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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 
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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. 
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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[18F]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. 
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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, 
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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] 
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collectively, rendering MNPs as ideal candidates in the development of advanced 

theranostic systems. 

 

 

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 19th 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 Fe3O4 or magnemite Fe2O3) 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 
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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 
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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, ~ 32oC) 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 (~39oC 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 
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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]. 

 

 

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 Gd2O3 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 18F or 64Cu 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 β-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 Fe3O4, 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 adenocarcinoma cells. Further, MBTN that have 

gained significant clinical attention, are iron oxide nanoparticles coated with either 

dextran or liposomes. Clinical studies on prostate cancer patients by Harisinghani et al. 
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[90] using lymphotropic MNPs, showed that the lymph node metastases could be 

accurately identified by high-resolution MRI of the MNPs. A combination of  MRI and 

fluorescence imaging was successfully achieved by Lee et al. [16] for the diagnosis of 

prostate cancer. Use of QDs and other fluorescent tags along with iron oxide has 

become a common multi-modal technique. 

 

1.3.2 Cancer Treatment 

1.3.2.1 Chemotherapy 

Traditional chemotherapies have always shown undesirable side effects on 

cancer patients due to systemic toxicity of anticancer drugs. As discussed before, a 

targeted drug delivery can be achieved using MNPs and an external magnetic field. 

MNPs play an important role in distributing and targeting chemotherapeutic agents to 

cancer cells, reducing their toxic effects on healthy tissues. The chemotherapeutic drugs 

are either coated onto MNPs or loaded into the polymer shell. After the administration 

of drug-loaded MNPs into the living system, an external magnetic field is applied to 

concentrate the particles at the tumor site. Upon internalization of particles by cancer 

cells, the drug release is achieved via one of the mechanisms discussed in earlier 

sections. In the late 1970s, Widder et al. [91] used adriamycin-magnetic albumin 

microspheres in animal tumor models and observed that these microspheres were 

significantly more efficient than adriamycin alone in reducing tumor volume and 

increasing animal survival rate. After these studies, many researchers utilized the 

potential of MNPs for targeted chemotherapy. For instance, Yu et al. [54] developed 
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doxorubicin-loaded thermally crosslinked MNPs that were administered intravenously 

into the tumor bearing mice to study the multi-functionality of the particles. The 

nanoparticles preferentially accumulated in the tumor region within 4.5 hours and 

showed their therapeutic effect within 12 hours of administration. A significant decrease 

in tumor size was also noticed within 19 days of the treatment. 

 

1.3.2.2 Hyperthermia 

Hyperthermia is a treatment in which high temperatures (> 41°C) are applied to 

kill cancer cells as they are more sensitive to high temperatures than healthy cells [20]. 

The metallic and magnetic properties of MNPs make them suitable for hyperthermia 

treatment [92]. Upon administration and targeting of MBTN to cancer site, an 

alternating magnetic field can be applied, in which MNPs vibrate and generate thermal 

energy as a result of absorption of large amounts of magnetic energy by hysteresis loss 

[20]. Heat generated from the MNPs is affected by several factors, such as magnetic 

properties, particle size, amplitude and frequency of applied magnetic field, and cooling 

rate of blood [93]. Thus, by regulating these factors, the heat generation from MNPs can 

be controlled. However, an optimal hyperthermia effect can be achieved with 10 kA/m 

amplitude and 400 kHz frequency [20, 93]. In the 1990s, Jordan et al. [94] found the 

strong heating properties of MNPs and their potential for hyperthermia treatment. Later, 

Le Renard et al. [95] formulated and implanted poloxamer, chitosan, alginate, and PVA 

hydrogels loaded with MNPs into human cancer tumors xenografted in mice for 

hyperthermia treatment. In another study, Tseng et al. [96] used MNPs for hyperthermia 
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treatment and found that the survival rate of cancer cells was significantly reduced 

when heated above 45°C. 

 

 1.3.2.3 Combinational Therapy  

Hyperthermia is usually used in conjunction with chemotherapy or radiation 

therapy to enhance the effectiveness of cancer therapy. At high temperatures, cancer 

cells become more vulnerable and respond to chemotherapeutic drugs or radiation 

effectively in an accelerated fashion [20]. Therefore, the combination of two therapies 

such as hyperthermia and chemotherapy or hyperthermia and radiation therapy would 

result in better treatment efficacies. For example, Wang et al. [97] synthesized MNPs 

encapsulated As2O3 nanoparticles for treating nude mice bearing xenograft human 

hepatocarcinoma with both thermal- and chemo-therapies. The combined therapy 

showed a significant inhibitory effect on the mass and volume of xenograft cervical 

tumors compared with the controls [98]. 

 

1.4 Overview of Research Project 

1.4.1 Goal/Objectives 

The long term goal of this research project is to develop effective theranostic 

nanoparticle designs based on polymer-iron oxide complexes for prostate cancer 

imaging and treatment. Recently, targeted drug delivery via either physical or active 

targeting strategies have been shown to induce the recruitment of drug carriers at the 

cancer site effectively, thereby enhancing cancer specificity and reducing severe side 
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effects of chemotherapeutic agents on normal/healthy cells. Medical imaging modalities 

such as MRI and optical imaging have also demonstrated their effective uses in 

monitoring of cancer progress during the treatment course, thereby increasing detection 

and therapeutic efficiency. Targeted imaging modalities and local delivery of 

therapeutic drugs to only the tumor regions would be the better alternative techniques to 

save costs and lives associated with prostate cancer. Therefore, the objective of this 

research was to develop various MBTNs with dual-targeting, dual-imaging, and dual-

treatment capabilities to provide better tools/strategies for targeted and controlled 

release of drugs to the prostate cancer. 

 

1.4.2. Specific Aims 

To achieve the research goal, the specific aims proposed for this research are: 

Aim 1: Develop theranostic biodegradable photoluminescent polymer-coated 

MNPs. Nanoparticles were characterized for their physicochemical properties and 

targeting, imaging and therapeutic efficacies. 

Aim 2: Develop theranostic thermo-responsive polymer-coated MNPs. Prostate 

cancer specific targeting ligand-conjugated nanoparticles were evaluated for their 

targeting, imaging and therapeutic efficacies. 

Aim 3: Develop novel thermo-responsive fluorescent polymer-coated MNPs to 

combine functionalities of previous designs. A copolymer of fluorescent polymer and 

thermo-responsive polymer was synthesized and coated on the surface of MNPs. The 
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novel theranostic nanoparticles were characterized for physicochemical and imaging 

properties. 

 

1.4.3 Innovative Aspects 

There are several innovative aspects involved in all the three aims of this 

research work, which are listed below. 

1) The development of novel biodegradable photoluminescent polymer-coated 

MNPs overcome the drawbacks of long-term toxicity of QDs and poor photostability of 

organic dyes. The nanoparticles itself are highly cancer cell-selective without the use of 

any targeting ligands. Moreover, the development of nanoparticles with targeting, 

imaging, and drug delivery capabilities to allow simultaneous diagnosis and treatment 

of prostate cancer in a single setting is highly innovative. 

2) The combined use of magnetic targeting, thermo-responsive drug delivery, 

and cancer cell-specific ligands (R11 peptides) will open a new route for targeted drug 

delivery. Use of R11 peptides for cancer targeting is also highly innovative. 

3) Development of the new polymers, which are based on the first two 

multifunctional designs, is highly innovative. The polymer is biodegradable, thermo-

responsive and fluorescent. Coating such multifunctional polymers on the surface of 

MNPs creates novel theranostic designs with more functionality such as temperature-

dependent fluorescence. 
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1.4.4 Successful Outcome 

The successful outcome of this project will provide a means to effectively target, 

image and treat the prostate cancer in order to reduce complications associated with 

conventional techniques. In addition, it will reduce the clinical costs, save many lives 

and improve the quality of life for prostate cancer patients. The knowledge gained from 

these studies should also advance our understanding of polymer-coated MNPs for 

cancer management. 
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CHAPTER 2 

BIODEGRADABLE PHOTOLUMINESCENT POLYMER-COATED MNPs 

2.1 Introduction 

Photoluminescent polymer-coated MNPs act as theranostic systems that deliver 

both imaging and therapeutic agents so that both diagnosis and treatment of the disease 

is possible in a single setting. Common diagnostic modalities such as MRI, CT, PET, 

and optical imaging have mixed results as a stand-alone system due to individual 

limitations such as low sensitivity, low spatial resolution, toxicity of contrast agents, 

and inaccurate diagnosis due to non-specific targeting of contrast agents [99]. Dual-

/multi-modal imaging systems bearing the advantages from each individual imaging 

modality may overcome the limitations associated with the stand-alone systems [71]. 

For instance, MRI provides exceptional tissue contrast, penetration depth, and high 

spatial resolution, whereas fluorescence imaging provides extremely high sensitivity. 

Therefore, a dual-imaging modality combining MRI contrast and fluorescent agents will 

be able to diagnose cancers in early stage pre-operatively and intra-operatively with 

better accuracy. 

To improve the diagnostic accuracy and reduce the significant side effects to 

normal healthy cells, site-specific targeting of imaging contrast and therapeutic agents is 

required [14]. Although passive delivery of nanoparticles through leaky tumor 

vasculature shows some success, active targeting strategies will add more specificity for 
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cancer targeting [100]. Cell-selective nanoparticles specifically target and deliver the 

payloads to cancer cells, minimizing the side effects due to the non-specific delivery of 

payloads to healthy cells. Research on the development of cancer targeting nanoparticle 

systems has been focused mainly on conjugating antibodies, peptides, or aptamers for 

actively transporting nanoparticles to cancer cells. Other targeting strategies include 

magnetic targeting that aids in the nanoparticle accumulation at the targeted site under 

an influence of a magnetic field [40]. Herein, we developed dual-imaging enabled 

cancer-targeting nanoparticles (DICT-NPs), without using targeting ligands, based on a 

breakthrough development of biodegradable photoluminescent polymers [101] and 

superparamagnetic iron oxide (Fe3O4) nanoparticles. 

Dual-imaging nanoparticles have gained significant attention in recent years. 

Examples include rhodamine/FITC-labeled paramagnetic nanoparticles [102], DiI/DiR-

polyacrylic acid-coated MNPs [103], QD-coated MNPs [104], and Cy5.5-labeled 

PEG/chitosan-coated MNPs [105]. However, the fluorescent tags used in these systems 

are known to either be toxic or display photobleaching. Moreover, incorporating 

imaging agents in nanoparticles may result in increased particle sizes, added 

complexity, and higher risk of adverse biological reactions. We have recently developed 

water-soluble and water-insoluble biodegradable photoluminescent polymers (WBPLP 

and BPLP, respectively), which do not contain photobleaching organic dyes and 

cytotoxic QDs [101]. The degradability of the polymers and the superior 

photoluminescent properties such as high quantum yield, photobleaching resistance, and 

tunable emission up to near infrared area, makes them unique. BPLPs have 
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demonstrated excellent biocompatibility and great potential for imaging both in vitro 

and in vivo [101]. 

Taken together, the aim of this work is to develop DICT-NPs with magnetic 

targeting capabilities. The rationales behind WBPLP-conjugated MNPs (WBPLP-

MNPs) and BPLP-conjugated MNPs (BPLP-MNPs) are that: 1) DICT-NPs provide 

dual-imaging capability, through which WBPLP/BPLP enables fluorescence imaging 

while MNPs serve as negative contrast agents for MRI; 2) DICT-NPs could also 

provide dual-targeting capability, through magnetic targeting and receptor-mediated 

targeting if active targeting ligands such as antibodies are conjugated; 3) DICT-NPs are 

fully degradable, thus eliminating long-term toxicity concerns. We have demonstrated 

the degradability and biocompatibility of BPLP both in vitro and in vivo [101]. 

Degradable biocompatible DICT-NPs would address the particle sizes and in vivo 

clearance concerns in the traditional design of tumor-targeting nanoparticles using non-

degradable materials where the diameter of nanoparticles should be limited to ~5.5 nm 

for rapid renal excretion [106]. 4) DICT-NPs act as a drug carrier for controlled drug 

delivery for many polymer-based nanoparticle drug delivery systems. 

 

2.2 Experimental Section 

2.2.1 Materials 

All materials were purchased from Sigma-Aldrich (St. Louis, MO), if not 

specified, and used without further purification. Iron oxide MNPs (Meliorum 

Technologies, Rochester, NY), acetic acid (EM Science, Gibbstown, NJ), hydrochloric 
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acid (HCl, EMD Chemicals Inc., Gibbstown, NJ), ethanol (Fisher Sci., Fair Lawn, NJ), 

and epoxy gel (Loctite Corp., Rocky Hill, CT) were purchased and used without further 

purification. 

 

2.2.2 Surface Functionalization of MNPs 

The surface of MNPs was functionalized with (3-aminopropyl)trimethoxysilane 

(APTMS, template for synthesizing WBPLP-coated MNPs) or vinyltrimethoxysilane 

(VTMS, template for synthesizing BPLP-coated MNPs) as described elsewhere [107]. 

