

The results demonstrate that bioconjugated QDs can be used for multiplexed pro-
filing of molecular biomarkers, and ultimately for correlation with disease progression
and response to therapy. In another study, Chen et al [90] successfully detected breast
cancer (BC) with QD-based probes which demonstrated that lower expression of HER2
could be clearly detected by QD-IHC compared with conventional IHC (Figure 1.14)
and could also realize multiplexed QD-based detection simultaneously [91]. The results
showed that BC can be divided into 5 subtypes with different 5-year survival rate.
Thus, QD-based multiplexed imaging will provide more information about the indi-
vidual events of tumor progression, personalized diagnosis, prognosis, and treatment.
With excellent performance on biomedical imaging, QD-based imaging has become one

of the most promising technologies for early diagnosis of cancer [92,93].
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Figure 1.14: Accurate HER2 testing by QDs-THC. (A) Specimens with different HER2—
IHC scores detected by QDs-IHC. (B) Control for (A) by pum for (A) and (B) 20 pum
for (C) and (D). Reprinted with permission from [90].

QDs have also been extensively used for in vivo imaging of tumors such as brain and
breast tumor. For instance, Cai et al used peptide-labeled Near-Infrared CdTe QDs for
imaging the brain tumor vasculature in mice [88]. Arginine-glycine-aspartic acid (RGD)
peptide-conjugated QDs have been used to target integrin .03, as it is significantly
upregulated in tumors, but not in normal tissues. They found that the RGD peptide-
conjugated CdTe QDs were found in the tumor within 6 hous post-injection, with a
steady increase in the tumor fluorescence intensity over several hours (Figure 1.15). In
a similar study, anti-HER2-CdSe/ZnS QDs were injected intravenously into nude mice
bearing HER2-overexpressing MCF-7/HER2 xenografts implanted s.c. in the flank.
Twenty-four hours following injection, fluorescence signals were readily detected at the
tumor site, thus demonstrating that the QDs selectively and efficiently internalize in

HER2-overexpressing tumor cells via receptor-mediated endocytosis. (Figure 1.16).
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Figure 1.15: In vivo NIR fluorescence imaging of USTMG tumor—bearing mice (left
shoulder, pointed by white arrows) injected with 200 pmol of QD705-RGD (left) and
QD705 (right), respectively. All images were acquired under the same instrumental
conditions. The mice autofluorescence is color coded green while the unmixed QD
signal is color coded red. Prominent uptake in the liver, bone marrow, and lymph
nodes was also visible. (b) Tumor-to-background ratios of mice injected with QD705
or QD705-RGD. The data were represented as mean + standard deviation (SD). (c)
Serum stability of QD705 and QD705-RGD in complete mouse serum over the course of
24 h. Reprinted with permission from [88]. Copyright 2006 American Chemical Society.

In addition to the labeling of and tracking of cancer cells, QDs are also beneficial for
studying dynamic changes occurring in membranes of stem cells [94-97]. Functionalized
QDs selectively bind to individual molecules on the cell surface and help in tracking
the motion of those individual molecules. In a study by Chen et al. [98], functionalized
QDs were used to demonstrate changes in the integrin dynamics during osteogenic
differentiation of human bone marrow derived progenitor cells. In this study, quantum
dots conjugated with integrin antibodies enabled precise optical identification of integrin
molecules, which led to a detailed examination of the molecular dynamics of integrin

molecules involved in osteogenic differentiation of the progenitor cells [98].
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Figure 1.16: In wvivo fluorescence imaging of three nude mice bearing MCF-7/HER2
xenografts implanted in the lower back 30 h after i.v. injection with anti-HER2 QD-ILs
(Left panel). Imaging showed that QD-ILs had localized prominently in tumors as
well as in MPS organs. (Right panel) A 5 pm section cut from frozen tumor tissues
harvested at 48 h postinjection and examined by confocal microscopy. The tumor
section was examined in two-color scanning mode for nuclei stained by DAPI (blue)
and QD-ILs (red). Reprinted with permission from [99]. Copyright 2008 American
Chemical Society.

In stem cell-based therapy, it is extremely important to monitor the survival and
location of stem cells after they are transplanted to the desired location. Transplanted
stem cells, which may be either embryonic or adult stem cells, are expected to remodel
and differentiate in response to surrounding microenvironments, resulting in tissue re-
generation and repair [100]. Mesenchymal stem cells labeled with bright, photostable
QDs were shown to couple functionally with cardiomyocytes in co-culture, thus demon-
strating the usefulness of QDs as labeling agents in culture (Figure 1.17) [101]. Human
mesenchymal stem cells were labeled with QDs bioconjugated with RGD (arginine-
glycine-aspartic acid) peptide during self-replication and multilineage differentiations
into chondrogenic, androgenic, and adipogenic cells in a long—term labeling study. Hu-
man MSCs labeled with QDs remained viable as the unlabeled hMSCs from the same
subpopulation, thus suggesting the use of QDs are useful probes from long term labeling

of stem cells [102].
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Figure 1.17: Mesenchymal stem cells (MSCs) labeled with QDs and co-labeled with
calcein (green). The QDs were seen distributed within the perinuclear region within
the MSCs. The QDs remained bright and were easy to detect even as the MSCs
proliferated [101].

Quantum dots have also been shown to elucidate the mechanisms involved in me-
chanical integration of stem cells to the surrounding tissues and their differentiation
into specific cell lineages in vivo [95]. In addition, multiplex imaging (i.e. tracking dif-
ferent cell populations labeled with QDs which exhibit different emission wavelengths
at the same time) is one of the biggest advantages of using quantum dots for tracking
stem cells in vivo. Wu and coworkers [68] successfully demonstrated in vivo multiplex
imaging of mouse ESCs labeled with QDs. They subcutaneously injected ESCs labeled
with six different QDs, having diverse emission wavelengths 525, 565, 605, 655, 705, and
800, into various locations on the back of athymic nude mice and detected the labeled
cells in vivo using a single excitation wavelength (425 nm) as shown in Figure 1.18.
They also concluded that within the sensitivities of the screening assays, the QDs did

not affect the viability, proliferation, and differentiation capacity of the ESCs [68].
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Figure 1.18: Multiplex imaging of embryonic stem cells (ESCs) labeled with QDs. (A)
ESCs labeled with QD 525, 565, 605, 655, 705, and 800 were injected subcutaneously in
back of athymic nude mice right after labeling, and imaged right after injection using
a single excitation wavelength. (B) Quantified fluorescent signal intensity of QDs [68].

Despite having unique optical properties and a host of advantages over the con-
ventional tracking agents, toxicity is a primary concern for the application of QDs in
biology. Stem cells tend to be extremely sensitive, and thus toxicity is a primary de-
terminant in deciding whether QDs would be feasible for stem cell tracking, especially
in vivo. Some literature studies do suggest that QDs are nontoxic; nevertheless, recent
data shows that cytotoxicity is dependent upon the physicochemical properties, dose
and exposure concentrations [103]. Although the mechanism of cytotoxicity is not yet
clearly known and is under thorough investigation, concerns about toxicity of QDs have
been raised as they are used for cell tracking studies in live animals. Quantum dots
contain heavy metals such as cadmium and selenium, and the cytotoxicity is observed
due to the presence of Cd?* and Se?~ ions [104,105]. Toxicity can be considerably
reduced by coating the core made of CdSe with a shell of a material such as ZnS, which
significantly reduces toxicity by blocking the oxidation of CdSe by air [69]. Although
the toxicity may not be critical at the low concentrations optimized for labeling, it
could be detrimental for the embryo development at higher concentrations. Neverthe-
less, the problem could be solved by coating the QDs and making them biologically
inert [69]. Larger molecules such as proteins (e.g. Streptavidin, bovine serum albumin)
further slow down the photooxidation of the core [106]. Bioconjugation of QDs with
biomolecules such as RGD did not show any toxic effect on hMSCs as compared to un-

labeled hMSCs [102]. In a dose-dependent study involving the labeling of MSCs with
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QDs, it was observed that if the exposure of QDs to MSCs was optimized and limited
to low concentrations then the QDs were not significantly toxic [101]. Addressing the
cytotoxicity issues concerning the application of QDs synthesized from heavy metals,
Subramaniam at. al used ZAIS QDs to deliver siRNA into MSCs and GFP-labeled
brain tumor cells [107]. The ZAIS QDs were found to be non-toxic towards both the

cells and provided excellent imaging capabilities.
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1.2 Nanomaterials for Drug Delivery and Effective Cancer Therapy

One of the most active research areas of nanotechnology is nanomedicine, which ap-
plies nanotechnology to highly specific medical interventions for the prevention, diag-
nosis and treatment of diseases. The surge in nanomedicine research during the past
few decades is now translating into considerable commercialization efforts around the
globe, with many products on the market and a growing number in the pipeline. Cur-
rently, nanomedicine is dominated by drug delivery systems, accounting for more than
75% of total sales. Nanomaterials fall into a size range similar to proteins and other
macromolecular structures found inside living cells. As such, nanomaterials are poised
to take advantage of existing cellular machinery to facilitate the delivery of drugs.
Nanoparticles (NPs) containing encapsulated, dispersed, absorbed or conjugated
drugs have unique characteristics that can lead to enhanced performance in a variety of
dosage forms. When formulated correctly, drug particles are resistant to settling and can
have higher saturation solubility, rapid dissolution and enhanced adhesion to biological
surfaces, thereby providing rapid onset of therapeutic action and improved bioavailabil-
ity. In addition, the vast majority of molecules in a nanostructure reside at the particle
surface, which maximizes the loading and delivery of cargos, such as therapeutic drugs,
proteins and polynucleotides, to targeted cells and tissues. Highly efficient drug deliv-
ery, based on nanomaterials, can lower the cost and/or reduce the side effects associated
with particular drugs. In additon, several nanoparticles, owing to their unique optical
and magnetic properties, have been utilized as therapeutic agents themselves in the the
form of hyperthermia or photothermal therapy, to elicit a synergistic respnse. Nanopar-
ticle technologies for cancer therapy include polymeric nanoparticles [108], vesicle-based
carriers such as liposomes [109,110], dendrimers [111,112], inorganic nanoparticles [113]
and bacterial nanocarriers (Figure 1.19). A few of these NPs used for the delivery of
therapeutic cargo and for multimodal cancer therapy, both in vitro and in vivo, with
an overall goal of improving currently available cancer treatment methologies, will be

discussed.
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Figure 1.19: Nanomaterials for drug delivery and cancer therapy. [114]

1.2.1 Inorganic Nanomaterials
Magnetic Nanoparticles

Magnetic NPs have attracted a great deal of interest in biomedical research and clin-
ical applications over the past decades specially for targeted drug delivery combined
with magnetic resonance imaging (MRI) for non-invasive, early cancer detection, and
treatment (Figure 1.20). Surface properties, specifically designed for cell targeting are
required for this purpose. The general strategy involves creating a biocompatible poly-
meric or nonpolymeric coating and subsequently conjugating bioactive molecules to it.
We have already seen the imaging and targeting caabilities of SPIONs in the previous
section. Since SPIONs only exhibit magnetic properties in the presence of an applied
magnetic field, they have the advantage of being used in both in vitro as well as in vivo
applications such as hyperthermia [115], magnetic drug targeting (MDT), magnetic res-
onance imaging (MRI), gene delivery and wide range of applications in the detection,

diagnosis, and treatment of cancer. SPIONs have shown clinical efficacy in cancer drug
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delivery and imaging. Some formulations are now FDA-approved for use in the clinic.
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Figure 1.20: Applications of magnetic nanoparticles in drug delivery and biomedical
research.
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When loaded with a therapeutic payload, NPs that are appropriately designed,
can act as efficient drug delivery systems, offering limited non-specific cell interac-
tions, controlled therapeutic release, flexible drug loading (a variety of drugs can be
loaded), and delivery tracking using an NP imaging modality. Like NPs developed
for diagnostic imaging, drug-carrying NPs require careful physicochemical and target-
ing design, but also require additional considerations paid to drug loading, transport,
and release [116-118]. First, the NP must be able to carry and protect a significant
drug payload, typically determined by the type of coating and method of loading (e.g.
covalent bonding). Second, multiple drugs can be loaded to overcome cellular drug
resistance, and improve overall cell kill efficiencies, but requires careful NP planning

to accommodate the different therapeutics. Third, the release mechanism and rate
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of the therapeutic cargo unloading should be modulated for optimal therapeutic effi-
ciency. Currently, several chemical drug formulations have been combined with MNPs,
including paclitaxel, doxorubicin, and methotrexate (MTX), all specifically developed
for cancer therapy [5,119-121]. To successfully integrate a drug into a NP system, sev-
eral design strategies can be explored, including physical complexation with hydropho-
bic drugs [120,122-124], or covalent bonding with cleavable linkages for intracellular
release [119]. Drugs loaded through hydrophobic interactions are typically encapsu-
lated within the NP coating, limiting non-specific cell interactions. This approach is
advantageous in applications where a drug being delivered could seriously harm non-
targeted tissue. Alternatively, in applications where the drug, such as MTX has an
affinity for the target cell, it can be advantageous to graft the drug to the surface of
the NP [119, 125, 126]. For instance, Kohler et al. demonstrated that SPIONs can
potentially serve both as a contrast enhancement agent in magnetic resonance imaging
(MRI) and as a drug carrier in controlled drug delivery, targeted at cancer diagnostics
and therapeutics.
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Figure 1.21: MTX-modified SPIONs for the targeted delivery into breast cancer cells.
Reprinted with permission from [126]. Copyright 2005 American Chemical Society.

In their study, the conjugate was made of iron oxide nanoparticles covalently bound
with methotrexate (MTX), a chemotherapeutic drug that can target many cancer cells
whose surfaces are overexpressed by folate receptors. The nanoparticles were first
surface-modified with (3-aminopropyl)trimethoxysilane to form a self-assembled mono-
layer and subsequently conjugated with MTX through amidation between the car-
boxylic acid end groups on MTX and the amine groups on the particle surface. Drug

release experiments demonstrated that MTX was cleaved from the nanoparticles under
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low pH conditions mimicking the intracellular conditions in the lysosome. Cellular vi-
ability studies in human breast cancer cells (MCF-7) and human cervical cancer cells
(HeLa) further demonstrated the effectiveness of such chemical cleavage of MTX inside
the target cells through the action of intracellular enzymes (Figure 1.21). Recently,
Sun et al further modified the same SPION system with a peptide, namely chlorotoxin
(CTX) to enhance the NP’s targeting abilities against brain tumor cells [125].

In another study, Yang and colleagues [127] developed a new multifunctional hy-
brid nanosystem by combining magnetic nanocrystals, anticancer drugs and biodegrad-
able amphiphilic block copolymers (Figure 1.22). In this study, there were about 41.7
wt% (MnFeyO4) and 40.9 wt% (Fe3O4) magnetic nanoparticles in the multifunctional
magneto-polymeric nanohybrids (MMPNs), and the amount of Doxorubicin in the
HER-MMPNs and entrapment efficiency were 3.3 wt% and 71.4%, respectively. In
addition, anti-HER antibody was conjugated to the MMPNs by utilizing the carboxyl
group on the surface of the particles. The injected HER-MMPNs were delivered in a
target-specific manner to overexpressed HER2/neu receptors on NIH3T6.7 cells in vivo
and were taken up by a receptor-mediated endocytosis process . The HER-conjugated
MMPNs showed signifi cant synergistic effects on inhibition of tumor growth by DOXO.
The antibody—conjugated nanoparticles also demonstrated ultrasensitive targeted de-

tection by MRI in both in vitro and in vivo models.
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Figure 1.22: Multifunctional magneto-polymeric nanohybrids for targeted detection
and synergistic therapeutic effects on breast cancer. MR images and their color maps
(tumor region) of cancer-targeting events of HER-MMPNs (a-d) and IRR-MMPNs

(e-h) in NIH3T6.7 cells implanted in mice at various time intervals: a,e)preinjection;
b,f)immediately; c,g)1lh; d,h)12h after injection of the MMPNs. i)AR2/R2P™ graph
versus time before and after injection of MMPNs. j)Comparative therapeutic-efficacy

study in an invivo model. Reprinted with permission from [127].

MNPs have also been explored for the delivery of small interfering RNA. RNA in-
terference (RNAi) or gene therapy is a technique that uses DNA or oligonucleotides
to treat and prevent disease. siRNA is one of the strong candidates for the next gen-
eration of gene therapy. siRNA binds mRNA to inhibit the translation processes of
proteins in the cytoplasm [128]. Figure 1.23a shows a scheme for multifunctional mag-
netic nanoparticles for imaging and gene therapy. MnFe,O4 magnetic nanoparticles are

conjugated with siRNA, fluorescence dye, surface stabilizing agent (polyethylene glycol,
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PEG), and targeting Arg-Gly—Asp (RGD) peptide. RGD peptide targets «, s inte-
grin, which is overexpressed in certain endothelial and cancer cells. siRNA is bonded
to nanoparticles via disulfide linkage which can be cleaved enzymatically for its facile

release [129].
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Figure 1.23: a) Schematic drawing of all-in-one nanoparticles of MnFesO4—siGFP—
Cy5/PEG-RGD for theranostics. (b) Schematic illustration of intracellular processes of
MnFey04—siGFP-Cy5/PEG-RGD nanoparticles, from target-specific uptake to mRNA
degradation. (c) Schematic illustration of the target specific binding of the nanopar-
ticles to «a,fs integrin positive cells. (d) T2-weighted MR images of MDA-MB-435
and A549 cells treated with MnFe204-siGFP-Cy5-PEG-RGD. Confocal microscopy
images showing the distribution of MnFeyO4—siGFP-Cy5/PEG-RGD nanoparticles in
cells. Gene-silencing effect of the multimodal nanoparticle systems with (MnFeoO4—
siGFP-Cy5/PEG-RGD) and without a targeting moiety (MnFe;O4-siGFP-Cy5/PEG)
on 33 integrin positive (MDA-MB-435) and a,, 33 integrin negative (A549) cell lines.
Reprinted with permission from [129].

