MAGNETIC-BASED THERANOSTIC NANOPARTICLES FOR

PROSTATE CANCER MANAGEMENT

ANIKET SHARADRAO WADAJKAR

Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON

August 2012



Copyright © by Aniket Wadajkar 2012

All Rights Reserved



DEDICATION
I dedicate this doctoral dissertation to my beloved family, especially to my wife for her
love, patience, understanding, and motivation; to my parents for their love, support, and
encouragement for higher education; and to my brothers for their love, motivation, and

teaching importance of hard work.



ACKNOWLEDGEMENTS

It is my immense pleasure to finally present my research in the form of a
doctoral dissertation. The work presented in the following pages is the outcome of
perseverance and consistent effort through years of academic challenges. Earning the
doctoral degree is a dream comes true, and it is possible with the help of a number of
wonderful and inspiring people who contributed in shaping my educational experience,
my career path, and my life. I would like to take this opportunity to thank them all.

I would like to thank Dr. Kytai T. Nguyen, my advisor and mentor, for her
continuous support and belief in my abilities, which motivated me to stretch my limits
and achieve excellence in research. Her knowledge, commitment, and wisdom to
collaborate across the departments and universities have provided me the opportunity to
work on a multitude of projects. Her positive attitude and optimism has inspired me to
apply and win the American Heart Association Predoctoral Fellowship, which has been
one of the most remarkable achievements of my doctoral studies. I deeply appreciate
her suggestions, guidance, and patience throughout this work.

I am also grateful to Dr. Jian Yang for being my co-advisor and for guiding my
research in the past several years. His insightful criticism and comments on my
manuscripts have always sharpened my writing skills. His mentorship has also pushed
me to expand the depth and breadth of my knowledge in the area of nanomedicine and

biomaterials. I am also thankful to my dissertation committee members and

iv



collaborators, Dr. Jer-Tsong Hsieh, Dr. Liping Tang, and Dr. Baohong Yuan for
providing their help with the animal studies and for generously sharing advice that
facilitated my research to achieve new heights; to Dr. Masaya Takahashi and Dr. Kim
Kangasniemi for their help with MRI studies; and to Dr. Yaowu Hao for his thoughtful
criticism and guidance on magnetic characterization studies.

I would like to thank my lab mates and mentees, Zarna Bhavsar, Jyothi Menon,
and Nikhil Pandey for participating in the research with interest and enthusiasm; and for
working diligently to make it a success. In particular, I thank Tejaswi Kadapure and
Sonia Santimano for being my two hands, though I could not decide who the right hand
was and who the left was. I am also thankful to the students and technicians of our
collaborators for their help with animal and ultrasound studies. I could not have done
any of this without all my supportive, forgiving, generous, and loving friends, who
made me feel at home while I am away from home during my stay in Arlington. In
particular, Uday Tata and Dr. Tre Welch with whom I unwound at the end of the day
over coffee and conversations. I appreciate Uday’s constant support and inspiration,
despite tremendous work pressures we were facing together; and Tre’s friendship that
enlightened and entertained me over the many years.

Most importantly, I owe the deepest gratitude to my family. My parents, Mr. and
Mrs. Sharad and Smita Wadajkar for loving me unselfishly, for supporting me in all the
endeavors of my life, and for instilling the principles and values of humanity in me. |
would also like to express my gratitude to my brothers; to Dr. Shailesh Wadajkar for

teaching me how to be strong, for his love, support, and constant faith in me during the
v



ups and downs of my life; and to Vishal Wadajkar for his love, for teaching me lessons
on how to deal with reality, how to keep perspective when setting life’s priorities, and
how to be optimistic from his philosophical standpoint. I am also grateful to my in-laws,
especially my father in-law, Mr. Ishvarlal Kanakia, and my grandmother for planting in
me the roots of spiritualism, which are reflected in my good Karma. Finally, with the
deepest love, respect, and affection, I thank my wife, Shruti Kanakia. Nothing can repay
her for her love, patience, and understanding throughout my doctoral research.
Although the circumstances have forced us to live apart from one another, she still
made a point of travelling the journey with me, through all the ups and downs. Without

her love, support, and motivation, this dissertation would never have been written.

