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ABSTRACT 

Dual-modality (MR/nuclear) imaging can combine exquisite anatomical resolution with 

superior molecular sensitivity, and significantly facilitate the accuracy of cancer 

diagnosis. However, the application of this technique is hampered by the paucity of 

sensitive dual-modality imaging probes that target tumors specifically. Here we 

synthesized dual-modality imaging probes by doping positron- or gamma-emitting 

nuclides to the core of dextran-coated superparamagnetic iron oxide nanoparticles 

(NUSPIONs). The synthesized nanoparticles were characterized by dynamic light 

scattering (DLS), transmission electron microscope (TEM), atomic force microscope 
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(AFM), and high performance liquid chromatography (HPLC). The evaluations of these 

nanoparticles were performed both in vitro and in vivo. Four radioisotopes (111In, 177Lu, 

64Cu, and 77As) were successfully incorporated into the core of nanoparticles. The 

purification of nanoparticles via centricon filter accelerated the separation process 

effectively without apparent aggregation. These nanoparticles exhibited good in vitro 

stability in both phosphate buffered saline (> 99% intact) and rat serum (> 92% intact) 

out to 72 h, and the high r2-to-r1 ratio indicating their potential as MRI T2 contrast agents. 

Two distinctly sized 177Lu-doped nanoparticles (NUSPION-1 and NUSPION-2 with 

hydrodynamic radii of 11.8 ± 1.3 nm and 30.6 ± 0.5 nm respectively) were used for 

biodistribution studies in normal mice. NUSPION-1 showed significantly (p < 0.0001) 

higher uptake and longer retention in blood and less uptake in liver and spleen than 

NUSPION-2, which is advantageous for both passive and active targeting. Due to its 

optimal tissue distribution pattern, NUSPION-1 was chosen for further in vivo evaluation 

in PC-3 tumor-bearing mice. High tumor uptake and contrast ratios of tumor-to-muscle 

and tumor-to-blood were observed. A proof-of-principle dual-modality imaging study 

was carried out by a virtually single-dose injection in PC-3 tumor-bearing mice. The 

tumors were visualized by both MRI and autoradiography. Post-MRI Prussian blue iron 

staining and post-autoradiographic imaging biodistribution confirmed the accumulation 

of nanoparticles in tumors. Taken together, we have demonstrated a practical method to 

develop iron oxide based MRI/nuclear imaging probes. 
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CHAPTER 1 INTRODUCTION 

Molecular imaging and cancer detection 

As defined by the Molecular Imaging Center of Excellence Standard Definitions Task 

Force and the Society of Nuclear Medicine, molecular imaging is the visualization, 

characterization, and measurement of biological processes at the molecular and cellular 

levels in humans and other living systems (1). Recent advances in imaging technology 

aided by the explosive growth of computing power and digital image data processing 

have revolutionized diagnostic radiology and played pivotal roles in the development of 

molecular imaging. Table 1 summarizes the general features of the currently available 

imaging modalities that have been extensively exploited for molecular imaging studies: 

ultrasound (US), magnetic resonance imaging (MRI), X-ray computed tomography (CT), 

positron-emission tomography (PET), single photon-emission computed tomography 

(SPECT), bioluminescence imaging (BLI), and fluorescence imaging (FI) techniques. 

Together these imaging techniques allow a broad range of non-invasive visualization of 

biological abnormalities. 

Table 1  Overview of different imaging modalities (2-8) 

Technique Imaging source Resolution Penetration 
depth 

Sensitivity 
(mol/L) Clinical use 

US 
High frequency 

sound 50 µm mm-cm 
not well 

characterized Yes 

MRI Radiowaves 10-100 µm No limit 10-3-10-5 Yes 

CT X-rays 50 µm No limit 
not well 

characterized Yes 

PET 
High energy 
gamma rays 1-2 mm No limit 10-11-10-12 Yes 

SPECT Low energy 
gamma rays 1-2 mm No limit 10-10-10-11 Yes 

BLI Bioluminescence 3-5 mm 1-2 cm 10-15-10-17 No 

FI Fluorescence 2-3 mm < 1 cm 10-9-10-12 Development
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Imaging technologies exploit the interaction of various forms of energy with tissues for 

non-invasive visualization. These imaging modalities can be categorized into those that 

use ionizing radiation (CT, PET and SPECT) as a basis for image formation and those 

that do not (US, MRI, BLI, FI). Alternatively one could categorize them into imaging 

modalities that are capable of generating contrast without exogenous agents/probes (US, 

CT, MRI) and those that cannot (PET, SPECT, BLI, FI). It must be noted that in former 

cases, exogenous agents/probes are often needed for molecular imaging. 

Ultrasound imaging, known as US scanning or sonography, uses high frequency sound 

waves emitted from a transducer to probe living subjects by collecting and reconstructing 

the reflected waves to produce 2D images. Clinical ultrasound instruments usually 

operate at frequencies between 7.5 and 15 MHz with a spatial resolution of 300-500 µm. 

At higher frequencies (40-50 MHz) the resolution can be increased to 50-100 µm but at 

the expense of lowering the penetration depth to 5-10 mm in soft tissues (2). The low cost, 

non-ionizing nature, ease of use, and wide availability makes ultrasound imaging a 

common imaging method in clinical and preclinical laboratories. The major drawback of 

US is its limited role in the evaluation of the organs filled with air (e.g., lungs, stomach 

and intestines) and hard tissues such as bone. In addition, the image quality is highly 

dependent on the operator and the contrast between normal and diseased tissue may be 

subtle (9-11). 

Magnetic resonance imaging is based on paramagnetism of certain nuclei (typically 

hydrogen protons from tissue water) in a strong external magnetic field, and their 

interactions with other nuclei and externally applied radiofrequency waves (2). Because 

protons in different tissues have different “relaxation times” that signify interactions with 

the immediate surroundings, exquisite endogenous contrast can be produced between 
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different tissues in images. Exogenous contrast agents can be introduced as well to further 

enhance the tissue contrast. Using T1 (longitudinal) contrast agents, such as Gadolinium 

chelates (Gd-DTPA), increases the signal intensity in T1-weighted images while using T2 

(transverse) contrast agents, such as superparamagnetic iron oxide nanoparticles (SPIO), 

reduces the signal intensity in T2-weighted images in regions where the agent is present (2, 

12, 13). The main advantages of MRI over nuclear or optical imaging are excellent soft 

tissue contrast, higher spatial resolution and simultaneous extraction of the 

physiological/molecular and anatomical information (5). The disadvantages of MRI 

include its inherent low sensitivity, higher imaging costs, and low throughput. 

X-Ray computed tomography imaging uses X-rays in conjunction with computing 

algorithms to generate a 3D image of an object from a series of 2D X-ray images taken 

around a single axis of rotation. CT images have two types of contrast: subject contrast 

and display contrast. CT display contrast is arbitrary because it depends only on the 

window level and width selected, while CT subject contrast is determined by differential 

x-ray attenuation in different types of tissue. Due to the inherent high-contrast resolution 

of CT, less than 1% of physical density differences between tissues can be distinguished. 

Intrinsic differences in absorption between bone, fat, air and water result in high-contrast 

images of anatomical structures (14, 15). However, unlike MRI, CT has relatively poor 

soft-tissue contrast, which necessitates the administration of iodinated contrast media to 

delineate organs or tumors (5, 16). Currently CT is not a molecular imaging technique yet 

due to the lack of target-specific contrast agents (probes) and site-specific accumulation 

of large quantity of such probes (5). In radiation therapy, CT plays a principal role in the 

therapy planning and the determination of radiation dose distribution (17). 

Positron-emission tomography measures the in vivo biodistribution of imaging agents 
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labeled with positron emitting radionuclides. PET imaging systems detect the pairs of 

511-keV photons traveling at opposite directions that are produced by positron-electron 

annihilation. The coincidence detection of both photons in PET within nanoseconds of 

each other identifies the line of response in space where the decay occurred, namely the 

location of the radiotracer. As one of the radionuclide-based imaging modalities, PET is 

highly sensitive and quantitative without tissue penetration limit. However, accurate 

anatomical localization of functional abnormalities is a well-known difficulty for PET. 

Most clinical PET scanners have a spatial resolution of 6-8 mm and small-animal 

scanners now have image resolutions approaching 1 mm (2, 18-21). Therefore, PET scans 

are increasingly read alongside or superimposed on CT or MRI scans giving both 

anatomic and metabolic information benefiting from the co-registration. 

Single photon-emission computed tomography is another radionuclide based imaging 

technique that uses gamma ray emitters. After a subject is injected with a γ-emitting 

radiotracer (e.g., 99mTc, 111In or 123I labeled compounds) and placed in a SPECT scanner, 

the γ-rays are detected by gamma-cameras that rotate around the subject. The traveling 

directions of the emitted photons are determined by an array of lead collimators between 

the subject and the cameras and this direction information is used to produce tomographic 

images. Optimal collimator design requires a compromise between the spatial resolution 

and the sensitivity of a SPECT system. Because of the use of collimators for the 

definition of the angle of incidence, the sensitivity of SPECT is often lower than PET (5). 

The advantages of SPECT are similar to those of PET. Current SPECT systems generally 

allow dual-isotope imaging protocols, in which two tracers labeled with different isotopes, 

are used to probe two distinct biological events simultaneously (2, 5, 22, 23). 
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Bioluminescence imaging is an optical imaging technique that utilizes light emission due 

to oxidation of systemically administered luciferin in presence of an enzyme, luciferase, 

produced by exogenously transfected cells. BLI is a highly sensitive technique that is 

particularly well suited to long-term, longitudinal studies in cultured cells and small 

animals. It has a particularly strong impact on preclinical studies of tumor progression. 

As a reporter gene imaging technique, its applications have been seen in studies of 

circadian rhythmicity at the level of whole organisms, explanted tissues, and even single 

cells (24-28). However, BLI is unlikely to be translated into clinical studies, owing to the 

inherent light penetration limit and the fact that a stable expression of luciferase (or an 

analogous system) is required to generate the signal (25-27). 

Fluorescence imaging is also an optical imaging technique that uses fluorescence and 

phosphorescence instead of bioluminescence. An external light of appropriate wavelength 

is used to excite a fluorescent molecule, which immediately emits longer-wavelength, 

lower-energy light for imaging. Probes for fluorescence imaging may be endogenous 

molecules (such as collagen or hemoglobin), fluorescent proteins (such as red or green 

fluorescent proteins), or optical contrast agents with fluorescent molecules. Reflectance 

fluorescence imaging (29) and fluorescence-mediated molecular tomography (FMT) are 

the two most common approaches currently used to probe deep tissues (2, 3, 27, 30-33). 

Similar to BLI, FI has the exceptionally high sensitivity but its application is limited by 

the penetration depth and the requirement (in some cases) of exogenously transfected 

genes in the tissue of interest. 

In summary, each imaging modality has its own advantages and disadvantages. A perfect 

imaging technique that could furnish anatomic, physiologic, and molecular information 

with high sensitivity and specificity doesn’t exist. To date hybrid imaging systems (e.g., 
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PET/CT, SPECT/CT, and PET/MRI, etc.) have been seen to rapidly outdate single 

modality devices in clinical practices and preclinical research. Obviously this trend 

requires the development of corresponding multi-modality imaging probes. 

Nanoparticles in molecular imaging and drug delivery 

Due to the recent advances of nanotechnology, varieties of nanoparticles have become 

available for biomedical applications, such as polymeric (34-39) and magnetic 

nanoparticles (e.g., SPIO) (40-50), liposomes (39, 51-58), solid lipid particles (39, 59, 60), 

micelles (29, 51-55), quantum dots (61-68), dendrimers (53, 58, 69-73), and other 

nanoassemblies (48, 74, 75). Among them, SPIO nanoparticles have drawn extensive 

attention in the field of molecular imaging mainly due to their negative enhancement 

effect on T2- and T2*-weighted MR imaging, low toxicity (if any), and the ease of their 

surface functionalization (76). 

SPIO-based nanoparticles for molecular imaging 

SPIO-based nanoparticles currently constitute a large group of MRI contrast agents. The 

nano-sized contrast agents typically comprise a nanosized SPIO core and a variety of 

hydrophilic coating materials such as polysaccharide (e.g., dextran), polymer (e.g., poly 

ethylene glycol: PEG), etc. Table 2 shows a list of SPIO-based nanoparticles that are 

commonly used in clinical and preclinical laboratories. 