The steps involved, starting from the target specific uptake of nanoparticles into the
cells, to siRNA release are shown in Figure 1.23b, in which nanoparticles recognize the
cancer cells via targeting RGD peptide, and after the endocytosed nanoparticles escape
from the endosome, glutathione breaks the disulfide bond to release the siRNA for
the inhibition of protein expression. The location of the therapeutic nanoparticles was

monitored via MRI and fluorescence techniques (Figure 1.23d). The selective targeting
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and theranostic effect of magnetic nanoparticles on o, 33 receptor—expressing MDA-MB-
435 human breast cancer cell lines are clearly shown with strong MRI signals and red
fluorescence, and the gene silencing effect is apparent. In contrast, the control cell lines
of receptor—free A549 do not show any such features. Red fluorescence in Figure 1.23d
indicates that nanoparticles successfully escape the endosome. Therapeutic efficacy is
clearly observed from the suppression of GFP by the released siRNA for MDA-MB-
435cells, whereas bright green fluorescence is observed in the control cell line of A549
cells. As an alternative to the cationic coatings on the MNPs for complexation of siRNA,
Medarova et al presented the covalent bonding of antisense RNA to CLIO NPs, while a
cell penetrating peptide was used to facilitate transfection. This strategy proved to be
highly successful for the delivery of therapeutic siRNAs to human colorectal carcinoma
tumors in vivo, and represents the first targeted /siIRNA-MNP used for therapeutic
application [130].

The most attractive property of MNPs is their ability to emit heat when placed in an
alterting magnetic field. This process of heating of the cancer tissues to temperatures
above 40°C using magnetic nanoparticles, termed as hyperthermia, has been extensively
exploited for multimodal and synergistic cancer therapy. Thus MNPs have been used
for hyperthermia—based controlled drug release or in conjunction with siRNA-based

treatment to enhance the downstream effects on cancer cell death (Figure 1.24).
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Figure 1.24: A schematic representation of some of the unique advantages of magnetic
nanomaterials for hyperthermia-based therapy and controlled drug delivery. Reprinted
with permission from [131].

For instance, in a report by Thomas and coworkers, the heating of Zn—doped FesOy4
magnetic nanoparticles incorporated inside mesoporous silica nanoparticles carrying
model cargo (like a drug) and capped with a molecular valve (curcubit[6]uril), was
shown to be used as an external and remotely—controlled trigger for controlled drug

release (Figure 1.25).
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Figure 1.25: Magnetically triggered drug release system. (a) Chemical structure of
thread and capping molecule. (b) Schematics of nanoparticles, molecular machines,
assembly, and remote-controlled drug release. The particles and machines are not drawn
to scale. (c¢) TEM image of Zn-FepO4 nanoparticles—encapsulated mesoporous silica
nanoparticles. (d) Drug release profile monitored during the AC field application with
multiple AC field pulse (red arrows), single initial pulse, and no pulse. (e) Fluorescence
image and differential interference contrast (DIC) image of MDA-MB-231 cancer cells
treated by magnetic nanoparticles only and drug with the nanoparticles in the silica
carrier before and after the application of magnetic heating. Reprinted with permission
from [45]. Copyright 2010 American Chemical Society.

The thermal energy of the MNPs when placed in an external magntic field, caused
a significant pressure buildup and subsequent removal of the molecular valves and the

release of the cargo (Figure 1.25b). The controlled cargo release is demonstrated by
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the application of a pulsed magnetic field where the release of a fluorescent dye (Rho-
damine B) is observed in each pulse in a staircase-like fashion (Figure 1.25d). Doxoru-
bicin and magnetic nanoparticles-loaded porous nanoparticles with FITC (fluorescein
isothiocyanate) for green fluorescence are tested for the treatment of cancer cells (Fig-
ure 1.25¢). When cells transfected with silica nanoparticles containing doxorubicin are
treated with an AC field, red fluorescence from the released doxorubicin from the silica
particles and cell shrinkage and death are apparently observed. This result indicates
that magnetic nanoparticles are effective as an actuator for controlled drug release from

a carrier in a noninvasive and remote way.

Gold Nanoparticles

Apart from the use in delivery of therapeutic cargo like drugs and siRNA to tumor
cells, metal nanostructures have garnered significant research attention because of their
unique and tunable surface plasmon resonance (SPR) properties. At the resonant fre-
quency, the incident photons can either be scattered (at the same frequency but in all
directions) or absorbed and subsequently converted into phonons (i.e., vibrations of the
lattice). Therefore, the SPR peak of a metal nanostructure typically includes both scat-
tering and absorption components. The absorption component can be tuned by varying
the the size, shape, and chemical composition of the nanostructures. Hence gold nanos-
tructures serve as light-activated nanoscopic heaters, especially for the selective near-IR
laser photothermolysis of cancer cells.

Gold nanoparticles conjugated to antibodies can be selectively targeted to cancer
cells without significant binding to healthy cells [132,133]. Irradiation of the cancer
cells selectively labeled with the nanoparticles with a laser of frequency overlapping
with the LSPR absorption maximum of the nanoparticles results in selective heating
and destruction of cancer cells at much lower laser powers than those required to destroy
healthy cells to which nanoparticles do not bind specifically. Gold nanoparticles (10-50
nm) offer 5 or more orders of magnitude larger absorption coefficients compared with
conventional dyes; thus much lower laser energies can be used to achieve cell destruction,

making therapy minimally invasive [132,133]. Further, the therapy can be combined
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with dark-field imaging, which is a significant advantage over other nanostructures such

as quantum dots or carbon nanotubes, which can achieve only one of the two, imaging

or therapy.
MBA/SMART-AuNP MBA-AuNP No AuNP
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Figure 1.26: Photothermal therapy using MBA/SMART-AuNPs. B16 F10 cells were
coincubated with MBA /SMART-AuNPs (left column), MBA-AuNPs (middle column),
or with no NPs (right column). Laser fluence rates are 8, 10.5, 13, and 15.5 W /cm?
from top to bottom rows. Circles: position of laser spot. Scale bar: 100 um. Reprinted
with permission from [28]. Copyright 2013 American Chemical Society.

For instance, it was recently demonstrated that rapid aggregations of the gold NPs
shifted shifts the plasmon absorption to far-red and near-infrared. The absorption shift
to longer wavelength was used for photothermal cancer therapy as it guarantees max-
imal tissue penetration for potential therapeutic applications. The gold nanoparticles
show selective and efficient destruction of cancerous cells with an intensity threshold

of 5 W/cm? to induce the thermal destruction. In the intensity range 515 W/cm?2,
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the circular area of damaged cells increases linearly with the irradiation power den-
sity. This shows a new proof-of-concept for photothermal cancer therapy that exploits
collective plasmon modes of metal nanoparticles. (Figure 1.26) [28]. Apart from gold
nanoparticles, other gold nanostructures like Au nanocages, offer facile control of the
LSPR peak into the near-IR region, which is of great use in biological systems. In a
study by Xia and coworkers, the selective photothermal destruction of cancer cells in

vitro using immuno—Au nanocages was successfully demonstrated [134].

500 um

Figure 1.27: Photothermal effect of HER2-conjugated Au nanocages. SK-BR-3 breast
cancer cells that were treated with immuno—Au nanocages and then irradiated by 810
nm laser at a power density of 1.5 W/cm? for 5 minutes. A well-defined circular zone of
dead cells was revealed by: (A) calcein AM assay, where green fluorescence indicates live
cells, and (B) Ethidium homodimer—1 (EthD-1) assay, where red fluorescence indicates
dead cells. In a control experiment, cells irradiated under the same conditions but
without incubating with immuno Au nanocages maintained viability, as indicated by (C)
calcein fluorescence assay, and (D) the lack of intracellular EthD-1 uptake. Reprinted
with permission from [134]. Copyright 2007 American Chemical Society.
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For this study, 45 nm Au nanocages were prepared with their SPR peaks tuned
to 810 nm to match the center wavelength of laser irradiation used for photothermal
experiments. The nanocages were functionalized with the HER2-antibody to target
the EGFR2/HER2 receptor, which is highly overexpressed on the surface of SK-BR-3
breast cancer cells. After incubation with the immuno Au nanocages, the SK-BR-3
breast cancer cells were irradiated with a femto-second Ti:Sapphire laser at varying
power densities for 5 minutes. The immunotargeted Au nanocages were found to have
a greater area of cell death on laser irradiation, with minimal cell death in absence of
the laser or absence of the nanocages (Figure 1.27).

The approach of using gold nanostructures for selective targeting and photothermal
therapy is general and versatile. Cancer is only one example. The use of plasmonic
nanoparticles can be extended to other biological applications, for example, destruction
of viruses or bacteria or controlled localized denaturation or cleavage of proteins and
nucleic acids, potentially useful for diagnostic or therapeutic goals. Chemists have
now established excellent control over the surface chemistry, biofunctionalization, and

optical properties of metal nanoparticles aimed at targeting desired biological systems.
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1.2.2 Engineered Organic Nanomaterials
Dendrimers

Dendrimers are synthetic polymers that are built from a series of branches around an
inner core. They are tree-like or star-shaped polymers that adopt generally a quasi-
spherical shape [135]. They have unique molecular weights and their dimensions are
extremely small, having diameters (depending on the generation) in the range of 2-
10 nm. Dendrimers have been finding increasing use in the field of drug and gene
delivery because they are synthetic, highly branched, monodisperse polymers in the
nanometer size range which offer the control that modern drug delivery and targeting
demands, namely: control of chemical nature of carrier, control of molecular weight,
control of surface and internal structure and character, vital in targeting and control
of dimensions. In addition, genetic material (like siRNA and plasmid DNA) can be
attached to the surfaces of dendrimers with relative ease due to the high concentration
of positively charged functional groups. These functional groups can also be modified to
attach targeting moieties like folic acid, transferrin and antibodies [136]. Amongst these,
the earliest synthesized and commercialized dendrimers are polyamidoamine (PAMAM)
dendrimers.

Gebhart et al. compared the performance of several dendrimeric systems and found
that the transfection efficiency depends not only on the vector molecule but also the
type of cells to be transfected [137]. Therefore, several investigations on developing
more efficient and less toxic dendrimers are currently ongoing to control the cellular be-
havior. To this end, Santos et al. showed that PAMAM dendrimers, without any surface
functionalization, were able to transfect the bone morphogenetic protein-2 (BMP-2) to
MSCs, although at a low efficiency. The group also showed in vitro osteogenic differenti-
ation of the MSCs by checking the expression levels of various osteogenic markers [135].
However, MSCs are very promising and clinically relevant due to their tumor hom-
ing properties. Thus, increasing the transfection efficiency of the PAMAM dendrimers
was vital. The same group then functionalized the PAMAM dendrimers with arginine-

glycine-aspartic acid (Arg-Gly-Asp, RGD) peptide sequence, which provided a major
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recognition system for the integrin receptors expressed on the MSCs. RGD tripeptide
sequence play a key role in cell adhesion and has been used in numerous studies as a
cell-targeting agents in antitumor therapies, imaging and drug/gene delivery [138]. In
this study, Pandita et al. increased the density of the surface charges on the PAMAM
dendrimers and conjugated them to RGD peptides, thus forming nanoclusters of RGD
on the dendrimers. These nanoclusters complexed with pDNA were able to enter the
MSCs with high efficiency through a mechanism which resulted from a balance between
electrostatic interactions between the positively charged complexes and the negatively
charged cell surface and the specific interactions between the RGD peptides and the
integrin receptors expressed on the surface of MSCs. They showed that the RGD mo-
tifs played a big role in improving the transfection efficiency, with the sixth generation
of the PAMAM dendrimer (G6) having 8 arms of RGD being the most efficient (Fig-
ure 1.28). EGFP, luciferase and BMP-2 pDNA were delivered and the proteins were

successfully expressed by the MSCs [138].
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Figure 1.28: Dendrimer-based gene delivery into mesenchymal stem cells. Cellular
distribution of dye-labeled pDNA (red) in MSCs at 2,4, and 24 h post-transfection.
(A), (B), (C), and (D) represent confocal fluorescent images showing MSCs transfected
with PAMAM-G5, RGD8-G5, G6, and RGDS8-G6 respectively. The cell nuclei were
stained with DAPT (blue), and the acidic endosomes and lysosomes were stained with
LysoSensor Green DND-189 (green). Reprinted with permission from [138]. Copyright
2011 American Chemical Society.
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Besides naked dendrimers and surface-functionalized dendrimers, dendrimer com-
posites of iron oxide nanoparticles, also known as magnetodendrimers, represent a ver-
satile new class of contrast agents for MRI. They were developed by Bulte at al. and
were shown to efficiently label mammalian cells, including neural stem cells and mes-
enchymal stem cells [38]. They were shown to have an oligocrystalline structure of 7-8
nm. It was observed that labeling NSCs and MSCs with magnetodendrimers did not
affect their growth rate and they exhibited a growth rate which was similar to that of
unlabeled stem cells. The cellular uptake of these composites is through a non-specific
adsorption process, thus offering a great opportunity to label a variety of mammalian

cells without regard to their origin or animal species (Figure 1.29).
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Figure 1.29: Tracking neural stem cells (NSCs) labeled with magnetodendrimers (MD-
100). (A) NSCs labeled with MD-100 stained with Prussian Blue images after 24 h. (B)
MD-100-labeled NSCs at higher magnification. (C) MD-100-labeled NSCs immunos-
tained with anti-MAP2 (neuronal marker) confirming that labeleing NSCs with MD-100
does not affect the neuronal differentiation of NSCs. (D) In vivo MR image of MD-100-
labeled NSCs 42 days after intraventricular transplantation. Reprinted with permission
from [38].

Liposomes

First described in 1965 [139], the liposome is the most established drug-delivery ve-
hicle, with many clinical products to date. Liposomes consist of amphiphilic lipid
molecules that assemble into bilayered spherical vesicles. This assembly process usu-
ally requires externa energy from sonication, homogenization, shaking or heating [140].
Phosphatidylethanolamine and phosphatidylcholine are common building blocks of lipo-
somes and cholesterol is frequently incorporated into liposomal membranes to enhance
their stability and rigidity. The emergence of stealth liposomes, or polyethyleneglycol
(PEG)-coated liposomes, took liposomal drug delivery to a whole new level as they
increased the in vivo circulation half-life of liposomes from a few hours to approxi-

mately 45 h [141]. Currently, liposomal products used for cancer treatment include
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Doxil [142,143] DaunoXome® [144,145], DepoCyt® [146,147] and ONCO-TCS, which
are liposomal formulations of doxorubicin, daunorubicin, cytarabine and vincristine,
respectively.

Drug encapsulation in liposomes can be achieved by two different methods. First,
the drugs can be dissolved in an aqueous solution to hydrate lipid films. This process
results in the formation of drug-loaded multilamellar liposomes that can then be ex-
truded through filters with a predetermined pore size to form unilamellar liposomes.
Second, unilamellar liposomes are first synthesized and subsequently incubated in an
aqueous drug solution. The drug molecules can diffuse passively through the liposomal
membranes until the aqueous cavity is saturated. The unloaded drugs will then be
removed from the drug-loaded liposome solution through dialysis, column chromatog-
raphy or centrifugation. Owing to their unique structure, liposomes can simultaneously
load hydrophilic drugs in their aqueous core and hydrophobic drugs in their lipid bilay-
ered membrane [148]. In addition, several other targeting and imaging modalities can
be incorporated as part of the liposomal formulationa as shown in Figure 1.30. These

properties makes liposomes a highly versatile platform for combination drug delivery.
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Figure 1.30: Synthesis and functionalization of liposomes to confer multifunctionality
for drug delivery and imaging. Reprinted with permission from [110].

An early attempt to create dual drug-loaded liposomes was reported by Agrawal et

al. [149]. In the study, the authors encapsulated two anti-leukemia drugs, 6-mercaptopurine

and daunorubicin, into a single liposome and examined their loading efficiency as well
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as their in wvitro cytotoxicity. The two drugs have dissimilar working mechanisms as
6-mercaptopurine hinders purine biosynthesis and daunorubicin inhibits DNA topoiso-
merase II [150]. The dual drug-loaded liposomes exhibited higher cytotoxicity against
Jurkat and Hut76 T-cell lymphoma as compared with monodrug-loaded liposomes con-
taining either 6-mercaptopurine or daunorubicin, suggesting that the combination of
these two mechanistically different drugs can generate higher therapeutic efficacy.
Another example of liposome-based combination therapy is the co-delivery of siRNA
and chemodrugs. siRNA is an emerging class of cancer therapeutics that interferes with
gene expression by targeting specific mRNA sequences. A recent study by Saad et al.
developed a liposome system to deliver BCL2 (a protein responsible for anti-apoptotic
cellular defense) and MRP1 (a multidrug resistance-associated protein) targeted siRNA

in combination with doxorubicin against human H69AR lung cancer cells [151].
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Figure 1.31: Liposomal codelivery of siRNA and Doxorubiciin for overcoming multidrug
resistance in lung cancer cells. Apoptosis induction in multidrug-resistant H69AR hu-
man lung cancer cells. Typical fluorescent microscopy images of cancer cells incubated
for 48 h with the indicated formulations and stained by TUNEL. Quantitative analysis
of the intensity of fluorescence (apoptosis induction) is presented on the bottom panel.
Means standard deviation are shown [151].
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A positively charged 1,2-dioleoyl-3-trimethylammonium- propane is used to con-
struct a cationic liposome, which was then loaded with doxorubicin through an incu-
bation method and subsequently incubated with siRNA. The liposome-siRNA complex
formed through electrostatic interaction as the negatively charged phosphate groups on
siRNA molecules bind to the positively charged liposomal surface. An in vitro cytotox-
icity study showed considerable reversal of cellular resistance in MDR lung cancer cells
(Figure 1.31).

The above mentioned studies demonstrates the versatility of liposomes as a mul-

tidrug nanocarrier for synergistic cancer treatment and multimodal imaging.
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1.2.3 Biodegradable Nanomaterials
PLGA Nanoparticles

Advances in biomaterials research have led to the emergence of biocompatible and
biodegradable polymeric nanoparticles for drug-delivery applications. Several synthetic
polymers approved by the US-FDA such as poly(lactic-co-glycolic acid) (PLGA) and
polycaprolactone (PCL) and several natural polymers such as chitosan and polysaccha-

rides have been investigated extensively for nanoparticle synthesis [152-155].
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Figure 1.32: Schematic representation of multifunctional PLGA nanoparticles for tar-
geted drug and siRNA delivery to tumors. TCHD: transcyclohexane—1,2—diol; QC:
quinacrine, a chloroquine analogue; ENX: Enoxacin or (1-ethyl-6—fluoro—1,4—dihydro—
4-o0x0-7-(1-piperazinyl)-1,8-naphthyridine-3—carboxylic acid, a molecule known to en-
hance the effect of any siRNA. Reprinted with permission from [156].