July 17,2012

Vi



ABSTRACT

MAGNETIC-BASED THERANOSTIC NANOPARTICLES FOR

PROSTATE CANCER MANAGEMENT

Aniket Sharadrao Wadajkar, PhD

The University of Texas at Arlington, 2012

Supervising Professors: Kytai T. Nguyen and Jian Yang

With an increasing rate of cancers, the need for effective cancer management
has led to the development of theranostic systems for diagnosis and therapy.
Conventional techniques for cancer management have limited success due to inaccurate
diagnosis and treatment side effects. Development of magnetic-based theranostic
nanoparticles (MBTN) may overcome these limitations with the advantages of magnetic
nanoparticles (MNPs) such as magnetic targeting, hyperthermia, and magnetic
resonance imaging (MRI) contrast agents; and advantages of polymer coatings for
carrying payloads and allowing bioconjugation for active targeting applications. Aim of

this research was to develop multifunctional MBTNs for prostate cancer management.
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First, biodegradable photoluminescent polymers (BPLP)-coated iron oxide
MNPs were developed, which were stable, well dispersed, and exhibited both a bright
fluorescence in UV light and dark negative contrast in MRI. Moreover, these
cytocompatible nanoparticles released most of the therapeutically effective drugs within
21 days. Prostate cancer cells also showed selective uptake of nanoparticles depending
on cell type. Finally, the presence of magnetic field reinforced the uptake of
nanoparticles as seen from in vitro cellular uptake and in vivo biodistribution study.

Second, thermo-responsive polymer-coated MNPs (PMNPs) were formulated
and conjugated with prostate cancer-specific R11 peptides for active targeting of drugs
to prostate cancer cells only. The cytocompatible PMNPs also generated a dark negative
contrast in MRI. Moreover, a higher uptake of R11-PMNPs was noticed compared to
non-conjugated PMNPs. Preliminary in vivo studies showed that R11-PMNPs
accumulated more in the tumor compared to non-conjugated PMNPs.

Finally, novel thermo-responsive fluorescent polymer-coated MNPs (TFP-
MNPs) were developed by combining the principles from both BPLP-MNPs and
PMNPs. Cytocompatible TFP-MNPs possessed temperature-dependent fluorescence
and drug release. TFP-MNPs also exhibited a bright fluorescence in the prostate cancer
orthotopic mouse model. Preliminary investigation on these nanoparticles (BPLP-
MNPs, PMNPs, and TFP-MNPs) in vivo and results from in vitro studies demonstrated
their potential as multifunctional theranostic nanoparticles for various biological

applications, including prostate cancer management.
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CHAPTER 1

INTRODUCTION

1.1 Prostate Cancer

According to the American Cancer Society, prostate cancer is still a commonly
diagnosed cancer and the second leading cause of cancer-related deaths in men. In the
United States (US), prostate cancer will be accountable for 241,740 new cancer cases
and 28,170 deaths in 2012 [1]. Common treatments for prostate cancer such as surgery,
hormone therapy, radiation therapy, and chemotherapy have mixed results due to the
adverse side effects [2]. The complications associated with surgery are pain, urinary
incontinence, and the possibility of permanent impotence. The side effects of hormone
therapy include loss of sexual desire, impotence, and hot flashes. Further, radiation
therapy causes tiredness, diarrhea, uncomfortable urination, and hair loss in the pelvic
area. Whereas, side effects of chemotherapy are dependent on the type of drug used. In
general, chemotherapy causes systemic toxicity that is responsible for hair loss,
weakness, impotence, urinary retention, and erectile dysfunction, leading to poor
qualities of lives for prostate cancer patients. In addition, the average cost for a prostate
cancer hospitalization is about $8,100, and hospital costs for the treatment of prostate
cancer totaled more than $700 million in the US [3]. Alternative therapeutic modalities
such as targeted therapy or local delivery of a therapeutic drug to only the tumor regions

or cancer cells would be a better alternative treatment to save costs and lives associated



with prostate cancer. Moreover, early diagnosis of cancer is critically important to select
effective treatment methods, and targeted therapy would reduce the complications
associated with chemotherapeutic agents, leading to improving the quality of life for

prostate cancer patients.

1.1.1 Prostate Cancer Diagnosis

To detect prostate cancer, the commonly used detection and screening tools are
prostate specific antigen (PSA) screening, digital rectal examination (DRE), transrectal
ultrasonography (TRUS) and histological examination of biopsied prostate samples [4].
However, these methods have several serious limitations and complications. For
instance, about 25% of men with high PSA levels show benign prostatic hyperplasia
only and no cancer; whereas a significant number of prostate cancer patients have very
low PSA values (< 4 ng/ml) [5]. In addition, DRE and TRUS demonstrate low
sensitivity and specificity; thus, the detection is more likely subjective and less accurate
[6]. Although the histological examination of biopsied prostate samples is the current
gold standard for prostate cancer diagnosis, it has missed more than 30% of cancers [7].
It also consists of other complications such as biopsy-mediated cancer -cell
dissemination, inflammation of existing infection, decreased ejaculation and impotency
after the procedure. The shortcomings associated with current screening methods
highlight the need to develop new modalities that improve the detection of prostate

cancer, thereby enabling the early diagnosis of prostate cancer.