SPIO-based nanoparticles lack explicit molecular specificity for imaging of biological 

pathways and thus they are usually taken up by organs of reticuloendothelial system 

(RES) and macrophages. Therefore, SPIO-based MRI agents are used for liver, spleen, 

lymph node and macrophage imaging (41). The liver imaging by using these particles 

results from the non-specifically taken up by Kupffer cells in the healthy liver, while the 

lymph node imaging takes advantage of the extravasation of nanoparticles from the 
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vasculature to the interstitial space where they are transported to the lymph nodes via the 

lymphatic vessels. Since macrophages are rich in healthy lymph nodes but not in 

metastatic nodes (76). SPIO has been successfully used to detect clinically occult 

lymph-node metastases in human patients by MRI (77). Aided by the lymphotropic SPIO, 

the MRI sensitivity of the diagnosis was increased from 45.5% to 100% with a specificity 

of 95.7% on a patient-by-patient basis. When the lymph node sizes were in the range of 

5-10 mm, the sensitivity was improved from 28.5% to 96.4% with a specificity of 99.3%. 

However, when the lymph node size was smaller than 5 mm, the sensitivity decreased 

dramatically to 41.8%. It might be possible to use lymphotropic superparamagnetic 

nanoparticles aided MRI to detect small metastases (1-2 mm), nevertheless it is unclear 

whether the technique would reliably identify small metastatic foci in nodes that are 

partially replaced by tumor (78). 

One hypothesis of our project is to improve the detection sensitivity of the SPIO-aided 

MRI by doping positron- or gamma-emitting isotopes into the core of SPIO, thus 

enabling PET or SPECT imaging, which would add the superior sensitivity of nuclear 

imaging techniques to the exquisite resolution of MRI. 
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Table 2  SPIO-based nanoparticles marketed or under clinical investigations (49, 76, 79, 
80) 

Agent Hydrodynamic 
diameter (nm) Coating Comment 

Ferumoxides 
AMI25 120-180 Dextran T10 KDa

FDA-approved liver 
imaging agent; Cellular 

imaging
Ferumoxytol 
C7228 35 Carboxymethyl 

dextran T10 KDa

FDA-approved liver 
imaging agent; Blood pool 

agent
Ferumoxtran-10 
AMI 227 15-30 Dextran T10 

KDa, T1 KDa
Liver imaging 

(phase 3 trials completed) 

Ferucarbotran A 
SHU555A 65 Carboxydextran 

T1.8 KDa
Liver imaging; 

Cellular imaging 

Ferucarbotran C 
SHU555C 20 Carboxydextran 

T1.8 KDa
Blood pool agent; 
Cellular imaging 

CLIO-TAT 
peptide 30 Dextran periodate

Experimental nanoparticle 
for targeted imaging 

VSOP C-184 8.6 Citrate 
Liver imaging; 

Blood pool agent; 
 

The Weissleder group has extensively exploited SPIO-based nanoparticles to develop 

MRI contrast agents and multimodality imaging agents (81). In the past decade, a series 

of dextran-coated cross-linked iron oxide nanoparticles (CLIO) with primary amine 

groups on the surface have been reported by the group for various applications including 

in vivo detection of cancer by dual-modality imaging approaches (MRI/Optical). 

Recently DeNardo and coworkers reported 111In-antibody-linked iron oxide nanoparticles 

(111In-ChL6 nanoparticle) for the thermoablative therapy of human breast cancer 

xenografts in mice (82). Inductively heating the nanoparticles with an alternating 

magnetic field (AMF) caused the tumor necrosis. SPECT imaging was performed to 

quantify the accumulation of nanoparticles in the tumor site, which was about 14 %ID/g 

at 48 h post injection (p.i.). These 111In-ChL6 nanoparticles may have the potential to be 

used for dual-modality (MR/SPECT) imaging. 
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Common approaches to SPIO-based nanoparticle preparation 

To date, many methods have been reported to prepare nano-sized iron oxide, such as wet 

chemical (83-86), electrochemical (87), sonochemical (88), and pyrolysis techniques (89, 

90). Among them, a wet chemical technique invented by Weissleder and colleagues is 

most commonly used due to the ease of surface modifications for various applications (3, 

91-100). 

Nanoparticles naturally tend towards coagulation and aggregation (101). This tendency 

could be minimized by nanoparticle surface modifications using polymers (e.g., PEG, 

dextran) or by adding surfactants (e.g., Tween 20 or Tween 80). Among the used coating 

molecules, dextran is most commonly used for the SPIO-based nanoparticle preparation. 

PEGylation is also an effective way to optimize the pharmacokinetics of the nanoparticles, 

which can provide improved solubility, biocompatibility, and prolonged circulation time 

(44, 54, 101-109). 

A general procedure to prepare functionalized SPIO-based nanoparticle involves three 

steps: (1) simultaneous dextran coating during the coprecipitation; (2) shell cross-linking; 

and (3) functionalization of the nanoparticle surface. 

Tumor targeting strategies for SPIO applications 

Tumor targeting of SPIO-based nanoconjugates can be achieved by either passive or 

active targeting mechanisms. The passive-targeting approach takes advantage of the so 

called enhanced permeability and retention (EPR) effect (110-112). During tumor 

angiogenesis, rapid vascularization in fast-growing cancerous tissues is known to result in 

leaky, defective architecture and impaired lymphatic drainage which allows the 

extravasation and accumulation of nanoparticles in the interstitial tumor space. The 

extravasation of nanoparticles from the circulatory system is highly dependent on particle 
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size. Therefore, the nanoparticle size and surface properties are critical to avoid the 

uptake by RES systems in the liver and spleen (52, 113, 114). 

To minimize the non-specific uptake, the active targeting can be performed by attaching 

targeting agents to the nanoparticle surface via various conjugation chemistries (65, 115, 

116). The active targeting strategies normally exploit the existence of molecular 

signatures on cell membranes. In general, cancer cells of a specific tumor overexpress 

specific receptors or antigens. Therefore it is straightforward to conjugate specific ligands 

that bind to the receptors or antigens with nano-structures for active targeting. The 

targeting molecules can be broadly classified to proteins (monoclonal antibodies and 

antibody fragments), peptides, nucleic acids (aptamers), and small organic molecules. In 

addition, nanoparticle surface can be conjugated with multiple ligands and the consequent 

multivalent binding to target molecules could result in dramatically increased uptake and 

retention of the particles (102, 117). To date, a variety of nanoparticles including 

SPIO-based nanoparticles have been functionalized with small molecules, peptides, and 

antibodies targeting endothelial receptors on the microvasculature of proliferating tumors 

(118-122). Here several commonly used targeting molecules that have been reported to 

construct iron oxide based nano-conjugates for targeted imaging or therapy of cancers are 

presented. 

Targeting prostate-specific membrane antigen (PSMA) 

PSMA is a type II transmembrane glycoprotein overexpressed about a thousand-fold on 

prostate cancer (highly restricted to the prostate epithelium) and neovasculature of most 

solid tumors, but not in the vasculature of the normal tissues (123-128). Minimal 

expression is observed in the brain and kidneys. Because it is a cell surface protein that 

presents a large extracellular domain (amino acids 44-750), PSMA has been utilized as 
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target for monoclonal antibody directed imaging agents or therapeutics for prostate cancer 

(123, 128, 129). Indeed, the only FDA approved prostate cancer imaging agent was an 

111In-labeled PSMA monoclonal antibody (7E11-C5.3) (123, 128). Previous clinical trials 

showed that this agent had improved sensitivity in the detection of prostate over CT or 

MRI, and it could be used to define the stage of localized prostate cancer and metastases, 

when used in conjunction with CT or MRI (128). However, recent reports indicate that it 

has problems in terms of specificity and sensitivity because the antibody (7E11-C5.3) 

recognizes an internal epitode (the first six amino acids) of PSMA (123). As a result, 

several research groups have developed monoclonal antibodies (e.g., J591, J533, J415, 

E99, and E6, etc.) that recognize epitodes within the extracellular PSMA domain 

(129-134). These antibodies have shown significantly improved sensitivity and specificity 

in the detection of prostate cancer. In addition, a ligand screening technology, SELEX 

(systematic evolution of ligands by exponential enrichment), has been utilized to select 

nuclease-stabilized oligonucleotides, namely aptamers, which bind tightly and 

specifically to a given ligand (135-142). Because most aptamers are much smaller than 

antibodies and don’t have immunogenicity, they have been claimed as a new class of 

molecules that can contest the roles of antibodies in imaging, diagnostics and therapeutics 

(143, 144). In 2002, this technology was firstly used to screen RNA aptamers that bind to 

PSMA. Two such aptamers (xPSM-A9 and xPSM-A10) were identified with high binding 

affinity to the extracellular domain of PSMA. Truncated version of xPSM-A10 (minus 3 

× 5 nucleotides) retains the binding ability and it was named xPSM-A10-3 (145). 

Langer’s laboratory immediately used xPSM-A10-3 to construct nanoparticle-aptamer 

bioconjugates for targeting prostate cancer, and showed that the nanoconjugates can 

efficiently target and get taken up by LNCaP epithelium cells. In contrast, the uptake of 
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the nanoconjugate was not enhanced in PC-3 epithelium cells that don’t express PSMA 

(146). Recently, Serda et al. reported a specific and sensitive MRI method to detect both 

local and metastatic prostate cancer by attaching an anti-PSMA antibody (MLN59) to 

iron oxide nanoparticles (147). 

Targeting the folate-receptor (FR) 

One of the two existing cellular folate transport systems, the folate receptor is a 

membrane-associated folate-binding protein that is overexpressed on a number of tumor 

cells (e.g., ovarian, colorectal, breast, nasopharyngeal carcinomas, etc.) and limitedly 

expressed in most normal tissues (148, 149). Because FR binds physiologic folates with 

affinity in the nanomolar range (148), it is an attractive molecular target for cancer 

imaging and therapy (150-153). Since folate intake is essential for cell life, FR-mediated 

endocytosis of folate-conjugate molecules delivers the cargo to the cytosol rather than to 

lysosomes for destruction (154). In this process, the folate-conjugated drug interacts with 

the membrane receptor first, then the FR-complex enters the cell, and the cargo is 

released. Eventually, the receptor is recycled back to the cell surface where it can interact 

with more folate. Choi et al. and coworkers (155) synthesized the folate-FITC-iron oxide 

nanoparticles which were delivered to the receptor-expressing tumors (KB tumors) for in 

vivo MRI. The results showed a T2 MRI intensity decrease in tumor at 2.5 h p.i. 

Targeting the integrin αvβ3 – the vitronectin receptor 

In cancer, the progression rate of a solid tumor is strongly dependent on its ability to 

stimulate angiogenesis, a process in which new blood vessels grow from pre-existing 

vessels to supply tumor cells with oxygen and essential nutrients. In 1994, Cheresh and 

coworkers reported that the integrin αvβ3 becomes highly upregulated on activated 

endothelial cells in the chick CAM (156, 157) and plays a critical role in the survival of 
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endothelial cells, while its expression is weak in most normal organ systems. Since then 

the integrin αvβ3 (the vitronectin receptor) has been studied extensively and identified as 

an important receptor affecting tumor growth, local invasiveness, and metastatic potential 

(158). Among over 25 identified integrin receptors, about two thirds including integrin 

αvβ3 recognize and bind tightly to the tripeptide sequence Arg-Gly-Asp (RGD). In 

addition, numerous synthetic RGD peptido-mimetics have been developed as αvβ3 

antagonists (159-161). The RGD-containing peptides are usually cyclized (e.g., via 

disulfide linkage) before use as αvβ3 antagonists, because the cyclic peptides show 

significantly improved potency (162-164) and higher resistance to chemical degradation 

in vivo than their linear counterparts in inhibiting tumor angiogenesis (165). Montet et al. 

(166) reported a dual-modality (MR/optical) imaging probe cRGD-CLIO (Cy5.5) which 

was synthesized by conjugating the amino cross-linked iron oxide (CLIO) with 

disulfide-linked cyclic RGD peptide (cRGD), followed by the attaching the fluorochrome 

(Cy5.5) directly to the CLIO. For the in vivo evaluation, two tumor models were used, 

one implanted with BT-20 (a human breast carcinoma cell line expressing the αvβ3 

integrin) and the other implanted with 9L (a rat gliosarcoma cell line without the 

expression of αvβ3 integrin). The results demonstrated that these magneto-fluorescent 

RGD nanoparticles were targeted to the αvβ3-expressing tumor in vivo and were 

detectable by fluorescence reflectance imaging, fluorescence molecular tomography, and 

MRI. Recently, Zhang et al. (167) reported the RGD coupled USPIO probes for tumor 

angiogenesis targeting. Impressively, these probes could distinguish tumors differing in 

the degree of αvβ3 integrin expression and the angiogenesis profile by MRI. 