In brief, MNPs (10 nm diameter) were dispersed in a mixture of de-ionized (DI) water 

and ethanol (1:99) by sonication at 50 W. Acetic acid (3 ml) was added after 10 minutes 

and sonication was continued for another 10 minutes. APTMS or VTMS (0.49 ml) was 

then added, and the reaction was stirred vigorously for 24 hours at room temperature to 

get amine-functionalized MNPs (amine-MNPs) or silane-functionalized MNPs (silane-

MNPs). The particles were washed thrice with the mixture of water and ethanol. 

 

2.2.3 Synthesis of WBPLP-MNPs and BPLP-MNPs 

WBPLP and BPLP were synthesized using PEG or 1,8-octanediol, citric acid, 

and amino acids such as L-cysteine and serene following our previously developed 

protocols [101]. Briefly, for synthesizing WBPLP, equimolar amounts of PEG and citric 

acid were added and stirred with amino acids at molar ratios of amino acid/citric acid 

0.2. After melting the mixture at 160°C for 20 min, the temperature was brought down 

to 140°C stirring continuously for another 75 minutes to obtain the WBPLP oligomers. 
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Similarly, BPLP was synthesized using 1,8-octanediol, citric acid, and amino acid. The 

polymers were purified by precipitating the oligomer/1,4-dioxane solution in water 

followed by freeze drying. 

 One of the challenges in developing a protocol for DICT-NPs was the surfactant 

selection. A wide range of surfactants and their two concentrations were chosen for the 

nanoparticle synthesis and a factorial design was implemented to study the effects of 

surfactant type and concentration on the nanoparticle formation. As shown in Table 2.1, 

sodium dodecyl sulfate (SDS, 0.5 and 2% w/v), poly vinyl alcohol (PVA, 1 and 5% 

w/v), Tween 20 (1 and 5% w/v), Pluronic F127 (0.5 and 2% w/v) and vitamin E (1 and 

5% w/v) as surfactants, and BPLP (20 and 200 mg) were chosen as independent factors 

and nanoparticle size as a dependent factor. Using Design Expert, a design of 

experiments (DoE) software (Stat-Ease, Minneapolis, MN), various combinations of 

surfactant type, surfactant concentration, and BPLP concentration were chosen to 

synthesize nanoparticles as described in the following paragraph. Finally, the optimal 

surfactant and its concentration were chosen from the factorial analysis for later 

syntheses, which formed the smallest nanoparticles with high yield. 
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Table 2.1 Independent factors at two levels and dependent factors for the factorial 
analysis using DoE 

 

Surfactant Low Level (% w/v) High Level (% w/v) Particle Yield and Size

SDS 0.5 2.0 High, Small 

PVA 1.0 5.0 Low, Large 

Tween 20 1.0 5.0 No 

Pluronic F127 0.5 2.0 Low, Large 

Vitamin E 1.0 5.0 No 

 
Note: For each surfactant type, 20 mg (low level) and 200 mg (high level) of BPLP 
were chosen to prepare nanoparticles. 
 

From factorial analysis results, SDS was chosen as the best surfactant candidate 

for the nanoparticle formulations. Firstly, to synthesize WBPLP-MNPs, WBPLP was 

conjugated on the surface of MNPs using carbodiimide chemistry [44]. In brief, two 

separate solutions of WBPLP (250 mg) and amine-MNPs (20 mg) were prepared in 2-

(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.6). N-(3-dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) (1:1) 

were added to the polymer solution to activate the carboxyl groups on the WBPLP and 

the reaction was stirred for one hour. The amine-MNPs were then added to this solution 

and sonicated for five minutes at 40 W. SDS (14 mg) was added to the reaction and 

sonicated for another two minutes. Finally, the particle suspension was allowed to react 

while stirring for six hours. The WBPLP-MNPs were then washed multiple times with 

DI water and collected using a magnet. 
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To synthesize BPLP-MNPs, single emulsion method was used to physically 

incorporate silane-MNPs in BPLP shell. Briefly, silane-MNPs (10 mg) and BPLP (125 

mg) were dispersed in 1,4-dioxane (2.5 ml) to form oil phase. An aqueous solution of 

SDS (16 mg/ml, 25 ml) was prepared to form water phase. Oil phase was then added 

drop-wise to water phase, and the solution was emulsified by sonicating for five 

minutes at 40 W. The BPLP-MNPs were then washed multiple times with DI water and 

collected using a magnet. 

 

2.2.4 Characterization of WBPLP-MNPs and BPLP-MNPs 

The size of the nanoparticles was determined using transmission electron 

microscopy (TEM, Tecnai G2 Spirit BioTWIN). In brief, nanoparticles suspended in DI 

water were placed on a foamvar-coated copper grid (Electron microscopy sciences, 

Hatfield, PA), dried, and observed in TEM. Hydrodynamic mean diameter, 

polydispersity index (PDI), and surface charge of the nanoparticles were obtained using 

zeta potential analyzer with a dynamic light scattering (DLS) detector (ZetaPALS, 

Brookhaven Instruments, Holtsville, NY). For these measurements, nanoparticles were 

suspended in DI water, placed in a cuvette that was later inserted in the ZetaPALS 

machine. Further, the nanoparticle stability was tested by measuring nanoparticles size, 

PDI, and zeta potential over a period of nine days. Nanoparticles were dispersed in cell 

culture medium (RPMI, Invitrogen Corp., Carlsbad, CA) containing 10% fetal bovine 

serum (FBS, Atlanta Biologicals, Lawrence Ville, GA), and particle size measurements 

were carried out every day. 
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Chemical characterization of the nanoparticles was performed using energy 

dispersive spectroscope (EDS, S-3000N, VP-SEM, Hitachi) and Fourier transform 

infra-red (FTIR) spectroscope (Nicolet-6700, Thermo Fisher Scientific). For EDS, a 

drop of nanoparticle solution was placed on a glass cover slip, dried, and analyzed for 

presence of basic elements in the sample. Whereas, for FTIR, dried nanoparticles were 

used to obtain FTIR spectra. Finally, to study degradation of the polymer shell, 

nanoparticles were suspended in DI water and incubated at 37°C over a time range. At 

each time point, particles were collected using a magnet and the dry weight of 

nanoparticles was recorded. A relative percentage of dry weights of the nanoparticles at 

all the time points were calculated with respect to the initial dry weight of the 

nanoparticles. 

 

2.2.5 Magnetic Properties 

The amount of iron in the nanoparticles was determined by iron content assays 

as described elsewhere [108]. Briefly, a nanoparticle sample was incubated in HCl 

(30% v/v) at 55°C for two hours on an orbital shaker. Ammonium persulfate (APS, 50 

μg), an oxidizing agent for ferric ions, was added and shaking was continued for 15 

minutes. Potassium thiocyanate (PTC, 0.1 M, 50 μl) was then added and shaking was 

continued for another 15 minutes. PTC reacts with iron to form an insoluble pigment, 

which was quantified by absorbance measurement at 520 nm using UV-Vis 

spectrometer (Tecan Ltd., Durham, NC) and compared against standard concentrations 

of iron oxide nanoparticles. Moreover, a superconducting quantum interference device 
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(SQUID, Quantum Design, CA) magnetometer was used to evaluate the magnetic 

properties of the nanoparticles [107]. The nanoparticles were trapped in epoxy gel 

(Loctite Corp., Rocky Hill, CT) and allowed to dry for five minutes. The dried sample 

was then mounted in a transparent drinking straw, and measurement was done to obtain 

a magnetic hysteresis loop. Similarly, a control sample was prepared using bare MNPs 

and its magnetic hysteresis loop was compared with that of the polymer-coated MNPs. 

 

2.2.6 Cell Culture 

Adult human dermal fibroblasts (HDFs) were purchased from Invitrogen Corp. 

(Carlsbad, CA), cultured in dulbecco’s modified eagle medium (DMEM) supplemented 

with 10% FBS and 1% penicillin-streptomycin (PS, Invitrogen Corp., Carlsbad, CA). 

Whereas prostate cancer cells, PC3 and LNCaP, were purchased from ATCC, 

Manassas, VA, cultured in RPMI supplemented with 10% FBS and 1% PS. All the cells 

were cultured in a humid environment at 37°C and 5% CO2. The primary HDFs up to 

passage 10 were used for the experiments. 

 

2.2.7 Dual-imaging Properties 

Agarose platforms were prepared for MRI by dissolving agarose (1% w/v) in DI 

water. Two types of samples were prepared by dispersing DICT-NPs only and DICT-

NPs uptaken by PC3 cells at different concentrations in agarose phantoms. The control 

samples were prepared by dispersing bare MNPs, BPLP nanoparticles (without MNPs), 

and PC3 cells only in agarose phantoms. In brief, to prepare cell based phantoms, PC3 
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cells were incubated with nanoparticles (300 µg/ml) for two hours. The cells were then 

washed with PBS and trypsinized to get a cell pellet. The PC3 cells labeled with 

nanoparticles were added to the agarose solution to get the desired concentrations. MR 

images and relaxation time of nanoparticles were obtained as previously described [44] 

using a Varian unity INOVA 4.7T 40-cm horizontal MR system equipped with actively 

shielded gradients (Varian, Palo Alto, CA) (205 mm with 22G/cm). The sample was put 

into a 35 mm volume radiofrequency coil. Multislice T2-weighted images (TR = 2000 

msec; TE = 15 msec; field of view of 30 mm × 30 mm; matrix = 128 × 128; slice 

thickness = 2 mm) were acquired with spin echo pulse sequence. Further, the 

fluorescence of the nanoparticles from the polymer coating on the MNPs was observed 

under an enhanced optical fluorescent microscope (Cytoviva, Olympus America Inc., 

Center Valley, PA). Moreover, the fluorescence from the nanoparticles was also 

observed in UV light and compared against the fluorescence in white light. The control 

sample contained bare MNPs. 

 

2.2.8 In Vitro Cell Studies 

The cytotoxic effects of nanoparticles were tested on HDFs’ survival. The cells 

were seeded at a density of 5,000 cells/well in 96-well plates and allowed to attach and 

grow for 24 hours at 37°C. Nanoparticles were sterilized in UV light for 30 minutes and 

then suspended in cell medium to get final concentrations of 50, 100, 200, 300, and 500 

µg/ml. Cells were exposed to these nanoparticle concentrations for 24 and 48 hours at 

37°C and 5% CO2. Cells exposed to nanoparticle-free medium served as control. Cell 
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survival was then determined using colorimetric MTS assays (CellTiter 96® AQueous 

One Solution Cell Proliferation Assay, Promega, Madison, WI) following the 

manufacturer’s instructions. 

Further, to determine the cellular uptake of nanoparticles, PC3 and LNCaP cells 

were seeded at a density of 10,000 cells/well in 48-well plates and allowed to attach and 

grow for 24 hours at 37°C. After UV sterilization, nanoparticles were suspended in cell 

medium to get final concentrations of 0, 50, 100, 200, 300, and 500 μg/ml. The cells 

were then incubated with these nanoparticle suspensions for two hours. After 

incubation, cells were washed thoroughly with phosphate buffer solution (PBS) to wash 

away nanoparticles that were not engulfed by the cells. Cells were then lysed with 1% 

Triton X-100 (MP Biomedicals Inc., Solon, OH) in PBS. To determine the amount of 

iron (Fe) uptake, iron assay was performed as described earlier. A part of the cell lysate 

was tested for the total DNA content of seeded cells using Picogreen DNA assays 

(Invitrogen Corp.) following the manufacturer’s instructions, and this data was used to 

normalize the iron content. 

Cellular uptake of nanoparticles by PC3 cells was also visualized by TEM. 

Specimen for TEM were prepared as described elsewhere [109]. Briefly, after cellular 

uptake of nanoparticles, cells were washed with PBS, fixed with 2.5% glutaraldehyde in 

0.1 M cacodylate buffer, and then cells were removed with a scraper. The cells were 

gently centrifuged to form a pellet that was resuspended in a fresh fixative for one hour. 

Cells were gently pelleted, resuspended in cacodylate buffer, again pelleted, and 

enrobed in low-melt agarose. The cell pellets were then placed in 1% osmium tetroxide 
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in cacodylate buffer for one hour at room temperature. Following water washes, the cell 

pellets were placed in 2% aqueous uranyl acetate overnight at 4°C. Cells were 

dehydrated through a gradual series of ethanol solutions and a transitional fluid, 

propylene oxide. Cell pellets were then placed in a 2:1 mixture of propylene 

oxide:EMbed-812 epoxy resin on a rotator at room temperature for one hour. Then, the 

cell pellets were placed in 1:2 mixture of propylene oxide:EMbed-812 while rotating 

overnight. Cells were changed into fresh EMbed-812 at least twice during the day with 

rotation. Finally, the cells were embedded, using fresh EMbed-812, in labeled 

embedding molds and polymerized in a 70°C oven overnight. 