Compared with liposomes, polymeric nanoparticles generally have higher stability,
sharper size distribution, more tunable physicochemical properties, sustained and more
controllable drug-release profiles, and higher loading capacity for poorly water soluble

drugs. The polymer platform also offers higher synthetic freedom that allows particles
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to be tailored for specific needs. Figure 1.32 shows the multifunctionality of PLGA
nanoparticles for drug delivery applications. Owing to these unique characteristics,
polymeric nanoparticles have attracted tremendous interests from academia, industry
and clinic, although they are still in a relatively early stage of development.. Polymeric
nanoparticles typically consist of amphiphilic diblock copolymers that self assemble
into nanoparticles in aqueous solutions. For in vivo drug delivery, PLGA and PEG are
popular choices for the hydrophobic and the hydrophilic block, respectively, as PLGA
can hydrolyze into lactic acid and PEG can significantly reduce nonspecific cellular
uptake by forming a stealth layer [157,158]. PLGA-based nanoparticles have several
important advantages. PLGA was approved by the Food and Drug Administration
(FDA) in 1969 and, since that time, has been in continuous, safe clinical use. Drug-
releasing particles of PLGA were first approved in 1989 (Lupron Depot), and are widely
used, in large measure because of their reliability in controlling the release of agents
over periods ranging from days to weeks, which is important for producing a persistent
therapeutic effect. Furthermore, because nanoparticles of PLGA are solid (unlike lipid
and polyplexes), they are stable and able to protect nucleic acids from degradation
during circulation in blood stream, making them good carriers for oligonucleotides
such as siRNA. Additionally, PLGA nanoparticles can be modified for the attachment
of negatively charged oligonucleotides (plasmid DNA and siRNA) and targeted delivery
[143,156].

Drug encapsulation is typically achieved by mixing the drugs with the polymer
solutions during particle preparation process. One example is the co-encapsulation
of verapamil together with vincristine to increase the chemosensitivity in drug resis-
tant cancer cells. The dual drug-loaded nanoparticles were prepared by mixing PLGA,
verapamil and vincristine in acetonedichloromethane solution at predetermined concen-
trations before solvent displacement and particle precipitation [159]. Another example
can be found in the co-encapsulation of doxorubicin and cyclosporin A using polyalkyl-
cyanoacrylate nanoparticles, in which the hydrophobic cyclosporin A (a potent inhibitor

of P—glycoprotein, the major contributor for drug efflux and drug resistance) was added
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together with doxorubicin to the polymerization medium to achieve dual drug load-
ing [160]. In both studies, the dual drug-loaded nanoparticles showed markedly higher
in vitro cytotoxicity against resistant cancer cell lines, providing a viable solution to
the MDR effect of cancer cells that has plagued many cancer treatments.

In another approach, Zhang et al. reported an aptamernanoparticle bioconjugate
that could co-deliver hydrophobic and hydrophilic drugs. In their study, the PLGA
nanoparticles loaded with a hydrophobic chemodrug, docetaxel, were surface modified
with oligonucleotides that serve both as targeting ligands and as intercalation sites
for a hydrophilic chemodrug, doxorubicin [152]. The conjugate not only demonstrated
targeted co-delivery of docetaxel and doxorubicin but also exhibited differential drug
release kinetics. A drug release study revealed that the intercalated doxorubicin was
released faster than the physically entrapped docetaxel. At the 6 h mark, approximately
80% of the doxorubicin and only approximately 45% of docetaxel were released (Figure

1.33).
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Figure 1.33: Schematic illustration of the PLGA nanoparticles for co-delivery of do-
cetaxel and doxorubicin. A) the intercalation of a hydrophilic anthracycline drug,
such as DOX within the A10 PSMA aptamer; B) the encapsulation of a hydrophobic
drug, such as Dtxl, within the PLGA-b-PEG nanoparticles using the nanoprecipitation
method; and C) nanoparticle-aptamer (NP-Apt) bioconjugates comprised of PLGA-b—
PEG nanoparticles surface functionalized with the A10 PSMA aptamer for co—delivery
of DTXL and DOX. Both drugs can be released from the bioconjugates over time.
Reprinted with permission from [152].
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This feature carries significant clinical implications as drug sequencing and schedul-
ing are crucial parameters in combination chemotherapy [161,162]. The ability to mod-
ulate the release profile of different drugs independently enables more intricate designs

that may further improve therapeutic efficacy of drug combinations.
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Figure 1.34: Convection-enhanced delivery of camptothecin-loaded polymer nanopar-
ticles for treatment of intracranial tumors. Cresyl violet histopathology of rat brains.
After tissue harvesting, cresyl violet was used to visualize the remaining tumor. Ani-
mals that survived until the end of the study (60 days) showed no remaining tumor (a).
A cavity was formed at the site of the tumor location. Some animals that received a
full dose of nanoparticles died prior to the end of the study (b); this animal died at day
20. In both sets of animals, residual nanoparticles delivered by CED were often visible
(see boxes in a and b). Animals given CED of free drug (c) or CED of blank particles
(d) had large tumors with evidence of a midline shift and altered ventricles due to the
presence of the tumor. These animals died at days 17 (c¢) and 15 (d). Fluorescent
imaging of sections shown in panels a and b reveal CPT (e, ). Bright fluorescence is
due to CPT that remains in the brain. Reprinted with permission from [163].

Direct delivery of chemotherapy agents to the brain via degradable polymer delivery
systems, such as Gliadel®, is a clinically proven method for treatment of glioblastoma

multiforme, but there are important limitations with the current technology, including
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the requirement for surgery, profound local tissue toxicity, and limitations in diffu-
sional penetration of agents-that limit its application and effectiveness. Saltzman and
coworkers recently demonstrated another technique for direct, controlled delivery of
chemotherapy to the brain that provides therapeutic benefit with fewer limitations
(Figure 1.34). In their approach, camptothecin (CPT)-loaded poly(lactic—co—glycolic
acid) (PLGA) nanoparticles were infused via convection-enhanced delivery (CED) to a
stereotactically defined location in the brain, allowing simultaneous control of location,
spread, and duration of drug release. To test this approach, CPT-PLGA nanoparticles
(~100 nm in diameter) were synthesized with 25% drug loading. When these nanopar-
ticles were incubated in culture with 9L gliosarcoma cells, the IC59 of CPT-PLGA
nanoparticles was 0.04 uM, compared to 0.3 uM for CPT alone. CPT-PLGA nanopar-
ticles stereotactically delivered by CED improved survival in rats with intracranial 9L
tumors: the median survival for rats treated with CPT-PLGA nanoparticles (22 days)
was significantly longer than unloaded nanoparticles (15 days) and free CPT infusion (17
days). CPT-PLGA nanoparticle treatment also produced significantly more long-term
survivors (30% of animals were free of disease at 60 days) than any other treatment.
CPT was present in tissues harvested up to 53 days post-infusion, indicating prolonged
residence at the local site of administration. These are the first results to demonstrate
the effectiveness of combining biodegradable polymer—controlled release nanoparticles

with CED in treating fatal intracranial tumors.

Polypeptides

Amino acids are joined together by peptide bonds to form polymers referred to as pep-
tides or proteins. Peptides generally contain fewer than 40 amino acids, while proteins
contain 50 or more. Between the two is a category called polypeptides. Molecular
weight is also utilized for the definition, with peptides considered to have a molecular
weight less than 5000 Da, and proteins a weight above this value. By this definition,
insulin is the smallest protein available, having a molecular weight of 5800 Da. Pep-
tides are considered the new generation of biologically active tools because they are key

regulators in cellular and intercellular physiological responses, which possess enormous
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potential for the delivery of several anticancer drugs and imaging agents. Originally,
it was discovered that the full-length protein crossed the plasma membrane [164] and
subsequently, small fragments were identified that could efficiently enter cells [165].
These discoveries, along with those identifying other peptides with membrane -crossing
activities [166-170], served as the cornerstone for a new sub-field focused on the use
of cell -penetrating peptides (CPPs) as molecular transporters. One that received a
great deal of attention was the Tat peptide, derived from the HIV Tat transactivator

protein [165].
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Figure 1.35: Applications of cell-penetrating peptides as molecular delivery vehicles.

Today, thousands of studies have been performed characterizing and optimizing
CPPs as cellular delivery agents [167-171]. Chemists and biochemists have developed
many variations of peptide structures that have elucidated important molecular fea-
tures of CPPs that modulate activity [172-175]. Researchers in both the biological
and medical sciences have developed numerous applications of these constructs , illus-
trating the utility of CPPs in these fields [167-171]. A variety of intracellular cargoes
have been transported by Tat or other CPPs, including DNA [176], polymers [177],
nanoparticles [4,178], and liposomes (Figure 1.35) [179]. Clearly, CPPs are a powerful
tool for transporting diverse materials across the cell membrane and have attracted the
interest of an interdisciplinary scientific community.

For instance CPPs have been extensively used increasing the uptake and efficacy of
several small-molecule drugs (Figure 1.36) [171, 180, 181]. Polyarginine conjugates of

the hydrophobic drug Paclitaxel were shown to greatly improve the water solubility and
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cellular uptake of this potent therapeutic [171,182]. CPP conjugates of cyclosporine
A were shown to exhibit qualities beneficial for treatment of psoriasis and other skin
conditions [180]. When topically administered, the polyarginine aids penetration to
cells in the underlying tissue, delivering a therapeutically useful amount of the anti-

inflammatory molecule by facilitating passage through the stratum corneum.
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Figure 1.36: Small molecule therapeutics successfully delivered by CPPs.

CPPs have delivered photoactive drugs, e.g. the pro-drug 5-aminolevulinic acid,
which is converted in the heme biosynthetic pathway to the photosensitizer, protopor-
phyrin IX; the delivery of this agent was made possible by coupling to penetratin [183].
CPPs can therefore be used to ameliorate properties of drugs—like extreme lipophilicity
or poor trafficking—hat limit their usefulness. CPPs may also be useful for overcoming
cancer-resistance in cells by diverting drugs away from eflux pathways. For example,
doxorubicin conjugated to Tat [184] and transferrin [185,186] have been successful in ex-
erting cytotoxic effects on doxorubicin-resistant cell lines. CPPs have enhanced uptake
of methotrexate in cell lines resistant to this chemotherapeutic, further illustrating the
therapeutic benefit of CPP-conjugated drugs [181]. While these drugs are inherently
cell permeable, CPP-mediated delivery circumvents the effects of the eflux pumps and

provides an effective means to override resistance.
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The ability to visualize internal features and physiological structures of living organ-
isms and observe cellular functions in vivo is vital for understanding, diagnosing, and
treating disease. For example, directly visualizing diseased tissue during surgical pro-
cedures and identifying pre-disease states in patients will have profound implications in
medicine. In biomedical research, assessing stem cell differentiation or following the dy-
namics of the immune cells in living animals will provide a fundamental understanding

of these biological processes .
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Figure 1.37: CPP—mediated delivery of imaging and diagnostic agents.

Non-invasive biomedical imaging techniques such as fluorescence imaging and mag-
netic resonance imaging (MRI) have been developed for these types of in vivo applica-
tions. As some useful imaging agents are not able to penetrate cells or tissues, CPPs
have proven useful in this field as delivery vehicles (Figure 1.37). Fluorescence imaging
relies on tracking molecular imaging agents and has been shown to be useful for visual-
izing tissues in vivo. However, poor cellular uptake, inadequate targeting, and the lack
of photostability of fluorophores can be problematic. CPPs have been combined with
imaging labels in an effort to optimize aspects of in vivo fluorescence imaging related
to cellular targeting. Various fluorophore—-CPP conjugates with improved stability and
uptake have been developed as imaging agents [187,188]. For example, fluorescein—
doped monodisperse silica particles of approximately 70 nm in diameter were modified
with Tat peptides for cellular delivery and shown to efficiently cross the blood—brain

barrier, labeling the neuronal tissue of rats in vivo [187].
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Figure 1.38: Schematic diagram of activatable CPPs. Cellular uptake induced by a
cationic peptide is blocked by a short stretch of acidic residues attached by a cleavable
linker. Once the linker is cleaved, the acidic inhibitory domain drifts away, and the
cationic CPP is free to carry its cargo into cells. Reprinted from [188].

Another very elegant example of the application of CPPs for imaging was recently
reported by Tsien and coworkers (Figure 1.38) [188]. A fluorescein-peptide hairpin
was designed that took advantage of the increased number of extracellular proteases
surrounding tumor tissues. The construct consisted of a polyarginine peptide covalently
attached to a polyanionic segment, which would only be internalized upon proteolytic
cleavage of the anionic domain and because the protease targeted is overexpressed on
cancerous cells.

Considerable efforts have been made to design new drugs based on peptides and
recent developments in technology and science have provided the means and opportunity
to produce a stable as well as controlled-release form of peptidse and polypepeptide-
conjugated drugs to combat aggressive diseases, including cancer and neurodegenerative
disorders, and to increase patients quality of life. In the coming years, polypeptide-

based drug delivery is surely poised to become the forerunner for clinical applications.
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1.3 Conclusion

The emergence of nanotechnology has made a significant impact on clinical therapeutics
in the last two decades, having highly attractive applications in cancer imaging and
therapy. Nanotechnology-based platforms not only aid in delivering therapeutic cargoes
in a controlled manner to various tumors but also help in tracking the delivered drugs
after being uptaken by the target cells. Liposomes, polymeric nanoparticles, dendrimers
and silica nanoparticles have been demonstrated to carry a variety of anticancer agents
including cytotoxic drugs, chemomodulators, siRNA and antiangiogenic agents to tumor
and stem cells. On the other hand, quantum dots, magnetic and metallic nnanoparticles
have been excellent for multimodal imaging via non-invasive methods like fluorescence
and MRI. However, there is a gradual loss of MRI signal due to cell division in magnetic
nanoparticles and the inability to perform whole animal imaging restricts the clinical
use of quantum dots in vivo.

For harnessing the true potential of of these nanoplatforms in a clinical setting,
multimodal and multifunctional nanomaterials capable of incorporating the properties
of several different nanomaterials into a single platform are required. Furthermore,
precise control over the particle composition and preparation would be imperative for
ensuring ratiometric drug loading and temporal drug release, both of which would carry
significant clinical implications in cancer treatments. Although rapid advancements in
developing such nanomaterials for tumor imaging and therapy have taken place in the
past decade, novel biodegradable materials that can perform the above said functions
while overcoming challenges associated with controlled release of cargo, nanoparticle
toxicity and clearance from the body, need to be developed. These biodegradable
platforms can incorporate nanomaterials to deliver therapeutics in a controlled manner
depending upon an external stimulus, such as a magnetic field or light.

Overall, nanomaterials have played a significant role in advancing the fields of med-
ical diagnostics and cancer therapy. Moreover, the advancement in nanotechnology-

based approaches allows scientists in cell biology and physiology to investigate targeted
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bio-interactions at the fundamental molecular level. What is now required is an inter-
disciplinary approach from a high level of expertise in each field of science in order to

help advance these technologies into the clinic.
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1.4 Overview of Dissertation

All the above nanotechnology-based approaches provide remarkable inspiration for any-
one aspiring to develop newer approaches for drug delivery and imaging in order to cre-
ate better methods for the diagnosis and treatment of aggressive cancers. I took great
inspiration from such techniques and started working on developing multimodal drug
and siRNA delivery systems using novel nanomaterials. My aim was to develop newer
materials with superior physical and chemical properties for use as cancer theragnos-
tics. The approaches I developed over the course of my doctoral work could be used for
applications involving cancer and stem cells alike, but I focused on their applications
in glioblastoma (brain cancer) cells. Brain cancer is one of the most aggressive and
difficult to treat cancers, with a median survival of 8-10 months. The development of
novel theragnostics would eventually help in creating better treatment methods, that
could be translated to the clinic in the near future.

We started with the development of non-toxic quantum dots (QDs) for the imaging
and delivery of siRNA into brain cancer and mesenchymal stem cells, with the hope of
using these QDs as multiplexed imaging and delivery vehicles. We were quite successful
at overcoming the toxicity issues associated with the use of conventional quantum dots,
which generally consist of Cadmium and Selenium. These non-toxic QDs not only
enabled us to image brain cancer and stem cells with high efficiency, but also allowed
us to deliver siRNA to knockdown the target gene in brain cancer cells. Overall the
project provided inspiration to explore the use of these non-toxic QDs as imaging probes
for brain tumors.

In another project we developed a biodegradable dendritic polypeptide-based nanocar-
rier, in order to co—deliver multiple anticancer drugs and siRNA to target brain tumor
cells in a controlled manner, to elicit a combined therapeutic effect. The polypeptide-
based system was not only capable at loading the anticancer drugs (Doxorubicin and
Suberoylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor) in high amounts,
but also efficiently complexed siRNA, against the EGFRvIII oncogene, which is a mu-

tant form of the epidermal growh factor receptor (EGFR) and found to be expressed
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only in brain cancer cells. The drugs were released using orthogonal physical/chemical
stimuli (pH and reductive environment). Using our dendritic polypeptide-mediated co-
delivery of drugs and siRNA, we could increase the potency of the drugs by 10 fold,
thereby leading a synergistic inhibition of brain tumor cell proliferation.