Targeting HER-2 receptor 
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Molecular classification of breast cancer is generally based on the presence or absence of 

estrogen receptor-α (ER): hormone-positive or -negative; and the status of HER-2 

receptor: HER-2-positive (or amplified) or -negative (or non-amplified (168). Now there 

is a growing appreciation of the molecular information, which can aid in the planning of 

specific treatment methods for patients in each distinct class (169-171). Overexpressed in 

20-30% of all breast cancers, HER-2 is a member of the human epidermal growth factor 

receptor (HER) family including the epidermal growth factor receptor (HER-1/EGFR), 

HER-2, HER-3, and HER-4 (172). The overexpression of HER-2 in breast cancers 

associates with greater metastatic potential and higher resistance to some types of 

chemotherapy indicative of poor long-term survival rates of patients. Wild-type HER 

receptors comprise three domains: an extracellular domain for ligand binding and 

interacting with other HER receptors; an intracellular domain for tyrosine kinase activity 

and regulatory functions (e.g., growth and differentiation of cells), and a transmembrane 

domain (172). Due to its clinical relevancy, HER-2 has become one of the major targets 

in the treatment of breast cancers (173-179). To date, however, no known ligand for 

HER-2 receptor has been discovered, suggesting that it serves as a coreceptor to form 

heterodimer complexes with other three HER family members upon their specific ligand 

binding (169). This dimerization results in the activation of HER tyrosine kinase thus 

facilitating cell proliferation, invasion, and antiapoptosis (180). Trastuzumab 

(Herceptin®), a humanized IgG monoclonal antibody that targets the extracellular 

domain of HER-2, has been approved by the US FDA to treat metastatic breast cancers or 

be used as a therapeutic adjuvant. A few other HER-2 targeting monoclonal antibodies 

such as pertuzumab are currently in clinical trials, so are several HER-2 antagonists (172, 

180). Not surprisingly, anti-HER-2 antibodies and their fragments have been explored for 
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non-invasive imaging studies of cancers (29, 181-186). To date anti-HER-2 antibodies 

have been used to direct iron oxide nanoparticles for in vitro and in vivo studies (181, 

187-190).  

Prostate cancer and common diagnosis methods 

More than 7,000,000 cancer deaths occur worldwide and more than 500,000 deaths occur 

in the United States each year (191, 192), among which prostate cancer becomes the 

second only to lung cancer as a leading cause of cancer-related deaths in men in the 

United States (193). According to the American Cancer Society’s estimation, 218,890 

new cases of prostate cancer would be diagnosed and 27,050 men would die of this 

disease in 2007 (194, 195).  

Currently, prostate cancer can be characterized by its clinical tumor/nodes/ metastasis 

(TNM) stage, Gleason grade, and prostate specific antigen (PSA) serum level (196). PSA 

testing was first approved in 1986 for the detection and recurrent disease in patients with 

established prostate cancer. As a routine test for prostate cancer screening, however, PSA 

levels can not discriminate between benign and malignant prostate conditions, which 

results in up to 700,000 unnecessary prostate biopsies each year in the United States 

(197). Furthermore, although PSA levels historically correlate with the presence of 

prostate cancer, they provide very limited information regarding the location and extent 

of cancer (197, 198).  

Transrectal ultrasound (TRUS) is a well known and most widely used clinical imaging 

method, which is also the standard imaging tool for prostate cancer biopsy guidance and 

brachytherapy seed placement (195). However, TRUS can not warrant a definitive stage 

of prostate cancer due to the isoechoic property of prostate cancer that is 

indistinguishable from the surrounding tissues (199). On the other hand, conventional 
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imaging techniques like radionuclide bone scans, US, CT scans, and MRI have played 

quite limited part in the diagnosis, staging, and monitoring of prostate cancer patients 

(199). Therefore it is of great importance to develop new non-invasive imaging 

techniques with high sensitivity and specificity for the detection and monitoring of 

prostate cancer. 

The major goal of prostate cancer imaging is to characterize the disease more accurately 

and obtain comprehensive anatomic, functional and molecular information and thus to 

identify new metabolic markers and better understand how they regulate prostate cancer 

aggressiveness and cellular proliferation (195). PSMA, a cell surface membrane protein, 

is one of the most extensively studied prostate cancer markers (200). However, PSMA is 

not a specific biomarker for prostate cancer (201). Further more, a series of reports 

suggest that prostate cancer is a multifocal disease mixed with a heterogeneous cell 

population of androgen dependent (dependent on androgen for survival), 

androgen-sensitive (stimulated by androgen but not dying in their absence), and androgen 

independent (neither stimulated nor dying in the presence or absence of androgen) cells 

(202), out of which only androgen responsive cells express PSMA (203-205). In this 

project, we explore a new way to target prostate cancer. 

Targeting prostate cancer by a cell-permeable peptide (CPP)  

Recent development of CPPs offers a new avenue of cancer targeting and therapy because 

CPPs are able to self-translocate across biological membranes as delivery vehicles that 

carry different functional cargos, such as proteins/peptides, DNA/RNA, liposome and 

nanoparticles (206-208). CPPs can be categorized into (1) basic amino acids e.g., Tat 

protein and polyarginines; (2) amphiphilic peptides composed of basic amino acids and 

hydrophobic amino acids; e.g., Drosophila antennapedia protein (penetratin); (3) a 
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chimera peptide of a neuropeptide galanin and a bee toxin peptide mastoparan; (4) the 

hydrophobic segment derived from the extracellular secretion peptide of the Kappori 

fibroblase growth factor. 

To date, the exact mechanism of each CPP uptake has been still unclear. In some 

literatures, it appears that cell membrane proteoglycan or glycoprotein could play an 

important role in mediating CPP uptake (209-212). Also, it has been noticed that the live 

cells produce punctuate signals of the peptides under microscopic observations (209). 

These facts suggest the significant contribution of endocytosis to the cellular uptake of 

CPP, particularly, the basic amino acid peptides. However, it has also been reported that 

the typical inhibitors of classical endocytosis do not have a notable effect on the cellular 

uptake of these peptides and that the cellular localization of polyarginine peptides are not 

necessarily the same as that of transferrin. The involvement of different types of 

endocytoses from classical clathrin endocytoses to macropinocytes has been suspected; 

different internalization pathways including clathrin endocytosis (213), caveolae 

endocytosis (214), and Golgi-mediated transport (215) have also been documented for 

different kinds of CPP. Alternatively, macropinocytosis is a pathway of cellar uptake in 

which the polymerization of actin filaments makes the plasma membrane thrust out from 

the cell surface. This procedure is in contrast to that of classical clathrin endocytosis with 

the formation of concave structures on the plasma membranes. Using macropinocytosis 

inhibitor EIPA (5-(N-ethyl-N-isopropyl) amiloride), a greater inhibition effect to R16 than 

R8 was observed (209, 216). In addition, other factors such as cell surface 

glycosaminoglycans (216, 217) have been demonstrated to play an important role in the 

cellular uptake of arginine peptides because electrostatic interaction of the arginine 

peptides with these negatively charged proteoglycan will make these peptides condense 
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on the cell surface, and this would eventually accelerate the cellar uptake of these 

peptides. 

Although the cell internalization mechanism of CPP is still under debate, they have not 

been reported to have tissue specificity. During the screen of CPPs for optimal 

intracellular delivery of a proline-rich domain for prostate cancer therapy, we found out 

that an arginine-rich peptide (R11) accumulated preferentially in prostate and bladder 

tissues (Figures 1 and 2). 

 
Figure 1. Internalization of five CPPs (TAT, PENE, KALA, R11, and K11) to four 
prostate cancer cell lines (LNCaP, C4-2, LAPC4 and PC-3 cells). 
 

 
Figure 2. FITC-tagged R11 in nude mice (24 h p.i., n=3). The peptide was administered 
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via intra-peritioneally (IP) or intra-venous (IV) route. 
 

In order to explore this peptide for the detection of the prostate cancer via PET, we 

conjugated R11 with DOTA (1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid) 

for 64Cu labeling. Biodistribution of 64Cu-DOTA-R11 in both normal and tumor-bearing 

mice were performed. From the biodistribution results (shown in Chapter 3), it is 

apparent that 64Cu-DOTA-R11 has a strong tendency to accumulate in prostate and 

bladder. Further, this peptide exhibited remarkably low uptake in other organs (e.g., blood, 

lungs, liver, spleen, kidneys, and muscle). This confirms the observation of using FITC 

tagged R11 in the same animal model, and indicates that R11 could be a novel biomarker 

for PET imaging probe development. 

We reason that by conjugating R11 with our nanoparticles, the targeted delivery 

efficiency could be significantly enhanced due to the so called multivalent effect resulted 

from the multi-presentation of R11 on the nanoparticle surface in addition to the 

R11-facilitated cellular internalization. 

Significance of this study 

Because each imaging modality has its own inherent limitations, developing a probe that 

can be used in multiple imaging modalities appears highly desirable and attractive. It is 

feasible and plausible to use nanoscaffolds for such developments because 

multi-presentation of various functionalities can be conveniently made possible on a 

common platform. Indeed it has been reported that the iron oxide nanoparticles could be 

developed as MRI/optical dual imaging probes by coupling with a fluorescent tag for 

highly detailed anatomic (MRI) and molecular information (near-infrared (NIR) optical 

imaging) in living organisms (92). However the feasibility has been demonstrated, 

simultaneous in vivo dual-modality imaging of the tumor targeting of such probes had not 
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been achieved until recently a multifunctional SPIO-based probe was reported (218).  

The probe was constructed by conjugating three different functional molecules to the 

dextran surface of SPIO nanoparticles: an NIR dye (Cy5.5) for NIR fluorescence imaging 

(NIRF), siRNA molecules (siGFP or siSurvivin) and a membrane translocation peptide 

(MPAP) for proof-of-concept intracellular delivery therapeutic siRNA molecules.  

Further a high density of apoptotic nuclei was observed in the tumors treated by the probe 

carrying siSurvivin (218). This beautiful work convincingly demonstrates that 

non-invasive dual-modality imaging and therapeutic siRNA delivery can be accomplished 

by using a nanoscaffold. However, the sensitivity of MRI or NIRF in this dual-modality 

imaging approach was not addressed. In addition, the NIRF technique can be hardly 

translated into clinical practice due to the inherent tissue penetration problem of optical 

imaging. 

In this thesis, we have successfully developed an approach to make SPIO-based dual 

MRI/SPECT or MRI/PET imaging probes, which are poised to overcome the 

aforementioned problems while maintaining the multifunctional features. The detailed 

method is presented in the following Chapters. Briefly, our multifunctional nanoscaffolds 

were prepared by incorporating gamma- or positron-emitting nuclides to the core of 

dextran-coated SPIO nanoparticles (NUSPIONs). Through the control of the 

incorporation amount of radioisotope, the sensitivity of the nuclear imaging modality 

(SPECT or PET) can be tuned to visualize small tumor metastases (< 5 mm) that 

SPIO-assisted T2-weighted MRI would miss (78) for a broad range of prostate cancer 

metastasis detection. Other advantages of this approach include 1) the incorporation of 

radioisotopes into the nanoparticle core offers an intact surface for further modifications 

if targeting and/or drug loading are needed; 2) No bifunctional chelators, such as TETA 
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and DOTA, are needed as in conventional radiolabeling of nanoparticles. This avoids the 

concerns on in vivo transchelation of metal ions from the chelators/nanoparticles, which 

has been well documented in the literature (219-221), and thus ensures the integrity of the 

dual modality imaging probes in vivo; and 3) It was recently reported that 5 mol% 

substitution of iron in the SPIO core with trivalent lanthanide did not affect the magnetic, 

physical, and chemical characteristics of the iron oxide nanoparticles (222). Therefore, it 

is straightforward to extend the application of our proposed multifunctional probes to 

radiotherapy as necessary by loading more radioisotopes to the nanoparticle core. 

Based on a wet chemical technique invented by Weissleder and colleagues (3, 91-99), our 

synthetic approach was developed. However when working with radioisotopes, we are 

constrained by time. The major and critical challenge that faced us was how to efficiently 

incorporate radioisotopes into the nanoparticle core within a reasonable timeframe (< two 

half lives of the isotope). To date we have established standard operation procedures for 

the preparation of NUSPIONs. Four typical nuclear imaging isotopes in Table 3 have 

proven to yield high incorporation rates (> 58%). 

Table 3. Decay properties of radioisotopes used for NUSPION preparation (223) 

 SPECT Isotopes PET Isotopes 

 111In 177Lu 64Cu 74As* 

Half 
Life 2.83 d 6.71 d 12.70 h 17.77 d 

Decay 

γ (0.171 MeV), 90% 

γ (0.245 MeV), 94% 

β- (0.145 MeV), 8% 

β- (0.219 MeV), 5% 

γ (0.208 MeV), 11% 

γ(0.113MeV), 6.4% 

β- (0.497 MeV), 79%

β+(0.65 MeV), 19% 

EC, 41% 

β- (0.579 MeV), 38%

β+(0.94 MeV), 26%

EC, 37% 

β- (0.71 MeV), 16%

*77As was used due to the high cost of 74As in the preliminary experiments. 