1.1.2 Prostate Cancer Imaging

To improve the detection of prostate cancer, imaging approaches using
intravenously injected targeting contrast reagents for computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission tomography (PET) have
been studied [8]. For example, superparamagnetic iron oxide nanoparticles have been
used as contrast agents in MRI for lymph node prostate cancer imaging [9]. MRI, with
the advantages of exceptional tissue contrast and spatial resolution, has been widely
used in clinical settings; however, MRI is insensitive for small lesions and quite
expensive. On the other hand, PET using 2-deoxy-2['*F]fluoro-D-glucose has been
considered a more sensitive imaging technique, but it is still insensitive for small lesions
(< 1 cm) [10]. Optical imaging is relatively inexpensive and a highly sensitive and
specific imaging modality when molecularly targeted to the tumor [11]; however, its
limitations include limited tissue penetration and a significant background signal due to
auto-fluorescence of the tissue. Yet optical imaging has the potential to identify tiny
deposits of tumors during cytoreductive surgery [12]. Thus, attempts on combining
multiple imaging probes are considered beneficial for prostate cancer imaging and
treatment. For example, MRI can be used before surgery to identify tumor location,
whereas optical imaging can be used during the cytoreductive surgery to enhance the
contrast between tumor and normal tissue and to improve the identification of small
lesions [13]. These observations suggest that the combination of MRI and optical
imaging techniques has the potential to improve the cancer detection, leading to more

effective or better treatments for prostate cancer.



1.1.3 Prostate Cancer Treatment

Several studies have investigated the development of drug carriers since
powerful chemotherapeutic reagents designed to kill rapidly dividing tumor cells have
also taken their toll on normal healthy cells, causing significant side effects including
bone marrow suppression, hair loss, and fatigue. For example, doxorubicin, an
anticancer drug, exhibits excellent clinical activity in prostate cancer; however, its use is
limited because of the systemic toxicities such as immunosuppression and cardiac
toxicity [14]. To overcome limitations of systemic chemotherapy, several carriers such
as liposomes, dendrimers, and polymeric nanoparticles have been developed to
encapsulate anticancer drugs and deliver them to the tumors. The US Food and Drug
Administration (FDA) approved drug delivery nanoparticles are liposomal
formulations, PEGylated liposomal doxorubicin (Doxil), liposomal daunorubicin
(DaunoXome) and albumin bound paclitaxel nanoparticles (Abraxane) [15]. Yet one of
the major limitations of these carriers is that it is not possible to monitor the distribution
of drugs and the progress of treatment in real time. Since the knowledge of the
biodistribution of drug formulations is a key to their successful development for tumor
targeting, drug carriers that can also be used as tracers or contrast reagents are needed
for the development of effective alternative cancer therapies. The technical challenges
in developing effective nanoparticle systems for cancer detection and treatment are: 1)
eliminating the long-term toxicity concerns, 2) achieving high sensitivity and
specificity, 3) reaching adequate concentrations of nanoparticles locally, and 4)

possessing both imaging agents and therapeutic agents for diagnosis and therapy,



respectively, in a single setting. To meet these challenges many researchers are trying to
develop metal and polymer-based ‘theranostic’ nanoparticles that have capabilities of

cancer diagnosis and treatment.

1.2 Theranostic Nanoparticles

Theranostic nanoparticles that simultaneously deliver both imaging and
therapeutic agents have gained significant attention for cancer management in recent
years. Cancer management not only includes the highly specific diagnosis and treatment
of the cancer cells, but also the monitoring of the drug delivery process and therapeutic
efficacy [16]. Conventional nanoparticle systems have been previously used to achieve
each aspect of cancer management separately; however, multiple administrations may
be required to fulfill all the necessary functions, which bring concerns of patient
compliance and safety [17]. To overcome these limitations, theranostic nanoparticle
systems that can perform all the aspects of cancer management in a single setting have
been developed over the last decade. In particular, magnetic-based theranostic
nanoparticles (MBTN) are of great interest in cancer management due to the numerous
advantages these materials possess in the presence of a magnetic field, which is
summarized in Figure 1.1. Magnetic nanoparticles (MNPs) are multifunctional agents
that can be used: 1) for site-specific magnetic targeting [18], 2) as negative contrast
agents in MRI [19], 3) for hyperthermia treatment under alternating magnetic fields

[20], and 4) in magnetic field-dependent controlled drug delivery applications [18]



collectively, rendering MNPs as ideal candidates in the development of advanced

theranostic systems.
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Figure 1.1 Attributes and applications of MBTN in cancer targeting, imaging, and
treatment.