This dissertation provides the details of my work on all projects related to the

development of multifunctional nanomaterial-based drug delivery and imaging systems.
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Chapter 2

Nanomaterial-based Molecular Imaging and Multimodal

Diagnostic Agents

Nanotechnology is a rapidly emerging field which holds great promise for revolution-
izing detection and diagnosis of several diseases. Early detection of dieases such as
cancer at the cellular level, even before anatomic anomalies are visible, is critical to
more efficacious and cost-effective diagnosis and therapeutic advances. A wide vari-
ety of nanomaterial-based bioimaging techniques (e.g., optical imaging, Raman imag-
ing, ultrasound, computed X-ray tomography, magnetic resonance imaging (MRI), and
positron emission tomography) are commonly employed for clinical diagnostics and
scientific research. While all of these methods use a characteristic energy—matter in-
teraction to provide specific details about biological processes, each modality differs
from another in terms of spatial and temporal resolution, anatomical and molecular
details, imaging depth, as well as the desirable material properties of the agents needed
for imaging. On many occasions, it is advantageous to apply multiple complimen-
tary imaging modalities for faster and more accurate prognosis. Since most imaging
modalities employ exogenous agents to image and improve the signal-to-noise ratio, the
development and use of multimodal imaging and contrast agents is considered to be
highly advantageous for obtaining improved imagery from sought-after imaging modal-
ities. Towards this end, we describe the synthesis, characterization and bioapplications
of nanoparticulate-based agents for noninvasive bioimaging. Specifically, we developed
non-toxic quantum dots (QDs), which are highly fluorescent nanoparticles, for simulta-

neous imaging and delivery of siRNA into tumor and stem cells.
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2.1 Generation of a Library of Non-toxic Quantum Dots for Cellular

Imaging and siRINA Delivery

2.1.1 Introduction

Dissecting the spatio-temporal interaction of biomolecules inside cells at the subcellu-
lar level is an important facet of molecular cell biology and chemical biology. Over
the last few decades, a variety of fluorescent molecular probes have been developed to
investigate these complex bio-interactions for both in vitro and in vivo cellular imag-
ing and subcellular detection. In particular, semiconductor nanoparticles like quantum
dots (QDs) have shown great potential as nanoparticle fluorescent probes due to their
excellent physiochemical properties, which allow them to overcome the limitations of
conventional fluorescent probes such as organic dyes and fluorescent proteins [2, 189].
These unique attributes of QDs have proven to be crucial in elucidating the intricate
interactions through which small molecules and biomolecules (e.g. proteins, peptides
and nucleic acids) bind to their targets in specific signaling cascades [190-193]. While
QDs are excellent molecular probes, they also can be used as effective delivery vehicles
for several therapeutic biomolecules. For example, the use of QDs for the simulataneous
imaging and delivery of small interfering RNA (siRNA) for selectively knocking-down
target oncogenes in tumor cells has been successfully demonstrated [93,192,194,195].
However, the major limiting factor in harnessing the maximum potential of QDs as mul-
tifunctional imaging probes and delivery systems is their inherent cytotoxicity; most of
the well-established QDs are composed of highly toxic elements, such as cadmium (Cd),
selenium (Se) or tellurium (Te) [191,196]. Owing to this obstacle, the wide applications
of QDs are currently delayed and the main focus of QD imaging has been limited to the
cell and small animal studies. In response to the above issues, the recent development
of I-ITI-VIy type QDs [73-78] like AgInSy [75], CulnSy [74,76] and ZnS-AgInSy [77]
offers better control of band-gap energies and demonstrates the great potential of these
QDs as non-toxic molecular probes. For instance, several research groups have success-

fully synthesized ZnS-AgInSs (ZAIS) QDs through the decomposition of single source
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precursors using thermal [77], hydrothermal [197], photothermal [198] and microwave-
assisted methods [199]. Yet, these conventional synthetic methodologies for preparing
I-II1-VI, type QDs have several shortcomings such as high reaction temperatures, poor
control of growth rates, long reaction times, difficulty of high throughput synthesis, and
the need for complicated synthetic procedures to prepare QDs with different emissions
profiles, all of which would be critical in investigating the diversity and dynamic pro-
cesses of multiple biomarkers in cancer and stem cells. Thus, in order to harness the
full potential of QDs as biological imaging probes as well as drug delivery platforms for
clinical and translational research, its is imperative to develop a simple and straightfor-
ward methodology that affords both the synthesis of non-toxic QDs and the versatility
of generating a library of QDs with tunable properties favoring their use as imaging
agents in biology.

Herein, we describe a novel sonochemical approach for the high throughput synthe-
sis of a library of biocompatible Zn,S-AgyIn;_,Ss (ZAIS) quantum dots with tunable
physical (photoluminescence, PL) properties, thereby allowing them to be used as mul-
tifunctional nanoparticles for the simultaneous imaging and effective delivery of siRNA
to brain tumor cells with negligible cytotoxicity. These ZAIS QDs also proved to be
useful for imaging stem cells, which are otherwise quite sensitive towards nanomaterial-

based molecular imaging probes .

2.1.2 Results and Discussion

A sonochemical synthetic method uses ultrasound irradiation to drive the main syn-
thetic reaction process. With the rapid growth of its use for applications in material
science, the sonochemical synthetic approach is particularly attractive for the prepara-
tion of novel nanomaterials. Its advantages include a high reaction rate (for e.g., its
possible to generate a whole library of nanoparticles of several compositions in a span of
few hours), controllable reaction conditions and the ability to form nanoparticles with
uniform shapes, narrow size-distributions and high purity in relatively little time and
at ambient conditions. We therefore attempted to use this methodology for the facile

synthesis of a whole library of ZAIS QDs with tunable emission profiles for use as a
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biological imaging probe in cancer and stem cels and as a siRNA delivery vehicle.
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Figure 2.1: Synthesis of a library of ZnS-AgInS, QDs for simultaneous imaging and
delivery of siRNA. (A) Synthetic procedure to obtain a library of dodecylamine-capped
hydrophobic ZAIS QDs. (B) Conversion of the the hydrophobic ZAIS QDs into water-
soluble ones via ligand exchange with 3-mercaptopropionic acid (MPA) followed by
attachment of siRNA using a layer-by-layer approach. (C) Delivery of the siRNA
against EGFP using ZAIS QD-siRNA conjugates into brain cancer cells overexpressing
EGFP. Reprinted with permission from [107].

The photoluminescence of ZAIS QDs is composition-dependent and not size

dependent

The library of ZAIS QDs was synthesized via the sonochemical decomposition of the
organometallic precursor (AgyIn;_,)Zn,(SaCN(C2Hs)2)4 at ambient conditions. Com-
pared to the traditional synthetic methods for preparing QDs, this approach does not
require high-temperature and high-pressure conditions. The resulting ZAIS QDs ex-

hibited intense emission at room temperature, regardless of the size of the particles
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(Figure 2.2).
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Figure 2.2: Photoluminescent properties of the ZAIS QD library. (A) Representative
fluorescent image of the entire library of ZAIS QDs with varying compositions (Zn,S-
AgyIn;_,Ss) synthesized via the sonochemical approach. (B) Heat map depicting the
PL intensity (z axis) vs. Zn and Ag/In concentrations (x and y axis) for select composi-
tions of the ZAIS nanoparticles library. Column color indicates the maximum emission
wavelength. Reprinted with permission from [107].

More interestingly, the energy gap of the ZAIS QDs and their emission wavelength
was controlled by varying the concentration of each precursor element. For instance,
the emission of the ZAIS QDs could be tuned from 480 nm (Blue QD) to 700 nm
(Red QD) by just varying the mole ratios of zinc (Zn), silver (Ag), and indium (In)
in the precursor solutions (Figure 2.2A). It is worthwile to note that as compared to
conventional CdSe or CdTe QDs, which show size-dependent fluorescence properties,
our composition-dependent tunable fluorescence of the ZAIS QDs presents a unique
advantage for obtaining QDs with emission in the near-UV range (blue or blue-green
emission). This observation can be explained by the fact that a blue-colored CdSe QD
needs to be less than 2.0 nm in size, which is practically impossible to obtain using
traditional thermal decomposition techniques. After assessing the optimum conditions
for obtaining the desired emission profiles, we observed that for a given concentration
of precursor ions, ultrasonication for 5 minutes at 20 kHz and 200W output power, gave
the highest emission intensity. Figure 2.2B depicts a 3D heat map which summarizes
the physical and chemical properties of the partial ZAIS QD library. For the different

combinations of the precursor elements (i.e. Zn, Ag, and In), the 3D heat map shows the
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emission wavelength and the corresponding photoluminescence (PL) peak intensities of
selected ZAIS QDs under UV irradiation (A¢;=365 nm). This data analysis not only
provides the key characteristic properties for the various compositions, but it can also
facilitate the selection of ZAIS QDs with appropriate physicochemical properties for
further studies and applications. For example, examining the 3D heat map, it is evident
that ZAIS QDs without zinc (i.e. AgyIn;_,Ss) had the longest emission wavelengths
(Figure 2.2B). We also observed that the PL peak wavelength was blue-shifted on
increasing the Zn concentration. Furthermore, QDs obtained with 0.5 mol Ag and 0.5
mol In, had the longest emission wavelength (Ae;,,=697nm), with an observed blue-shift
on increasing or decreasing the Ag concentration. Thus, the emission profiles of the
ZAIS QDs could be easily tuned by varying the Zn or Ag (In = 1-Ag) concentrations
and hence the reported method used to synthesize our QD library can allow scientists to

investigate the composition-dependent physicochemical properties of QDs of interest.

Physical characterization of the ZAIS QDs

In order to ensure the quality of the ZAIS QDs obtained via the sonochemical method,
we performed comprehensive characterization of the ZAIS QDs using several differ-
ent methods (Figure 2.3). The elemental composition of one representative ZAIS QD
(ZnpS-Agp 2Ing §52) was analyzed using X-Ray fluorescence spectroscopy (XRF). It was
observed that the relative atomic ratios of the constituent elements was consistent with
the calculated mole ratios (Figure 2.3A), thus confirming the efficiency of the sono-

chemical synthetic methodology in obtaining QDs with desired chemical compositions.
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Figure 2.3: Physical characterization of the Zn,S-Agy,Ini_,S2 QDs. (A) X-ray Fluores-
cence analysis of one of the ZAIS QD (x=0, y=0.2) showing the elemental composition
and relative atomic mole ratios of the constituent elements. The composition agrees
to that calculated theoretically. (B) X-ray diffraction patterns of the ZAIS QDs pre-
pared using sonochemistry. The values of x and y are indicated in the figure. Reference
patterns of bulk ZnS and AgInSs are also shown. Broad peak width is attributed to
the amorphous nature of the ZAIS QDs. (C) TEM images of one of the ZAIS QDs
(x=0, y=0.2) clearly shows the monodispersity and narrow size distribution (n=100).
Inset shows the high resolution image of a single nanoparticle (Scale bar = 10 nm).
(D) Photoluminescence spectra of select water-soluble ZAIS QDs (a: x=0.6, y=0.5.; b:
x=0.3, y=0.4; c: x=0, y=0.2; d: x=0, y=0.5). Reprinted with permission from [107]

We also analyzed the crystal structures of several compositions of the ZAIS QDs
using powder X-ray diffraction (XRD). The particles prepared with varying mole ratios
of Zn, Ag and In exhibited three broad peaks which lie in between the diffraction pat-
terns of the tetragonal AgInSs and bulk cubic ZnS crystals (Figure 2.3B). Furthermore,
there was a clear peak shift towards a higher angle with an increase in the amount

of Zngy, thus indicating that the QDs obtained were not just a mixture of bulk ZnS
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and AgInSs but a ZnS-AgInSs solid solution [77]. Transmission electron microscopy
(TEM) analysis clearly revealed the spherical shape and monodispersity of our ZAIS
QDs (Figure 2.3C). The average size of the QDs as determined by TEM was found
to be 12+1.3 nm. This was further confirmed by measuring the hydrodynamic size
and the polydispersity index (PDI) of the ZAIS QDs using dynamic light scattering
(Figure 2.4). Additionally, the size of the QDs did not significantly change when their

composition was altered.
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Figure 2.4: Size distribution of the ZAIS QD (ZnpSAgp2InggS2) as determined by
dynamic light scattering. The average size of the QDs in water was around 30nm with
a polydispersity index (PDI) value of 0.302 suggesting that the ZAIS QDs were quite
monodisperse. Reprinted with permission from [107].
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Figure 2.5: PL quantum yield (QY) measurements of the ZAIS QDs as compared
CdSe/ZnS QDs. QYs of the ZAIS QD solutions were determined by comparing the
integrated emission from the nanocrystals to Rhodamine B and Rhodamine-6G dye
solutions of matched absorbances. Samples were diluted so that they were optically
thin. The QY values are reported as percentge values relative to the CdSe/ZnS quantum
yield which was found to have a value of 0.4. Reprinted with permission from [107].

We also determined the PL quantum yields of the ZAIS QDs and compared them to
the quantum yield of the CdSe/ZnS QDs (~0.4). It was found that the relative quantum
yields of the ZAIS QDs depended on their composition and were comparable or in some
cases higher than that of the CdSe/ZnS QDs (Figure 2.5). Finally, in terms of stability,
the physical properties of the ZAIS QDs such as absorption and photoluminescence
remained unchanged for two months when stored at ambient conditions (Figure 2.6).

Hence, these ZAIS QDs could be potentially used for long term cellular labeling without

any loss of photoluminescence.

Figure 2.6: Fluorescence image of the ZAIS QDs depicting the PL stability of the
QDs after 2 months of storage. (a) ZngS-Ag5Ing5S2 (b) ZnpS-Agp.oIng sSs (¢) Zng 3S-
Agg4Ing 6S2 and (d) ZngeS-Ago.5Ing 5S2. Reprinted with permission from [107].
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ZAIS QDs as biocompatible and non-toxic molecular imaging probes

The solubility and stability of QDs in an aqueous solution is essential for their wide
application as molecular probes in molecular cell biology. In order to be biocompatible,
the ZAIS QDs need to be rendered soluble in aqueous physiological conditions, which
would exclude the use of any kind of toxic solvents for future biological applications.
The ZAIS QDs reported here were functionalized with 3-mercaptopropionic acid (MPA)
to render them soluble in physiological conditions [200,201]. These water-soluble ZAIS
QDs were found to be extremely stable at physiological conditions without any signs
of aggregation, even when stored for several months (Figure 2.7A). This was further
confirmed by monitoring the PL intensity of one of the ZAIS QDs (x=0, y=0.2) in
phosphate buffered saline (PBS, pH=7.4) at 37°C over a period of 6 days. The ZAIS
QDs were found to be quite stable without any significant loss of photoluminescence

over the test period (Figure 2.7B).
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Figure 2.7: (A) Image depicting the colloidal stability of the MPA-coated ZAIS QDs
at physiological conditions. (a) ZngS-AgosIngsSe (b) ZngS-Agp2InggSe (¢) ZngsS-
Agp4Ing 6S2 and (d) Zng eS-Ago 5Ing 5S2. The image shows that the water-soluble ZAIS
QDs were very stable at physiological conditions (in PBS buffer, pH=7.4), without any
sign of aggregation even after several months of storage. (B) PL stability of ZAIS QD
in PBS buffer at 37°C. The PL stability of the MPA-coated ZngS-Agg.olng gSs QDs was
tested in phosphate buffered saline (PBS, pH=7.4) at 37°C over period of 6 days. The
PL peak intensities are reported as percentages relative to that on Day 0. Reprinted
with permission from [107].

Another critical factor limiting the use of conventional QDs for various biological
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applications is their inherent cellular toxicity [202-205]. This could be partially at-
tributed to the lack of suitable methods to generate QDs with different compositions in
a high throughput manner for subsequent toxicological screening. Hence, the generation
of a QD library and assaying their cytotoxity in a simple and quick way can facilitate
the selection of appropriate QDs eliciting minimum toxic effects and thus enabling the
long term cellular imaging of cancer and stem cells in vitro and in vivo. To test the
biocompatibility of our ZAIS QDs for use as imaging probes in vitro, a cytotoxicity

assay was carried out in both cancer and stem cells (Figure 2.8A).
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Figure 2.8: Biocompatibility and cellular imaging studies of ZAIS-QDs in mammalian
cells. (A) Comparison of the cellular cytotoxicity of the water soluble ZAIS QD (ZngS-
Agp.2InggS2) and CdSe/ZnS QDs at different concentrations in U87 cells (A1) and
hMSCs (A2). The results are presented as means +SD from three independent exper-
iments. Students unpaired t-test was used for evaluating the statistical significance of
the cytotoxicity of ZAIS QDs (*= P<0.001, ** = P<0.01, *** = P<0.05) as compared
to the CdSe/ZnS QDs (B) Transmission electron microscopy of the ZAIS QD in hM-
SCs. The image clearly shows the presence of the QDs (marked by blue arrows) in the
cytoplasm and the nucleus (marked in red). The inset depicting the magnified image of
the QD cluster, confirms the monodisperse nature of the QDs inside the cell. (C) and
(D) Fluorescence microscopy imaging demonstrating the uptake of the water soluble
ZAIS-QD (Aer, =606 nm) in U87 cells (C) and hMSCs (D). Reprinted with permission
from [107].

The concentration-dependent cytotoxicity of the water-soluble ZAIS QDs was as-
sessed in human bone marrow-derived mesenchymal stem cells (hMSCs) and human
brain tumor cells (U87 glioblastoma cell line) for two days using a cell proliferation
assay (MTS). The toxicity of the ZAIS QDs was also compared to the water-soluble
CdSe/ZnS QDs (control sample). The ZAIS QDs showed significantly improved bio-
compatibility (less cytotoxic, 95% cell viability) in both U87 cells and hMSCs even at

high concentrations (upto 100 pg/mL) in comparison to the control sample (CdSe/ZnS
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QDs), which were found to noticeably cytotoxic at even low concentrations. In addition,
we carried out the cytotoxicity assay of the ZAIS QDs in normal healthy cells (NIH-
3T3 mouse fibroblasts). The ZAIS QDs were found to be extremely biocompatible as
compared to the CdSe/ZnS QDs (Figure 2.9).
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Figure 2.9: Cellular cytotoxicity of select ZAIS QD compositions in normal (NITH-3T3
mouse fibroblasts) cells. The QD composition is indicated in the figure. The results are

presented as means+SD from three separate experiments. Reprinted with permission
from [107].

The prolonged exposure of nanoparticles, especially QDs, to an oxidative environ-
ment (aerial oxidation or UV-induced oxidation) has been known to catalyse their
decomposition, thereby leading to the leaching of the metal ions, which is known to in-
duce cytotoxic effects in cells. In order to test the cytotoxicity of our ZAIS QDs under
an oxidative environment, we subjected the ZAIS QDs to high-intensity UV light to
catalyze the oxidation process. The water-soluble ZAIS QD solutions were exposed to a
UV-light source (Ae;, =365 nm, power density of 12 mW /cm?) for 1 - 4 hours after which
they were incubated with U87 cells. It was found that even after 4h of UV-induced

photo-oxidation, the ZAIS QDs were not toxic to the cells (>85% viability, Figure 2.10)
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which is in stark contrast to the photo-toxicity of CdSe/ZnS QDs reported previously.
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Figure 2.10: Cellular cytotoxicity of water-soluble ZAIS QD in an oxidative environ-
ment. The effect of oxidation, induced by high-energy UV irradiation, on the toxicity of
select water soluble ZAIS QD (x=0, y=0.2) was tested in U87 glioblastoma cells. The
ZAIS QD solutions (200 ug/mL) were found to be non-toxic even after 4 hours of UV-
catalyzed surface oxidation. The viabilities were normalized to non-treated controls
(No UV and no QDs). The results are presented as means£SD from three separate
experiments. Reprinted with permission from [107].