 

2.2.9 Drug Loading and Release 

Docetaxel (Doc) was chosen as a model anticancer drug to load into the 

nanoparticles. Doc is a clinical anti-mitotic chemotherapy drug that interferes with cell 

division [110]. Doc has high affinity to bind to microtubules reversibly, which stabilizes 

microtubules and prevents depolymerisation/disassembly from calcium ions. This leads 

to a significant decrease in free tubulin, which is needed for microtubule formation, and 

results in the inhibition of mitotic cell division between metaphase and anaphase, 

preventing further cancer cell progeny. Only BPLP-MNPs were chosen for the drug 

loading and release study as hydrophobic Doc can easily be loaded in the BPLP 

polymers. For drug loading, Doc (0.5 mg) was mixed with BPLP/1,4-dioxane solution 

while formulating BPLP-MNPs. After nanoparticle formulation, Doc-loaded BPLP-

MNPs (Doc-BPLP-MNPs) were separated and supernatant was collected to analyze the 
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unloaded amount of Doc. This amount was then compared with the initial amount of 

Doc to determine the loading efficiency of the Doc indirectly, which was calculated 

using the following equation. 

 

Loading efficiency = 
usedDocofamount Initial

tsupernatanin present  Doc  -  used Doc ofamount  Initial x 100% 

 

Doc-BPLP-MNPs were then suspended in PBS and incubated at 37oC on a 

revolving rotator for drug release studies. At predetermined time intervals, Doc-BPLP-

MNPs were recruited at the bottom of the tube using a magnet, and the supernatant 

containing released Doc (1 ml) was collected.  Fresh PBS (1 ml) was then added to 

reconstitute the volume in the tubes. At the end of the study, the Doc released samples 

at all the time points, unloaded Doc in the supernatant, and the standard (known) 

concentrations of Doc were read at an absorption wavelength of 230 nm using UV-Vis 

spectrometer. The Doc concentrations in the release samples were calculated against the 

Doc standard curve. Percentage cumulative release curve of Doc was then plotted as a 

function of time. 

 

2.2.10 Pharmacological Activity of Drug-loaded Nanoparticles 

The pharmacological activity of Doc-loaded BPLP-MNPs (Doc-BPLP-MNPs) 

was evaluated in comparison with free Doc and empty BPLP-MNPs. The LNCaP cells 

were seeded in 96-well plates as described before. The cells were exposed to free Doc, 
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Doc-BPLP-MNPs, and empty BPLP-MNPs by keeping the Doc concentrations (1, 10 

and 50 μg/ml) the same in the first two groups and the BPLP-MNPs concentrations (30, 

300 and 1500 μg/ml) the same in the last two groups. The cells exposed to media only 

served as controls. After 24 hours of incubation, MTS assays were carried out and the 

cell survival was calculated relative to the control. 

 

2.2.11 Statistical Analysis 

The results obtained were analyzed using one-way analysis of variance with 

p < 0.05 and post hoc comparisons (StatView, Version 5.0.1, SAS Institute Inc., Cary, 

NC). All the experiments were repeated multiple (at least two) times with a sample size 

of four (n=4). All the results were presented as mean ± standard deviation (SD) if not 

specified. 

 

2.3 Results and Discussion 

2.3.1 Synthesis and Characterization of Nanoparticles 

Polymer-coated MNP structures using various types of polymers have been 

extensively developed and investigated for cancer detection and treatment [107, 111]. 

Herein, we demonstrated the potential use of the DICT-NPs with WBPLP-/BPLP-MNP 

structures for prostate cancer imaging and therapy. Firstly, a factorial analysis was 

performed to select the surfactant type and concentration, which gave the highest yield 

of smaller particles using SDS as a surfactant. Tween 20 and vitamin E did not form the 

particles at all; however, PVA and pluronic F127 were successful in forming a low 
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yield of particles with large diameter (Table 2.1). Therefore, SDS was chosen as the 

surfactant candidate for further nanoparticle formulations because SDS formed a high 

yield of small diameter particles (about 200 nm). Nanoparticles were then formulated as 

shown in the schematic representation of WBPLP-MNPs and BPLP-MNPs (Figure 2.1). 

As shown in Figure 2.2, TEM images (insets) show a spherical morphology of the 

polymer-coated MNPs with more dispersion and bare MNPs that tend to aggregate in 

the absence of polymer coating. 

 

 

Figure 2.1 Schematics of WBPLP-MNPs and BPLP-MNPs showing formulation 
process. 
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Figure 2.2 TEM image of WBPLP-MNPs (average size: 220 nm), BPLP-MNPs 
(average size: 212 nm), and bare MNPs (average size: 10 nm). 

 

Approximately, 110 to 130 MNPs were present in the darker area of one 

nanoparticle. The numbers of MNPs in the core were determined by dividing the 

volume of the darker area shown in TEM by the volume of a bare MNP, considering 

25% void space among MNPs. The presence of Fe3O4 in the darker area was also 

confirmed by EDS analysis (Figure 2.3). EDS analysis showed that the WBPLP-MNPs 

sample is composed of C (14.65 wt %), O (24.10 wt %) and Fe (61.24 wt %) elements; 

and the BPLP-MNPs sample is composed of C (12.04 wt %), O (20.18 wt %) and Fe 

(67.78 wt %) elements. 
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Figure 2.3 EDS spectrum of WBPLP-MNPs and BPLP-MNPs showing peaks 
associated with major elements such as Fe, O, and C. 

 

As determined by DLS measurements in DI water and cell culture media 

containing 10% serum, hydrodynamic diameter of WBPLP-MNPs (238 nm and 236 

nm) and BPLP-MNPs (235 nm and 229 nm), respectively, did not vary irrespective of 

the solvent (Table 2.2). The PDI of WBPLP-MNPs and BPLP-MNPs in both the 

solvents was in mid-range polydispersity (0.08 – 0.7) [112]. The nanoparticle size and 

PDI were also measured over a period of nine days in the culture medium to study the 

stability of the nanoparticles. The nanoparticles were stable and did not aggregate as 

observed from the size and PDI readings (Figure 2.4).  However, the larger size of 

WBPLP-MNPs and BPLP-MNPs might cause an issue for future in vivo studies as 

nanoparticles with large sizes are usually associated with rapid clearance of 

nanoparticles by RES [113]. To reduce the particle size, after the nanoparticle 

formulation, DICT-NPs can be filtered using 0.2 micron filter to collect approximately 

100 nm sized particles (Table 2.2). In addition, DICT-NPs are fully degradable and can 
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be administered locally, following magnetic targeting to quickly recruit the 

nanoparticles to the target site. 

 

Table 2.2 Physical and surface properties of DICT-NPs 
 

Sample Diameter (nm) PDI Zeta Potential (mV) 

MNPs 10a 0.30c -5.13c 

Silane-MNPs 18b 0.28c -21.00c 

Amine-MNPs 17b 0.26c -21.23c 

WBPLP-MNPs 238c, 236d, 113e 0.21c, 0.22d, 0.19e -25.85c, -16.19d 

BPLP-MNPs 235c, 229d, 107e 0.15c, 0.25d, 0.14e -31.32c, -12.09d 

 
aSize provided by the supplier. bSize obtained from TEM analysis (images not shown). 
cMeasured in DI water. dMeasured in RPMI containing 10% FBS. eMeasured after 
filtration (0.2 micron filter). 
 

 

Figure 2.4 Stability of nanoparticles. Hydrodynamic diameters and PDI, measured over 
a period of nine days in cell culture media containing 10% serum, show WBPLP-MNPs 

and BPLP-MNPs were stable and did not form aggregates. 
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Further, surface charge on the WBPLP-MNPs and BPLP-MNPs was –25.85 mV 

and –31.32 mV, respectively, as determined by zeta potential analyzer (Table 2.2). The 

nanoparticle surface charge was changed from -5.13 mV for bare MNPs to -25.85 or -

31.32 mV for DICT-NPs. The increase in surface charge suggests that the stability of 

the nanoparticles increased after polymer coating. However, in the cell culture media, 

the zeta potential of WBPLP-MNPs and BPLP-MNPs reduced to -16.19 mV and -12.09 

mV. The change in zeta potential results from the serum present in the media [114]. 

Although the zeta potential of nanoparticles reduced in culture medium, they were still 

in a stable range (±10 to ±30 mV) [115], and thereby would not aggregate due to 

electrostatic repulsion among the negatively charged polymer coatings. 

 

2.3.2 FTIR of Nanoparticles 

Chemical structures of the nanoparticles were characterized using FTIR, which 

showed the characteristic peaks of Fe-O at 550 cm-1, –CH2 from polymer backbone at 

2919 cm-1, –C=O from citric acid at 1707 cm-1, and –C(=O)NH between polymer and 

amino acid at 1550 cm-1 (Figure 2.5). These findings were in agreement with our 

previous observations confirming the presence of MNPs [107] and all the corresponding 

bonds from WBPLP/BPLP coating [101]. 
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Figure 2.5 FTIR spectra of iron oxide nanoparticles, WBPLP, BPLP, WBPLP-MNPs, 
and BPLP-MNPs. Arrows point to the essential peaks associated to the bonds in the 

nanoparticle structures. 
 

2.3.3 Degradation of Nanoparticles 

Degradation of the polymer coating on MNPs in DI water was studied over time. 

It was observed that the WBPLP and BPLP coating was degraded completely within 21 

and 24 days (Figure 2.6), respectively, which was in agreement with our previous study 

on pure BPLP degradation [101]. BPLPs underwent hydrolysis and degraded into their 

monomeric units including PEG or 1,8-octanediol, citric acid, and amino acids. There 
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was a faster degradation of BPLP than WBPLP within the initial five days, which can 

be attributed to the loose binding of BPLP over MNP surfaces during the emulsion 

process, compared to covalent binding of WBPLP to MNPs via carbodiimide binding. 

 

 

Figure 2.6 Degradation profiles of WBPLP and BPLP coatings on MNPs showing 
complete degradation in 3 weeks. 

 

2.3.4 Magnetic Characterization of Nanoparticles 

The nanoparticles possess strong superparamagnetic properties. WBPLP-MNPs 

and BPLP-MNPs were comprised of approximately 75% and 80% mass of iron, 

respectively (Table 2.3). Further, in the absence of an external magnet, nanoparticles 

were suspended and well-dispersed in water (Figures 2.7A and 2.7B). While in the presence 

of an external magnet, nanoparticles concentrated toward the magnet, demonstrating the 

recruitment of nanoparticles via magnetic targeting. 
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Figure 2.7 Photographs of (A) WBPLP-MNPs and (B) BPLP-MNPs showing 1) 
nanoparticle suspension and 2, 3) recruitment of nanoparticles in the magnetic field (1.3 
T) generated by a magnet. (C) Magnetization hysteresis loops of nanoparticles showing 

superparamagnetic behavior. 
 

Table 2.3 Iron content and magnetic characterization of DICT-NPs 
 

Sample 
Iron 
(%) 

Saturation Magnetization
(emu/g or Ms) 

Remanence 
(Mr/Ms) 

Coercivity 
(Oe or Hc) 

MNPs 100 57.88 6.73 65.23 

WBPLP-MNPs 75 51.42 5.14 50.59 

BPLP-MNPs 80 52.04 5.77 59.72 

 

The saturation magnetization of the WBPLP-MNPs and BPLP-MNPs (51.42 

and 52.04 emu/g, respectively) was lower than that of bare MNPs (57.88 emu/g) (Figure 

2.7C and Table 2.3). This decrease in the saturation magnetization is due to the 
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presence of polymer coating on the surface of MNPs. It was frequently observed that 

there was a decrease in saturation magnetization when MNPs were coated with various 

polymers such as polystyrene [116], PNIPAAm [107], PLGA [117], and PEG [111]. 

The remanence of WBPLP-MNPs and BPLP-MNPs was 5.14 and 5.77 (Mr/Ms), 

respectively, as compared to 6.73 (Mr/Ms) in the case of bare MNPs. Whereas, the 

coercivity of WBPLP-MNPs and BPLP-MNPs was 50.59 and 59.72 Oe, respectively, as 

compared to 65.23 Oe in the case of bare MNPs (Table 2.3). There was an increase in 

the coercivity of the DICT-NPs due to increased particle size and separation distance as 

a result of polymer coating on the surface of the MNPs. This data suggest that all the 

samples contain a fraction of nanoparticles in a blocked magnetic (superparamagnetic) 

state, which has low coercive forces, small remanent magnetic induction, and long and 

narrow hysteresis loops [118]. 