 



 
      

CHAPTER 2 EXPERIMENTAL PROCEDURES 

Materials

All chemicals, solvents, and reagents were purchased from Sigma-Aldrich and used as 

received unless otherwise noted. NH2GR11 (MW: 1792 Da) was synthesized from the 

Peptide Synthesis Laboratory of UT Southwestern Medical Center (Dallas, TX). Dextran 

T10 (MW: 10 KDa) was purchased from Pharmacosmos A/S (Holback, Denmark). 

Ammonium hydroxide water solution (puriss. wt. 29.46%) was purchased from Fisher 

(Houston, TX). Dialysis tubing (MWCO 100 KDa) was purchased from Spectrum 

Laboratories (Rancho Dominguez, CA). Instant thin-layer chromatography (ITLC) SG 

plates and acrodisc syringe filter were purchased from Pall Life Sciences (East Hills, NY). 

Arsenic-77 was produced at a non-carrier added (nca) state via the 76Ge (n, c) 77Ge 

(t1/2:11.30 h) → 77As reactions in the TRIGA reactor at the University of Texas at Austin; 

177LuCl3 in 0.05 N HCl was purchased from the University of Missouri Research Reactor 

(Columbia, MO); 111InCl3 in 0.05 N HCl from Trace Life sciences (Denton, Texas, USA), 

and 64CuCl2 in 0.1 N HCl from MDS Nordion (Canada) or Trace Life sciences. Super 

sharp diamond-like carbon (DLC) tips were purchased from Nanotech-America (Allen, 

TX). Mica Grade V-1 15 mm x 15 mm x 0.15 mm substrate was purchased from SPI 

Supplies and Structure Probe, Inc (West Chester, PA). Centricon filters (YM-100: MWCO 

100 KDa) were purchased from Millipore (Billerica, MA). C-18 Sep-Pak cartridges were 

purchased from Waters (Milford, MA). T-medium, fetal bovine serum (FBS) and matrigel 

were purchased from Invitrogen Corporation (Grand Island, NY), Gemini Bio-Products 

(Woodland, CA), and BD Biosciences (Bedford, MA), respectively. Normal male Balb/c 

(4-5 weeks of age) and nu/nu mice (5-7 weeks of age) were purchased from Harlan 

(Indianapolis, IN). Milli-Q water (18 MΩ-cm) was obtained from a Millipore Gradient 
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Milli-Q water system (Billerica, MA). All aqueous solutions were prepared in 

deoxygenated Milli-Q water 30 min prior to use. 

Tissue culture and animal model 

The PC-3 or T-24 cell lines were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA). The cells were cultured in T-media at 37 °C in an atmosphere of 

5% CO2 and were passaged at 75% confluence in P150 plates. T-Media was 

supplemented with 5% FBS and 1 × Penicillin/Streptomycin. Cultured cells were 

harvested from monolayer using PBS and trypsin/EDTA, and suspended in T-media with 

FBS. The cell suspension was then mixed 1:1 with Matrigel and injected subcutaneously 

(1.5 × 106 cells per injection, injection volume 100 µL) into both rear flanks of nu/nu 

mice. After the cell injection, the animals were monitored three times a week by general 

observations. The tumors were noticed to grow in the first week and allowed to grow 

about one month when they became palpable but were under 100 mg. 

Radiolabeling and in vivo evaluation of R11 (NH2GR11) 

Radiolabeling of DOTA-R11 

NH2GR11 was first conjugated with a bifunctional chelator DOTA, in order to be 

radiolabeled with 64Cu. To a 1.5 mL vial containing 20 µg DOTA-R11 in 100-200 µL of 

0.1 M NH4OAc (pH = 6.5), 1-2 mCi of 64Cu in 0.05 N HCl was added. The reaction 

mixture was mixed and incubated at room temperature (RT) for 1 h. Then 5 µL of 5 mM 

DTPA (diethylene triamine pentaacetic acid) was added to the reaction vial and allowed 

to incubate for 5-10 min. The 64Cu-DOTA-R11 was separated from 64Cu-DTPA by a C-18 

cartridge. Radio-TLC analysis was performed on a Rita Star Radioisotope TLC Analyzer 

(Straubenhardt, Germany) to monitor the radiolabeling reaction. High performance liquid 

chromatography (HPLC) and radio-HPLC were performed to determine radiochemical 

 



 
      
36

purity of the products on a Waters 600 Multisolvent Delivery System equipped with a 

Waters 2996 Photodiode Array (PDA) detector and an in-line Shell Jr. 2000 radio-detector 

(Fredericksburg, VA). 

Biodistribution studies of DOTA-R11 

All animal studies were performed in compliance with guidelines set by the UT 

Southwestern Institutional Animal Care and Use Committee. The biodistribution studies 

were performed in normal mice, PC-3 (prostate tumor) and T-24 (bladder tumor) 

tumor-bearing mice. The injected dose of 64Cu-DOTA-R11 in the biodistribution studies 

was in range of 5-10 µCi. The animals were sacrificed at specific time points (n = 4 at 

each time point). Organs of interest (blood, lung, liver, spleen, kidney, testis, prostate, 

bladder, seminal vesicle (SV), coagulation gland (CG), muscle, femur, tibia, or tumor and 

brain) were removed, weighed, and counted. The blood was collected from the 

retroorbital sinus of the animals at 5 min, 10 min and 20 min p.i. for the evaluation of 

pharmacokinetic parameters. Standards were prepared and counted along with the 

samples to calculate the percent injected dose per gram tissue (%ID/g). 

Synthesis of CLIONPs 

Cross-linked dextran-coated iron oxide nanoparticles (CLIONPs) were prepared via the 

coprecipitation of Fe3+ and Fe2+ from an aqueous solution by the addition of a base 

solution, which was modified from published procedures (105, 224, 225). Briefly, 58-60 

mg (~ 0.22 mmole) of FeCl3•6H2O, 22-23 mg (~ 0.11 mmole) of FeCl2•4H2O, and 

dextran T10 were dissolved in 50 mL of deoxygenated Milli-Q water, giving a clear light 

yellow solution. From the resulting solution (pH ~ 3), 20 mL was taken out and 

transferred to a reaction flask, which was then stirred at a speed of 600 rpm in an 

ice/water bath. The inert atmosphere was maintained by a nitrogen (N2) flow at 3 liters 
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per minute (LPM). To the 20 mL of Fe3+/ Fe2+/ dextran solution, 1 mL of 6.45% ammonia 

was added drop-wise by a syringe pump in a 10 min period, during which the color of the 

reaction mixture changed from light yellow to light green to dark green. At the end of the 

ammonia addition, the pH was around 10. The reaction mixture was kept in the ice/water 

bath for 30 min, and then gradually heated by an oil bath to 75-80 °C in 1 h. At the same 

time, the N2 flow rate was decreased to 1 LPM. 

The dextran shell cross linking was done by adding 7 mL Milli-Q water, 6 mL of 5 M 

NaOH, and two portions of epichlorohydrin (3 mL followed by 2 mL with a 30 min 

interval) to the above reaction mixture that was cooled down to RT. The cross linking 

reaction was allowed to proceed 2 h with constant stirring at 600 rpm under N2 protection. 

The resulted reaction mixture was concentrated and then washed four times with water by 

centricon filter tubes (MWCO: 100 KDa) to remove nonreacted reagents and excess 

dextran molecules. Another dextran (MW 64-76 KDa) was initially used to optimize the 

synthesis conditions. Factors such as concentration, pH, temperature, and incubation time 

were evaluated. 

Preparation of NUSPIONs 

Four radioisotopes were used in this project for the preparation of nuclides incorporated 

NUSPIONs: 77As (t1/2 = 38.8 h), 177Lu (t1/2 = 6.7 d), 111In (t1/2 = 2.8 d), and 64Cu (t1/2 = 

12.7 h). By introducing the radioisotopes to the core of nanoparticles, we anticipate to 

obtain dual-modality imaging probes for anatomical MRI and functional nuclear imaging. 

Similar to the preparation of CLIONPs, incorporation of radioisotopes was achieved by 

their simultaneous precipitation with the iron salts. Briefly, 58-60 mg (~ 0.22 mmole) of 

FeCl3•6H2O, 22-23 mg (~ 0.11 mmole) of FeCl2•4H2O, and dextran T10 were dissolved 

in 50 mL deoxygenated Milli-Q water, giving a clear light yellow solution. To the 20 mL 
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of Fe3+/ Fe2+ / dextran solution, 1-2 mCi of a radioisotope in 0.05 N HCl was added. Then 

1 mL of 6.45% ammonia was added drop wise by a syringe pump. The following cross 

linking and purification was the same as in the cold nanoparticle preparation except that 

after the completion of cross linking reaction, 5 mL of 5 mM DTPA was added to the 

reaction mixture which was stirred for another 10 min prior to the purification by 

centricon filters. The synthesis is schematically shown in Figure 3. 

Reaction conditions as aforementioned were also evaluated to prepare two distinct 

177Lu-doped NUSPIONs with different sizes for further in vitro and in vivo studies. The 

main determinant in the controlling of nanoparticle size appeared to be the T10 dextran 

amount added for the reaction. To synthesize the smaller 177Lu-doped NUSPIONs 

(NUSPION-1), 5 g of T10 dextran was added to the 50 mL reaction mixture, while for the 

larger one (NUSPION-2), 2.5 g of T10 dextran was added. In following evaluations, the 

radioisotope in the NUSPIONs was 177Lu unless otherwise noted. 
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Figure 3. Synthetic scheme of NUSPIONs (NU: gamma- or positron emitting nuclides). 
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Conjugation of R11 with NUSPIONs 

The purified and concentrated NUSPION-1 was reacted with 1 M chloroacetic acid in 3 

M NaOH for 16 h at RT in order to introduce carboxylate groups to the dextran surface. 

The synthetic scheme of R11 conjugated NUSPIONs is shown in Figure 4. Unreacted 

chloroacetic acid was removed by three times of YM-100 centricon washing (3 × 2 mL), 

two of which were using 2 mL water while the last time using 2 mL of 50% DMSO 

solution in water. After the recovery of carboxylate functinalized nanoparticles in the 

DMSO solution (~ 600 µL), 22.5 mg of NHS and 9.2 mg of EDC in 100 µL of DMSO 

were added to produce activated NHS esters. Then 3 µL of 10 µg/µL of NH2GR11 in 

DMSO was added to the reaction mixture, which was shaken at 650 rpm at RT for 3 h. 

The purification procedures were the same as above by using YM-100 centricon filters. 
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Figure 4. Scheme of NH2GR11 conjugation with the surface dextran coating. 
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Characterization of CLIONPs or NUSPIONs 

Particle size and size distribution 

The hydrodynamic size (radius) and size distribution of the nanoparticles were measured 

by a Wyatt’s DynaPro dynamic light scattering (DLS) system (Santa Barbara, CA). The 

sample was prepared by adding 60 µL of a diluted solution to a microCUVETTE, which 

was then loaded to the Wyatt’s DynaPro DLS system. The sample was examined by 

adjusting the laser intensity to an appropriate range. The size was described as 

hydrodynamic radius (Rh). 

Surface morphology of CLIONPs 

The morphology and size of CLIONPs were examined by the FEI Tecnai G2 Spirit 

BioTWIN Microscope (TEM) system (Hillsboro, OR). Samples were prepared by 

transferring 2 µL of a diluted solution to a freshly glow discharged TEM copper grid (300 

mesh copper Formvar/Carbon) and then allowed to dry at RT. The CLIONPs were also 

examined by Atomic Force Microscope (AFM) (NT-MDT SOLVER PRO, Moscow, 

Russia) before and after purification using a MICA substrate. The MICA samples were 

prepared by transferring 2 µL of a diluted solution to the freshly cleaved mica, under 

which a strong magnet was placed. The samples were allowed air dry. 

Analytical chemistry of CLIONPs or NUSPIONs 

Iron content measurement 

The iron content of synthesized CLIONPs or NUSPIONs was measured by a colorimetric 

assay based on a reddish complex formation of KSCN with Fe3+ (226). Briefly, a series of 

Fe3+ standard dilutions (ranging from 0.10 to 1.50 mM) were prepared. To 500 µL of each 

standard Fe3+ solution, 100 µL of 0.1 M H2O2 and 400 µL of 0.26 M of KSCN were 

added. The colorimetric reaction was allowed to proceed for more than 1 h before the UV 
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absorbance was measured at 480 nm by a UV/Vis spectrometer (Milton Roy Spectronic 

1201, Ontario, Canada). A standard linear calibration curve was generated by plotting the 

absorbance vales vs the iron concentrations. 