For our cellular imaging experiment, Figure 2.8B shows the internalization of the
water-soluble ZAIS QDs (with 606 nm emission) in human MSCs. The QDs were pri-
marily found to be present in the cytoplasm of the hMSCs with a few QDs being found
in the nucleus of the cells. Furthermore, fluorescent microscopy images of U87 cells
(Figure 2.8C) and hMSCs (Figure 2.8D) incubated with the water soluble ZAIS-QDs
proved that the QDs showed strong fluorescence even when inside the cells. Collectively,
our ZAIS-QDs showed excellent biocompatibility (non-toxic) and these results can be
extended to their wide use in cellular imaging and delivery applications, especially for

stem cells, which are known to be extremely sensitive towards nanomaterials.
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ZAIS QDs for simultaneous imaging and delivery of siRNA

Having demonstrated the potential of our ZAIS QDs as non-toxic fluorescent imaging
probes, we evaluated their ability to be used as vehicles for the efficient delivery and
tracking of siRNA in vitro. In the past decade, there has been a considerable interest
in the development of nanomaterial-based siRNA and gene delivery methods for con-
trolling cell fate and behavior [206-209]. RNA interference (RNA1) involves the use of
small interfering RNAs (siRNAs) to selectively mediate the cleavage of complementary
mRNA sequences and thus regulate target gene expression. In combination with other
modalities like small molecules and peptides, RNAi could prove to be a powerful tool
to manipulate the cellular microenvironments [207]. To harness the full potential of
this approach, the prime requirements are to deliver the siRNA molecules with high
selectivity and efficiency into tumor cells and to monitor both siRNA delivery and the
resulting knock-down effects at the single cell level. Although several approaches such
as polymer- and nanomaterial-based methods have been attempted [210-212], limited

success has been achieved for delivering siRNA into the target tumor cells.
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Figure 2.11: Zeta potential measurements of ZAIS QD-MPA-PEI-siRNA to ensure
appropriate layer-by-layer coating. The zeta potential value increased from -30.1 mV
to 18.9 mv after the coating of a single layer of PEI on the MPA-coated ZAIS QDs.
Upon complexation of negatively charged siRNA molecules, the zeta potential value
dropped to 1.4 mv. Since the zeta potential was still positive after complexation of
siRNA, coating with a second layer of PEI was avoided. Reprinted with permission
from [107].

In this context, the use of QDs as a multimodal delivery vehicle becomes a promising
choice, thereby allowing for the efficient delivery of siRNA and real-time tracking of
the siRNA-mediated gene knockdown [192]. As a proof-of-concept experiment, we
used a brain tumor cell line (U87) which was genetically labeled to express the green
fluorescent protein (GFP). In order to deliver the siRNA to target brain tumor cells
expressing EGFP (U87-EGFP), the MPA-coated ZAIS QDs were conjugated to the
siRNA (against the EGFP gene) using polyethyleneimine (PEI) as a cationic polymer
via a layer-by-layer approach (Figure 2.1B) [213]. The efficiency of the PEI coating and
siRNA conjugation was monitored using zeta potential (Figure 2.11). The decrease
in the green fluorescence due to the siRNA-mediated knockdown of the EGFP gene
using our ZAIS QD-siRNA constructs was then monitored (Figure 2.12) in order to
to assess the transfection efficiency and RNAi activity. It was found that the ZAIS

QD-siRNA constructs were efficiently taken up by cells as evident by the intracellular
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red fluorescence of the QDs. In addition, the QD localization correlated well with the
decrease of the green fluorescence (~80 % after 3 days of transfection) resulting from the
siRNA-mediated knockdown of the EGFP mRNA. These results show the ability of our

ZAIS QDs to efficiently translocate siRNA into the cells and achieve gene knockdown

in vitro.

Figure 2.12: In wvitro testing of the ZAIS-QD-siEGFP cell uptake and silencing effi-
ciency in stably transfected U87-EGFP glioblastoma cells. (A) Control U87-EGFP
cells with PEI-coated ZAIS-QD; (Al) represents the phase contrast image and (A2)
is the corresponding fluorescence image. (B): EGFP knockdown using the ZAIS QD-
siRNA constructs; (B1) Phase contrast image showing the the viability of US7-EGFP
cells has not changed appreciably after the transfection of the ZAIS QD-siRNA con-
structs as compared to the control cells in (A). (B2) Fluorescence image clearly shows
the knockdown of EGFP in cells which have internalized the siRNA-QDs (red) after 72
hrs. The red fluorescence from the ZAIS QDs correlates well with the loss of the green
fluorescence in cells (indicated by yellow arrows). Scale bar is 50 pym. Reprinted with
permission from [107].

With further surface modifications using targeting ligands (RGD, TAT peptides

and antibodies) and bifunctional linkers (cleavable or covalent linkers), the ZAIS QDs



80

could be used for the targeted delivery of siRNA to cancer/stem cells and for the real-
time monitoring of its delivery in an efficient manner. In addition, the presence of a
library of multicolored QDs obtained via our sonochemical approach, would allow the
for multiplexed imaging of transplanted cell populations in vivo (i.e., tracking different

cell populations with different QDs at the same time).

2.1.3 Conclusions

In summary, this work is a demonstration of the preparation of Zn,S-Ag,In; _,Ss (ZAIS)
QDs using a facile sonochemical synthetic method and their application as multifunc-
tional molecular imging probes. Our ZAIS QDs exhibit excellent biocompatibility for
the efficient delivery of siRNA and simultaneous imaging/tracking of the same in cancer
cells (and stem cells) with negligible QD-induced cytotoxicity. Hence, Our siRNA-QDs
could be used for the development of novel chemotherapies and diagnostics relevant to
brain cancer research. While the ZAIS QDs show great potential for the imaging and
delivery of siRNA in wvitro, a more thorough investigation of their long-term cytotoxi-
city is needed before they can be used in vivo. Efforts in this direction are underway.
Overall, the ease of the synthesis of the ZAIS QDs, their excellent cyto-compatibility
and their versatility as multiplexed imaging agents provides an attractive alternative
over conventional QD-based molecular imaging probes and siRNA delivery vehicles, and

therefore has significant potential for simultaneous prognosis, diagnosis, and therapy.

2.1.4 Materials and Methods

Silver Nitrate (AgNOs3, > 99.0%), Indium (III) nitrate hydrate (In(NOj3)3.xH20, 99.9%,
Zinc nitrate hexahydrate (Zn(NOj3)2.6H20, Reagent grade), Sodium diethyldithiocar-
bamate trihydrate (((C2Hs)2NCS2)Na.3H20, Reagent grade) and Dodecylamine (98%)
were purchased from Aldrich. 3-mercaptopropionic acid (> 99.0%) was purchased from
Fluka. All other solvents were obtained from Fisher and used as received unless other-

wise noted.
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Synthesis of precursor complexes

5.0 mL of an aqueous solution of sodium diethyldithiocarbamate (0.05 M) was mixed
with an aqueous solution containing appropriate amounts of AgNOs, In(NO3)3.xH20
and Zn(NO3)2.6H20 in order to get the required mole ratios (Total concentration of
the metal ions was 0.025M). The solution was allowed to stir for 5 minutes after which
it was filtered using a Buchner funnel, washed several times with distilled water and
MeOH and finally dried in a convection oven at 60°C overnight to obtain the precursor
as a dried powder. Several precursor powders were synthesized by varying the mole

ratios of the metal salts.

Sonochemical synthesis of dodecylamine-capped ZnS-AgInS; quantum dots

The precursor complex (0.1 g) and 10.0 mL of dodecylamine were put into a 20 mL vial
and sonicated using a tip probe-based high frequency sonicator (Branson Ultrasonics)
for 5 minutes in an air-atmosphere. The resulting suspension was allowed to sit at
room temperature for two minutes after which 5.0 mL of chloroform and 5.0 mL of
MeOH were added to it and centrifuged at 4000 rpm. The supernatant containing the
ZAIS QDs was collected and equal amount of MeOH was added to it in order to isolate
the nanoparticles. The obtained ZAIS QDs were then resuspended in chloroform for

absorbance and photoluminescence measurements.

Surface modification of ZAIS-QDs with 3-mercaptopropionic acid (MPA)

The dodecylamine-capped ZAIS QDs were subjected to a ligand exchange reaction
using 3-mercaptopropionic acid (MPA) according to a previously reported protocol
[200,201]. Briefly, a 3.0 mL ethanolic solution of MPA (0.2 M) and KOH (0.3 M) was
added dropwise to an equal amount of the dodecylamine-capped ZAIS QD solution in
chloroform. The turbid solution was stirred for 3h at room temperature followed by
centrifugation at 4000 rpm. The wet precipitate of the MPA-coated ZAIS QDs was
washed with EtOH and redissolved in phosphate-buffered saline (PBS, pH=7.4). The

water soluble MPA-coated ZAIS QDs were stable in buffer solution with no significant
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change in absorption and photoluminescence for upto 2 months, when stored at ambient

conditions.

Physical characterization of the ZAIS QDs

The morphology and size distribution of ZAIS QDs was determined using TEM anal-
ysis. The water-soluble ZAIS-QDs were drop cast on Holey-carbon grids (Electron
Microscopy Sciences), allowed to dry overnight under vacuum and subsequently imaged
using a JEOL JEM-2010F high-resolution transmission electron microscope operated
at an accelerating voltage of 200 keV. Additionally, the polydispersity index (PDI) and
hydrodynamic size of the ZAIS QDs was determined using DLS (Malvern Zetasizer
Nano). Powder X-ray diffraction (XRD) analysis was carried out on a Bruker D8 X-ray
diffractometer (GmbH, Karlsruhe, Germany) with Cuk, radiation to determine the
crystallinity of the ZAIS QDs. The powder samples were prepared by drying a chlo-
roform solution of the ZAIS QDs in vacuo. The composition and elemental analysis
of the ZAIS QDs was determined using an EDAX Eagle II Micro-EDXRF Spectrome-
ter (EDAX Inc., Mahwah, NJ, USA). UV-Visible absorption spectra were recorded by
a Varian Cary 5000 UV-Visible Spectrophotometer. Photoluminescence (PL) spectra

were measured using a LS 55 PerkinElmer Luminescence Spectrometer.

Determination of PL stability of ZAIS QDs

A solution of the ZAIS QD (composition of x=0, y=0.2) in PBS (pH=7.4) was incubated
at 37°C and the fluorescence intensity was measured over a period of 6 days using a Cary
Exclipse Fluorometer (Cary, Varian). The fluorescence intensities were normalized to a
Rhodamine B solution in order to account for instrumental and external factors. The

fluorescence intensity on Day 0 was taken to be 100%
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Culture of human U87 glioblastoma cells, NIH-3T3 mouse fibroblasts and

human mesenchymal stem cells

The EGFRvVIII overexpressed U87 glioblastoma cells (U87) and human mesenchy-
mal stem cells (hMSCs) were cultured using previously reported methods. For U87-
EGFRWVIII cells, DMEM (Dulbeccos modified Eagles medium) with high glucose (In-
vitrogen), 10 % Fetal Bovine Serum (FBS, Gemini Bioproducts), 1 % streptomycin-
penicillin and 1% glutamax (Invitrogen, Carlsbad, CA) were used as basic components
of growth media including Hygromycin B (30 pg/ml, Invitrogen) as a selection marker.
Human bone marrow-derived MSCs (Lonza, Walkerville) were cultured in the condi-
tioned media (Lonza, Walkerville) according to manufacturers recommendations. For
the NIH-3T3 mouse fibroblasts, DMEM (with high glucose) supplemented with 10 %
Fetal Bovine Serum (FBS, Gemini Bioproducts), 1 % streptomycin-penicillin and 1%
glutamax (Invitrogen, Carlsbad, CA) was used as the growth medium. All cells were

maintained at 37°C in humidified 5% CO2 atmosphere.

Cell viability assays

The cellular viability of the U87, 3T3 cells and hMSCs loaded with the ZAIS QDs was
assessed using the standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. NIH-3T3 cells, U87-EGFRvIII and hM-
SCs were seeded in a 48-well plate and grown to 70-80 % confluency. Various composi-
tions of the ZAIS QDs were mixed with 2.0 L. each of XtremeGene transfection reagent
(Roche, USA) to get final concentrations of 25, 50 and 75 ug/mL of the ZAIS QDs. The
cells were incubated with these complexes at 37°C in a humidified and 5% CO2 atmo-
sphere for 6 h, after which they were washed twice with PBS and the media replaced
in the transfected wells. Cells treated with only XtemeGene reagent were used as a
control. The transfected cells were allowed to grow for 48h, after which the cell viabil-
ity was assessed using the CellTiter 96 AQueous One Solution Cell Proliferation Assay

(Promega, Madison, USA) according to the manufacturers recommended protocol.
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Cellular imaging using fluorescence microscopy

U87 and hMSCs were seeded in a 24-well plate, incubated at 37C in a humidified and 5%
CO2 atmosphere. After 24 hours, water-soluble MPA-coated ZAIS QD (composition
of x=0, y=0.2, Emission of 606 nm) complexed with 2 uL. of XtremeGene transfection
reagent (at a final concentration of 50 ug/mL QDs) was added to each of the wells. The
cells were incubated with the QD complex for 6 hours after with the media was replaced.
The cells were then allowed to grow for another 24 hours at the same conditions, after
which the cells were fixed using 10% Formalin and images were taken using a Nikon
Ti-Eclipsed Inverted Fluorescence microscope (Nikon Instruments, USA). Each image

was captured with different channels and focus. Images were processed and overlapped

using the NIS-Elements software (Nikon, USA).

Cellular transmission electron microscopy

U87-EGFRVIII cells and hMSCs were seeded in a 6 cm dish (BD Falcon, USA) and
allowed to grow till 70% confluency. The cells were then treated with above mentioned
MPA-coated ZAIS QD-XtremeGene complexes (at a final concentration of 50 ug/mL
of QDs) for 6h after which they were washed and the media replaced in the dish. The
cells were allowed to grow to 90% confluency after which they were trypsinized and
subsequently fixed using Trumps Fixative (Electron Microscopy Sciences, Hatfield, PA,
USA) for 2h. The cells were washed twice with sodium cacodylate buffer (pH=7.4,
EM Sciences, PA, USA) and post-fixed with 1% aqueous Osmium Tetroxide (Acros
Organics, USA) for 1 h. The cells were dehydrated using a graded ethanol washing
(50%, 75%, 80%, 95% and 100%) and finally embedded in epoxy resin using the Low
Viscosity Spurrs Kit (Electron Microscopy Sciences, Hatfield, PA) according to man-
ufacturers recommended protocol. The cells were then imaged using a using a JEOL

100CX TEM instrument operating at 80 keV accelerating voltage.
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Attachment of siRINA to the MPA-coated ZAIS QDs

For the siRNA to silence EGFP gene in US7T-EGFP cells, we utilized the layer-by-layer
(LbL) method with slight modifications to the reported procedure [213]. Polyethyleneimine
(PEI, MW 10,000) in distilled water was added to MPA-coated ZAIS QDs (composi-
tion of x=0, y=0.2, Emission of 606 nm, 400 ul, 10 mg/mL) at a final concentration
of 1.0 mg/mL. After sonication for 2-4 hours under neutral pH, the coated particles
were purified using ultracentrifugation and subsequent washing with distilled water. Af-
ter characterization of the surface charge using zeta potential measurement, 100 nmol
siRNA solution (Integrated DNA Technologies Inc., IA, USA) in PBS was added to
300 pl of PEI coated ZAIS-QD solution (50 ug/ml). After mild stirring for 1-2 hours,
the final product was purified by ultracentrifugation (14,000 rpm) and washed with 1.0
mM NaCl solution. Surface charge was characterized using zeta potential measurement
(Zetasizer Nano ZS, Malvern Instruments, Westborough, MA) to perform the siRNA

transfection experiment.

Culture of human U87-EGFP cells for siRNNA knockdown experiments

The EGFP overexpressed U87 glioblastoma cells (US7-EGFP) were cultured using
DMEM with high glucose, 10% fetal bovine serum (FBS, Gemini Bioproducts), 1%
Streptomycin-penicillin and 1% Glutamax (Invitrogen, Carlsbad, CA). Geneticin G418
(100 pg/ml, Invitrogen) was used as a selection marker for the US7-EGFP cells. All
cells were maintained at 37°C in humidified 5% CO2 atmosphere. For the knockdown
experiments, 10* cells were grown to 50-60% confluency in a 48-well plate. The ZAIS
QD-MPA-PEI-siRNA conjugates were dispersed in the transfection media (Opti-MEM)
at a final concentration of 50 pg/ml. 100 pl of the nanoparticle solution was added to
the US7T-EGFP cells. U87-EGFP cells treated with only PEI-coated ZAIS QDs were
used as a control. After 6 hours of incubation, the solution in each well was removed
and exchanged with the growth medium. The cells were allowed to grow for 72 hours
after which the GFP knockdown and QD localization was assessed using fluorescence

microscopy (Nikon Ti-Eclipsed Inverted Fluorescence microscope, Nikon Instruments,
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USA). Each image was captured with different channels and focus. Images were pro-

cessed and overlapped using the NIS-Elements software (Nikon, USA).