 

2.3.5 MRI 

The DICT-NPs were also tested as contrast agents for MRI using agarose 

phantoms containing either DICT-NPs alone or DICT-NPs uptaken by PC3 cells. A 

dark and dispersed negative contrast was observed from the samples containing DICT-

NPs, even at a low concentration of 100 µg iron/ml (Figure 2.8D and 2.8J). The 

negative contrast was nanoparticle dose-dependent (Figure 2.8D-F and 2.8J-L), which 

was also confirmed from the relative signal intensities of the samples. For example, 

there was a 12% (Figure 2.8D), 56% (Figure 2.8E), and 92% (Figure 2.8F) drop in the 

signal intensity compared to the control (Figure 2.8A). Control samples consisting of 
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BPLP nanoparticles without MNPs (Figure 2.8A) and PC3 cells alone (Figure 2.8B) did 

not generate a contrast, but bare MNPs produced a very dark negative contrast (Figure 

2.8C). These results suggest that the contrast generated in MRI is only due to the 

presence of MNPs in DICT-NPs. When the nanoparticles were uptaken by the cells, the 

MRI contrast was dark and even more dispersed than those of DICT-NPs only (Figure 

2.8G-I and 2.8M-O). The negative contrast was not only dependent on the 

concentrations of nanoparticles, but also on the concentrations of cells internalizing 

these nanoparticles. The nanoparticles produce a dark, well-dispersed MRI contrast 

even at a low number (10,000) of cells. Pinkernelle et al. [119] observed similar results 

about the effects of nanoparticle concentration and cell number on MRI signals when 

iron oxide nanoparticles were incubated with human colon carcinoma cells. The 

difference between the MRI contrast signal dispersion between samples with and 

without the cells might be due to a reduction in nanoparticle aggregation because of 

cellular uptake producing a more dispersed contrast than that of nanoparticles only. We 

have previously observed a dark and dispersed MRI contrast signal from our thermo-

sensitive polymer-coated MNPs uptaken by JHU31 cells [44]. Some other groups have 

also reported a dark negative MRI contrast signal from their iron oxide-based 

nanoparticles [112, 119]. 
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Figure 2.8 MR images of agarose phantoms containing (A) 5 mg/ml BPLP 
nanoparticles, (B) 104 PC3 cells, and (C) 0.1 mg/ml MNPs as control samples. 

Experimental agarose phantoms contain (D) WBPLP-MNPs of 0.1 mg/ml, (E) 0.3 
mg/ml, and (F) 0.6 mg/ml concentrations; (G) 0.3 mg/ml WBPLP-MNPs uptaken by 

104, (H) 106, and (I) 5×106 PC3 cells; similarly (J) BPLP-MNPs of 0.1 mg/ml, (K) 0.3 
mg/ml, and (L) 0.6 mg/ml concentrations; and (M) 0.3 mg/ml BPLP-MNPs uptaken by 

104 PC3 cells, (N) 106 PC3 cells, and (O) 5×106 PC3 cells. 
 

Furthermore, T2 relaxation time of WBPLP-MNPs and BPLP-MNPs was 53 

and 14 msec, respectively. T2 is spin-spin relaxation time that is a measure of how fast 

the spins diphase. The shorter the T2, the faster the signal disappears and hence gives a 

darker contrast in T2 weighted images. The relaxation time of BPLP-MNPs (14 msec) 

is comparable to commercially marketed iron oxide-based MRI contrast agents such as 

Feridex (10 msec), Resovist (6.6 msec) and Ferumoxtran-10 (16.7 msec) [67]. 
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Although, MRI has the advantages of exceptional tissue contrast and spatial resolution 

and has been widely used in clinical settings [99], similar to CT and PET, the MRI 

imaging technique is also insensitive for the small lesions [10]. 

 

2.3.6 Optical/Fluorescence Imaging 

To overcome the limitations of conventional imaging techniques, the optical 

imaging approach has been investigated. Although optical fluorescence imaging has a 

potential to detect tiny tumor masses with a high sensitivity [120], its applications in 

vivo are hampered by a limited tissue penetration depth, high (or presence of) tissue 

auto-fluorescence, and lack of anatomic resolution and spatial information [121]. 

Therefore, the combination of MRI and optical imaging techniques may improve the 

identification of small cancer lesions to improve the detection accuracy. In the past, 

dual-functional imaging nanoparticles have been generated by linking MNPs with 

quantum dots and/or Cy5.5 dyes, so that they can be detectable by both fluorescence 

imaging and MRI [51, 71]. The polymer coating of our DICT-NPs itself can act as 

biodegradable imaging probes for targeted imaging. Moreover, BPLPs can be excited 

and emitted at different wavelengths ranging from UV to near infra-red. Fluorescence 

properties of WBPLP and BPLP coatings on MNPs were tested under UV light and an 

enhanced optical fluorescent microscope. Figure 2.9A shows the samples under white 

light and Figure 2.9B shows a bright fluorescence from WBPLP-MNPs and BPLP-

MNPs under UV light. There was no fluorescence observed from bare MNPs under UV 

light due to the absence of fluorescent polymer coating on the MNPs. Moreover, the 
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nanoparticles exhibited their bright fluorescence observed by the enhanced optical 

fluorescent microscope (Figures 2.9C-D). The findings suggest that these nanoparticles 

could be used as dual-imaging (optical imaging and MRI) agents. 

 

 

Figure 2.9 Photographs of nanoparticle suspensions in (A) white light and (B) UV light. 
Fluorescence from WBPLP-MNPs and BPLP-MNPs was observed in UV light only. 
Photomicrographs of fluorescence observed from (C) WBPLP-MNPs and (D) BPLP-

MNPs under an enhanced optical microscope at 40x magnification. 
 

2.3.7 Cytotoxicity of Nanoparticles 

The cytotoxicity results of the DICT-NPs are presented in Figure 2.10. The 

nanoparticles were cytocompatible and did not show a significant decrease in cell 

survival when HDFs were exposed to nanoparticles with concentrations up to 500 

µg/ml after 48 hours of exposure. BPLP-MNPs were more cytocompatible than 

WBPLP-MNPs, especially at higher concentration and longer incubation periods. 
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Figure 2.10 Cytotoxicity of nanoparticles on HDFs. BPLP-MNPs were more 
cytocompatible than WBPLP-MNPs, especially at longer incubation periods (* p < 0.05 

compared to control). 
 

The DICT-NPs may potentially eliminate the long-term in vivo toxicity concern 

and bypass the size limitation for in vivo clearance as the particles will be degraded and 

cleared by the body. BPLPs have previously demonstrated their excellent 

cytocompatibility in vitro when cultured with 3T3 fibroblasts and tissue-compatibility 

when implanted in rats [101]. Other studies have reported that there was a significant 

increase in the cytocompatibility of MNPs when they were coated with polymers such 

as Pluronics [112] or PNIPAAm/copolymers [44]. The above cytocompatibility 

evaluation further supported the potential of these nanoparticles for biomedical uses. 
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2.3.8 Cellular Uptake of Nanoparticles 

The optimal concentration of nanoparticles uptaken by prostate cancer cell lines, 

PC3 and LNCaP, was determined by cellular uptake studies. A cancer cell-selective, 

dose- and magnetic field-dependent uptake of DICT-NPs by prostate cancer cells (PC3 

and LNCaP cells) are shown in Figures 2.11. The cellular uptake of nanoparticles was 

saturated at 300 µg/ml, which can be attributed to the exocytosis of nanoparticles at 

higher concentrations by the cells [122]. Previously, we have reported that the uptake of 

our thermo-responsive polymer-coated MNPs by JHU31 prostate cancer cells was dose-

dependent and reached a plateau at 300 µg/ml concentration of nanoparticles [44]. The 

uptake is dependent on various factors such as particle size, concentration, incubation 

time, and surface charge [123, 124]. Moreover, in the presence of an external magnetic 

field of 1.3 T, the cellular uptake of nanoparticles increased significantly and did not 

saturate until 500 µg/ml concentration of nanoparticles. These results suggest that the 

presence of a magnetic field reinforces the cellular uptake of DICT-NPs, which will be 

useful in delivering higher amounts of imaging or therapeutic agents to cancer cells via 

magnetic targeting. 
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Figure 2.11 Cell-selective, dose-dependent, and magnetic field-dependent cellular 
uptake of nanoparticles. Higher uptake of WBPLP-MNPs and BPLP-MNPs by PC3 
cells and LNCaP cells, respectively. Control experiment of nanoparticle uptake by 

HDFs with a lower and no significant difference between uptake of WBPLP-MNPs and 
BPLP-MNPs (* p < 0.05). 
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It is very interesting that WBPLP-MNPs and BPLP-MNPs exhibited cellular 

uptake selectivity. As observed in Figure 2.11, BPLP-MNPs showed significantly 

higher uptake by LNCaP cells (PSMA+ and non-metastatic) than WBPLP-MNPs. While 

in the case of PC3 cells (PSMA- and metastatic) [125], WBPLP-MNPs were uptaken 

significantly higher than BPLP-MNPs. Whereas in a control experiment, relatively low 

and equal amounts of WBPLP-MNPs and BPLP-MNPs were uptaken by healthy HDFs. 

The results of nanoparticle uptake by PC3 cells were reconfirmed by TEM analysis. It 

was clearly shown (Figure 2.12) that WBPLP-MNPs (hydrophilic) were present in the 

cytoplasm of PC3 cells in a greater number (~35 vs. ~15) than BPLP-MNPs 

(hydrophobic). The numbers of nanoparticles in the cytoplasm were calculated by visual 

observation on at least 20 cells. Insets in Figure 2.12 show magnified images of the 

presence of nanoparticles in the cytoplasm. 

 

 

Figure 2.12 TEM images of higher uptake of WBPLP-MNPs, whereas least uptake of 
BPLP-MNPs by PC3 cells (insets show magnified images of the boxed areas in cells 

and arrows indicate location of nanoparticles in the cytoplasm). 
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Therefore, by varying and balancing the hydrophilicity/hydrophobicity of 

monomers in BPLP syntheses, suitable DICT-NPs can potentially be made for targeting 

prostate cancer cells at different stages of cancer. Few groups have reported the effects 

of hydrophilicity levels of biomaterials on cellular uptake. For example, Nam et al. 

[109] observed an enhanced distribution of hydrophobically modified glycol chitosan 

nanoparticles in HeLa cells compared to hydrophilic glycol chitosan nanoparticles. 

Moreover, Sunshine et al. [64] found that polymers containing hydrophobic backbone 

promoted transfection of COS-7 cells compared to that of hydrophilic backbone. On the 

contrary, Gaumet et al. [126] observed more hydrophilic chitosan-coated PLGA 

nanoparticles in cells compared to PLGA nanoparticles alone. These observations 

reveal that the intracellular fate of nanoparticles is not only dependent on hydrophilicity 

levels of a polymer, but also on many factors including cell type, cell surface antigens, 

charge on the biomaterial, chemical functionality of polymers, and so on [65]. 

 

2.3.9 Drug Loading and Release 

Doc was loaded in the BPLP-MNPs at the time of nanoparticle formulation. The 

loading efficiency of Doc in the particles was approximately 68%. There was a burst 

release of Doc (approximately 50%) within the first day, followed by a sustained release 

until 21 days, which resulted in 100% Doc release (Figure 2.13). These results coincide 

with the degradation kinetics of BPLP, where BPLP was degraded completely within 

three weeks (Figure 2.6). The observations indicate that the Doc release was dependent 

on the degradation of BPLP. 
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Figure 2.13 Doc loading and release kinetics. A biphasic release of Doc from BPLP-
MNPs showing 100% release in 21 days. 

 

2.3.10 Pharmacological Activity of Drug-loaded Nanoparticles 

Pharmacological activity of Doc released from the BPLP-MNPs was evaluated 

on the LNCaP cell survival. As shown in Figure 2.14, free Doc and Doc-BPLP-MNPs 

were effective in killing the LNCaP cells due to the drug effects, whereas empty BPLP-

MNPs were compatible with the LNCaP cells. Cell survival was reduced to 65, 47 and 

18% at 1, 10 and 50 µg/ml of free Doc, respectively. In case of Doc-BPLP-MNPs, the 

released Doc was effective in reducing the cell survival to 69, 50 and 22% at 1, 10 and 

50 µg/ml drug-releasing BPLP-MNPs, respectively. Empty BPLP-MNPs were used in 

the study as controls for Doc-BPLP-MNPs, which showed cell survival of 93, 82 and 

71% at 30, 300 and 1500 µg/ml, respectively. These observations can be supported by 

the Doc release data. The burst release of Doc (approximately 50%) from the BPLP-

MNPs within first 24 hours might account for the high toxicity of Doc to LNCaP cells. 
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Figure 2.14 Pharmacological effects of Doc-BPLP-MNPs after 24 hours of exposure. 
Empty BPLP-MNPs showed no cytotoxic effects, whereas free Doc and Doc-BPLP-

MNPs showed significant cell mortality at all concentrations (* p < 0.05). 
 