Typically, a small portion of purified and concentrated nanoparticles were first diluted 

with water to an appropriate concentration (dilution factor I). To the 100 µL sample taken 

out from above diluted nanoparticle solution, 300 µL of concentrated HCl (12 N) was 

added to dissolve the iron oxide particles. Then 100 µL of 1 M H2O2 was added to 

convert Fe 2+ into Fe3+. The reaction was let go for 30 min and the final reaction mixture 

was then diluted with water to a proper volume (dilution factor II). Two portions of 500 

µL of this hydrolyzed solution were taken out for the following colorimetric assay. To 

each portion of the 500 µL solution, 100 µL 0.1 M H2O2 and 400 µL of 0.26 M KSCN 

were added. Then the reaction mixture was mixed and incubated at RT for 1-2 h until the 

reading was stable. The UV absorbance was measured at 480 nm by the UV/Vis 

spectrometer. The concentration was calculated based on the standard calibration curve 

and the dilution factors. 

Dextran content measurement 

The dextran content was determined by the phenol-sulfuric acid color reaction (227, 228). 

Dextran was first hydrolyzed to monomers by concentrated H2SO4, and then reacted with 

phenol to produce a dark reddish-colored product with a strong absorbance at 430 nm. 

Briefly, a series of standard dextran (T10) solutions (ranging from 0 to 1.0 mg/mL) were 

used to generate the calibration curve. To 500 µL of each dextran solution, 1 mL of 98% 

H2SO4 was added. The mixture was shaken for 30 min affording the complete hydrolysis 

of the dextran. To the hydrolyzed mixture, 200 µL of 0.88 M phenol solution was added. 

The reaction was allowed to proceed long enough (until the reading was stable) before the 
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absorbance was read at 430 nm by the UV/Vis spectrometer. A standard linear calibration 

curve was generated by plotting the absorbance vales vs the dextran concentrations. 

Generally, a small portion of purified and concentrated nanoparticles were first diluted 

with water to an appropriate concentration (dilution factor). To the 100 µL sample taken 

out from above diluted nanoparticle solution, 400 µL water and 1 mL of 98% H2SO4 were 

added. After thorough mixing, the reaction mixture was sealed and kept shaking gently 

for 45 min. And then 200 µL of 0.88 M phenol solution was added. The reaction mixture 

was mixed and incubated for several hours until the reading was stable. The absorbance 

was read at 430 nm by the UV/Vis spectrometer. The concentration was calculated based 

on the standard calibration curve and the dilution factor. 

In vitro evaluation 

In vitro stability of CLIONPs or NUSPIONs 

In vitro serum stability experiments were conducted by adding 20 µL of CLIONPs or 

NUSPIONs (with the iron concentration around 10 mM) to 180 µL of rat serum. The 

solutions were kept at RT, and sampled for the DLS assay at specific time points 

post-addition to rat serum. The stability of the particles in PBS (phosphate buffered saline) 

was assessed the same way by adding 20 µL of concentrated purified CLIONPs or 

NUSPIONs to 180 µL of 10 mM PBS. The hydrodynamic size of the sample was 

monitored over time for the stability evaluation. 

In vitro magnetic resonance relaxivities of CLIONPs 

In order to evaluate the potential of CLIONPs as MR contrast agents, a series of 

nanoparticle dilutions were used to determine the T1 and T2 relaxation times by a 4.7 T 

Varian MRI system (200 MHz 1H) at 25 °C. A multicompartment phantom was used for 
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the relaxivity measurements where Fe concentrations were in the range 0.0-5.0 mM. For 

the T1 and T2 measurements, a spin-echo sequence was employed with varying echo times 

(TE) and recovery times (TR). Maps of the relaxation times T1 and T2 were computed on 

a voxel by voxel basis from least-squares fitting of the exponentially varying signals 

using the analysis routines available on the Varian MR system. Regions of interest (ROIs) 

were drawn on the maps around each compartment to obtain a mean relaxation rate for 

that concentration. Relaxivities were extracted from graphs of relaxation rates (R1 = 1/ T1 

and R2 = 1/ T2, respectively) versus concentrations. 

In vivo evaluation 

HPLC and DLS analysis of NUSPIONs 

The quality and purity of NUSPIONs was determined by HPLC (Waters 600 Multisolvent 

Delivery System equipped with a Waters 2996 Photodiode Array detector (Milford, MA), 

an in-line Shell Jr. 2000 radio-detector (Fredericksburg, VA) and Wyatt Mini DAWN light 

scattering detector (Santa Barbara, CA). Briefly, 20 µL (3-5 µCi) of NUSPIONs right 

after purification was injected into an Ultrahydrogel size exclusion column (separation 

range: 500-8×106 Da), which was eluted with 20 mM HEPES and 150 mM NaCl buffer at 

an isocratic flow rate of 1.0 mL/min. The acquisition by the light scattering detector was 

manually begun right after the injection. The radioactivity was monitored by either the 

inline radio-HPLC detector or gamma counting the fractions collected by the HPLC’s 

fraction collector. The DLS was performed as described in the general characterization 

section. 

Biodistribution in normal Balb/c mice 

All animal studies were performed in compliance with guidelines set by the UT 

Southwestern Institutional Animal Care and Use Committee. The biodistribution of 
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NUSPIONs with two different sizes (NUSPION-1: Rh = 11.8 ± 1.3 nm and NUSPION-2: 

Rh = 30.6 ± 0.5 nm) were carried out in normal Balb/c mice. Each mouse was injected 

with 100 µL of NUSPIONs (~ 5 µCi) via the tail vein. The animals were anesthetized 

prior to sacrifice at each time point (1 h, 4 h, 24 h, and 48 h; n = 4). The animals of the 

last time point groups were housed in metabolic cages to collect urine and feces at 1 h, 4 

h, 24 h and 48 h p.i. Organs of interest (blood, lungs, liver, spleen, kidneys, fat, muscle, 

heart, stomach, intestines and femur) were removed, weighed, and counted. Standards 

were prepared and counted along with the samples to calculate the percent injected dose 

per gram tissue (%ID/g) and percent injected dose per organ (%ID/organ). For the 

evaluation of pharmacokinetic parameters, 5-10 µL of blood was collected from the 

retroorbital sinus of the animals at 5 min, 10 min, 20 min and 30 min p.i. The parameters 

were calculated based on a two-compartment open model (229). The unpaired t-test on 

the biodistribution data was performed using Prism, v. 4.00 (Graphpad, San Diego, CA). 

Biodistribution in PC-3 tumor-bearing mice 

Sixteen PC-3 tumor-bearing mice were randomly separated into four groups and injected 

intravenously via the tail vein with 100 µL (~ 4 µCi) of NUSPION-1 or NUSPION-1-R11. 

Two time points (24 h and 48 h; n = 4) were chosen based on the results of biodistribution 

in normal mice. The mice were sacrificed at 24 h and 48 h p.i. The blood, lungs, liver, 

spleen, kidneys, fat, muscle, heart, stomach, intestines and tumors were harvested, 

weighed and the radioactivity was quantified. Standards were prepared and counted along 

with the samples. 

Dual-modality imaging evaluation of NUSPIONs 

The same tumor bearing animal model was used for the proof-of-concept dual modality 

imaging studies, in which both MRI and nuclear imaging were applied to the animals 
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injected with the dual-modality imaging agent (NUSPIONs). Because the incorporated 

radioisotope amount can be conveniently controlled in the preparation, we were able to 

inject the right amount of dose to enable the dual modality imaging studies. Specifically 

an injection dose of NUSPION-1 was prepared to contain 0.2 mmol/kg of iron, which is a 

typical SPIO dose for MRI scans and equivalent to a typical dose for mouse SPECT 

imaging (~ 100 µCi of 177Lu-activity). 

In vivo MR imaging 

Five PC-3 tumor-bearing mice were used for the MR imaging studies. When the tumors 

reached ~ 8 mm diameter, the animals were imaged under a 4.7 T magnet before and after 

the injection (1 h, 3 h and 48 h p.i.) of the CLIONP-1 (mean Rh = 10.2 nm) at a dose of 

0.2 mmol/kg body wt Fe. Multi-slice T2 maps were obtained using a spin echo sequence. 

ROI analysis was performed on a slice-by-slice basis using homebuilt Matlab routines. 

The T2 values from all voxels of each tumor at each time point were pooled for statistical 

comparison by a t-test using Origin® program (OriginLab Corp., Northhampton, MA). 

Prussian blue reaction for the iron stain of tumor slices post-MRI 

The Prussian blue reaction involves the treatment of sections with the acid solution of 

ferrocyanides. The ferric ions (+3) present in the tissue react with ferrocyanide to form a 

bright blue pigment called Prussian blue, or ferric ferrocyanide (230, 231). Right after the 

MRI study, the tumors were excised and embedded in paraffin. After processing and 

embedding the tissue, slices with a thickness of 8 µm were cut by a Microm HM 315 

microtome (Mikron Instruments, San Marcos, CA), and then baked on glass slides 

overnight in an oven at 40 °C. The sections were deparaffinized by xylene and 

xylene/ethanol (v/v: 1:1), and then hydrated by a series of ethanol solutions with 

descending contents of alcohol in deionized water prior to the staining. The hydrated 
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tissue section slides were immersed in a staining solution with equal parts of 2.40 M 

hydrochloric acid and 0.24 M potassium ferrocyanide for 20 min, and then removed from 

the solution and rinsed 3 times with deionized water. The slides were further 

counterstained with Nuclear Fast Red solution for 5 min and rinsed two portions of 

deionized water. To visualize the iron stains, a cover slip was fastened to each of the 

slides using Permount Mounting Medium (Fisher Scientific, Houston, TX) after the 

sections were dehydrated through ethanol solutions in deionized water with ascending 

contents of alcohol to 100% xylene. The presence of iron is shown as bright blue spots 

while the nuclei of cells red and the cytoplasm pink. 

In vivo autoradiography 

Autoradiography was performed on a PerkinElmer Cyclone storage phosphor system with 

OptiQuant software (Waltham, MA). Three PC-3 tumor-bearing mice were used for 

autoradiography imaging of each NUSPION. The PC-3 tumor-bearing mice were injected 

intravenously via the tail vein with ~ 110 µCi of NUSPION-1 or NUSPION-2. The mice 

were anesthetized by a mouse cocktail (Ketamine 30 mg/ml + Xylazine 4 mg/ml) 5 min 

before each time point (1 h, 4 h, 24 h, 48 h and 72 h p.i.). The exposure time was 60-90 

seconds. 

Post-autoradiography biodistribution study 

Right after the 72 h p.i. autoradiography, the animals were sacrificed. Organs of interest 

(blood, lungs, liver, spleen, kidneys, fat, muscle, heart, stomach, intestine, femur and 

brain) were removed, weighed, and counted. Standards were prepared and counted along 

with the samples to calculate the percent injected dose per gram tissue (%ID/g) and 

percent injected dose per organ (%ID/organ). 

 



 
      

CHAPTER 3 RESULTS AND DISCUSSION 

Radiolabeling and Biodistribution of DOTA-R11 

DOTA-R11 was successfully labeled with 64Cu by incubating with 64CuCl2 in 0.1 M 

NH4OAc buffer (pH = 6.5) at RT for 1 h. The radio-TLC results demonstrated that the 

DOTA-R11 was effectively labeled with 64Cu with radiochemical yield of near 100%. 

The purification via C-18 Sepak Cartridge afforded nearly 100% radiochemical purity for 

64Cu-DOTA-R11 as determined by radio-HPLC. The highest specific activity of 

64Cu-DOTA-R11 achieved was ~ 650 µCi/nmol. 

The biodistribution studies of 64Cu-DOTA-R11 in normal mice, PC-3 or T-24 

tumor-bearing mice were conducted for the in vivo evaluation and the verification of the 

preferential accumulation of R11 in prostate or bladder. The tissue distribution data are 

presented in Figures 5-6. Indeed 64Cu-DOTA-R11 demonstrates a strong tendency to 

accumulate in prostate and bladder in both normal and tumor-bearing mice. However, the 

large standard deviations may be likely representing animal individual difference. The 

other major organs such as blood, lungs, spleen, bone and muscle showed very low 

uptake. These biodistribution results are consistent with the previous studies using FITC 

tagged R11 in the same animal model. It indicates that R11 may have the potential for 

prostate or bladder cancer targeting. The pharmacokinetics of 64Cu-DOTA-R11 was also 

evaluated by using a two-compartment model. Its half-life in the blood (the primary 

compartment) was about 10.7 min; and the elimination half life from other organs (the 

secondary compartment) was 17.2 h. 