Cytotoxicity assessment of ZAIS QDs in oxidative environment

200 pg/ml solutions of the ZAIS QD (composition of x=0, y=0.2, Emission of 606 nm)
in PBS were placed under a longwave (365 nm) UV lamp for 1, 2 and 4 hours. The
spherical irradiation was 12 mW/cm? as determined with a radiometer. The photo-
oxidized ZAIS QDs were then incubated with U87-EGFRVIII cells (104 cells seeded in
a 48-well plate and grown to 70% confluency) for 48 h, after which the cell viability
was assessed using the CellTiter 96 AQueous One Solution Cell Proliferation Assay

(Promega, Madison, USA) according to the manufacturers recommended protocol.
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Chapter 3

Nanomaterials for Drug Delivery and Effective Cancer

Therapy

In previous chapter, we developed novel nanomaterial-based advanced molecular imag-
ing and diagnostic probes for imaging of cancer and stem cells. In this chapter we will
see the application of nanotechnology for the purpose of drug delivery and in particu-
lar, for the delivery of multiple anticancer therapeutics and siRNA into brain cancer.
Glioblastoma multiforme (GBM) or brain cancer is the most malignant, invasive, and
difficult-to-treat primary brain tumor. Successful treatment of GBM is rare with a
mean survival of only 10-12 months [214,215]. In this section, we will then see the
synergistic effects of different drugs on increasing tte apoptosis of brain cancer cells
by the down regulation of key oncogenic signaling pathways. Finally, we will see the
emerging impact of novel nanomaterials in cancer biology and how they can circumvent

the current issues in brain cancer treatment from a clinical viewpoint.
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3.1 Dendritic Polypeptide-based Nanocarrier for the Delivery of Mul-
tiple Anticancer Drugs and siRNA to Brain Tumor Cells

3.1.1 Introduction

Advances in the field of chemical genetics and molecular cell biology have triggered a
surge in development of genetic manipulation based therapies for cancer [216,217]. Such
genetic manipulation methods typically rely on either the traditional small molecule/
protein modalities [218] or the newly discovered RNA interference (RNA1i) based modal-
ities [219], each having their own advantages and disadvantages. For example, RNAi
therapeutics can provide attractive solutions to the major shortcomings of the conven-
tional therapeutics, including difficulty in lead identification and complex synthesis of
small organic molecules and proteins, and potentially can be applicable to all molecular
targets for cancer therapy [220]. However, RNAi-based therapeutics, such as small in-
terfering RNA (siRNA) and micro RNA (miRNA), are inherently antagonistic and their
downstream effects (i.e., genesilencing) are delayed, compared to those of conventional
small molecule/ protein-based therapeutics [221]. Additionally, owing to their short
serum half-life and poor cellular uptake, successful clinical application of siRNA re-
quires appropriate chemical modifications and better delivery vehicles to overcome the
numerous cellular barriers [219]. On the other hand, small organic molecules can act as
both antagonists and agonists for molecular targets and their drug effects can be much
faster than siRNA with minimal problems during their intracellular uptake. [220] Hence,
from a biological perspective, it would be beneficial to combine the advantages of these
therapeutic modalities to potentially enhance their individual efficacy. For example,
it was recently demonstrated that simultaneous delivery of siRNA against multidrug
resistance genes in cancer cells led to the enhanced efficacy of the codelivered anticancer
drugs [222,223]. These studies show that it would be desirable to target multiple onco-
genic signaling elements using different therapeutic modalities for cooperative effect,
especially considering the molecular heterogeneity of tumors. In recent years, signifi-
cant effort has been devoted to develop nanotechnology for drug delivery since it offers

a suitable means of delivering small molecular weight drugs, as well as macromolecules
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such as proteins, peptides or genes by either localized or targeted delivery to the tis-
sue of interest [224]. Several engineered nanomaterials such as dendrimers, liposomes,
and metallic nanoparticles have been developed to deliver anticancer drugs to cancer
cells. These systems in general can be used to provide targeted (cellular/tissue) deliv-
ery of drugs, to improve bioavailability, to sustain drug/gene effect in target tissue, to
solubilize drugs, and to improve the stability of therapeutic agents against enzymatic
degradation (nucleases and proteases), especially of protein, peptide, and nucleic acids
drugs [224]. However, considering the molecular heterogeinity of cancers, the devel-
opment of drug delivery systems capable of loading and delivering multiple anticancer
therapeutics in order to achieve a synergistic therapeutic effect against aggressive tu-
mors such as brain and breast cancers has been at the forefront [161,222,223].

In this regard, the use of polypeptides and dendrimer-based systems have been
quite prominent as they are very amenable for the covalent conjugation of multiple
small molecule anticancer drugs and also for the complexation of negatively charged
therapeutic small interfering RNA (siRNA). For example, dendrimers have unique char-
acteristics including monodispersity, modifiable surface functionality, highly defined size
and structure with a very high positive surface charge These attributes allow for the
efficient conjugation and delivery of therapeutics like drugs, siRNA, aptamers and plas-
mid DNA into cells [207,225,226]. In addition, the multivalency of dendritic structures
further enhances their interaction with the cellular microenvironment, thereby making
them prime candidates for drug delivery applications [227]. In the past, dendrimers
have been utilized to carry a variety of small molecule pharmaceuticals and nucleic
acids (DNA, siRNA and miRNA) to several tumor cells in order to obtain a synergistic
response [207]. However, many of the dendrimer-based drug carriers are known to be ex-
tremely cytotoxic to cells. Many of the amine-terminated dendrimers bind to negatively
charged membranes of cells in a non-specific manner and can cause toxicity in vitro and
in vivo. In this regard, synthetic polypeptides, which are essentially poly-amino acids
linked by amide bonds, are biodegradable and biocompatible synthetic polymers with
the availability of many side-chain functional groups to conjugate therapeutic molecules.

For example, several groups have reported the use of polypeptides for the conjugation
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and translocation of therapeutics across the cell membrane. These systems include
linear cell penetrating peptides (CPPs) [166-170], chimeric oligopeptides [228,229] and
self-assembling polypeptides [230]. However, most of these delivery vehicles suffer from
several limitations such as complex synthetic methods, poor drug loading efficiencies
and the inability to conjugate and deliver multiple therapeutic modalities in a controlled
manner using a single platform. In addition, owing to the lack of multivalency, linear
polypeptide-based drug carriers have met with limited success with the efficient com-
plexation and delivery of siRNA to tumor cells. Thus, it would be highly desirable to
combine the multivalency of dendrimers and the biocompatibility of polypeptides into
a single platform in order to overcome their respective limitations [231]. Furthermore,
since the majority of anticancer drugs used today in the area of polymeric therapeutics
are not based on peptide sequences, efficient conjugation to the polymeric carrier is a
major requirement when using polypeptides as the carrier. The few reports available of
synthetic strategies to conjugate a drug such as doxorubicin to a polypeptide describe
in general multi-step synthesis, with high excess of reagents, and moderate efficiency
of drug conjugation [228-230]. Moreover, almost all studies have sought to synthe-
size 1:1 conjugates with one drug molecule bound to one polypeptide, resulting in low
drug loading [232]. Therefore, there is a clear need to develop more versatile dendritic
peptides that require fewer synthetic steps and offer the possibility of multiple drug
conjugation and thus higher drug loading.

Herein we report the synthesis of a dendritic polypeptide-based carrier for the tar-
geted delivery of multiple anticancer drugs and siRNA in order to elicit a synergistic
inhibition of brain tumor cell proliferation (Figure 3.1). We hypothesize that a den-
dritic polypeptide-based drug delivery platform would not only enable the conjugation
of multiple anticancer drugs and siRNA, but also allow for their efficient delivery to

tumor cells in a controlled manner, thereby leading to a synergistic effect.
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Figure 3.1: Schematic of the dendritic polypeptide for the delivery and stimuli
responsive-controlled release of multiple anticancer therapeutics (DOX, HDACi and
siRNA) in brain cancer cells for synergistic cell death. The polypeptide backbone con-
tained multiple cysteine residues for the conjugation of DOX and HDACi using an
acid-labile hydrazone linkage and disulfide linkage respectively. The lysine residues
enabled the complexation of the negatively charged siRNA while terminal histidine
residues aided in the endosomal escape of the therapeutics after cellular uptake B)
Schematic depicting synergism between DOX and the HDACI, by the down regulation
of the PI3BK-AKT-p53 signaling pathway. HDACI increases the access of DNA to DOX
by opening up the chromatin thereby leading to an increase in its efficacy, which could
be further enhanced by the use of siRNA against the EGFRvVIII oncogene

3.1.2 Results and Discussion
Synthesis of and characterization of the dendritic polypeptide

In our design, the synthesis of the dendritic polypeptide was accomplished by the ring
opening polymerization of N-carboxy anhydrides (NCAs) using a three-armed amine
initiator. The use of NCA chemistry for the ring opening process permits control over
the structure of the polypeptide chain by the sequential growth of amino acid monomers
from the core [233,234]. The structure of the three-armed polypeptide was carefully cho-
sen, wherein i) the three cysteine residues per arm were used to conjugate hydrophobic
anticancer drugs, thereby increasing their solubility and cellular uptake, ii) the pres-

ence of seven lysine residues on each arm allowed for complexing the negatively charged
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small interfering RNA (siRNA) and also improve the transfection efficiency of the drug
conjugates into tumor cells and, iii) the three terminal histidine moieties on each arm
facilitated the endosomal escape of the polypeptide-drug conjugates once uptaken by
the cancer cells. In addition, targeting moieties such as the cyclic-RGD peptide (cRGD)
could be easily attached onto the polypeptide backbone, thereby demonstrating the po-
tential for the targeted delivery of these conjugates (Figure 3.1). The NCAs of L-lysine,
L-cysteine and L-histidine were synthesized according to previously reported methods,
with slight modifications. The polypeptide backbone was synthesized by the ring open-
ing polymerization (ROP) of the corresponding amino acid NCAs prepared previously

using a tri-armed amine as the core initiator (Figure 3.2).
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Figure 3.2: Schematic depicting the synthesis of the dendritic polypeptide and subse-
quent conjugation of DOX, HDACi and siRNA to it. The synthesis of the polypeptide
backbone was carried out by the sequential ring opening polymerization using the cor-
responding amino-acid NCAs and Tris-(aminoethyl) amine as the initiator followed by
the conjugation of DOX and HDAC! to the cysteine-thiol residues using an acid-labile
hydrazone linkage and disulfide linkage respectively. The siRNA was complexed to the
lysine residues via electrostatic interaction.

The control of the molecular weight of polypeptides via NCA polymerization (in
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a range less than 5 kD) was achieved by choosing a polar solvent and primary amine
[Dimethylformamide (DMF) and Tris-(2-aminoethyl)amine respectively in our case].
The structure and purity of the polypeptide was confirmed using 'H NMR spectroscopy.
The molecular weight of the polypeptide backbone was further confirmed using MALDI-
TOF analysis. The average molecular weight of the polypeptide was found to be 4931

daltons, which was very close to the calculated weight of 4922 daltons (Figure 3.3).
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Figure 3.3: Measurement of the molecular weight of the polypeptide. The average
molecular weight of the polypeptide was measured using MALDI-TOF analysis using
a-Cyano-4-hydroxycinnamic acid (CHCA) as the matrix.The average molecular weight
of the peptide was found to be 4931 daltons which agreed well with the calculated
molecular weight of 4922 daltons.

The polypeptide was found to be extremely soluble in aqueous solvents at physi-
ological conditions. Collectively, these results prove the efficiency of the NCA-based

synthetic method for obtaining the polypeptide with the desired amino acid sequence

Loading multiple anticancer drugs onto the dendritic polypeptide

Having synthesized the dendritic polypeptide carrier with the desired structure (cysteine
residues for drug conjugation, lysine residues for cellular translocation and histidine
residues for endosomal escape) and aqueous solubility, the next step was to conjugate

multiple anticancer drugs onto it in a facile manner. We chose Doxorubicin (DOX)
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and a histone deacetylase inhibitor (HDACi) as model drugs for our study. DOX is
a widely used chemotherapeutic for the treatment of several aggressive cancers such
as head and neck carcinoma, melanoma, brain, breast, ovarian and liver cancer. DOX
is known to induce cellular toxicity by the inhibition of topoisomerase II, an enzyme
responsible for DNA replication. However, the toxic dose-limiting side effects of DOX,
such as cardiotoxicity and nephrotoxicity, result in a narrow therapeutic index [235].
In addition, aggressive tumors such as brain and breast tumors display multiple modes
of drug resistance to DOX and other chemotherapeutics, which further limit its ther-
apeutic efficacy. In this regard, the use of HDAC inhibitors, agents which modulate
the histone decondensation and hence enhance the unpacking of the chromatin, have
emerged as promising candidates for the treatment of cancers [236]. Thus, HDAC in-
hibitors can act as sensitizing agents for DNA-damaging drugs such as DOX thereby
increasing its potency [237—240]. For example, Kim and coworkers reported that the
co-delivery of DOX and the FDA approved HDAC inhibitor, suberoylanilide hydrox-
amic acid (SAHA), potentiated the anticancer activity of DOX in glioblastoma and
breast cancer cell lines. It was found that the increased efficacy was due to the increase
in the expression level of p53, which is a key tumor suppressor gene, often found in
lower levels in brain and breast cancers [237]. Even though these studies demonstrate
the efficacy of the co-delivery of DOX and HDACI, there are several limitations, which
need to be overcome in order to maximize their potential in a clinical setting. The low
aqueous solubility of these traditional HDAC inhibitors require the use of solvents such
as DMSO for their delivery, which severely limits their therapeutic efficacy in physio-
logical conditions. Additionally, the delivery of these drugs would require their release
in a controlled manner inside the cells in order to overcome dose limiting toxicities of
the anticancer drugs.

Hence, we hypothesized that the use of our dendritic polypeptide as a delivery
vehicle would help in solubilizing these hydrophobic drugs, thereby increasing their
uptake and thus leading to a corresponding increase in their potency. In addition, it
would also provide a suitable handle for controlling their release inside the cells by

physical and/or chemical stimuli (HDAC] using reducible disulfide bond and DOX via
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acid-cleavable hydrazone linkage). The polypeptide would also aid in the complexation
of siRNA against specific oncogenes, which could be used in conjunction with the drugs
to further enhance their efficacy. Furthermore, the use of our polypeptide would help
in achieving higher drug loading efficiencies as compared to traditional drug delivery
systems such as liposomes and self-assembling chimeric polypeptides [228,241]. Towards
this end, we synthesized a non-hydroxamate thiol-based SAHA analogue (henceforth
referred to as HDAC!) in order to attach it onto the polypeptide carrier using a disulfide
linkage. The synthesis of the HDACi was achieved according to a previously reported
procedure [242]. Doxorubicin was activated by reacting it with S-malemidopropionic
hydrazide (BMPH). Activated DOX was immediately used in a second reaction with the
polypeptide (2:1 mole ratio DOX:Polypeptide). Following this, the HDACi was attached
to the cysteine SH of the DOX-conjugated polypeptide using a disulfide linkage (Figure
3.2).

The hydrodynamic sizes and polydispersity indices (PDI) of the polypeptide-backbone
and the drug-conjugated polypeptide were analyzed using dynamic light scattering
(DLS). It was found that the polypeptide backbone itself had an average size of ~68 nm
(PDI = 0.138), which increased to 95 nm (PDI = 0.3) after drug conjugation (Figure
3.4). The small increase in size can be attributed to the steric repulsions due to the
conjugation of the drugs. However, this size is optimum for escaping renal clearance
while having sufficient cell uptake via endocytosis. We also measured the zeta potential
of the polypeptide before and after the conjugation of the drugs. The polypeptide back-
bone, owing to the large number of lysine residues, was found to have a high positive
charge (as evidenced by the positive zeta potential of 26.0 mV). In addition, there was
no appreciable change in the zeta potential after drug conjugation (23.1 mV), which
would later facilitate the efficient complexation of siRNA for co-delivery to cancer cells

(Figure 3.4).
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Figure 3.4: Hydrodynamic size and surface charge of the polypeptide-drug conjugates.
The hydrodynamic size, zeta potential and polydipersity index (PDI) of the polypep-
tide only (A) and the polypeptide-DOX-HDACi (B) conjugates were measured using
dynamic light scattering. The results are presented as an average of the values obtained
from three independent measurements.

We also characterized the drug loading efficiencies of DOX and HDACi on the
polypeptide using UV-visible spectroscopy and LC-MS respectively. We could achieve
a drug loading efficiency of 94% for DOX and 80% for the HDACH, which is remarkably
higher as compared to those reported in literature [228]. This could be attributed
to the covalent conjugation of the drugs in our case as opposed to their hydrophobic
encapsulation using the self-assembly process often used in the traditional liposomal and
polymer-based formulations. Thus, we could load more drug amounts per unit weight

of the polypeptide, which would be extremely beneficial for future in vivo applications..

Controlled release of DOX and HDACIi from polypeptide

Controlled-release systems are designed to enhance drug therapy [243]. There are sev-
eral motivations for developing controlled-release systems, which may depend on the
drug of interest. Controlled release systems have been devised to enable superior control
of drug exposure over time, to assist drug in crossing physiological barriers, to shield
drug from premature elimination, and to shepherd drug to the desired site of action
while minimizing drug exposure elsewhere in the body. A distinction of controlled re-
lease is that it not only prolongs action but it attempts to maintain drug levels within

the therapeutic window to avoid potentially hazardous peaks in drug concentration
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following ingestion or injection and to maximize therapeutic efficiency. Having char-
acterized the physical properties of the polypeptide-drug conjugates, we tested their
capability to release the conjugated drugs inside the cells in a controlled manner. The
release of drug moeities from the polypeptide backbone requires the pH-dependent
cleavage of the hydrazone bond (in case of DOX) and the redox-dependent cleavage of
the disulfide bond (in case of HDACIH).
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Figure 3.5: Stimuli-sensitive controlled release of the DOX and HDACi from the
polypeptide. (A) Cumulative release profile of DOX from drug conjugated polypep-
tide at pH=7.4 and pH=6.0 using UV-Vis spectroscopy (B) Release profile of HDACi
from the polypeptide as a function of GSH concentration using LC-MS.

To verify the kinetics of DOX release, the drug-conjugated polypeptide was incu-
bated at pH=7.4 and pH=6.0 at 37°C for 48 h. The fraction of the DOX released over a
period of 48 hours was determined by monitoring the absorbance peak at 495 nm using
UV-Visible spectroscopy. At pH 7.4, the hydrazone bond was stable, with only minimal
DOX release (22%) over a period of 48 hours. On the other hand, at pH 6.0, free DOX
was gradually released and reached a maximum amount of 75.4% of the initial amount
of DOX (Figure 3.5A), which was similar to the levels observed with other polymeric
hydrazones [243]. In a similar fashion, the release of the HDACi was determined by in-
cubating the drug-conjugated polypeptide with increasing concentrations of glutathione
(GSH) and monitoring its release using LC-MS. GSH is an enzyme found inside cells
which mediates the cleavage of disulfide bonds of cellular proteins. It was found that
the release of the HDACI increased as the concentration of GSH was increased from 0

to 5 mM, with a maximum release of 40% within 30 minutes of incubation in 5 mM
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GSH (Figure 3.5B). These observations confirm that the polypeptide-drug conjugates
are extremely stable at physiological conditions, while are released inside cells in a

controlled manner when in contact with stimuli (pH and GSH).