1.2.1 MNPs

MNPs are one of the most popular theranostic agents in the field of
nanomedicine for targeted and controlled drug delivery. Although the research on
MNPs began in the early 19" century, it’s only recently that there has been an

increasing interest in MNPs as theranostic agents, due to their therapeutic and
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diagnostic application potentials [18]. MNPs are composed of ferromagnetic elements
such as iron, cobalt, nickel, or their oxides and alloys [21]. MNPs made of iron oxide
(magnetite Fe;O4 or magnemite Fe,Os3) and gadolinium (chelated organic gadolinium
complexes) [22] have been widely used as contrast agents in MRI for biological
applications due to their ability to dissociate into iron and oxygen inside the body,
which can safely be eliminated and utilized in metabolic and oxygen transport systems
[23]. When fabricated into nanoparticles of approximately 10 nm in diameter, iron
oxide nanoparticles begin to exhibit a superparamagnetic behavior leading to improved
dispersive properties in the absence of a magnetic field. They can also be guided to
accumulate to the site of interest in the presence of a magnetic field, which is of great
importance in targeted drug delivery applications [19]. In addition, MNPs possess low
cytotoxicity and have been approved by the FDA for clinical MRI applications [23, 24].
Numerous studies have explored the potential of MNPs as therapeutic and diagnostic
agents for the cancer management. Recent years have seen an increasing interest in the

study of polymers that can be used for coating MNPs.

1.2.2 Polymer Coatings

Recent research has been intensely focused on finding suitable biodegradable
and biocompatible polymers that can efficiently be incorporated with drugs, imaging
agents such as MRI contrast reagents, and biomolecules for active targeting of the
cancer [22]. Hydrophilic natural and synthetic polymers have been used as coating

materials due to their ability to prevent particle aggregation, increase solubilization, and



improve stability of the particles [16]. Natural polymers such as dextran are gaining
prominence in the field since MNPs coated with these polymers have shown improved
biocompatibility and tend to stay in circulation for relatively longer periods of time
[20]. FDA approved dextran-coated MNPs have already been used to image spleen,
liver, and lymph nodes [16]. For instance, dextran-coated MNPs prepared by Tassa et
al. [25] imparted both stability and additional functional groups for bioconjugation on
the nanoparticle surface. The dextran coating also supported diagnostic imaging of the
nanoparticles by MRI, PET and optical imaging. Moreover, chitosan is another natural
material gaining importance as a suitable coating for MNPs due to its biocompatibility
and the added functional groups, which can be utilized for bioconjugation [26].
However, natural polymers generally have low mechanical strength, low porosity, and
non-selective protein adsorption on their surfaces [27].

In addition to natural materials, MNPs have also been coated with synthetic
biodegradable or non-degradable polymers including poly(lactic-co-glycolic acid)
(PLGA) [28] and poly(N-isopropylacrylamide) (PNIPAAm) [29]. PLGA has been
widely chosen to coat MNPs by many research groups due to its biocompatibility and
ability to provide the sustained release of encapsulated drugs or contrast agents
throughout the polymer degradation time to ensure prolonged treatment. For example,
PLGA-magnetite particles prepared by Chattopadhyay et al. [28] showed sustained drug
release for a prolonged period and could also be used for MRI and drug delivery

applications. In contract to biodegradable polymers, many synthetic non-degradable



polymers persist in the body after administration; therefore, they are generally not
preferred for coating of MNPs.