2.4 Summary 

We successfully synthesized and characterized fully biodegradable DICT-NPs 

with magnetic targeting, dual-imaging (optical imaging and MRI), and therapeutic 

capabilities in a single setting without using exogenous fluorescent organic dyes or 

QDs. DICT-NPs eliminate long-term toxicity concerns and bypass the size limitations 

for in vivo clearance in the traditional nanoparticle designs. The magnetic properties of 

the MNPs were preserved after WBPLP and BPLP incorporation. Dual-imaging studies 

revealed that DICT-NPs are capable of both optical imaging and MRI. These 

cytocompatible nanoparticles exhibited interesting cancer cell selectivity for cellular 

uptake. The cellular uptake of the nanoparticles was further reinforced by a magnetic 

field. Finally, the nanoparticles released drugs in biphasic manner, which were 
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therapeutically effective in suppressing cancer cell survival compared. Future work 

involves in vivo biodistribution of the nanoparticles. The difference in the tumor uptake 

and the biodistribution of the WBPLP-MNPs and BPLP-MNPs will be studied 

qualitatively using Prussian blue staining and quantitatively using iron assays as 

explained in chapter 3. 
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CHAPTER 3 

PROSTATE CANCER-SPECIFIC THERMO-RESPONSIVE POLYMER-COATED 

MNPs 

3.1 Introduction 

 Thermo-responsive polymer coatings have attracted great attention in the field 

of drug delivery because they release drugs in a controlled and temperature-dependent 

manner. PNIPAAm and its copolymers are the most commonly used thermo-responsive 

polymers for such applications [107, 127]. The present study uses poly(N-

isopropylacrylamide-acrylamide-allylamine) (PNIPAAm-AAm-AH) that exhibits LCST 

at ~ 39°C and carries amine functional groups on the surface for conjugation of 

biomolecules including targeting ligands. This polymer is in its swollen state at 

temperatures below the LCST. As the temperature is increased above the LCST, the 

transition phase takes place, causing the polymer to collapse, shrink, and release 

therapeutic agents embedded inside the materials. Coating PNIPAAm-AAm-AH on 

MNPs makes nanoparticle system theranostic. Polymer can be used for carrying drugs 

and releasing them in a temperature-dependent manner. Moreover, MNPs can be used 

not only as contrast agents for an MRI but also for producing heat in hyperthermia 

therapy for cancer treatments. These characteristics make PNIPAAm-AAm-AH-coated 

MNPs (PMNPs) a potential candidate as theranostic agents for controlled drug delivery 

applications. 
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As discussed in the chapter 1, compared to passive targeting, active targeting 

mechanisms further enhance the efficacy of drug delivery vehicles. For receptor-

mediated targeting, ligands such as RGD and folic acid have been extensively used to 

target the prostate cancer [128, 129]. RGD is specific for αvβ3 integrin molecules in 

tumor angiogenesis, whereas folic acid is specific to folate receptors over-expressed on 

tumor cells. However, these targeting ligands can find their targets in other cancer types 

as well. One strategy to increase the specificity of biological targets is to use a cancer-

specific ligand, including cell-penetrating peptides (CPPs), to introduce drug delivery 

vehicle into the cell [130]. CPPs, also known as cellular delivery vehicles, can cross cell 

membranes, and have been extensively used for intracellular delivery of various 

molecules [131]. Of the commonly used CPPs, arginine-rich CPPs including HIV-Tat 

peptides and oligoarginines have been reported with high internalization efficacy [132]. 

Zhou et al. [133] has a fascinating discovery of a polyarginine peptide (R11) that 

showed a preferential uptake in several prostate cancer cell lines. They later compared 

the cellular uptake of homopolyers of L-arginine R11 peptide with various other CPPs 

(TAT, PENE, KALA, and L-lysine K11) by different prostate cancer cell lines (LNCaP, 

C4-2, LAPC4, and PC3) and found that R11 was significantly taken up by prostate 

cancer cells compared to those of other CPPs. These R11 peptides also demonstrate 

their specificity in prostates compared to other organs in animal studies [133]. 

In this study, R11 peptides were conjugated to PMNPs for actively targeted drug 

delivery for prostate cancer therapy. The nanoparticles were extensively characterized 

to evaluate their theranostic capabilities. We hypothesize that R11-conjugated PMNPs 
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(R11-PMNPs) will efficiently target prostate tumors and effectively deliver drugs to 

prostate cancer in a controlled fashion compared to those of non-conjugated PMNPs. 

 

3.2 Experimental Section 

3.2.1 Materials 

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used 

without further purification, if not specified. The cell lines were purchased from 

American Type Culture Collection (ATCC, Manassas, VA). Healthy prostate epithelial 

cells (PZ-HPV-7) were a kind gift from Dr. Jer-Tsong Hsieh, Department of Urology, 

The University of Texas at Southwestern Medical Center, Dallas, TX. Cell culture 

media, media supplements, and Picogreen DNA assay were purchased from Invitrogen 

Corp. (Carlsbad, CA). 

 

3.2.2 Synthesis of PMNPs and R11-PMNPs 

Bare MNPs were first coated with a silane-coupling agent, VTMS, by acid 

catalyst hydrolysis and followed by electrophilic substitution of ferrous oxide on the 

surface on MNPs as described in chapter 2. Further, PMNPs were synthesized using 

silane-MNPs as templates for PNIPAAm-AAm-AH coating as described elsewhere 

[134]. Briefly, silane-MNPs (28 mg) were sonicated in DI water at 50 W for 30 minutes 

in an ice bath. NIPAAm (100 mg), AAm (13 mg), AH (34.5 µl), N,N’-

methylenebisacrylamide (BIS, 13 mg) and SDS (41 mg) were added to the solution 

while sonicating. After sonication, the reaction flask was transferred to a stir plate and 
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APS (78 mg) and N,N,N’,N’-tetramethylethylenediamine (TEMED, 101 µl) were added 

to the reaction with vigorous stirring. The reaction was carried out under nitrogen for 

four hours at room temperature. The formed nanoparticles were collected by a magnet, 

and washed several times with DI water to remove surfactants and unreacted chemicals. 

R11 peptides were conjugated to PMNPs via carbodiimide chemistry as 

described elsewhere [44]. In brief, R11 peptides (10 µM) were dispersed in MES buffer 

(0.5 ml), followed by the addition of EDC and NHS (1:1) to activate the carboxyl end 

groups of the R11. After one hour of stirring, the PMNPs suspended in MES (0.5 ml) 

were added to this solution. Finally, the conjugation was allowed to occur at room 

temperature for 12 hours on a revolving rotator. The R11-PMNPs were then collected 

using a magnet and the supernatant was collected to calculate conjugation efficiency of 

R11 to the PMNPs using UV-Vis spectrometer. 

 

3.2.3 Characterization of PMNPs 

Nanoparticles were characterized for their size and structure using TEM. 

Hydrodynamic diameter, PDI, and surface charge on the nanoparticles were 

characterized using zeta potential analyzer with DLS detector. Further, the iron content 

in the nanoparticles was evaluated using an iron assay. In addition, magnetic properties 

of the nanoparticles were studied using SQUID. Moreover, the LCST of the polymer 

and magnetic recruitment of the PMNPs were observed visually. The PNIPAAm-AAm-

AH nanoparticle solution was taken in two glass tubes: one was kept at room 

temperature and the other was heated above the LCST of the polymer. Change in the 
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color (cloudiness or turbidity) was recorded by taking pictures. All the sample 

preparations and procedures for the characterization of PMNPs were followed as 

described in chapter 2. 

 

3.2.4 MRI 

To study the PMNPs as contrast agents for MRI, cellular uptake study was 

performed using PC3 cells as described previously. After the incubation period, the 

cells were washed with PBS, trypsinized, and centrifuged to get a cell pellet. 

Nanoparticles taken up by PC3 cells were dispersed in warm agarose solution (1% w/v) 

and the samples were cooled quickly to 4°C. The control samples were prepared by 

dispersing PC3 cells only in agarose phantoms as described previously [44]. MRI was 

then performed as described in chapter 2. 

 

3.2.5 In Vitro Cell Studies 

The cytotoxic effects of free R11 peptides were studied on PZ-HPV-7 cells and 

HDFs. The cells were seeded at a density of 5000 cells/well in 96-well plates. After 24 

hours of seeding, the culture medium was replaced with medium containing R11 

peptides (0.1, 1, 5 and 10 µM). The cells were incubated for six and 24 hours, followed 

by the addition of MTS reagent. The absorbance was read at 490 nm and the percentage 

of relative cell survival to the control (cells exposed to media only) was estimated. 

Similarly, the cytotoxicity of R11-PMNPs at different concentrations (0, 50, 100, 250 

and 500 µg/ml) was evaluated as described above. 
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To study the cellular uptake of nanoparticles, the prostate cancer cells (PC3 and 

LNCaP) were seeded in 48-well plates and incubated for 24 hours. The cell medium 

was then replaced with medium containing nanoparticles at various concentrations (0, 

50, 100, 200, 300 and 500 µg/ml). After two hours of incubation, the medium was 

removed and cells were washed twice with PBS, followed by lysis using 1% Triton X-

100 in PBS. The iron contents internalized by cells were analyzed by iron assays and 

normalized with the total DNA content, assessed using Picogreen DNA assays, as 

described in chapter 2. 

 

3.2.6 Drug Loading and Ultrasound-mediated Drug Release 

Doxorubicin hydrochloride (Dox) was chosen as a model hydrophilic anticancer 

drug to load into the nanoparticles. Dox is known to interact with DNA by intercalation, 

inhibiting the progression of topoisomerase II, which unwinds DNA for transcription 

[135]. Dox stabilizes the topoisomerase II complex after it has broken the DNA chain 

for replication, preventing the DNA double helix from being resealed, thereby stopping 

the process of replication. For drug loading, Dox (1 mg) was mixed with PMNPs (5 mg) 

in PBS (1 ml). The solution was incubated at 4°C on a revolving rotator for three days. 

The Dox-loaded nanoparticles (Dox-PMNPs) were then collected using a magnet and 

the supernatant was collected to analyze the unloaded amount of Dox using UV-Vis 

spectrometer at excitation wavelength of 470 nm and emission wavelength of 585 nm. 

This amount was then compared with the initial amount of Dox to determine the loading 

efficiency of the Doc, which was calculated using the equation in chapter 2. 
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High intensity focused ultrasound (HIFU) was used to generate temperature 

stimuli for the drug release from PMNPs [136]. HIFU was used in the drug release 

study to test the feasibility of PMNPs in releasing drugs in hyperthermia or in response 

to temperature changes. Briefly, after drug loading, the Dox-PMNPs were suspended in 

PBS (1ml) and divided in two parts, one as experimental and the other as negative 

control. The experimental nanoparticles (50 µl) were filled in a silicone tube, which was 

then placed in a piece of chicken breast by cutting it along the length. The entire sample 

along with chicken breast was wrapped with a parafilm to prevent water from entering 

the sample. The control samples were prepared in the same way as experimental 

samples. The HIFU system was custom prepared with the following variables: 2.5MHz 

fundamental frequency with 1 sec delay interval focused at a distance of 50 mm (focal 

length of the HIFU); duty cycle of 33% (330 msec ON and 1000 msec OFF) that 

generated high voltages yielding higher pressures (23 MPa) by HIFU, which is 

absorbed by the sample as heat (approximately 45°C). The scan area was about 0.8 × 

0.2 × 0.2 inch in X, Y and Z directions, respectively, which was focused along the 

length of the sample. At the end of the study, the sample was taken out, placed on a 

magnet, and supernatant containing released Dox was collected. The Dox 

concentrations in the release samples and the control samples (without HIFU exposure) 

were calculated against the Dox standard curve. 
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3.2.7 In Vivo Biodistribution of Nanoparticles 

Animal studies were performed in compliance with guidelines set by the 

University of Texas at Arlington and University of Texas Southwestern Institutional 

Animal Care and Use Committees. Male NOD SCID mice (6–8 weeks of age) were 

purchased from the University of Texas Southwestern mouse-breeding core (Wakeland 

Colony). Preliminary in vivo biodistribution studies were conducted to evaluate the 

tumor specificity of R11-PMNPs in comparison with PMNPs. Firstly, to test the time 

required for maximum accumulation of nanoparticles in prostate, PMNPs (100 μl, 5 mg 

Fe/kg) were injected intravenously via tail veins of mice. After 1, 4 and 24 hours post 

injection, the animals were sacrificed and the vital organs (kidney, liver, spleen, lung 

and prostate) were excised. The tissue sections were stained using Prussian blue 

staining to detect the presence of iron [137]. Briefly, the sections were deparaffinized 

and hydrated in DI water. Equal parts of HCl and potassium ferrocyanide were mixed 

and the sections were immersed in this solution for 20 minutes, followed by three times 

of washing in DI water. The sections were counterstained with nuclear fast red for five 

minutes, followed by two times rinsing in DI water and dehydration in the graded series 

of ethanol solutions. Finally, the sections were cleared in xylene twice for three minutes 

each, followed by imaging. 

In the second step, prostate cancer orthotopic mouse models were created by 

injecting PC3-KD cell suspension subcutaneously (5×105 cells/site, injection volume 

100 µl) into both flanks of the animals as described elsewhere [138]. After injection, the 

animals were monitored three times a week and further studies were performed when 
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the tumors became palpable. To determine the bio-distribution and tissue-specificity of 

nanoparticles, saline or nanoparticles (100 μl, 5 mg Fe/kg) were injected intravenously 

via tail veins of the animals as previously described. After 24 hours (estimated from 

previous time study) of injection, the animals were sacrificed and the vital organs 

(kidney, liver, spleen, lung, prostate and tumor) were excised. The tissue sections were 

stained using Prussian blue staining. 

In addition, MRI was also performed on animals before nanoparticle injection 

and at the end of the study using a Varian unity INOVA 7T MR system. The multislice 

T2-weighted images (TR = 2500 msec; TE = 60 msec; field of view of 40 mm × 40 

mm; matrix = 256 × 256; slice thickness = 1 mm) were acquired with spin echo pulse 

sequence. Moreover, to measure the nanoparticle concentration in the animal blood, 

blood (15-20 μl) was drawn from the retro-orbital sinus of the animals before 

nanoparticle injection and at the end of the study as described elsewhere [138]. The iron 

content in the blood samples was then analyzed using iron assays as described in 

chapter 2. 