Polypeptide-mediated delivery increases the efficacy of DOX and HDACi

Once we established the controlled release behavior of our drug-polypeptide conjugates,
we then went on test their efficacy in brain tumor cells in vitro (Figure 3.6). In our
study we used US87-EGFRvIII brain cancer cells as a model. We firstly assessed the
biocompatibility of the polypeptide carrier by treating the U87 cells with increasing con-
centrations of the polypeptide. The polypeptide was found to be highly biocompatible

with greater than 95% cell viability even at higher concentrations.
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Figure 3.6: Comparison of cell viability of brain cancer cells by delivery of the HDACH in
DMSO or conjugated to the polypeptide and (D) Synergistic inhibition of cell viability
as determined using the MTS assay by co-delivery of DOX and HDACi conjugated to
the same polypeptide as compared to delivery of DOX alone or combination of DOX
and SAHA analogue in DMSO or on different peptide molecules. Cell viability of
untreated cells was used as control. The results are presented as means + SE from
three independent experiments. Students unpaired t-test was used for evaluating the
statistical significance of the cytotoxicities (x= P<0.01, *x=P<0.05).

In order to assess the cooperative effects of the HDACi and DOX on the inhibition
of brain tumor (GBM) cell proliferation, we firstly assessed the anti-proliferative capa-
bility of the drugs (HDACi and DOX) in U87-EGFRVIII cells using dimethyl sulfoxide
(DMSO) as the solvent. DOX alone was found to have an ICsy of 5.0 M which is con-

sistent with previous reports. On the other hand, the synthesized HDACi was found to
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have no effect on the extent of cell death even at a high concentration (20 pM, Figure
3.6A). However, when we tested the HDAC inhibition capability using an ELISA-based
assay, we found that the HDACi was capable of inhibiting the enzyme by ~40% even
at a very low concentration of 2 uM (Figure 3.7). Hence, our results prove that our
HDACi would be capable of sensitizing the U87 cells to a DNA-damaging drug like

DOX, thereby greatly enhancing its potency.
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Figure 3.7: HDAC inhibition assay of novel SAHA analogue. The HDAC inhibition ca-
pability of the new HDACi was evaluated in US7-EGFRVIII cells using the fluorimetric
HDAC assay kit. Cells were treated with the new HDACi at 2 uM concentration and
the extent of HDAC inhibition was assessed after 48 h. The amount of deacetylated
nuclear histone is reported as the percentage HDAC activity in comparison to untreated
control cells from three independent experiments (n=3).

We then delivered the polypeptide-drug conjugates (polypeptide-HDACI, polypeptide-
DOX and polypeptide-DOX-HDAC!) at various drug concentrations to the US7-EGFR-
vIII cells and compared the extent of cell death using a cell viability assay (Figure 3.6B).
It was found that the co-delivery of DOX and the SAHA analogue in equal concentra-
tions using our polypeptide decreased the 1C5¢ of DOX by 10 fold (0.5 uM), thereby
leading to an increased chemotherapeutic effect as compared to individual or combined
drug treatments in DMSO. This is in agreement to the fact that our polypeptide back-

bone increases the solubility of the hydrophobic drugs thereby increasing their uptake.
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Interestingly, the co-delivery of the drugs on the same polypeptide molecule had a
greater effect (as opposed to their delivery on different peptides). Collectively, these
observations support the hypothesis the use of an HDACi allows for a more open chro-
matin structure which in turn enhances the efficiency of an anticancer drug targeting
DNA or enzymes acting on DNA. Furthermore, it also shows that having both drugs
on a single platform increases their efficacy many fold, possibly by localizing both the

drugs at a single site as opposed to delivery using an admix [161].

Polypeptide-mediated siRNA delivery

Having demonstrated the potential of our polypeptide as a carrier for multiple anti-
cancer drugs, we sought to evaluate its ability to be used as a vehicle for the efficient
delivery of siRNAs. The field of RNA interference (RNAi) therapeutics, wherein siR-
NAs or micro RNA (miRNA) are used to selectively mediate the cleavage of complemen-
tary mRNA sequences and thus regulate target gene expression, has made significant
progress since the first demonstration of gene knockdown in mammalian cells. RNAi-
based formulations offer significant potential as therapeutic agents to induce potent,
persistent and specific silencing of a broad range of genetic targets. In combination
with other modalities like small molecules and peptides, RNAi could prove to be a
powerful tool to manipulate the expression of key oncogenes in cancer [220,221]. How-
ever, despite its potential, therapeutic application of siRNA has been greatly hindered
by the lack of methods to efficiently co-deliver them with traditional anticancer drugs
for enhanced chemotherapeutic efficacy. Several non-viral vectors such as cationic lipids
and dendrimers have been shown to be effective for the co-delivery of siRNA and anti-
cancer drugs in vitro, in order to elicit a synergistic response. However, most of these
platforms either tend to be extremely cytotoxic or are not biodegradable, thereby lead-
ing to undesirable changes in the cellular functions. The use of our polypeptide as a
siRNA delivery vehicle would not only aid in overcoming the above mentioned limita-
tions of the traditional siRNA delivery vehicles, but would also aid in the co-delivery
of drugs and siRNA in order to achieve a synergistic response towards the induction of

cancer cell death.
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We explored to utilize our polypeptide backbone to co-deliver DOX (as a model
apoptosis-inducing anticancer drug), and a siRNA (against the EGFRVIII oncogene
[244,245]) into the highly invasive U87-EGFRVIII brain tumor cells for an enhanced
apoptotic effect. Firstly, to investigate the cellular internalization and the intracellular
release of siRNA, we complexed Cy3®-dye labeled scrambled siRNA to the polypeptide
backbone and delivered it to U87-EGFRVIII cells. The uptake and extent of siRNA
release was determined using fluorescence microscopy 24 hours post-transfection. We
found that the polypeptide not only complexed the siRNA effectively and translocated
it across the cell membrane, but also released it efficiently in the cytoplasm as evidenced
by diffused red fluorescence in the cell (Figure 3.8A). It was also seen that polypep-
tide sequences lacking the histidine moieties (having only cysteine and lysine residues)
complexed the siRNA but had a more punctate red fluorescence inside the cells (Figure
3.9), thereby indicating that the siRNA was not efficiently released from the endosome
after uptake. These results prove that that the presence of multiple histidine residues
in the polypeptide backbone is essential for ensuring the efficient endosomal rupture

and release of cargo into the cellular cytoplasm.
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Figure 3.8: Polypeptide-mediated siRNA uptake, release and gene knockdown. (A)
Cellular uptake and release of of the dye-labeled siRNA in U87-EGFRvVIII cells as seen
using fluorescence microscopy. (A1) represents the phase contrast image, and (A2) is
the corresponding fluorescence image The siRNA is cleary seen in cellular cytoplasm (as
evidenced by the diffused red fluorescence). (B) Silencing efficiency of the Polypetide-
siGFP in stably transfected US7-EGFP glioblastoma cells (bottom) as compared to
the control US7-EGFP cells (top) with polypeptide-scrambled siRNA; (B1) and (B3)
represents the phase contrast image while (B2) and (B4) are the corresponding flu-
orescence images. Fluorescence images clearly show the knockdown of EGFP in the
polypeptide-siEGFP transfected cells after 72 h. Scale bar is 50 pm.

We then optimized the siRNA knockdown efficiency of our polypeptide-siRNA com-
plexes at different polypeptide concentrations in U87 glioblastoma cell-lines which were
genetically modified to constitutively express the enhanced green fluorescent protein
(UST-EGFP). The decrease of green fluorescence intensity due to siRNA-mediated
EGFP silencing was monitored using fluorescence microscopy over a time-period of
72 h to quantify the knockdown efficiency of our polyplexes. We observed a 70% de-
crease in the GFP intensity after 72 h of siRNA treatment as compared to control cells,
thus confirming the efficient siRNA-mediated gene knockdown using our polypeptide
(Figure 3.8B).



103

Figure 3.9: Uptake and release of Cy-3 labeled siRNA using polypeptide lacking the
histidine residues. Cy-3 labeled-Silencer® siRNA was delivered to US7-EGFRvIII cells
using our polypeptide at an N/P ratio of 10. The uptake and release of the siRNA
was evaluated using fluorescence microscopy, where (A) shows the phase image and (B)
is the corresponding fluorescence image of the siRNA inside the cells (Scale bar = 50
pum). The red fluorescence inside the cells shows the uptake of the siRNA. However,
the punctate nature of the red fluorescence clearly demonstrates the inefficient release
of the siRNA in the absence of an endosomal rupturing residue such as histidine.

Additionally, we also tested the ability of our polypeptide for the targeted delivery
of dye-labeled siRNA to the U87 cells. In order to confer specificity, the targeting
peptide Arginyl-glycyl-aspartic acid, having a terminal cysteine residue (RGDC), was
conjugated to the cysteine side chain of our polypeptide backbone using a disulfide-
linkage. The RGD motif is known to bind to the «, (s integrin receptors, which are
found to be highly overexpressed on the surface of brain cancer cells and expressed
in lower amounts on the HeLa cells, which in turn helps in the efficient uptake and
internalization of RGD-labeled polypeptides. The polypeptide-RGD conjugate was
complexed with a Cy3® dye-labeled siRNA in order to test the targeted delivery of
the siRNA to brain tumor cells in comparison to HeLa cells, which are known to have
low expression of the above integrin. It was found that the presence of RGD moiety on
the polypeptide allowed for increasing the uptake of siRNA into US7-EGFRVIII cells
as compared to HeLa cells, which is consistent with the expression levels of the integrin

receptor on the respective cell lines (Figure 3.10).
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Figure 3.10: Targeted delivery of Cy3®-labeled siRNA using our polypeptide. The
targeted delivery of siRNA into U887-EGFRVIII cells (having high o, /3 intergrin ex-
pression) over HeLa cells (having low v3 integrin expression) was achieved using RGD-
polypeptide conjugates. The RGD-polypeptide was complexed with the siRNA at an
N/P = 10 and delivered to both U87 and HeLa cells. The higher uptake of the siRNA
is evident by the higher red fluorescence (A1) in the U87 cells in comparsion to the
HeLa cells (A2). Scale bar = 50 um.

These results demonstrate the potential of our polypeptide nanocarrier for delivering

the therapeutic molecules to only the target cancer cells.

Polypeptide-mediated codelivery of DOX and EGFRvVIII siRNA to brain

tumor cells

Having demonstrated the uptake and efficient gene silencing capability of the polypeptide-
siRNA constructs, we then focused on our main goal of co-delivering siRNA and DOX
for targeting the oncogenic EGFRvIII-phoshphatidylinositol-3-kinase (EGFR/PI3K)
signaling pathways to achieve a cooperative chemotherapeutic effect. The PI3K path-
way, implicated in the proliferation and apoptosis of brain tumor cells, is known to
have significant crosstalk with other signaling pathways which are affected by DOX.
In particular, DOX treatment and the siRNA-mediated inhibition of PI3K, are both
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known to significantly enhance the p53 tumor suppressor gene levels, thereby leading
to a synergistic effect [246]. To this end, we co-delivered DOX with siRNA against
EGFRvVIII oncogene to deactivate the target signaling pathway in a selective and effi-
cient manner. It was found that the co-delivery of DOX and EGFRvIII siRNA led to
a remarkable increase in cell death (80% cell death at 5 uM DOX and 100 nM siRNA)
as compared to the delivery of DOX or siRNA alone at the same concentrations. Thus,
these results show the cooperative effect on inducing the apoptosis of brain tumor cells

using the right combination of siRNA and anti-cancer drugs (Figure 3.11).
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Figure 3.11: Synergistic inhibition of brain tumor cell proliferation by codelivery of
siRNA and DOX using the polypeptide. Enhanced cell death by delivery of polypeptide-
DOX-EGFRvVIII siRNA conjugates as compared to delivery of polypeptide-DOX alone
or polypeptide-EGFRvVIII siRNA. The results are presented as means + SD (n=3).
Students unpaired t-test was used for evaluating the statistical significance of the cyto-
toxicities of the polypeptide-DOX-siRNA codelivery as compared to Polypeptide-DOX
or polypeptide-siRNA alone (x=P<0.01, *+=P< 0.05)

3.1.3 Conclusions

We developed a biodegradable dendritic polypeptide-based drug delivery system capa-
ble of delivering multiple anticancer drugs and siRNA to brain tumor cells. The strategy
of co-delivering anticancer drug with therapeutic siRNA is particularly advantageous
for in vivo applications, so that both the moieties are delivered to the target cells using
a single delivery platform, thereby precluding the necessity for multiple injections. In

addition, our versatile delivery platform was demonstrated to release the drugs inside
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the cancer cells in a controlled manner, which would be of immense importance in re-
ducing the systemic toxicity of the drugs. The combined delivery of HDACi and DOX
using the polypeptide-based system led to a remarkable increase in cell death as com-
pared to the individual treatments. In particular, we could achieve a 10-fold decrease
in the IC5g of DOX using this approach, thus demonstrating the utility of our polypep-
tide system for enhancing conventional therapies. Our results also proved that our
co-delivery system can not only efficiently deliver the siRNA simultaneously with DOX
into cytoplasm, the thus-delivered siRNA can also be efficiently released and effectively
silence the targeted mRNAs to obtain a synergistic response. Collectively, our results
would open new avenues for the treatment of malignant cancers like brain and breast
tumors by reducing the systemic toxicity of the drugs and effectively circumventing

drug resistance in tumors.

3.1.4 DMaterials and Methods

N(e)-Boc-L-Lysine (98%), L-Histidine (98+%) and Suberic acid (98%) were obtained
from Alfa Aesar. S-Benzyl-L-cysteine (97%) was obtained from Sigma Aldrich (St.
Louis, MO). Tris(2-aminoethyl)amine (96%) was purchased from Acros Organics. Un-
less otherwise noticed, all solvents were obtained from Fisher Scientific and used as re-
cieved. The siRNAs targeting the EGFP and EGFRvIII genes were custom designed by
Integrated DNA Technologies (Coralville, TA). Silencer CyBTMflabeled Negative Control
siRNA was purchased from Invitrogen (Carlsbad, CA). The polypeptides were charac-
terized by NMR and the molecular weight was determined by MALDI-TOF analysis.
'H and '3C NMR spectra were recorded at 500 MHz Bruker instrument. NMR chem-
ical shifts were reported as values in ppm relative to deuterated solvents. The size
and zeta potential were measured using Zetasizer (NanoZS) dynamic light scattering
instrument (Malvern Instruments, Malvern, UK). Cellular imaging studies were carried
out using a Nikon Ti-Eclipsed 2000 Epifluorescence microscope (Nikon Inc.). HDAC
inhibition and cell viability assays were carried out using a Tecan microplate Reader

(Tecan Instruments).
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Synthesis of the thiol-based HDAC inhibitor
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Figure 3.12: Synthetic scheme for the synthesis of the new HDAC inhibitor.

Compound 1: Commercially available aniline (2 g, 21.47 mM) as reacted with suberic
acid (3.8 g, 21.47 mM) at 185°C for 7 hrs. The resulting solution was cooled to room
temperature followed by acid work up to get Compound 1 (70 % yield).

Compound 2: Compound 1 was reacted with DCC and HOBt in dry DMF solution
followed by the addition of N,O-dimethylhydroxyamidet at room temperature. After 6
hrs of stirring the precipitate was filtered and concentrated in vacuo to yield compound
2.

Compound 3: Compound 2 was reacted with LiAlH4 at 0°C for 3 hrs until the
solution became clear. After the completion of the reaction, MeOH was removed in
vacuo and then purified using flash chromatography (70:30 Hexane/EtOAc) to yield
the product (60% yield).

Compound 4: Compound 3 was treated with 2-aminoethane thiol in presence of
catalytic amount of TsOH. The resulting product was reduced using NaBH,4. The final
product was puried with flash chromatography in 70:30 EtOAc and hexane (v/v) to
yield the final HDAC inhibitor 4. Yield: 55%. 'H NMR (300 MHz, CDCl3) § 1.63-1.29
(m) 2.852.39 (m), 3.023.06 (t, J = 6.90 Hz,), 7.23-7.19 (m), 7.43 (d, J = 4.8 Hz). 7.61(d,
J=5.8).
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Synthesis of amino acid N-carboxy anhydrides (NCAs)
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Figure 3.13: Synthetic scheme for the synthesis of the amino acid N-carboxy anhydrides
(NCAs).

Synthesis of Histidine-NCA (7) N-CBZ-N-DNP-L-histidine (6, 5 g) was dissolved in
anhydrous THF (35 ml) and thionyl chloride (0.8 ml) was added. The mixture turned
opaque and highly viscous. The reaction was allowed to occur at room temperature,
resulting in a clear solution in a few minutes. After another 40 min, an excess of
anhydrous diethyl ether was added to precipitate the product and the precipitate was
filtered and dried in vacuo to obtain the product 7.