Besides biodegradable polymers for controlled drug delivery applications,
stimuli responsive polymers have been studied extensively due to their ability to
respond to external stimuli such as pH, temperature, light, salt concentration,
mechanical stress, and electric field [30]. Several joint interactions within the polymer,
such as gradual ionization or breakage of hydrogen bonds, result in phase transition of
the polymer in response to the changes of stimuli. One of the most commonly studied
stimuli-responsive polymers is PNIPAAm [31], which enables drug release when the
temperature of the solution is raised above the lower critical solution temperature
(LCST, ~ 32°C) of the polymers. The LCST of a polymer can be modified by co-
polymerization with hydrophilic or hydrophobic monomers or by the addition of more
salts to the polymer solution. For example, copolymerization of PNIPAAm with
hydrophilic acrylamide increases the LCST, while copolymerization with hydrophobic
n-butyl acrylamide decreases the LCST [32]. PNIPAAm copolymerized with
acrylamide (AAm) and allylamine (AH) were developed previously in our laboratory to
decorate MNPs [29]. The PNIPAAm-AAm-AH decorated MNPs shrink and release the
encapsulated drugs in response to an increase in the surrounding temperature (~39°C or
above). Combinations of smart polymers, such as temperature-sensitive PNIPAAm and
pH-sensitive chitosan, have also been used to formulate dual-responsive nanoparticles
with combined properties from both polymers [33]. As a result, these nanoparticles

were shown to release the encapsulated drugs both at temperatures above the LCST and



in an acidic environment, which are respectively beneficial attributes for cancer
treatment since the tumor environment is characterized by higher temperature and lower
pH (< 7.2) when compared to healthy tissues [34].

In order to treat multi-drug resistant tumors, multiple drug loading strategies
have been developed using magnetic-based nanoparticles such as magnetic liposomes.
The bilayered geometry of magnetic liposomes allows for the encapsulation of multiple
therapeutic agents for multi-drug delivery [35]. For instance, hydrophilic drugs are
incorporated in the hydrophilic core of the liposome, whereas hydrophobic drugs are
loaded in the lipid bilayer of the liposome and amphiphilic molecules can be
incorporated at the hydrophilic/hydrophobic interface of the liposome [36]. Amphiphilic
poly(2,2,3,4,4,4-hexafluorobutyl methacrylate )-g-PEG monomethacrylate has also
been used to prepare magnetic micelles of ~100 nm diameter mainly for diagnosis of
liver and spleen diseases. These nanoparticles showed high stability in water for up to
16 days and maintained sustained release of 5-fluorouracil for 40 hours [37]. While
polymer coatings play an important role in drug delivery and release kinetics, they also
provide valuable functional groups for bioconjugation, which can be utilized to provide

targeting moieties for MBTN.

1.2.3 MBTN Structure Types
Surface coating of MNPs using various polymers is an inevitable synthesis
process for various applications in nanomedicine and drug delivery field. The surface

coating not only reduces particle agglomeration and cytotoxicity, but also increases
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MNP circulation time and induces a payload of therapeutic agents to the target site.
Depending on the material and synthesis method, polymer coatings on MNPs give rise
to various structural designs of nanoparticles (Figure 1.2). Core-shell structures are the
most popular nanoparticle designs for biomedical applications (Figure 1.2A), which are
mostly comprised of MNPs as a core and materials such as silica and gold as a shell.
Biocompatible silica/gold-coated MNPs have attracted attention as MRI contrast agents

and magnetic carriers for imaging and therapeutic applications, respectively [38].
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Figure 1.2 MBTN structure types. (A) Core-shell structure, (B) MNPs encapsulated in
polymer layers, (C) end-grafted polymer segments on MNPs, (D) heterodimer MNPs,
and (E) functional ligands conjugated MNPs.

Commonly used strategies for making polymer-embedded MNPs are: 1)
synthesizing MNPs in the presence of a polymer, 2) synthesizing a polymer in the
presence of MNPs, or 3) mixing MNPs with polymer solution [39]. These synthesis
strategies create two different nanoparticle structures: 1) encapsulated MNPs in polymer
layers (Figure 1.2B) and 2) end-grafted polymer segments on MNPs (Figure 1.2C) [40].
Preparation of these structures is easy and quick; however, it might be a disadvantage as
MNPs are not tightly held inside the polymer layers, and they may slip off the structure

under higher shear forces or blood flow rates. Polymers such as dextran, chitosan, and
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PLGA have been used for making polymer-embedded MNPs for MRI and drug delivery
applications [41-43]. The second types of structure, where the polymer segments are
end-grafted on the surface of MNPs, are very strong because polymer chains are
covalently attached to the MNP surface. The MNPs in the polymer segments are stable
and well protected from the environment [31]. Polymers such as PNIPAAm and PEG
have been used for end grafting on MNPs for MRI and drug delivery [44, 45].
Heterodimers or dumbbell-like structures possess bi-functionality due to the
presence of two different functional molecules in the structure (Figure 1.2D). They have
shown great potential for target specific imaging and delivery applications. For
instance, silver-MNPs and gold-MNPs have been developed with optical and magnetic
properties for imaging and hyperthermia applications [46]. Finally, surface modification
and linking functional ligands to MNPs is a popular technique to provide functionality
to the MNPs for targeting/specific applications. Various types of ligands such as
targeting moieties, permeation enhancers, organic dyes, fluorophores, and therapeutic
agents can be attached on the MNP surface via bioconjugation chemistry techniques
utilizing protein coupling agents, avidin—biotin, hetero-bi-functional linkers,
carbodiimide chemistry, and click chemistry [40]. Many researchers have conjugated or
incorporated FITC, rhodamine, near-infrared fluorescent dyes, or quantum dots (QDs)
for cell labeling, tracking, and imaging applications [47, 48]. Moreover, several
researchers have conjugated proteins, antibodies, aptamers, and other molecules to