Based on these observations, R11 was selected to conjugate with our NUSPIONs for 

prostate cancer targeting. By conjugating R11 with NUSPIONs, we anticipate that the 

nano-conjugates could have significantly enhanced prostate-specific binding resulted 
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from the multi-presentation of R11 on the nanoparticle surface and the facilitation of 

cellular internalization by R11. Furthermore, we expected the pharmacokinetic properties 

of nanoparticles could be optimized by conjugating with R11. 

 
Figure 5. Biodistribution of 64Cu-DOTA-R11 in normal nude mice (n = 4). Data are 
presented as %ID/g ± s.d.  
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Figure 6. Biodistribution of 64Cu-DOTA-R11 in PC-3 and T-24 tumor-bearing mice (n = 
4) at 1 h p.i. Data are presented as %ID/g ± s.d. 
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Nanoparticle synthesis and characterization 

Determinants of the size and size distribution 

In the early trials, a dextran (MW 64-76 KDa) purchased from Sigma-Aldrich was used 

for the preparation of nanoparticles. When using large excess amounts of dextran, factors 

such as concentration, temperature, and incubation time were evaluated for their roles in 

the controlling of nanoparticle size and size distribution. Among them, only the 

concentrations of Fe3+ and Fe2+ significantly affect the final particle size (Tables 4-6). As 

shown in Table 4, the particle size decreases with the concentration decreasing of Fe3+ 

and Fe2+. Based on the optimal conditions found when using the 64-76 KDa dextran, the 

FDA approved T10 dextran (MW 10 KDa) was used later instead to prepare nanoparticles 

with more uniform size for biological evaluations. Interestingly we found out that within 

a certain concentration range (shown in Table 7) of the dextran, the nanoparticle size is 

dependent on the amount of dextran T10 added when the Fe3+ and Fe2+concentrations are 

fixed. Compared with the 64-76 KDa dextran-coated nanoparticles, dextran T10-coated 

nanoparticles indeed are more uniform and their sizes can be better controlled and 

reproduced. For example, when comparing the size distribution of the nanoparticles 

coated with these two different dextrans in the Rh range of 10-30 nm, the size distribution 

of T10-coated nanoparticles is as narrow as 11.8 ± 1.3 nm and 30.6 ± 0.5 nm while that of 

the 64-76 KDa dextran-coated nanoparticles is 12.9 ± 5.54 nm and 28.6 ± 4.6 nm 

respectively. 
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Table 4. Particle size (Rh) vs iron concentrations 

[Fe 2+]  
(mM) 34.0 9.60 3.26 2.07 1.85 0.20 

[Fe 3+]  
(mM) 35.0 4.90 2.82 2.01 1.81 0.19 

Size (nm)  28.6 ± 4.6 20.5 ± 9.7 14.6 ± 7.6 19.7 ± 4.4 12.9 ± 5.5 7.49 ± 2.6

 

Table 5. Particle size (Rh) vs reaction temperature 

Temperature 25 °C 53 °C 60 °C 85 °C 

Fe2+/Fe3+ (mM) 4.90/5.78 4.90/5.78 2.51/3.01 2.51/3.01 

Size (nm) 20.5 ± 9.70 21.6 ±7.71 29.4 ± 15.1 31.1 ± 12.4 

 

Table 6. Particle size (Rh) vs reaction time 

Incubation time (h) 1 h 2 h 3 h 4 h 

Size (nm) 24.9 ± 8.44 31.1 ± 12.4 22.8 ± 10.4 23.3 ± 10.1 

 

Table 7. Particle size (Rh) vs T10 dextran added when the iron concentration is fixed 

T10 dextran (mg) 300 500 850 1000 

Size (nm) 128.7; 32.6 41.2 11.4 5.7 

Notes 
Two species 

Broad 
distribution 

Broad 
distribution 

Narrow 
distribution 

Narrow 
distribution 

 

Nanoparticle characterization by DLS, AFM and TEM 

DLS is a routine and important characterization method to examine the hydrodynamic 

size and size distribution of the nanoparticles. By careful control of synthesis conditions, 

T10 dextran indeed affords more uniform nanoparticles than 64-76 KDa dextran. Here in 

Figure 7 shows some DLS data of CLIONPs with similar size by using T10 or 64-76 

KDa dextrans respectively. 
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C D

Figure 7. DLS results of CLIONPs coated with T10 dextran: (A) mean Rh = 10.8 nm and 
(C) mean Rh = 28.6 nm or 64-76 KDa dextran: (B) mean Rh = 12.9 nm and (D) mean Rh = 
29.1 nm. 
 

As one of the best tools to visualize nanoscale objects, the highly sensitive AFM 

instrument has been designed to measure the small attractive and repulsive forces that a 

sharp tip experiences when it is brought near to or in contact with a surface (232). 

Besides providing a true three-dimensional surface profile, most AFM modes can work 

perfectly well in ambient air or even a liquid environment, retaining the original 

properties of samples. Therefore, unlike TEM or SEM, AFM can also provide the 

hydrodynamic information of nanoparticles. Shown in Figure 8 are representative AFM 

images of iron oxide nanoparticles coated with the 64-76 KDa dextran. The samples 

before and after purification via centricon filter washing were examined by AFM under 
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the same condition. It is clear that before purification, there was a small MW species on 

the MICA substrate (Figure 8 A). After purification, the samples exhibit a shape image 

with a clean background, demonstrating that centricon filter washing can efficiently 

remove small molecular species from the nanoparticles. Since the surface of MICA 

substrate is hydrophilic, the nanoparticles with a hydrophilic surface coating can be well 

dispersed on the substrate. Neither aggregates nor clusters are observed from the images. 

However, the hydrophilic dextran coating of the nanoparticles may stretch over the 

hydrophilic MICA substrate, resulting in the non-spherical morphology of the 

nanoparticles observed from the 3D image. 

C D

A B

C D

A B

C D

A B

 
Figure 8. AFM images of iron oxide nanoparticles coated with the 64-76 KDa dextran on 
a MICA substrate before (A) and after (B, C) purification, and (D) the corresponding 3D 
image of the purified sample from B. 
 

Shown in Figure 9 are TEM images of the two distinct nanoparticles (CLIONP-1 and 

CLIONP-2). Because DLS provides information on the hydrodynamic particle size of the 

whole particles including the dextran coating layer and the SPIO core, while the TEM 

examines only the size of the SPIO core. Based on the size information obtained from 
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DLS and TEM, the dextran shell of CLIONP-1 is calculated to be about 5 nm thick and 

that of CLIONP-2 about 20 nm thick. 

  

A B 

Figure 9. TEM micrographs of synthesized CLIONPs (A) CLIONP-1, scale bar 50 nm 
and (B) CLIONP-2, scale bar 100 nm. 
 

Analytical chemistry of CLIONPs or NUSPIONs 

The determination of iron and dextran concentration was examined by Ferric thiocyanate 

colorimetric assay and Phenol-sulfuric acid colorimetric reaction respectively. Firstly, the 

standard calibration curves were generated based on known concentrations. A strong 

linear regression calibration curve (r2 > 0.98) was obtained by plotting the absorbance 

vales vs the iron concentrations or the dextran concentrations (Figure10). The iron or 

dextran content of the nanoparticles can then be deducted from the standard calibration 

curves. 
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Figure 10. Standard calibration curves of (A) iron content and (B) dextran content. 
 

Preparation of NUSPIONs 

The efficient incorporation of a radioisotope into the nanoparticle core depends mostly on 

the characteristics of the radionuclide itself and the method of its incorporation. When 

selecting appropriate radioisotopes, it must take into consideration the physical half-life, 

the photon or particle energy of the radionuclide and its selective deposition of energy in 

tissues, the method of labeling (covalent binding, chelation or coprecipitation), and the 

effect that the chemical changes inherent in the labeling process may have on the 

properties of the nanoparticles. 

Most importantly, the rate of radionuclide decay must be balanced with the rate of 

biolocalization of the nano-conjugates along with clearance of radioactivity from normal 

tissues. To be compatible with the long biological half-lives of nanoparticles (typically 

over one day), longer physical half-life emitters are needed for the exploration of 

nanoparticle biomedical applications. An additional reason to choose the radioisotopes 

with reasonably long half-lives is that it allows us to carry out the preparation, 

characterization, and in vitro / in vivo evaluation of the nanoparticles. 

The availability and the properties of particular radioisotopes are often the limiting 
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factors in designing an imaging or therapy methodology. When the intended use is 

diagnostic, then what is required is high-photon density to achieve the high resolution and 

sensitivity (ideally no beta or alpha decay), whereas the therapeutic use requires 

radionuclides with high energy deposition at the target sites, i.e. beta or alpha emitters. 

For SPECT imaging, the energies of γ photons need to be in the energy window of NaI 

detector (e.g., 99mTc decays by 140 keV photons, which is ideal) while for PET imaging, 

higher abundance and lower energy of β+ is desirable (e.g., 18F, which has 97% β+ 

abundance with Eβ+ of 635 keV). 

In this project, four isotopes (111In, 177Lu, 64Cu and 74As) were chosen for the NUSPION 

preparation, all of which can be practically doped into the iron oxide core via the 

coprecipitation with ferric or ferrous under specific conditions. Indium-111 has an 

appropriate half-life (2.8 days) and -emission characteristics (171 and 245 keV) for 

SPECT imaging. Lutetium-177 has a physical half-life of 6.7; it emits β particles (Eavg 

133 KeV) that can be used for therapy and two relatively low energy gamma rays (113 

and 208 keV) that allow SPECT imaging. Copper-64, a commonly used PET isotope, has 

shown great potential in PET imaging and radiotherapy due to its desirable decay 

characteristics (t1/2 = 12.7 h; β+: 0.653 MeV, 17.4%; β-: 0.578 MeV; 39%) and its 

production in high yield and specific activity on a biomedical cyclotrons. The half life of 

64Cu is long enough for the synthesis of many radiopharmaceuticals, and compatible with 

the biological kinetics of a variety of large and small molecular carriers (233-235). 

Arsenic-74 was chosen for this project because it has a lower endpoint positron energy 

(0.94 MeV β+) than that of three of the four conventional PET isotopes (11C: 0.96 MeV β+; 

13N: 1.19 MeV β+; 15O: 1.72 MeV β+; 18F: 0.64 MeV β+). An isotope emitting higher 

energy positron results in lower PET resolution and gives an additional radiation dose to 
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patients. 

We have established the standard operation procedures for the synthesis of NUSPIONs 

and the following surface functionalization. The incorporation of radioisotopes was 

achieved by the coprecipitation of radioisotopes with ferric and ferrous salts from their 

aqueous solution by the addition of ammonia. In the procedures, we adopted a 

size-exclusion centrifugation technique to expedite the separation and purification of 

nanoparticles, which typically took less than 5 h rather than over days if using dialysis 

tubes or lengthy column separation as in the preparation of SPIO. All these four 

radioisotopes were successfully incorporated (Table 8), among them, 177Lu showed the 

highest incorporation efficiency at 74%. Although 64Cu has a relatively short half life, the 

incorporation of 64Cu could be accomplished using our developed approach in 2 h with an 

incorporation rate of 72%. The preparation methods are reliable and the results are 

reproducible. 

Table 8. Incorporation rate of different radioisotopes into nanoparticles 

Radioisotopes Half-life 
(t1/2) 

Incorporation rate 

Indium -111 2.8 d 69 ± 2% 

Lutetium -177 6.7 d 74 ± 3% 

Copper -64 12.7 h 72 ± 2% 

*Arsenic -77 38.8 h 58.0% 

* Arsenic -77 was used instead of 74As due to the high cost of 74As. 
 

The multifunctional nanoscaffolds prepared by incorporating gamma- or 

positron-emitting radioisotope to the SPIO core are intended to enable the dual modality 

(MR/nuclear) imaging combining the excellent resolution and superior sensitivity. There 

are several advantages of our approach. First, it preserves the intact nanoparticles surface 
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for further surface modification or functionalization; Second, the radiotracer sits in the 

nanoparticle core, which avoids the in vivo transchelation of radiometals; therefore it 

guarantees the integrity of the dual-modality imaging probes in vivo; Third, the radiation 

therapy can be achieved by simply adjusting the loading amount of radioisotopes to the 

nanoparticle core. 

At the beginning of this project, Dr. Sun obtained a DOE sponsored Reactor Sharing 

award from the University of Missouri at Columbia for the supplies of 177Lu. Therefore 

177Lu-doped nanoparticles were used for the following in vitro and in vivo evaluation 

unless otherwise noted. 

Preparation of two distinct nanoparticles 

The size of nanoparticles plays a critical role in their biological activities. Generally, the 

size of the particles must be large enough to inhibit their leakage into the blood capillaries 

(236), but the phagocytotic activity increases with size of particles (237). Therefore, we 

plan to control the size (Rh) of nanoparticles in range of 10-30 nm to achieve optimal 

biological behavior of nanoparticles (long blood circulating time and low RES 

accumulation). In this thesis, two distinct iron oxide nanoparticles with different sizes, 

namely CLIONP-1 or NUSPION-1 with a mean Rh of 11 ± 2 nm and CLIONP-2 or 

NUSPION-2 with a mean Rh of 28 ± 3 nm, were synthesized, characterized and evaluated 

in vitro and in vivo. 