Synthesis of Lysine-NCA (8) CBZ-protectected Lys (2.5 g, 8.91 mM) was treated
with Triphosgene (1.4 g, 4.45 mM) in dry THF at 0°C. The solution was heated to
45°C for 12 hrs. Any visible precipitates were removed by filtration and the solvent
was removed in vacuo. Recrystallyzation was carried out with Hexane/THF (1:1; v/v)
to yield 8. 'H NMR (300 MHz, CDCls) § 7.37-7.29 (s, 5 H), 5.13 (s, 4H), 4.39-4.3 (d,
2H), 3.6 (s, 2H), 3.23 (s, 2H), 1.9-1.5 (m, 8 H)

Synthesis of Cysteine-NCA (9) S—Benzyl-L—cysteine (2 g, 9.47 mM) was treated
with Triphosgene (1.4 g, 4.73 mM) in dry THF at 0°C. The solution was heated to
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45°C for 12 hrs. Any visible precipitates were removed by filtration and the sovent
evaporated in vacuo. Recrystallization was carried out with Hexane/THF (1:1; v/v) to
yield the product 9. 'H NMR (300 MHz, CDCl3) § 7.38-7.28 (m, 5 H), 5.85 (s, 1H),
4.28-4.26 (m, 1H), 3.79 (s, 2H), 3.0-2.79 (m, 2H)

Synthesis of the polypeptide (with and without histidine)

(10 and 11) The polypeptide was synthesized by the sequential ring opening polymer-
ization (ROP) of the NCAs of L-cysteine, L-lysine, and L-histidine prepared above
using Tris(2-aminoethyl)amine as the initiator. 20 pL of Tris(aminoethyl)amine was
dissolved in dry DMF and Cysteine-NCA (283 mg, 9 eq) in dry DMF was added to it.
The resulting mixture was stirred at 40°C for 5 hrs and then Lysine-NCA (855 mg, 18
eq) was added. After another 6 hrs, the Histidine-NCA was added to the solution to ob-
tain the protected polypeptide. The de-protection of the protected cysteine was carried
out using reduction in presence of AIBN (leq) and tBusSnH (2 eq). The removal of the
CBZ- group from the Lysine residues was carried out with HBr/AcOH (stirred for 2 hrs
at room temperature) to yield the polypeptide 10. The final product further purified
using dialysis (3000 MWCO) and characterized using NMR and MALDI-TOF analysis.
IH NMR (300 MHz, CDCl3) § 8.06 (s, 1 H), 5.3 (s, 10 H), 4.89 (m, 6 H), 5.2-4.98
(m, 12H), 3.6-3.2(m, 6H), 2.7-2.56 (m, 12H), 1.58-1.2 (m, 38H) Another polypeptide
without the histidine (Compound 11) was synthesized using the above method by just

excluding the use of Histidine-NCA
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Conjugation of DOX and HDACIi to the polypeptide
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Figure 3.14: Synthetic scheme for the synthesis of the conjugation of DOX and HDACi
to the polypeptide.

Activation of HDACi and conjugation to polypeptide

Disulfide linkage of compound 4 and compound 10 were done in room temperature
and in MeOH. Compound 4 (2 eq) and 2,2'-Bipyridyl disulfide (2 eq) were dissolved in
MeOH and stirred at room temperature for 24 hrs. The polypeptide was then added to
this solution in order to conjugate the HDACi to the backbone via a disulfide linkage.
After extraction with the EtOAc and water, the unreacted compound could be removed
and the attached HDACi was confirmed by NMR.

Activation of DOX and subsequent conjugation to polypeptide

Commercially available Doxorubicin (DOX, LC Laboratories, Woburn, MA ) was
activated with and f-maleimidopropionic hydrazide (BMPH, Pierce, Rockford, IL).
DOX (62 mg, 1 eq) and BMPH, (34 mg, leq) were dissolved in 5 mL anhydrous methanol
in presence of 20 puL of TFA. The reactants were stirred for 16 hrs at 20°C in the
dark and concentrated in vacuo. This activated-DOX (2 eq) was used in a second
reaction with the Polypeptide-HDACI (1leq) in HEPES buffer (0.1 M NaH2POy4, 1 mM
EDTA, pH=7.0). Excess DOX was removed from the solution by centrifugal filtration
and subsequent dialysis (3000 MWCO) against PBS buffer. The attached DOX was

confirmed using NMR and UV—Visible spectroscopy.
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MALDI-TOF Analysis

The molecular weight of the synthesized polypeptide was determined using matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectroscopy
analysis. The polypeptide (1.0 mg/mL) was mixed with a—Cyano—4-hydroxycinnamic
acid (CHCA, 2.5 mg/mL) as the matrix in 50% ACN/0.1 % TFA and spotted onto a
MALDI plate. The spots were then analyzed using TOF ABI-4800 mid mass positive-

reflector mode.

DLS and Zeta potential measurements

The size and zeta potential of the polypeptide and polypeptide-DOX-HDACi drug
conjugates were measured at 633 nm using Zetasizer (NanoZS) dynamic light scattering
instrument (Malvern Instruments, Malvern, UK) at 25°C with detection angle of 90°.
The Polypeptide and Polypeptide-drug conjugates were diluted in phosphate buffered
saline (PBS, pH=7.4) and then subjected to DLS and Zeta-potential measurements.
At least three measurements were taken for each sample and the mean values were

reported.

Loading efficiency of DOX and HDACIi onto the polypeptide

Loading efficiency was defined as the ratio of the amount of DOX or HDACi conjugated
to the polypeptide to the initial feed amount of the drug used for conjugation. Briefly,
a solution of DOX-loaded polypeptide (30.0 ug/mL) in phosphate buffered saline (PBS,
pH=7.4) was taken and the absorbance of solution was measured at 494 nm using a Cary
Eclipse UV-visible spectrophotometer (Varian, USA). The amount of DOX conjugated
to the polypeptide was then determined from a standard curve of DOXs absorbance
at 494 nm versus the concentration. The concentration was then converted to mass of
DOX on polypeptide and the loading efficiency of DOX was then calculated using the
theroretical feed amount of DOX (14.68 ug of DOX) corresponding to the amount of
polypeptide used. It was further confirmed using 'H NMR integration. The amount

of the HDACi conjugated on the polypeptide was determined using NMR integration
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of a solution of the HDACi-polypeptide (2.0 mg/mL in CDCl3), which showed that
1.5 molecules of HDACi were present on each polypeptide. The loading efficiency of
the HDACi was then calculated using the theoretical feed amount of HDACi used in a

reaction corresponding to the weight of polypeptide used.

pH-mediated DOX release from polypeptide

The DOX-loaded polypeptide (30 ug) was taken in microcentrifuge tubes and suspended
in PBS buffer maintained at different pH (pH=7.4 and pH=6.0) over a period of 48
hours. At various time intervals, the solutions were centifuged using a membrane-based
filter (3000 MWCO, Amicon, Millipore) in order to assay the amount of DOX released.
The percentage of drug released at any given time was directly calculated from the
measured absorbance of the free DOX at 494 nm and comparison to a DOX standard

calibration curve.

Glutathione-mediated HDACi release from polypeptide

Solutions of HDACi-polypeptide (1.0 mM) in PBS (pH=7.4) were taken in microcen-
trifuge tubes. Glutathione (GSH, Sigma Aldrich) was then added to them to obtain
final concentrations of 1, 2, 3, 4, and 5 mM of GSH and incubated for 30 minutes to
allow for the reductive cleavage of the HDACIi from the polypeptide. The solutions
were than loaded onto a LC-MS instrument (LC-10, Shimadzu Scientific Instruments;
Columbia, MD) having an Agilent ZORBAX C-18 column (SB-C18, 3.5 um, 4.6 X
75 mm) and eluted with an isocratic flow of 1.0 mL min~! of water:methanol:TFA
[90:10:0.01]. The HPLC data was quantified by the integrated area under the peak
at 4.2 mins (elution time of free HDACi as determined using calibration curve) and
used to quantify the drug release. It should be noted that the peak at 4.2 mins corre-
sponded to a molecular weight of 267.6, which in turn matched the molecular weight
of free HDAC. The amount and the percentage of the HDACi released at various GSH
concentrations was then calculated from a calibration curve of the HDACi obtained by
running solutions of the HDACi only (in methanol) of various concentration (0, 2, 3, 4,

5 and 10 mM) on the LC-MS and the monitoring the peak area at 4.2 mins.
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Culture of human U87 glioblastoma cells and HeLa cells

The EGFRVIII overexpressed U87 glioblastoma cells (U87-EGFRvIII) and human cer-
vical cancer cells (HeLa) were cultured using previously reported methods. For U87-
EGFP cells and US7-EGFRVIII cells, DMEM with high glucose, 10% fetal bovine serum
(FBS, Gemini Bioproducts), 1% Streptomycin-penicillin and 1% Glutamax (Invitrogen,
Carlsbad, CA) were used as basic components of growth media including Geneticin
G418 (100 pg/mL, Life Technologies, Carlsbad, CA) and Hygromycin (30 pug/ml, Life
Technologies, Carlsbad, CA) as selection markers for US7-EGFP and U87-EGFRvIII
respectively. For the HeLa cells, DMEM (with high glucose) supplemented with 10%
fetal calf serum (FCS, Gemini Bioproducts), 1% Streptomycin-penicillin and 1% Gluta-
max was used as the growth medium. All cells were maintained at 37°C in humidified

5% CO2 atmosphere.

Assessment of cytoxicity of HDACi and DOX in DMSO

US7-EGFRWVIII cells were grown to 40-60% confluency in a 48-well plate. DOX and
HDACI dissolved in DMSO were added to the cells at various concentrations using
serial dilution so as to keep the total DMSO concentration at 0.1%. Cells treated with
just DMSO were treated as control. The cells were washed with PBS (pH=7.4) after 6
hours and fresh growth media was added. The transfected cells were allowed to grow
for 48 h, after which the cell viability was assessed using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (MTS assay, Promega, Madison, USA) according to

the manufacturers recommended protocol.

Assessment of HDAC inhibition capability of synthesized HDACi

US7-EGFRVIII cells were grown to 40-60% confluency in a 100 mm dish. The cells were
then treated with 2.0 mM of HDACi in DMSO. Cells treated with only polypeptide and
DMSO were used as controls. The final DMSO concentration was kept below 0.1% in
order to avoid any cytotoxicity. The cells were washed with PBS (pH=7.4) after 6 hours

of transfection and fresh growth media was added. The transfected cells were allowed
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to grow for 48 h, after which the extent of HDAC inhibition was determined using an
HDAC Fluorometric immunoassay kit (Cayman Chemical Company, MI, USA) using

the manufacturers recommended protocol

Assessment of cytoxicity of polypeptide-drug conjugates

U87-EGFRVIII cells were grown to 40-60% confluency in a 48-well plate. The polypep-
tide -drug conjugates (Polypeptide-DOX, Polypeptide-HDACi, Polypeptide DOX +
Polypep tide-HDAC!i and Polypeptide-DOX-HDAC!) were susppended in PBS (pH=7.4)
and diluted using Opti-MEM (Invitrogen, Carlsbad, CA) to the required concentrations.
The conjugates were added to the cells. Cells treated with only polypeptide was used
as the control. The cells were washed with PBS (pH=7.4) after 6 hours of transfection
and fresh growth media was added. The transfected cells were allowed to grow for
48 h, after which the cell viability was assessed using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (MTS assay, Promega, Madison, USA) according to

the manufacturers recommended protocol.

Assesment of siRINA uptake and targeted delivery of Polypeptide-RGD-
siRNA

Firstly, the uptake and efficient release of siRNA into US87-EGFRvVIII cells was as-
sessed by complexing the polypeptide (with or without histidine moeities) with Silencer
Cy3TM71abeled Negative Control siRNA at an N/P ratio of 10 using Opti-MEM me-
dia. U87-EGFRVIII cells were grown to 40-60% confluency in a 24-well plate and the
polypeptide-siRNA conjugates were added to them. After 6 h of transfection, the cells
were washed and media exchanged with fresh growth medium. The cells were then
grown for 24 hours after which the cells were imaged using fluorescence microscopy
(Nikon Ti-Eclipsed Inverted Fluorescence microscope, Nikon Instruments, USA). Each
image was captured with different channels and focus. Images were processed and over-
lapped using the NIS-Elements software (Nikon, USA). For the targeted delivery of
siRNA, cysteine-terminated RGD peptide (RGDC, 50 nmol, American Peptides, USA)

was mixed with the histidine polypeptide (50 nmol) in PBS (pH=7.4) and allowed to stir
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for 3 hours at room temperature. The unconjugated RGDC peptide was then removed
using centrifugal filtration (3000 MWCO, Millipore). The RGD-conjugated polypep-
tide was then complexed with the Silencer CyBTMflabeled Negative Control siRNA at
an N/P ratio =10. For the targeting experiments, US7-EGFRvIII and HeLa cells were
grown to 40-60% confluency in a 24-well plate and the RGD—polypeptide-siRNA conju-
gates were added to them. Cells treated with only polypeptide-siRNA (without RGDC
peptide) were used as controls. All transfection were performed in Opti-MEM media.
After 4 h of transfection, the cells were washed and media exchanged with fresh growth
medium. The cells were then grown for 24 hours after which the cells were imaged
using fluorescence microscopy (Nikon Ti-Eclipsed Inverted Fluorescence microscope,
Nikon Instruments, USA). Each image was captured with different channels and focus.

Images were processed and overlapped using the NIS-Elements software (Nikon, USA).

Assessment of GFP knockdown using polypeptide-siEGFP

The EGFP overexpressed U87 glioblastoma cells (U87-EGFP) were cultured using
DMEM with high glucose, 10% fetal bovine serum (FBS, Gemini Bioproducts), 1%
Streptomycin-penicillin and 1% Glutamax (Invitrogen, Carlsbad, CA). Geneticin G418
(100 pg/ml, Invitrogen) was used as a selection marker for the US7T-EGFP cells. All
cells were maintained at 37°C in humidified 5% CO2 atmosphere. For the knockdown
experiments, cells were grown to 40-60% confluency in a 24-well plate. The Polypeptide
(0.2mg/mL) was complexed with 50 pmol siRNA against EGFP (siGFP) at an N/P
(nitrogen to phosphate ratio) of 10. The siRNA for EGFP was designed as follows;
Sense sequence was 5— GGCUACGUCCAGGAGCGC ACC and Antisense sequence
was 5—phosphate-UGCGCUCCUGGACGUAGCCUU. The polypeptide-siGFP conju-
gates were dispersed in the transfection media (Opti-MEM) and added to the U87-
EGFP cells. US7-EGFP cells treated with Polypeptide-scrambled siRNA were used
as a control. After 6 hours of incubation, the solution in each well was removed and
exchanged with the growth medium. The cells were allowed to grow for 72 hours af-
ter which the GFP knockdown was quantified using fluorescence microscopy (Nikon

Ti-Eclipsed Inverted Fluorescence microscope, Nikon Instruments, USA). Each image
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was captured with different channels and focus. Images were processed and overlapped

using the NIS-Elements software (Nikon, USA).

Delivery of polypeptide-DOX-siEGFRvVIII

Polypeptide-DOX-siEGFRVIII conjugates were dispersed in the transfection media
(Opti-MEM) to get a siRNA concentration of 150 nM and DOX concentrations of
1 and 5 uM. The conjugates were added to the US7-EGFRVIII cells grown to 40-60%
confluency in a 48-well plate. Cells treated with Polypeptide-scrambled siRNA were
used as a control. After 6 hours of incubation, the solution in each well was removed
and exchanged with the growth medium. The cells were allowed to grow for 48 hours
after which the extent of cell proliferation was assessed using the CellTiter 96 Aqueous
One Cell proliferation assay kit (Promega, Madison, WI). Experiments were carried

out in triplicates and the cell viabilities reported as the means +SE.
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Chapter 4

Conclusions and Perspectives

We have already seen the wide applications of several nanomaterials and nanotechnology-
engineered products in the field of cancer therapy, molecular imaging and regenerative
medicine. The application of nanotechnology to drug delivery is widely expected to
change the landscape of pharmaceutical and biotechnology industries for the foresee-
able future. The pipelines of pharmaceutical companies are believed to be drying up
in many cases, and a number of blockbuster drugs will come off patent in the near-
term. There has also been a concurrent increase in the utilization of the HatchWaxman
Act by generic drug companies, which allows them to challenge the patents of branded
drugs, further deteriorating the potential revenues of pharmaceutical companies. In
this scenario, the development of nanotechnology products may play an important role
in adding a new armory of therapeutics to the pipelines of pharmaceutical companies.
Furthermore, considering the use of nanomaterials for stem cells applications and with
the emergence of induced pluripotent stem cells (iPSCs), the field is now open wider
than ever before as all the ethical concerns regarding embryonic stem cells have been
bypassed for applications like tissue engineering and regenerative medicine. However,
it still remains to be seen as to how many of these nanomaterials actually make it to
the clinic. Issues pertaining to their toxicity and off-target effects will require careful
monitoring in order to realize thier potential for drug delivery and cellular reprogram-
ming. This thesis provided a few examples of, based on nanotechnology, towards the
development of multifunctional and non-toxic drug delivery vehicles and multimodal
imaging probes for i) the controlled delivery of drugs and siRNA to cancer and stem
cells in order to enhance their therapeutic effects and, ii) to image or track the delivery

of such cargo inside cells for diagnostic and medical relevance. Most of the methods can
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also be used for the genetic reprogramming and imaging of stem cells for regenerative
medicine.

In chapter 2, the applications of nanotechnology in the emerging field of diagnostics
were discussed. In this chapter, we discussed the development of non-toxic quantums
dots for the imaging and delivery of siRNA into brain cancer and mesenchymal stem
cells, with the hope of using these quantum dots as multiplexed imaging and delivery
vehicles. We were quite successful at overcoming the toxicity issues associated witht the
use of conventional quantum dots, which generally consis of Cadmium and Selenium.
These non-toxic QDs not only enabled us to image brain cancer and stem cells with
high efficiency, but also allowed us to deliver siRNA to knockdown the target gene in
brain cancer cells. Overall the project provided inspiration to explore the use of these
non-toxic QDs as imaging probes for brain tumors.

Chapter 3 focused on the development of nanomaterial-based drug delivery plat-
foms for the codelivery of multiple anticancer therapeutics to brain tumor cells. In
particular, this part of my work focused on the synthesis and use of a biodegradable
dendritic polypeptide-based nanocarrier for the delivery of multiple anticancer drugs
and siRNA to brain tumor cells. The codelivery of important anticancer agents using
a single platform was shown to increase the efficacy of the drugs by manyfold. Further,
the release of the drugs from the dendritic polypeptide was carefully controlled using
orthogonal stimuli (such as low pH and reductive environment), thereby ensuring the
cancer cell-specific delivery and minimizing dose limiting toxicities of the individual
drugs. Furthermore, the dendritic polypeptide-based nanocarrier was successful at co-
delivering small molecule drugs and siRNA in order to elicit a synergisitic inhibition of
tumor cell proliferation. This would be of immense importance when used in vivo.

The work from this thesis has been remarkably novel. It is hoped that this work will
be used for developing many more approaches for the delivery of anticancer therapeutics
to brain cancer, which will eventually transpire to something relevant in the clinic. I also
hope that some of this work in the development of highlyl imaging and diagnostic agents
would one day be used in the clinic, thereby complementing or improving currently

available medical imaging methods.
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