MNPs for targeted delivery of drugs and gene therapy [49, 50].
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1.2.4 Targeting Mechanisms

A critical component in achieving an effective drug delivery and imaging tool is
the ability to specifically target the diseased site and bypass healthy tissues. Targeting
strategies for MBTN are met by various challenges such as selecting the appropriate
target, methods to incorporate the specific targeting ligand, and strategies to avoid rapid
clearance of the delivery vehicles from the body [51]. The two basic mechanisms of

targeting diseases are passive and active targeting, which is summarized in Figure 1.3.

Figure 1.3 Targeting mechanisms of MBTN emphasizing on receptor-mediated and
magnetic targeting.

Passive targeting is neither associated with the conjugation of antibodies nor
influenced by any external forces. Instead, accumulation of the theranostic vehicle

within the tumor site is accomplished by the enhanced permeability and retention (EPR)
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effect of tumor neovascularization [52]. The highly cluttered vasculature of the tumor
tissue leads to a disorganized vasculature, and a defective lymphatic system [53]. When
this occurs, nanoparticles in the range of 10 to 500 nm in diameter with hydrophilic
surfaces have shown enhanced accumulation within the interstitial space of the tumor
[40]. Hydrophilicity is an important factor as it not only increases the circulation time of
nanoparticle, but also prevents nanoparticle from being cleared by macrophages and
plasma protein adsorption [51]. Passive targeting was employed by Yu et al. [54] using
doxorubicin-loaded thermally crosslinked MNPs for cancer treatment and imaging.
They observed an increased nanoparticle circulation time and preferential accumulation
in the tumor region by the EPR effect in an orthotopic mouse model of lung cancer.
Further, dextran-coated MNPs have been used for passive targeting of cancer cells in
the human bladder [55]. However, these nanoparticles tend to be removed easily by the
reticulo-endothelial system (RES). Although nanoparticles can be used for drug
delivery via passive targeting, this process can be both time-consuming and less
effective due to their accumulation in other healthy organs in addition to tumor regions
[56]. Therefore, alternative and more specific routes of tumor targeting are greatly
needed.

Unlike passive targeting, active targeting involves either the conjugation of
targeting ligands to nanoparticles or the use of external forces to guide the therapeutic
vehicle to the tumor [52]. A wide range of targeting moieties such as hormones, growth
factors, proteins, peptides, or monoclonal and polyclonal antibodies have been used to

direct MNPs to tumors. The choice of the targeting moiety is of great importance as it
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should be specific to the receptors over-expressed on the targeted cells. Such ligand-
conjugated nanoparticles are engulfed by the receptor-mediated endocytosis process and
destroyed intracellularly to release their therapeutic payload [57]. The receptor-
mediated targeting is also useful for finding and destroying circulating or metastatic
cells that express the receptors of interest [58]. Yao et al. [59] successfully conjugated
A10 aptamers to thermally crosslinked MNPs to target prostate specific membrane
antigens (PSMA) over-expressed by the prostate cancer cells. They also observed that
in media containing physiologic levels of folate, PSMA expression increased folic acid
uptake approximately 2-fold over non-expressing cells. Further, Kievit et al. [60] has
developed multifunctional MNPs tagged with HER2/neu antibody, which successfully
bound to neu-expressing mammary carcinoma cells in mice. These MNPs could also
specifically bind to metastatic cells in lung, liver, and bone marrow, thus demonstrating
their potential in diagnosis and treatment of metastasized cancer.