When the concentrations of ferric and ferrous salts were fixed, the only determinant for 

synthesis of these two distinct particles was the T10 dextran amount added. The smaller 

nanoparticles were prepared by addition 5.0 g of dextran T10, while the larger ones were 

prepared by addition of 2.5 g of dextran T10. The incorporation of radioisotopes was 

achieved by their simultaneous precipitation with the iron salts. The incorporation of 
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radioisotopes does not affect the final size and size distribution. 

Surface functionalization for active targeting 

For biomedical applications, surface functionalization of iron oxide nanoparticles is 

essential in order to afford the stealthyness of the RES uptake, reasonably long blood 

circulation, and specific targeting. The size as well as the surface properties of the 

nanoparticles is the crucial factor for practical in vivo study. It is advantageous to have a 

hydrophilic surface from the biocompatibility point of view, which can minimize 

opsonization and subsequent clearance by the macrophage. Surface conjugation with 

ligands such as antibodies, peptides, aptamers or small organic molecules can be achieved 

by either physical adsorption or covalent chemical bonds to the nanoparticle surface. But 

covalent surface modification is generally favored over physical adsorption because it 

renders superior stability (238-240). 

Previous screen studies of CPPs for optimal intracellular delivery of a proline-rich 

domain for prostate cancer therapy showed that R11 accumulated preferentially in 

prostate and bladder tissues. Our in vivo biodistribution studies demonstrated the strong 

tendency of 64Cu-DOTA-R11 to accumulate in prostate and bladder. Therefore R11 was 

chosen to conjugate with NUSPIONs for prostate cancer targeting. 

DLS and radio-HPLC analysis 

After the purification, the two distinct NUSPIONs with different sizes were examined by 

DSL and HPLC. As shown in Figure 11, NUSPION-1 had a Rh of 11.8 ± 1.3 nm, with 

over 97.2% in mass% while NUSPION-2 had a Rh of 30.6 ± 0.5 nm, with over 96.3% in 

mass%. The incorporation of radioisotopes did not affect the nanoparticle size. After R11 

conjugation, the size was increased from 11.8 nm of NUSPION-1 to 19.2 nm with over 

96.2% in mass% of NUSPION-1-R11, which probably caused by the aggregation resulted 
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from the destroy of the surface dextran coating during the long duration (> 10 h) of 

reaction under harsh condition (3 or 5 M NaOH).  
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Figure 11. DLS and HPLC analysis. DLS data of (A) NUSPION-1 with a mean Rh of 
11.8 nm, (B) after R11 conjugation, NUSPION-1-R11 with a mean Rh of 19.2 nm, and (C) 
NUSPION-2 with a mean Rh of 30.6 nm; and HPLC (only NUSPION-1 is shown here (D) 
signal from UV detector at 254 nm, (E) signal from light scattering detector and (F) 
signal plotted from fractions counted via gamma counter. 
 

The integrity of NUSPIONs is critically important for their applications. Therefore we 

have developed a sensitive and reliable method by using an HPLC system equipped with 

three different detectors: a Wyatt Mini DAWN light scattering detector for the 

nanoparticles, a Waters UV2996 PDA for a wide range of UV detection of functional 

molecules anchored on the surface of NUSPIONs as well as the particles themselves, and 

an HPLC radiodetector for the radioisotopes. Shown in Figure 11 (D, E and F) is a 

typical stack display of the HPLC spectra acquired from the three detectors. By the three 

HPLC readouts, we can convincingly and accurately determine the integrity of 
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NUSPION-based multifunctional probes (all functional components are present in the 

same nanoscaffold) and their in vitro and in vivo stability. In addition, this HPLC method 

can be used to monitor the conjugation reactions and the separation/purification 

procedures. It is noteworthy that the UV peak intensity (area) change at a certain 

wavelength before and after a molecule conjugation can be used to quantify the number 

of the molecule that have been linked to the nanoparticle surface. 

In vitro stability study of CLIONPs or NUSPIONs 

The CLIONPs or NUSPIONs stayed > 92% intact in rat serum while a small portion of 

nanoparticles aggregated, and > 99% in 10 mM PBS out to 72 h. The high in vitro 

stability exhibited by the nanoparticles warrants their further in vivo evaluation. 

In vitro magnetic resonance relaxivities of CLIONPs 

In order to evaluate the potential of CLIONPs as MR contrast agents, magnetic properties 

were examined by a 4.7 T Varian MRI system at 25 °C. The T1 and T2 maps of a phantom 

containing different concentrations of the CLIONP-1 are shown in Figure 12. In Figure 

13, the relaxation rates (R1 = 1/ T1 and R2 = 1/ T2) are shown as a function of the 

nanoparticle concentrations, both of which show a perfect linear relationship (r2 > 0.99). 

The relaxivities, r1 and r2, representing the slopes of these curves, were calculated to be 

0.31 and 15.19 s-1mM-1, respectively. 
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Figure 12. In vitro magnetic resonance relaxivities of CLIONP-1. (A) T1 and (B) T2 maps 
of the phantom containing different concentrations of the CLIONP-1, (C) Schematic 
loading of sample vials containing CLIONP-1 (in mM) in the phantom. “0 mM” refers to 
deionized H2O. 
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Figure 13. Proton relaxivities, R1 and R2 of CLIONP-1 at 4.7 T, 25 °C. 
 

Summarized in Table 9 are the MR relaxivities of T10-coated iron oxide nanoparticles 

with a mean Rh of 11 ± 2 nm measured at different temperatures, 64-76 KDa-coated iron 

oxide nanoparticles with a mean Rh of 12 nm and a commercial iron oxide nanoparticles 
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(Ferumoxtran-10 AMI-227) adapted from other’s report for comparison (76). All the 

transversal relaxivity r2 was found to be significantly higher than longitudinal r1, 

confirming the efficiency of these nanoparticles as T2 contrast agents. MR contrast results 

from the difference between r1 and r2 values. In the case of T2 contrast agents, the higher 

the r2-to-r1 ratio is, the better the agent's effectiveness is (241). Compared with 

Ferumoxtran-10 AMI-227, our nanoparticles showed much smaller r2 values probably 

due to the size difference or magnetic field strength difference, but significantly higher 

r2-to-r1 ratio. It is apparent that the 64-76 KDa dextran-coated nanoparticle showed a 

higher r2 value than the T10-coated one likely due to the size difference or the different 

dextran coating. The temperature seems to affect the relaxivities at some degree. The 

lower the temperature is, the higher the r2 is. In summary, our T10-coated iron oxide 

nanoparticles are the best in terms of contrast effectiveness and have demonstrated their 

promising potential to be used as T2 contrast agents. 

Table 9. Magnetic Resonance relaxivities (r1 and r2) measured at 4.7 T (200 MHz)  

Sample 
Measurement 
Temperature

(°C) 

Longitudinal  
relaxivity (r1) 

mM-1s-1

Transverse 
relaxivity (r2) 

mM-1s-1
r2/r1

CLIONP-1 (a) 25 0.30 15.2 49.0 
18 0.64 ± 0.04 18.8 ± 1.9 29.4 
25 0.64 ± 0.04 13.6 ± 0.4 21.3 T10 dextran-coated 

(b)

37 0.85 ± 0.04 13.2 ± 1.2 15.5 
64-76 KDa 

dextran-coated (c) 37 1.67 ± 0.07 29.0 ± 0.4 17.4 

AMI-227(Sinerm) (d) 37 (at 1.5 T) 9.9 65.0 6.6 

(a) The same sample used for both the in vitro and in vivo evaluation described in this 
thesis; (b) MR relaxivities measurement of T10 dextran-coated iron oxide nanoparticles 
with the equivalent size of CLIONP-1 (mean Rh = 11 ± 2 nm); (c) 64-76 KDa 
dextran-coated iron oxide nanoparticles (mean Rh = 12 nm); (d) The commercial 
T10-coated oxide nanoparticles (Rh: 7.5-15 nm). 

 

 



 
      
63

In vivo evaluation of NUSPIONs or CLIONPs 

Table 10 lists the injection dose information for the following in vivo evaluation. The iron 

content of injection doses were measured and calculated based on the standard calibration 

curves generated. The preparation of injection dose for biodistribution is normally based 

on the radioactivity. The large variation of iron concentration for the injection doses 

between the biodistribution in normal mice and tumor-bearing mice results mainly from 

the amount of radioactivity and the specific activity of the radioisotopes added when 

preparing the nanoparticles. 

Table 10. Injection doses for the in vivo evaluation 

Studies Compound Activity 
µCi 

Iron content 
mmole/kg (Fe) 

NUSPION-1 ~ 5 µCi 0.053 Biodistribution in 
normal mice NUSPION-2 ~ 5 µCi 0.041 

NUSPION-1 ~ 4 µCi 0.012 Biodistribution in 
PC-3 tumor-bearing mice NUSPION-1-R11 ~ 4 µCi 0.073 

MRI CLIONP-1  0.20 

NUSPION-1 ~ 110 µCi 0.17 
Autoradiography imaging NUSPION-2 ~ 110 µCi 0.15 

 

Biodistribution in normal Balb/c mice 

In order to evaluate how the particle size affects the biological behavior of the 

nanoparticles in living animals, two distinct NUSPIONs (NUSPION-1: Rh = 11.8 ± 1.3 

nm; NUSPION-2: Rh = 30.6 ± 0.5 nm) were used for the biodistribution study in normal 

mice. The biodistribution results of NUSPIONs are presented in Tables 11, 12 and Figure 

14. The time activity curves of the two NUSPIONs in major organs (blood, liver, spleen, 

kidney, lung, and muscle) are compared in Figure 15. As expected, both NUSPIONs 

showed high accumulation and long retention in liver and spleen, the major RES organs. 
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At early time points (1 h and 4 h p.i.), compared with NUSPION-2, NUSPION-1 showed 

significantly higher (p < 0.0001) blood uptake, and even up to twenty times higher at 4 h 

p.i. (NUSPION-1: 39.29 ± 0.84 %ID/g at 1 h p.i. and 23.29 ± 1.99 %ID/g at 4 h p.i.; 

NUSPION-2: 5.34 ± 0.38 %ID/g at 1 h p.i. and 1.11 ± 0.12 %ID/g at 4 h p.i.), and 

significantly lower uptake in liver (9.24 ± 1.12 %ID/g vs 43.45 ± 3.55 %ID/g at 1 h p.i., p 

< 0.0001; and 18.41 ± 0.58 %ID/g vs 32.80 ± 3.88 %ID/g at 4 h p.i., p = 0.0003) and 

spleen (5.83 ± 0.36 %ID/g vs 30.05 ± 1.36 %ID/g at 1 h p.i., p < 0.0001; and 12.61 ± 2.19 

%ID/g vs 20.20 ± 4.85 %ID/g at 4 h p.i., p < 0.05). Bone also showed high uptake and 

long retention. This is likely due to the macrophage expression in the bone marrow. No 

significant fat, muscle, heart, intestines and stomach uptake was observed for either of the 

NUSPIONs. 

Knowledge of quantitative biodistribution of these nanoparticles is of paramount 

importance for any diagnostic or therapeutic application in living animals. It can be 

concluded from the biodistribution studies of these two distinct nanoparticles in normal 

mice that the nanoparticle size affects the tissue distribution and blood clearance greatly. 

The smaller nanoparticles (NUSPION-1) showed desirable tissue distribution profile 

(much higher uptake and longer retention in blood which is good for both imaging and 

therapy, and less liver and spleen uptake). Therefore it was chosen for the further 

evaluation in a prostate tumor xenograft mouse model. 
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Figure 14. Biodistribution of NUSPIONs in normal mice. (A) NUSPION-1 and (B) 
NUSPION-2. Data are presented as measured radioactivity in blood, lung, liver, spleen 
and kidney (%ID/organ ± s.d., n = 4). 
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Figure 15. The time-activity curves of NUSPIONs in normal Balb/c mice in (A) blood, 
(B) liver, (C) spleen, (D) kidney, (E) lung, (F) muscle. Data are presented as %ID/g ± s.d. 
 

Biodistribution in PC-3 tumor-bearing mice 

In normal Balb/c mice, NUSPION-1 showed significant higher blood uptake and less 

accumulation in liver and spleen than NUSPION-2 at both 1 h (p < 0.0001) and 4 h p.i. (p 

< 0.0001), which are the desirable features for both passive and active targeting of tumors. 

It was thus used for further in vivo evaluation in a tumor-bearing animal model. 