 

3.2.8 Statistical Analysis 

The results obtained were analyzed using one-way analysis of variance with 

p < 0.05 and post hoc comparisons. All the experiments were repeated multiple (at least 

two) times with a sample size of four (n=4). All the results were presented as 

mean ± SD if not specified. 
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3.3 Results and Discussion 

3.3.1 Synthesis and Characterization of Nanoparticles 

Thermo-responsive PMNPs were synthesized by radical emulsion 

polymerization. Figure 3.1 shows the schematic representation of synthesis of PMNPs, 

conjugation of R11 peptides, drug loading, and temperature-dependent drug release. 

TEM analysis of the nanoparticle size and structure shows that the nanoparticles were 

spherical in shape and approximately 100 nm in diameter (Figure 3.2). The dark core 

represents MNPs with polymer shell in gray. There were approximately 70 MNPs 

present in the core of PMNPs. The hydrodynamic diameter and PDI measured by DLS 

and surface charge on the nanoparticles measured by zeta potential analyzer, are 

represented in Table 3.1. In DLS measurement, the size of hydrated nanoparticles was 

larger than dehydrated nanoparticles in TEM. PMNPs had the lowest polydispersity 

index of 0.28, suggesting that the nanoparticles were well-dispersed and stable in the 

solution compared to silane-MNPs and bare MNPs. Moreover, the surface charge on the 

PMNPs was higher negative; thereby the repulsion among these nanoparticles is more 

than silane-MNPs and bare MNPs. 
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Figure 3.1 Schematic representation of PMNPs formulation with R11 conjugation and 
temperature-dependent drug release. 

 

 

Figure 3.2 Characterization of PMNPs. (A) TEM image of 100 nm diameter sized 
PMNPs. (B) Phase transition of PNIPAAm-AAm-AH at LCST. The solution is cloudy 
when polymer is hydrophobic at temperatures above the LCST (left tube). The solution 

is clear when polymer is hydrophilic at temperatures below the LCST (right tube). 
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Table 3.1 Physicochemical characterization of PMNPs 
 

Sample Diameter (nm) PDI Zeta Potential (mV) 

MNPs 10a 0.30 -5.1 

Silane-MNPs 18b 0.35 -21.0 

PMNPs 127 0.28 -27.0 

R11-PMNPs 147 0.26 -25.7 

 
aSize provided by the supplier. bSize obtained from TEM analysis (image not shown). 

 

The LCST of the PNIPAAm-AAm-AH was evaluated in detail by our group 

previously [134]. Here, we recorded the LCST of the polymer by visual observation 

only (Figure 3.2). At temperatures below LCST, the polymer was hydrophilic making 

the solution clear. The solution turned turbid when polymer became hydrophobic at 

temperatures equal to or greater than the LCST (32oC). The LCST behavior is due to the 

dehydration of the polymer chain and fluctuations in the refractive index when 

PNIPAAm-AAm-AH structure collapses and shrinks. Further, the R11 was conjugated 

to the PMNPs and R11 conjugation efficiency was evaluated. About 20% of R11 (4.2 

µg) was conjugated to the PMNPs. 

 

3.3.2 Magnetic Characterization 

The iron content in the PMNPs was assessed by iron assays. As shown in Table 

3.2, PMNPs had about 85% mass of iron. The PMNPs were also tested for magnetic 

targeting property. It was observed that the PMNPs were evenly suspended in the 
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solution in the absence of magnetic field; however, in the presence of magnetic field, 

the PMNPs were recruited and concentrated to one area towards the magnet (Figure 

3.3A). Moreover, superparamagnetic properties of the nanoparticles were also 

determined. Figure 3.3B shows the hysteresis loops of magnetization generated in the 

nanoparticles under the influence of applied magnetic fields. There was a slight 

decrease in saturation magnetization of PMNPs (52.6 emu/g) and R11-PMNPs (51.5 

emu/g) compared to bare MNPs (57.9 emu/g) due to the surface modification of MNPs 

(Table 3.2). Nevertheless, the PMNPs and R11-PMNPs possessed strong magnetic 

properties. Moreover, the remanence and coercivity of PMNPs were 6.6 (Mr/Ms) and 

53.9 Oe; and R11-PMNPs were 6.5 (Mr/Ms) and 53.0 Oe as compared to 6.7 (Mr/Ms) 

and 65.2 Oe, in case of bare MNPs, respectively. These results suggest that the PMNPs 

and R11-PMNPs could be classified as soft ferromagnetic substances, which have low 

coercive forces (< 100 Oe), small remanent magnetic induction, and long and narrow 

hysteresis loops [118]. The results were also consistent with the previous findings 

where the reduction of magnetic properties was observed when MNPs were coated with 

polymers such as polystyrene [116], PNIPAAm [134], PLGA [117], and PEG [111]. 
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Figure 3.3 Magnetic properties of nanoparticles. (A) Photographs of PMNPs suspension 
in absence of magnetic field and recruitment in presence of magnetic field (1.3 T). (B) 
Magnetization hysteresis loops of nanoparticles showing superparamagnetic behaviors. 

 

Table 3.2 Iron content and magnetic characterization of PMNPs 
 

Sample 
Iron 
(%) 

Saturation 
Magnetization 
(emu/g or Ms) 

Remanence 
(Mr/Ms) 

Coercivity 
(Oe or Hc)

MNPs 100 57.9 6.7 65.2 

PMNPs 85 52.6 6.6 53.9 

R11-PMNPs 85 51.5 6.5 53.0 

 

3.3.3 MRI 

MRI was performed on agarose phantoms containing either PC3 cells alone or 

PMNPs taken up by PC3 cells. As shown in Figure 3.4, the PMNPs created a dark 

negative contrast in MRI, while no negative contrast was detected from the control 

samples containing PC3 cells only (Figure 3.4A). The negative contrast generated from 
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experimental samples was dependent on the number of cells uptaken by the PMNPs. 

More of the cells and particles were taken up, leading to a darker signal from the 

samples containing a higher number of cells. The PMNPs produced a dark negative 

contrast signal even at a low number (1,000) of cells. These observations were in 

accordance with previous work in which a dark negative and dispersed contrast signal 

was observed by a member of our group as shown in Rahimi et al. [44] and other groups 

[112, 119, 139] when cells were labeled with iron oxide-based nanoparticles. 

 

 

Figure 3.4 MR images of agarose phantoms containing (A) 103 PC3 cells, (B) 300 
µg/ml PMNPs uptaken by 103 PC3 cells, (C) 300 µg/ml PMNPs uptaken by 106 PC3 

cells, and (D) 300 µg/ml PMNPs uptaken by 5×106 PC3 cells. 
 

3.3.4 Cytotoxicity of R11 and R11-PMNPs 

Cytotoxicity of free R11 peptides was studied before conjugating it to the 

PMNPs. The free R11 peptides were cytocompatible at all the tested concentrations on 

both HDFs (Figure 3.5A) and PZ-HPV-7 cells (Figure 3.5B) even at a longer period (24 

hours). There was 86.0% and 83.8% viability of HDFs and PZ-HPV-7 cells, 

respectively, at 10 µM concentration of R11 after 24 hours of incubation period. 
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Figure 3.5 Cytotoxicity of free R11 peptides. (A) R11 was cytocompatible on HDFs and 
(B) PZ-HPV-7 cells after 6 and 24 hours of incubation periods compared to 100% cell 

viability in controls. 
 

The R11-PMNPs also exhibited cytocompatibility on both HDFs (Figure 3.6A) 

and PZ-HPV-7 cells (Figure 3.6B) at all the tested concentrations at a shorter incubation 

time. However, the R11-PMNPs showed some level of toxicity (16% cell death) to PZ-

HPV-7 cells at a high concentration of 500 µg/ml after 24 hours incubation period 

compared to the controls. 
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Figure 3.6 Cytotoxicity of R11-PMNPs. (A) R11-PMNPs were cytocompatible on 
HDFs and (B) PZ-HPV-7 cells after 6 and 24 hours of incubation periods (* p < 0.05). 

 

3.3.5 Cellular Uptake of R11-PMNPs 

Cellular uptake of the PMNPs and R11-PMNPs by two types of prostate cancer 

cells (PC3 and LNCaP) was performed to determine the optimal concentration of the 

nanoparticles and the difference in the nanoparticle uptake by different cell lines. As 

shown in Figure 3.7, the cellular uptake was nanoparticle dose-dependent as well as cell 

type-dependent. Compared to the PMNPs, the R11-PMNPs were taken up by both the 

cell types in higher amount. In general, there was a higher uptake of nanoparticles by 
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PSMA+ LNCaP cells compared to PSMA- PC3 cells. There are many factors affecting 

cellular uptake of nanoparticles by various cancer cell lines and causing such 

differences in cellular uptake of these cancer cell lines.  These factors have been 

discussed in chapter 2. 

 

 

 

Figure 3.7 Cellular uptake of nanoparticles. Higher uptake of R11-PMNPs than PMNPs. 
Higher nanoparticle uptake by LNCaP cells compared to PC3 cells (* p < 0.05). 
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3.3.6 Drug Loading and Ultrasound-mediated Drug Release 

HIFU was used in the drug release study because ultrasound can generate 

hyperthermia effect, which can be exploited in thermo-responsive drug release. The 

experimental set-up of ultrasound-mediated drug release is shown in Figure 3.8A. The 

loading efficiency of Dox in the PMNPs was about 82%. This high loading efficiency 

of Dox may be due to hydrophilic nature of Doxorubicin hydrochloride, which helps 

PMNPs retain the drugs in the polymer shell at temperatures below LCST. Further, the 

HIFU treatment generated temperatures till 45°C, which caused higher Dox release 

from the PMNPs compared to the Dox released from control samples (Figure 3.8B). 

About 55% Dox was released after HIFU treatment of 15 minutes, whereas only 41% 

Dox was released from untreated samples. Although the difference of released drugs 

with and without HIFU treatment is significant, the difference between two samples is 

only 14%.  This small difference might be due to a short-time treatment with large area 

of HIFU scan. Due to larger scanning area compared to the area of sample may have 

contributed to in-effective heating of the samples. Yet we have previously found that 

prostate cancer cells were effectively killed even with a small difference of drug release 

from temperature-sensitive polymer-coated MNPs [44]. 
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Figure 3.8 Ultrasound-mediated drug release. (A) Experiment set-up showing HIFU and 
placement of sample in chicken breast. (B) Higher release of Dox in HIFU treated (15 

minutes) samples compared to untreated samples (* p < 0.05). 
 

HIFU was chosen in the experiment because it can be used for hyperthermia 

treatment in vivo as well. Moreover, ultrasound can enhance the intercellular uptake of 

drugs not only by breaking the tight junction between cells, but also by acoustically 

enhancing the permeability of the cell membrane [140], thereby making induced 

endocytosis of Dox-PMNPs possible. 
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3.3.7 In Vivo Biodistribution of Nanoparticles 

Biodistribution of PMNPs was performed on animals without tumors to evaluate 

time-dependent accumulation of PMNPs in prostate. Figure 3.9A shows PMNPs 

accumulation in the prostate. From the blue iron staining, it was observed that the 

PMNPs were accumulated in prostate even after one hour post i.v. injection, which was 

then increased to 24 hours. Therefore, in the later studies, the duration of 24 hours post 

i.v. injection was kept constant. Further, biodistribution and tumor targeting of R11-

PMNPs was studied in comparison with PMNPs and saline. As shown in Figure 3.9B, 

the R11-PMNPs accumulated in tumors in a significantly higher amount compared to 

that of other vital organs such as the spleen, liver, prostate, and kidney. Most of the 

PMNPs were taken up by the spleen and very few by the tumor. The amount of R11-

PMNPs in tumors was significantly higher than that of PMNPs. 
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Figure 3.9 Prussian blue staining of tissue sections showing biodistribution of 
nanoparticles. (A) PMNPs taken up by prostate after 1, 4 and 24 hours. (B) Higher 

accumulation of R11-PMNPs in tumor compared to PMNPs and saline after 24 hours 
i.v. injection. 
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MRI on animals was also performed before and after 24 hours of nanoparticle 

adminstration. It was clearly observed that R11-PMNPs created a dark negative contrast 

in the tumor regions after 24 hours, confirming their accumulation in the tumor (Figure 

3.10A). Moreover, in case of R11-PMNPs, T2 signal intensity in tumor regions was 

dropped by 30% compared to 0% in case of PMNPs (Figure 3.10B). These results 

confirm the tumor specificity of R11-PMNPs by showing a significantly darker 

negative contrast in tumor regions compared to that of PMNPs. Moreover, the blood 

samples, collected from the retro-orbital sinus of the animals before nanoparticle 

injection and at the end of the study, were analyzed to measure the blood iron content. 