In addition to receptor-mediated targeting, active targeting by the use of external
forces, such as magnetic fields, has been investigated. Magnetic targeting involves the
delivery of MNP locally by guiding them to the diseased site using an external magnetic
field. Iron oxide nanoparticles become magnetized upon application of a magnetic field,
and are quickly demagnetized when the magnetic field is removed due to
superparamagnetic behavior [19]. Magnetic targeting is advantageous and more
effective than passive targeting as rapid clearance of nanoparticles by mononuclear
macrophages can be avoided [61]. An example for magnetic targeting includes the

research developed by Alexious et al. [62], which demonstrated the recruitment of
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MNPs in the region of squamous cell carcinoma created in rabbits by using an external
magnetic field of strength 1.7 T. Another study conducted by Chertok et al. [63] imaged
brain tumors non-invasively with MRI by concentrating MNPs at the tumor site by
locally applying an external magnetic field of about 4 T.

Finally, biomaterial-mediated targeting takes advantage of physical and
chemical properties of biomaterials for cell-specific targeting or uptake. The
physiochemical properties that affect the cell-selective targeting include molecular
weight, base polymer composition, surface charge, hydrophilicity/hydrophobicity level,
and end-grafting/modification [64]. Moreover, biomaterial-mediated targeting is also
dependent on the cell type, cell surface antigen, cell-biomaterial interaction, and so on.
Some of the researchers are investigating the effects of biomaterial properties on
different cell populations to understand the cell specificity of biomaterial-mediated
targeting. For an instance, the Green group at Johns Hopkins University has shown that
the biomaterial properties affect cell transfection and cancer cell-specific uptake of
DNA-loaded polymeric nanoparticles significantly [64, 65]. Further, combinational
targeting can also be achieved by using targeting ligands-conjugated MNPs and an
external magnetic field for improved targeting abilities [66]. After effective targeting
using MBTN, imaging of the delivery vehicles to highlight the diseased sites could be

accomplished.
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1.2.5 Imaging Agents

Imaging agents in theranostic nanomedicine play an important role in the
diagnosis of a disease [19]. The primary imaging agent used in the MBTN is iron oxide
as it has been widely used as T2 negative contrast agents in MRI. Several iron oxide-
based nanoparticles were approved by the FDA for human use [67]. Examples include
Feridex for liver lesions, Combidex for imaging of ‘hidden’ prostate cancer lymph node
metastases and Feraheme for treating iron deficiency anemia in chronic kidney diseases
[24]. Further, manganese (Mn) and gadolinium (Gd)-based MRI contrast agents, such as
multifunctional MnO and PEG functionalized Gd,O; nanoparticles [68, 69], have also
been researched for in vitro and in vivo imaging applications and further approved by
the FDA for human use. Gd-diethylenetriaminepentaacetic acid (Gd-DTPA) complexes
with anti-fibrin antibodies have been utilized for MRI, which proved the capability of
these nanoparticles to enhance the MRI signal contrast over the clot surface [70].

Contrast agents for optical imaging, PET or CT, have also been incorporated in
MBTN to provide multi-modality imaging capabilities for enhanced and more accurate
imaging of diseases as summarized in Figure 1.4. A multi-modality imaging approach
has several advantages over a single modality system [71]. MRI provides exceptional
tissue contrast, penetration depth, and high spatial resolution, whereas fluorescence
imaging provides extremely high sensitivity and can be used for molecular imaging
[51]. The most popular example of fluorescent agents used in optical imaging is metal
semiconductor QDs. QDs have remarkable optical properties compared to other

fluorescent dyes [72]. QDs can emit light in the spectrum ranging from visible to near-
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infrared region, depending on their size or material composition like CdSe, ZnS, and
PbSe [51]. When QDs are used with MNPs, they are also called magnetic QDs, which
can be either heterodimers or homogeneous dispersion of QDs within MBTN [73].
Polyethyleneimine-capped QD were grafted on magnetite nanorings to develop
magneto-fluorescent nanoprobes by Fan et al [74]. In addition, Koole et al. [75]
synthesized Gd-based lipid-coated silica nanoparticles with QD core as a new contrast
agent platform for multimodality imaging. Moreover, fluorophores such as Alexa Fluor
647 have also been used along with MNPs for the applications in MRI and fluorescent
imaging. PET isotopes such as '*F or ®*Cu and fluorescent dye VT680 have also been
conjugated or encapsulated into the MBTN using click chemistry to enhance the

sensitivity and reduce the dose required for clinical use [76].