Meanwhile, the NUSPION-1 was conjugated with R11 for prostate cancer targeting. The 

biodistribution results of NUSPION-1 and NUSPION-1-R11 in PC-3 tumor-bearing mice 

are presented in Tables 13, 14 and Figure 16. The tumor-to-muscle (T/M) and 
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tumor-to-blood (T/B) ratios are summarized in Table 15. Impressively the tumor had 

significant higher uptake than muscle (p < 0.005), blood (p < 0.005) and other organs (p < 

0.05) except liver, spleen, lung (at 48 h p.i.) and kidney. NUSPION-1 showed as much as 

2.2 %ID/g uptake at 24 h p.i. and 1.2 %ID/g at 48 h p.i. The mean ratios of T/M and T/B 

of NUSPION-1 are above 10 at both 24 h and 48 h p.i. The tumor targeting was likely 

resulted from the enhanced EPR effect due to the leaky vasculature and poor lymphatic 

drainage in solid tumors. 

It is reasonable to assume that the targeting property of NUSPION-1 would be improved 

once tumor targeting molecules are used. However, NUSPION-1-R11 did not show 

increased tumor accumulation compared with non-targeted NUSPION-1, which is likely 

due to the significantly increased particle size that resulted in twice as much uptake in 

liver. However, NUSPION-1-R11 still showed high T/M (6.13 folds at 24 h p.i.) and T/B 

ratios (7.93 folds at 24 h. p.i.). The R11 conjugation should be optimized to minimize the 

aggregation. 

The uptake data of NUSPION-1 in major organs are compared between normal and PC-3 

tumor-bearing mice at 24-h p.i. and 48-h p.i. (Figure 17). Apparently the nanoparticle 

behaved similarly in the two mouse models. However, the absolute values of uptake in 

liver varied significantly (p = 0.0004) from 22.54 ± 1.93 %ID/g in normal mice to 14.89 

± 0.94 %ID/g in PC-3 tumor-bearing mice at 24 h p.i. while there was no significant 

difference (p > 0.05) at 48 h p.i. Likewise, spleen uptake varied significantly (p = 0.0001) 

from 26.85 ± 0.77 %ID/g in normal mice to 17.39 ± 2.02 %ID/g in PC-3 tumor-bearing 

mice at 48 h p.i. while there was no significant difference (p > 0.05) at 24 h p.i. The 

discrepancy of liver and spleen uptake in these two animal models was likely caused by 

the animal strain difference or by the biological changes resulted from the tumor burden. 

 



 
      
70

Table 13. The biodistribution of NUSPION-1 in PC-3 tumor-bearing mice (n = 4). Data 
are presented as %ID/g ± s.d. and %ID/organ ± s.d. 

              %ID/g                         %ID/organ organ 
24 h             48 h              24 h             48 h 

blood 0.17 ± 0.01  0.03 ± 0.02  0.33 ± 0.03  0.07 ± 0.04  

lung 0.99 ± 0.27  0.94 ± 0.41  0.16 ± 0.05  0.15 ± 0.05  

liver 14.89 ± 0.94  17.69 ± 1.44  19.95 ± 0.91  20.70 ± 2.19  

spleen 27.99 ± 3.56  17.39 ± 2.02  2.06 ± 0.79  1.85 ± 0.22  

kidney 2.13 ± 0.15  1.83 ± 0.27  0.86 ± 0.16  0.72 ± 0.07  

muscle 0.21 ± 0.29  0.07 ± 0.05  0.84 ± 1.45  0.77 ± 0.57  

fat 0.11 ± 0.05  0.14 ± 0.13  0.42 ± 0.20  0.53 ± 0.47  

heart 0.34 ± 0.11  0.38 ± 0.04  0.04 ± 0.01  0.04 ± 0.01  

stomach 0.54 ± 0.26  0.52 ± 0.14  0.25 ± 0.11  0.19 ± 0.04  

intestines 0.25 ± 0.07 0.34 ± 0.11  0.67 ± 0.13  0.91 ± 0.24  

tumor  2.20 ± 0.83 1.18 ± 0.39   

 

Table 14. The biodistribution of NUSPION-1-R11 in PC-3 tumor-bearing mice (n = 4). 
Data are presented as %ID/g ± s.d. and %ID/organ ± s.d. 

              %ID/g                         %ID/organ organ 
24 h             48 h              24 h             48 h 

blood 0.10 ± 0.03  0.04 ± 0.01  0.19 ± 0.04  0.08 ± 0.03  

lung 0.70 ± 0.15  0.48 ± 0.09  0.11 ± 0.02  0.08 ± 0.02  

liver 45.50 ± 3.09  47.28 ± 7.59  58.27 ± 4.56  54.00 ± 2.42  

spleen 20.25 ± 3.63  18.27 ± 5.29  1.94 ± 0.13  2.00 ± 0.40 

kidney 0.91 ± 0.13  0.99 ± 0.24  0.38 ± 0.04  0.34 ± 0.04  

muscle 0.14 ± 0.13  0.21 ± 0.05  1.56 ± 1.43  2.35 ± 0.54  

fat 0.07 ± 0.12  0.14 ± 0.14  0.30 ± 0.47  0.53 ± 0.51  

heart 0.25 ± 0.07  0.24 ± 0.04  0.03 ± 0.01  0.03 ± 0.01  

stomach 0.17 ± 0.04  0.37 ± 0.21  0.10 ± 0.03  0.21 ± 0.13  

intestines 0.08 ± 0.02 0.28 ± 0.12  0.22 ± 0.08  0.82 ± 0.30  

tumor  1.01 ± 0.50 0.85 ± 0.35   
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Figure 16. Biodistribution of NUSPIONs in PC-3 tumor-bearing mice with (A) 
NUSPION-1 and (B) NUSPION-1-R11. Data are presented as measured radioactivity in 
blood, lung, liver, spleen, kidney, muscle and tumor (%ID/organ ± s.d., n = 4). 
 

Table 15. Tumor to blood and tumor to muscle ratios from biodistribution studies with 
NUSPION-1 and NUSPION-1-R11 in PC-3 tumor-bearing mice at 24 h and 48 h p.i. Data 
are present by the average uptake of the two tumors (left and right) divided by the uptake 
of blood or muscle 

 24 h 48 h 

 NUSPION-1 NUSPION-1-R11 NUSPION-1 NUSPION-1-R11

T/M 11.12 ± 4.19 6.13 ± 0.74 12.20 ± 4.84 4.49 ± 2.49 

T/B 12.07 ± 4.26 7.93 ± 0.16 28.90 ± 17.67 25.72 ± 17.30 
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Figure 17. Comparative biodistribution data of NUSPION-1 in normal and PC-3 tumor- 
bearing mice at (A) 24 h p.i. and (B) 48 h p.i. Data are presented as %ID/g ± s.d. 
 

MRI of PC-3 tumor-bearing mice 

In order to evaluate the potential of the CLIONPs as MR imaging probes for in vivo 

application, five PC-3 tumor-bearing mice were used for MRI studies. Mouse #2 died 

before the 48 h measurement could be performed and hence only three time points were 

considered for this mouse. T2-weighted images and T2 maps of a slice through a PC-3 

tumor (T) of mouse #3 were shown in Figure 18. Mean T2 values from pooled voxels of 

all tumors (n = 5) at different time points were compared with the baseline collected 

before the injection by using GEE (Generalized Estimating Equations) method which 

accounts for intraclass correlations, with p < 0.05 considering to be significant different. 

At 3 h p.i., a small but statistically significant decrease (p = 0.0041) was observed 

(compared to pre-injection) in the mean T2 value from 55.0 ± 0.2 ms to 53.5 ± 0.2 ms 

(mean ± SE) whereas no statistically significant difference was observed at 1 h p.i. If all 

the three time points are compared (pre vs 1 h p.i. vs 3 h p.i.), the decreasing trend is 

significant (p = 0.0015). 
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 and post-autoradiography biodistribution studies 
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Autoradiography images of NUSPION-1 and NUSPION-2 in PC-3 tumor-bearing mice at 

24 h p.i. are shown in Figure 20, from which the tumors were clearly visualized. The 

grayscale image files were analyzed using the associated Optiquant software after 

delineating the specific regions of interest (red circles) as shown in Figure 20. Data 

output in digital light units (DLU/mm2) were imported into Microsoft Excel files for 

calculation of the T/M ratio based on the DLU. The ratio of DLU between tumor and 

muscle for NUSPION-1 is 1.73 while for NUSPION-2 is 1.34 at 24 h p.i. 

The post-autoradiography biodistribution data after 72 h p.i. of NUSPION-1 and 

NUSPION-2 is summarized and compared (Figure 21). Surprisingly, at 72 h p.i., the 

spleen uptake of NUSPION-1 is significantly higher (p = 0.0003) than that of 

NUSPION-2 and there is no significant difference between liver uptake (p > 0.05). 

  

A

T 

B

T 

 
Figure 20. White light pictures (ventral view) and autoradiography images (dorsal view) 
of (A) NUSPION-1 and (B) NUSPION-2 in PC-3 tumor-bearing mice at 24 h p.i. The 
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arrows indicate the tumors and the circles are the quantization regions of tumor and 
muscle for the calculation of digital light unit ratio of tumor to muscle. 
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Figure 21. Comparative biodistribution data of NUSPION-1 and NUSPION-2 in PC-3 
tumor-bearing mice at 72 h p.i. (post autoradiography) (n = 3). Data are presented as 
%ID/g ± s.d. 
 

As demonstrated above, PC-3 tumors can be simultaneously visualized by both MRI and 

autoradiography. Both the post-autoradiography biodistribution and the post-MRI iron 

staining results confirmed that the nanoparticles indeed accumulated in the tumors. 

However we must point out that due to the radiation safety restrictions, the above in vivo 

imaging studies were not performed with a single injection dose, although a rigorous 

control was applied in the nanoparticle synthesis and injection dose preparation 

procedures to have the animals receive a virtual single dose. We anticipate that this 

drawback in our current design will be overcome in our future work once the radiation 

safety issues are addressed in the MRI studies. 

 

 



      

CHAPTER 4 CONCLUSION AND PERSPECTIVES 

Conclusion 

A practical and reliable route has been developed to prepare dual-modality imaging 

probes by incorporating positron- or gamma emitters into the core of dextran-coated 

superparamagnetic iron oxide nanoparticles. To the best of our knowledge, no such 

synthetic strategies have been reported as a way to enable multi-modality imaging. By 

our method, the nanoparticles featuring a typical core/shell structure can be prepared with 

desired sizes with low polydispersity in a controllable manner. In this thesis, two 

distinctly sized nanoparticles were used for in vivo evaluation of the effects of particle 

size on the biodistribution in normal mice. As expected, the smaller particle presents 

higher uptake and longer retention time in blood, and less accumulation in RES organs 

such as liver and spleen compared to the larger one. Therefore, the smaller one was 

chosen for the further biodistribution and imaging studies in PC-3 tumor-bearing mice. 

Consistent with the high tumor uptake and high contrast of tumor to muscle and tumor to 

blood observed in the biodistribution studies, our proof-of concept MRI and 

autoradiography images clearly revealed the presence of the nanoparticles in the tumor, 

demonstrating the potential of the nanoparticles for in vivo dual-modality imaging. In 

addition, a method for surface modification and functionalization for active targeting has 

been successfully established. The satisfactory incorporation yield of radioisotopes, high 

stability, and good magnetic properties potentiate these nanoparticles for non-invasive 

dual-modality (MR/nuclear) imaging of cancer. Although this thesis has focused on 

prostate cancer targeting, it is apparent that the applications of the dual-modality imaging 

probes can be extended to other cancers as well by inclusion of the corresponding specific 

targeting molecules. 
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Perspectives 

The goal of this project is to realize the early detection of primary and/or distal prostate 

cancer with high sensitivity and specificity by a non-invasive dual-modality imaging 

approach. For the active targeting of prostate cancer, we proposed to use four groups of 

typical targeting molecules. Limited by time, this thesis only used a peptide (R11) for the 

purpose. Given that the methodology has been developed, our future work will employ 

other targeting strategies. These include the use of a PSMA antibody E6 as a 

representative of antibodies, xPSM-A10-3 as a representative of aptamers, and GPI (2- 

[((3-amino-3-carboxypropyl) (hydroxy) phosphinyl)-methyl] pentane-1, 5-dioic acid as a 

representative of small organic molecules. 

The application of these nanoparticles for therapy will be an extension of this project. 

With the proper choice of the loading amount of a therapeutic radioisotope into the core 

of nanoparticles or by attaching therapeutic agents onto the surface, it is straightforward 

to use these nanoscaffolds for the treatment of tumors and enable in situ dual-modality 

monitoring of the therapeutic efficacy. 
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