The blood iron content before nanoparticle injection was subtracted from the blood iron 

content after 24 hours of injection. About 32% and 14% iron was observed in the blood 

in case of PMNPs and R11-PMNPs, respectively. This result might support the tumor-

specificity of R11-PMNPs that more of R11-PMNPs were recruited at the tumor site, 

thereby less of R11-PMNPs in the blood circulation compared to those of PMNPs. 
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Figure 3.10 MR imaging of tumors. (A) A dark negative contrast in tumor regions 
generated from accumulation of R11-PMNPs. (B) Significant drop in MRI signal 

intensity with R11-PMNPs compared to PMNPs (*p < 0.05). 
 

3.4 Summary 

In summary, we successfully evaluated the efficacy of thermo-responsive R11-

PMNPs for tumor-specific targeting, MRI and temperature-dependent drug release. The 

superparamagnetic properties of bare MNPs were preserved even after polymer coatings 

and R11 conjugation. R11 and R11-PMNPs were highly cytocompatible with the 

normal healthy cells and were efficiently taken up by the cancer cells. HIFU was 

capable of producing heat that caused higher release of Dox from R11-PMNPs 
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compared to the controls. Moreover, in vivo biodistribution and tumor-specific targeting 

studies revealed that R11-PMNPs accumulated specifically in tumor regions and 

generated a dark negative contrast in MRI. Future work involves in vivo prostate cancer 

treatment using hyperthermia and temperature-dependent drug release. 
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CHAPTER 4 

THERMO-RESPONSIVE FLUORESCENT POLYMER-COATED MNPs 

4.1 Introduction 

  Despite the numerous advantages of nanoparticles, their applications in imaging 

and drug delivery are affected by not only their size-dependent properties but also their 

surface modification. Recently developed multifunctional DICT-NPs are degradable, 

but suffer reduced fluorescence intensity compared to pure BPLP nanoparticles. This 

problem was associated with the two possible reasons: 1) the dark MNPs absorb 

excited/emitted light, decreasing the fluorescence from BPLP; and 2) BPLP coating on 

MNPs is not strong enough due to the emulsion process. On the other hand, the thermo-

responsive PMNPs suffer clearance problems due to non-degradable nature of the 

PNIPAAm-AAm-AH, but the binding of the polymer to MNPs is very strong due to the 

covalent attachment of the polymer to the MNPs surface. 

We hypothesized that a copolymer of BPLPs and PNIPAAm-AAm-AH would 

be degradable and enhance the fluorescence from BPLP. Moreover, this copolymer will 

have characteristics of both polymers such as fluorescent and thermo-responsive. As 

discussed in chapter 3, PNIPAAm-AAm-AH is hydrophilic and clear at temperatures 

below LCST, thus the fluorescence property of BPLP will be maintained, whereas 

PNIPAAm-AAm-AH becomes cloudy at temperatures higher than the LCST, when the 

fluorescence from this copolymer may be hampered. This phenomenon of temperature-
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dependent fluorescence can also be of great interest in the biomedical and non-

biomedical fields. 

The aim of this work was to synthesize a novel thermo-responsive fluorescent 

polymeric (TFP) and decorate it on the surface of MNPs to formulate TFP-MNPs for 

prostate cancer imaging and therapy. Most surface modifications of nanoparticles for 

imaging applications are based on chemical incorporation since it offers a stronger and 

more robust bond and a more stable surface ligand, compared with physical adsorption. 

Appropriate encapsulation of nanoparticles results in better stability and preservation of 

optical properties. Therefore, we performed several pilot studies to optimize the 

chemicals and the protocol. From the pilot studies, we eliminated AAm and used 

WBPLP instead of BPLP. The role of hydrophilic AAm was to increase the LCST of 

PNIPAAm, which was fulfilled by hydrophilic WBPLP. 

 

4.2 Experiment Section 

4.2.1 Synthesis of TFP Nanoparticles and TFP-MNPs 

 Firstly, WBPLP was conjugated with AH using carbodiimide chemistry. In 

brief, WBPLP (45 mg) was dissolved in MES buffer (5 ml), followed by the addition of 

EDC and NHS (1:1). After 30 minutes of mixing on a rotary revolver, AH (18.75 µl) 

was added and the reaction was continued for 12 hours at room temperature. The 

WBPLP-AH copolymer was then dialyzed using 500 Da molecular weight cut-off 

dialysis membranes for 24 hours to remove the unreacted chemicals. 
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 TFP nanoparticles were synthesized by a free radical polymerization reaction. 

Briefly, the purified WBPLP-AH solution (5 ml) and NIPAAm (45 mg) were dissolved 

in DI water (25 ml). BIS (5.85 mg) and SDS (17.4 mg) were added to the mixture while 

continuously stirring under nitrogen for 30 minutes. APS (52.48 mg) and TEMED (69 

µl) were then added and the reaction was stirred for four hours under nitrogen at room 

temperature. After four hours, the nanoparticle solution was dialyzed using 3500 Da 

molecular weight cut-off dialysis membranes for 24 hours to remove free surfactants 

and unreacted chemicals. 

Finally, TFP-MNPs were synthesized using silane-MNPs as templates for TFP 

coating as described in chapter 3. Briefly, silane-MNPs (10 mg) were sonicated in DI 

water (25 ml) at 50 W for 30 minutes in an ice bath. The purified TFP (WBPLP-AH, 5 

ml) from first step, NIPAAm (45 mg), BIS (5.85 mg) and SDS (17.4 mg) were added to 

the solution while sonicating. After sonication, the reaction flask was transferred to a 

stir plate, and APS (52.48 mg) and TEMED (69 µl) were added to the reaction with 

vigorous stirring. The reaction was carried out under nitrogen for four hours at room 

temperature. The TFP-MNPs were collected by a magnet, and washed several times 

with DI water to remove surfactants and unreacted chemicals. 

 

4.2.2 Characterization of TFP Nanoparticles and TFP-MNPs 

Nanoparticles were characterized for their size and structure using TEM. 

Hydrodynamic diameter, PDI, and surface charge on the nanoparticles were 

characterized using zeta potential analyzer with DLS detector. The LCST of the TFP 
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nanoparticles and magnetic recruitment of the TFP-MNPs were characterized. Chemical 

characterization of the nanoparticles was performed using FTIR. Further, the iron 

content in the nanoparticles was evaluated using iron assays. The cytotoxicity effects of 

TFP-MNPs were studied on HDFs for 12 and 24 hours using MTS assays. All the 

sample preparations and procedures for the characterization of TFP nanoparticles and 

TFP-MNPs were followed as described in chapters 2 and 3. 

 

4.2.3 Fluorescence and Temperature-dependent Fluorescence 

The fluorescence from the nanoparticles was observed in UV light and 

compared against the fluorescence in white light. The positive control sample contained 

WBPLP solution and negative control sample contained PNIPAAm-AH solution. 

Further, temperature-dependent fluorescence was also estimated to investigate the effect 

of temperature on the fluorescence intensity of the nanoparticles. Briefly, the TFP 

nanoparticles (3 mg/ml) in a tube were immersed in a water tank that was heated using a 

temperature controller. The sample was excited with a blue laser (473 nm) and the 

emitted light was passed through a 532 nm long pass filter. The fluorescence intensity 

was recorded as voltage read out from a high-speed digital oscilloscope. The 

measurements were taken at temperatures ranging from 25°C to 45°C with a step of 

0.5°C. The fluorescence intensities of these measurements were then converted to the 

percentage loss in the fluorescence intensity as a function of temperature. 
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4.2.4 Degradation, Drug Loading and Release 

To study the degradation of the TFP shell, TFP-MNPs were suspended in DI 

water and incubated at 37°C over a time range. At each time point, nanoparticles were 

collected by a magnet, and dry weight of the nanoparticles was recorded. A relative 

percentage of dry weights of the nanoparticles at all the time points were calculated 

with respect to the initial dry weight of the nanoparticles. For drug loading and release 

studies, the Dox was loaded in the TFP-MNPs as described in chapter 3. The Dox-TFP-

MNPs were then suspended in PBS and incubated at 25°C, 37°C, and 41°C on a 

rotating revolver. At each predetermined time point, the sample was taken out and 

placed on a magnet so that supernatant containing released Dox was collected. The Dox 

concentrations in the release samples were calculated against the Dox standard curve. 

 

4.2.5 In Vivo Fluorescence Imaging 

Animal models were prepared as described in chapter 2. BPLP-MNPs (100 μl of 

5 mg Fe/kg), TFP-MNPs (100 μl of 5 mg Fe/kg), and TFP nanoparticles (100 μl of 

3 mg/ml) were injected in tumors by intra-tumoral injections. BPLP-MNPs were used 

as control nanoparticles. The animals were then sacrificed immediately after 

nanoparticle injections and imaged using an in vivo Kodak imaging system (Carestream 

Health Inc., Rochester, NY). The relative fluorescence intensity from the tumors 

injected with nanoparticles was calculated by subtracting the fluorescence intensity of 

ᘙ㭨 脈㘀 䩃�䩏� 䩑 ᘙ䩡� 桨 脈㘀 䩃�䩏� 䩑 ᔟ ᘀ䩡� � ㄳ 㭨 脈㘀 䩃�䩏� 䩑 䩡�∀es. 
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4.2.6 Statistical Analysis 

The results obtained were analyzed using one-way analysis of variance with 

p < 0.05 and post hoc comparisons. All the experiments were repeated multiple (at least 

two) times with a sample size of four (n=4). All the results were presented as 

mean ± SD if not specified. 

 

4.3 Results and Discussion 

4.3.1 Characterization of TFP Nanoparticles 

TFP nanoparticles were synthesized by radical emulsion polymerization. Figure 

4.1 shows the TEM and LCST of the TFP nanoparticles. The spherical TFP 

nanoparticles (Figure 4.1A) were approximately 150 nm in diameter as measured by 

DLS (Table 4.1). The PDI and surface charge on the TFP nanoparticles was 0.28 and -

13.4 mV, respectively. The LCST of the TFP nanoparticles was evaluated using UV-

Vis spectrometer and visual observation (Figure 4.1B), which was about 39°C. At 

temperatures below LCST, the polymer was hydrophilic, making the solution clear. The 

solution turned turbid when polymer became hydrophobic at temperatures equal to or 

greater than the LCST. This result confirms the thermo-responsive behavior of TFP 

nanoparticles even after copolymerization of the temperature-sensitive polymer 

PNIPAAm-AH with the biodegradable fluorescent polymer WBPLP. 
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Figure 4.1 Characterization of TFP nanoparticles. (A) TEM image of TFP 
nanoparticles. (B) Phase transition of TFP nanoparticles at LCST (39°C). 

 

Table 4.1 Physicochemical characterization of TFP NPs and TFP-MNPs 
 

Sample Diameter (nm) PDI Zeta Potential (mV) Iron (%) 

MNPs 10a 0.30 -5.1 100 

Silane-MNPs 18b 0.35 -21.0 __ 

TFP NPs 150 0.28 -13.4 __ 

TFP-MNPs 135 0.07 -31.0 75 

 
aSize provided by the supplier. bSize obtained from TEM analysis (image not shown). 

 

4.3.2 Fluorescence Properties of TFP Nanoparticles 

Fluorescence properties of TFP nanoparticles were tested under UV light. Figure 

4.2A shows that there was no fluorescence from the samples under white light. 

However, there was a bright fluorescence observed from WBPLP and TFP 

nanoparticles under UV light. The control sample containing PNIPAAm-AH did not 

show the fluorescent property in any condition, whereas the TFP nanoparticles 
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demonstrate the fluorescence under UV light, suggesting that the TFP nanoparticle 

fluorescence was solely due to the presence of WBPLP. 

 

 

 

Figure 4.2 Fluorescence characterization of TFP nanoparticles. (A) Photographs of 
samples in white light and UV light. Fluorescence from WBPLP and TFP nanoparticles 

was observed in UV light only. (B) Temperature-dependent fluorescence of TFP 
nanoparticles showing fluorescence loss at increasing temperatures. 

 

Moreover, a temperature-dependent fluorescence was also tested. It was 

observed that the mean fluorescence intensity of TFP nanoparticles decreased gradually 

as the temperature increased; however, there was no statistically significant difference 
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among the fluorescence intensities at increasing temperatures (Figure 4.2B). The 

fluorescence photobleaching effect was also tested at 23.5°C and 41.5°C. Even after 

more than 10 minutes of continuous laser excitation, no photobleaching was observed 

and the fluorescence intensity remained stable. 

 

4.3.3 Characterization of TFP-MNPs 

The hydrodynamic diameter, PDI and surface charge on the TFP-MNPs were 

135 nm, 0.07 and -31.0 mV, respectively (Table 4.1). TFP-MNPs were well-dispersed 

and stable in the solution. The formation of TFP-MNPs was also confirmed by FTIR, 

which showed the characteristic peaks of Fe-O at 700 cm-1, –CH2 from polymer 

backbone at 2919 cm-1, –C=O from citric acid at 1900 cm-1, –C(=O)NH between 

WBPLP and amino acid at 1550 cm-1, and N-H from primary and secondary amines of 

PNIPAAm and AH (Figure 4.3). These findings were in agreement with our previous 

observations confirming the presence of MNPs [107] and all the corresponding bonds 

from WBPLP and PNIPAAm coatings [101, 134]. Further, degradation of the TFP 

coating on MNPs in DI water was studied over time. It was observed that the TFP 

coating started degrading with 31% polymer weight loss in first four days (Figure 4.4). 