Figure 1.4 Single or multi-modal imaging techniques used for MBTN.
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1.2.6 Therapeutic Agents

Following diagnosis, a pivotal role of the MBTN is to treat the cancer by either
hyperthermia via alternating magnetic fields or releasing therapeutic agents as shown in
Figure 1.5. MBTN can be used without therapeutic agents to kill the heat-susceptible
cancer cells by providing heat to the tumor region [20]. This is achieved by applying an
external rotating or alternating magnetic field following the nanoparticle injection,
which causes the MNPs to vibrate and generate heat to ultimately destroys the cancer
cells [77]. In addition, MBTN have been used to deliver a wide variety of therapeutic
agents ranging from chemotherapeutic drugs to peptides and genes [78].
Chemotherapeutic agents are more frequently loaded into the MBTN for the treatment
of various tumors. For example, anticancer drug doxorubicin was loaded in liposomal
nanoparticles containing dextran-coated MNPs as magneto-fluorescent agents for
cancer chemotherapy [79]. Other drugs used to date in the MBTN formulations include

docetaxel, epirubicin, mitoxantrone, taxol , gemcitabine, and Cisplatin [80, 81].
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Figure 1.5 Therapeutic action of MBTN showing drug release and hyperthermia
treatment.

Besides chemotherapeutic reagents, MBTN have also been used to deliver
bioactive molecules including double-stranded DNA (dsDNA), small interfering RNA
(siRNA), and proteins. For instance, the MBTN containing both dsDNA and covalently
bonded doxorubicin molecules have been prepared for cancer treatment [82]. Such
nanoparticles can be used as effective DNA carriers for the transfection of cells and also
as agents for vaccination [83]. For gene delivery, stable lentiviral complexes were
developed by Mykhaylyk et al. [84] using polyethylenimine (PEI)-capped silica-iron
oxide nanoparticles. Moreover, hollow manganese oxide nanoparticles prepared by Bae
et al. [68] were surface functionalized using 3,4-dihydroxy-L-phenylalanine and
incorporated therapeutic siRNA for simultaneous cancer diagnosis and treatment. In
addition, Chertok et al. [85] synthesized B-Galactosidase-loaded heparin-coated MNPs

for MRI and protein delivery to diagnose and treat brain tumors. The permeability to
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biological membranes imparted by the PEI-modified protein, together with magnetic

targeting, help in selective accumulation of the nanoparticles at the tumor site.

1.2.7 Controlled Drug Release Mechanisms

Once the nanoparticles are targeted and uptaken by the cells, drugs have to be
released from the nanoparticle system for therapeutic effects. The release mechanism of
drugs is dependent on the nanoparticle design, properties of the polymer, and
surrounding biological parameters such as pH, temperature, ionic strength, and so on.
Intracellular drug release is endosomal due to the action of parameters in surrounding
cytoplasm. The endosomal drug release can be achieved by various strategies including
tailoring of cleavable linkers responsive to pH, temperature, osmolarity, or enzymatic
activity [86]. Further, in the drug release via degradation process, the drug is released
due to partial or entire degradation of the drug carriers. Degradation mechanism and
rate are dependent on the type of polymer [40]. Drug release can be controlled by
tailoring polymer coating thickness and degradation rate. Further, sustained release of
drugs is mostly controlled by diffusion process. Non-degradable polymers are the
choice of interest for designing systems with sustained release of drugs. The drug
release rate is affected by the drug solubility, ionic interactions between the drug
molecules, and auxiliary ingredients [87]. Finally, a stimuli-controlled drug release is
achieved by using stimuli-responsive polymer coatings [44]. The response of these
polymers to changes in stimuli is followed by changes in drug release. For example,

anticancer drug loaded PNIPAAm and its copolymers have been coated on the surface
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of silanized MNPs by our group for controlled drug release in responding to changes in

temperature [44].

1.3 Applications of MBTNs in Cancer Management

MNPs have been used in numerous applications, which can be categorized in
three major fields: 1) imaging (contrast agents for MRI), 2) therapy (chemotherapy via
controlled drug release and hyperthermia via heat generation in alternating magnetic
fields), and 3) cell separation (cell labeling/tracking and isolation using magnetic force).

This research work is focused on the applications of MNPs in imaging and therapy.

1.3.1 Cancer Imaging

With imaging, it is possible to determine if the treatment should be altered or
terminated depending on the treatment efficacy [51]. Contrast agents serve as a
powerful tool for characterization at the cellular and sub-cellular level. MNPs are used
as negative contrast agents in MRI. MNPs such as Fe;O4, Gd, and Mn have high molar
T2 relaxavities [88]. High spatial resolution of MRI, enhanced negative contrast
provided by MNPs, and target specificity of MBTN allow the imaging of tumors as
small as 2-3 mm in clinical applications [35]. Branca et al. [89] detected pulmonary
micro-metastases with the help of luteinizing hormone-releasing, hormone-conjugated
MNPs and MRI in mice bearing breast a