The degradation rate was then reduced, which resulted in 37% polymer weight loss after 

13 days. The reduction in the degradation rate was due to the presence of PNIPAAm 

and AH, slowing down the hydrolysis of the WBPLP. It is speculated that the TFP 

degradation will take longer than that of WBPLP alone. 
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Figure 4.3 FTIR spectrum of TFP-MNPs with arrows pointing the peaks associated to 
the bonds in polymer backbone and MNPs. 

 

 

Figure 4.4 Degradation profile of TFP coatings on MNPs showing 37% polymer weight 
loss in 13 days. 

 

The nanoparticles possess strong magnetic properties. The TFP-MNPs were 

comprised of approximately 75% mass of iron (Table 4.1). Moreover, in the absence of 

a magnet, nanoparticles were suspended and well-dispersed in DI water (Figures 4.5A). In 

the presence of a magnet, nanoparticles concentrated toward the magnet, demonstrating the 
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recruitment of nanoparticles via magnetic targeting. Cytotoxicity of the TFP-MNPs was 

tested on HDFs for their survival. It was observed that TFP-MNPs were cytocompatible 

at all the tested concentrations on HDFs after 12 hours of incubation (Figure 4.5B). 

However, after 24 hours of exposure, the TFP-MNPs showed some level of toxicity, 

27% cell death at a high concentration of 500 µg/ml compared to the controls. 

 

 

 

Figure 4.5 Magnetic recruitment and cytotoxicity of TFP-MNPs. (A) Photographs 
showing nanoparticle suspension in absence of magnetic field and recruitment of 

nanoparticles in the magnetic field (1.3 T) generated by a magnet. (B) Cytotoxicity of 
TFP-MNPs on HDFs after 12 and 24 hours of incubation periods (* p < 0.05). 
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4.3.4 Drug Loading and Release 

The loading efficiency of Dox in the TFP-MNPs was approximately 90%, which 

was higher than Dox loading in PMNPs (82%). The higher loading of Dox in TFP-

MNPs might be due to either the interaction between Dox and TFP or more swelling of 

TFP at temperature below the LCST while drug loading. A temperature-dependent 

biphasic Dox release was observed (Figure 4.6). Dox was released in a significantly 

higher amount at 41°C (temperature < LCST of TFP) compared to that of 37°C and 

25°C. There was no difference between Dox release at 37°C and 25°C, both 

temperatures were below the LCST of TFP. These observations indicate that the Doc 

release of the TFP-MNPs was temperature-dependent. 

 

 

Figure 4.6 Temperature-dependent Dox release kinetics showing higher release of Dox 
at 41°C compared to 37°C and 25°C. 
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4.3.5 In Vivo Fluorescence Imaging 

In vivo fluorescence imaging was performed after intra-tumoral injections of 

nanoparticles. As shown in Figure 4.7A, no fluorescence was observed from the control 

tumors (without nanoparticle injections). A bright fluorescence was detectable from the 

experimental tumors after intra-tumoral injections of the nanoparticles. Moreover, TFP 

nanoparticles generated the fluorescence with the highest intensity, which was then 

reduced significantly for TFP-MNPs due to the presence of dark MNPs (Figure 4.7B). 

However, the fluorescence intensity from TFP-MNPs was significantly higher than that 

of BPLP-MNPs, which may be due to the covalent bonding of TFP to the MNP surface 

compared to physical adsorption of BPLP on the MNP surface. These results show that 

the TFP-MNPs can overcome the limitation of reduced fluorescence from BPLP-MNPs. 
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Figure 4.7 In vivo fluorescence imaging. (A) Fluorescence from nanoparticles injected 
in tumors. (B) Relative fluorescence intensities from the nanoparticles injected in 

tumors (* p < 0.05). 
 

4.4 Summary 

In summary, we successfully developed novel thermo-responsive fluorescent 

polymeric nanoparticles and coated MNPs surface with this polymer. The TFP-MNPs 

had the multifunctional capabilities, the fluorescent and temperature-sensitive properties 

of both DICT-NPs and PMNPs. TFP-MNPs were degradable that eliminate long-term 

toxicity concerns and bypass the size limitations for in vivo clearance in the traditional 

nanoparticle designs. The thermo-responsiveness of the PNIPAAm-AH was preserved 

after copolymerization with WBPLP. The fluorescence imaging studies revealed that 
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TFP and TFP-MNPs are capable of optical imaging and releasing drugs in biphasic 

manner. Finally, these cytocompatible nanoparticles also exhibited bright fluorescence 

in vivo compared to that of BPLP-MNPs developed in chapter 2. 
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CHAPTER 5 

CONCLUSION AND FUTURE OUTLOOK 

5.1 Summary 

The aim of this research project was to develop magnetic-based multifunctional 

theranostic nanoparticle designs for prostate cancer imaging and treatment. We 

developed three nanoparticle designs with dual-targeting, dual-imaging, and dual-

treatment capabilities to provide better tools and carriers for targeted and controlled 

release of drugs to the prostate cancer. Firstly, we developed cancer cell-selective 

biodegradable photoluminescent polymer-coated MNPs that overcome the drawbacks of 

long-term toxicity of QDs and poor photostability of organic dyes. Secondly, we 

developed prostate cancer-specific thermo-responsive polymer-coated MNPs by 

conjugating R11 peptides to open a new route for prostate cancer targeted therapy. 

Finally, we developed novel thermo-responsive fluorescent polymer-coated MNPs by 

combining functionalities/advantages of the earlier two designs. Such biodegradable, 

thermo-responsive, and fluorescent polymers will fill gaps in the biological and non-

biological applications of the materials. These multifunctional theranostic nanoparticles 

will effectively target, image and treat the prostate cancer by reducing complications 

associated with conventional techniques and saving many lives of prostate cancer 

patients. However, while developing novel and effective nanoparticle systems, certain 

design considerations and critical issues need to be taken into account. 
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All of our three designs of MBTN have dual-imaging capabilities. Dual- or 

multi-modal imaging systems bearing the advantages of specific individual imaging 

modalities may overcome the limitations associated with the stand-alone systems. For 

instance, MRI provides exceptional tissue contrast, penetration depth, and high spatial 

resolution, whereas fluorescence imaging provides extremely high sensitivity. A dual-

imaging modality combining MRI contrast and fluorescent agents will be able to 

diagnose cancers in early stages pre-operatively and intra-operatively with better 

accuracy. Our MBTN can be used before surgery for MRI to locate the tumors as well 

as during the surgery for optical imaging to confirm the complete removal of the 

tumors. The optical imaging will have to be used during the surgery due to the 

limitations associated with the deep tissue fluorescence imaging. Therefore, we foresee 

the applications of our MBTN as supplementary tools to the existing technologies for 

prostate cancer management. 

 

5.2 Limitations and Future Work 

For the successful implementation of our MBTN, some of the limitations need 

to be overcome and some of the hypotheses need to be tested. In case of DICT-NPs, we 

observed an interesting cell-selective cellular uptake of the nanoparticles. The 

difference in the nanoparticle uptake by two different cancer cell lines may be due to 

the effects of hydrophilicity levels of polymers and different metabolic mechanisms of 

different cells. It can also be attributed to the different cell surface antigens on different 

cells and their interactions with biomaterials. Hydrophobic BPLP-MNPs have been 
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uptaken more by PSMA+ LNCaP cells while hydrophilic WBPLP-MNPs by PSMA- 

PC3 cells, making both types of nanoparticles relatively specific for a particular prostate 

cancer cell line. One of the hypotheses is that the PSMA marker might be involved in 

the cell-selective uptake of the nanoparticles. The hypothesis of PSMA markers being 

responsible for the difference in the cellular uptake of nanoparticles can be studied by 

cleaving, suppressing, or blocking the PSMA markers on the cells. The PSMA markers 

on the LNCaP cells can be cleaved using certain enzymes, suppressed using siRNA 

transfection, or blocked using anti-PSMA antibodies. Later, the nanoparticles uptake by 

active PSMA+ LNCaP cells and inactive PSMA+ LNCaP cells can be studied to see if 

there is any difference in the extent of nanoparticles uptake by these two cell lines. 

Testing this hypothesis, however, is our future goal. 

Our PMNPs are not completely degradable. We are copolymerizing PNIPAAm 

with other degradable polymers to make a degradable polymer shell. As an effort to 

achieve this aim, we have copolymerized PNIPAAm with acrylic acid, chitosan, or 

WBPLP. The copolymer of PNIPAAm and WBPLP was discussed as part of aim 3 of 

this research. Further, we tested the in vivo biodistribution of PMNPs and R11-PMNPs 

and observed that R11-PMNPs were accumulated in the tumor region in higher amount 

than that of PMNPs. We plan to quantify the iron uptake by the tumor and other tissues 

using iron assays. Briefly, iron can be isolated from the tissues after the enzymatic 

digestion of the organs. Iron assays can be performed on these samples and compared 

against the iron standards to quantify the amount of iron present in each organ tissue. 

Moreover, we plan to study the in vivo therapeutic efficacy of drug-loaded PMNPs. 
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Briefly, the drug-loaded nanoparticles will be injected in the tumors of mice and HIFU 

will be exposed to cause hyperthermia and the drug release from the nanoparticles. The 

tumor weights and volumes will be measured to assess the effectiveness of the 

treatment. 

Additionally, we plan to perform a factorial analysis study on TFP-MNPs to 

evaluate the effects of factors such as concentrations of WBPLP and PNIPAAm on the 

LCST and fluorescence intensity. Extensive magnetic characterization and in vitro cell 

studies will also be performed before testing the nanoparticles in small animals. Finally, 

in vivo theranostic effectiveness of the TFP-MNPs will be studied in comparison with 

DICT-NPs and PMNPs. 

Although MBTN have gained increased attention for biological applications, it 

is critical to obtain more understanding on particle size control, in vivo particle toxicity, 

degradation, distribution, and intracellular trafficking before it can move to clinical 

applications. The FDA had approved the use of MNPs as MRI contrast agents in 

humans due to their benign nature in vivo. The MNPs can be made more biocompatible 

by coating them with FDA-approved biocompatible polymers like PEG, PLA, dextran, 

and silica. However, the approval of superparamagnetic iron oxide nanoparticle 

(SPION)-based agents have been withdrawn due to their allergic or hypersensitivity 

reactions to parenteral iron, toxic polymer coating, or iron-polymer preparations (Table 

5.1). Further, manganese (Mn) and gadolinium (Gd)-based MRI contrast agents, such as 

multifunctional MnO and PEG functionalized Gd2O3 nanoparticles, have also been 

researched for in vitro and in vivo imaging applications. Several of Gd-based MRI 
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contrast agents have been approved by the FDA for human use. Therefore, we plan to 

test Gd-based agents for our applications and replace iron oxide MNPs with Gd-based 

agents. 

 

Table 5.1 Current status of MRI contrast agents 
 

Material 
Commercial 

name 
Application Status 

SPION Feridex IV Liver MRI Withdrawn 

SPION Resovist Liver MRI Withdrawn 

SPION Combidex 
Prostate cancer lymph node 

metastases MRI 
Withdrawn 

SPION Feraheme Iron deficiency anemia treatment Pending 

SPION Lumirem MRI of Gastrointestinal lumen Withdrawn 

SPION Clariscan 
MR angiography, tumor 
microvasculature MRI 

Development 
discontinued 

Gd Omniscan Cranial and spinal MRI Approved 

Gd Multihance MRI contrast agent Approved 

Gd Magnevist 
MRI of blood vessels and 

intracranial lesions 
Approved 

Gd Prohance MRI of central nervous system Approved 

Gd Vasovist MR angiography agent Approved 

Gd OptiMARK Brain, spine, liver MRI Approved 

Gd Eovist Liver MRI Approved 
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  Furthermore, magnetic properties of MBTN are associated with the chemical 

composition, size, and morphology of the particles. For the efficient use of MBTN in 

targeting, imaging, and therapy, the particle size should be appropriate to allow 

attraction by magnetic field, and the strength of magnetic field should be considerably 

strong in order to localize particles in the desired area. In vivo degradation of MBTN is 

mainly dependent on the dissociation of MNPs and the degradation of polymer 

coatings. Therefore, the polymer of choice should be highly biocompatible and 

biodegradable to avoid toxic effects to the other healthy organs. The chosen polymer 

should also provide functional groups for conjugation of targeting ligands to make 

MBTN cancer-specific. Further, understanding of the relaxivity of MBTN is highly 

essential for MRI and hyperthermia applications. Relaxivity is dependent not only on 

magnetic properties but also on the applied magnetic field strength, temperature, and the 

medium in which the measurements are carried out. Equally as important, advances in 

imaging and diagnostic tools are also critical to realize the full potential of MBTN for 

disease management. Impressive developments in the nanotechnology and biomaterials 

fields have provided numerous tools and techniques to manipulate the nanoparticle 

properties. With the increasing rate of advances in these fields and the success of MNP-

based nanoparticles in biomedical field, the clinical use of MBTN can be foreseen. 
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