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Abstract 

Statement of the problem: A process for rapid synthesis of radioactive 

[64Cu]CuS nanoparticles was successfully developed in our collaborator, Dr. 

Chun Li’s group.  Further investigation shows that [64Cu]CuS nanoparticles can 

act as an efficient radiotracer for PET imaging, and can be used for photothermal 

ablation therapy using near-infrared laser irradiation (Zhou, Zhang et al. 2010).  

Based on these novel [64Cu]CuS NPs, we have designed and investigated two 

different types of NPs for targeting delivery and dual imaging agents.  

Methods: The NPs were charaterized with particle size, zeta potential, UV-vis 

spectroscopy, and photothermal effect in aqueous solution. The cytotoxicity was 

tested in HepG2, HEK293 and U87 cell lines.  The tumor binding activity and the 

photothermal effect for the targeted CuS NPs was evaluated in U87 cells.  

PET/CT imaging, biodistribution and PTA therapy were performed in a U87 

xenograft mouse tumor model.  For the doped NPs, the elements quantification, 

MRI relaxivity and MRI imaging were also investigated.   

Results: The tumor uptakes at 24 h after i.v. injection for targeted [64Cu]CuS 

NPs and [64Cu]CuS-PEG NPs was about 10% and 5% ID/g, respectively.  The 

PTA results revealed the 100 % necrotic area in tumor for the mice treated with 

targeted CuS NPs, compared with the 60% necrotic area for the ones treated 
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with non-targeted CuS NPS. The MRI relaxivity was calculated based on the 

concentration of Mn ions.  The r1 and r2 values were 5.9 (s mM)-1 and 110.7 (s 

mM)-1, respectively.  The PET/CT imaging confirmed the accumulation of the 

radiolabeled [64Cu][Mn]CuS-PEG NPs in the tumor 24 h after i.v. injection.  

[Mn]CuS-PEG NPs exhibited 80% of necrotic area in tumor after PTA therapy.     
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Chapter 1 Literature Review 

1.1. Cancer theragnostic therapy 

It has been more than four decades since President Richard Nixon and Congress 

declared war on cancer in 1971 (Sporn 1996).  However, cancer is still the 

second leading cause of death in the Unite State, next to heart disease. 

Especially, among adults aged 40 years to 79 years, cancer is the leading cause 

of death (Siegel, Ma et al. 2014).  Furthermore, cancer is a worldwide disease 

and the projected global cancer deaths is 15.5 million in 2020 (Mathers and 

Loncar 2006).  To improve this situation, new treatment methods and advanced 

diagnostic techniques were brought up from time to time, such as 

immunotherapy that introduced by National Institutes of Health in the United 

States in the late 1980s (Rosenberg 1984), and positron emission tomography-

computed tomography (PET/CT) which was successfully used in oncology in 

University of Pittsburgh Medical Center in 1998 (Kluetz, Meltzer et al. 2000).  

Among the advancements, cancer theragnostic therapy is a newly emerging 

concept.  The theragnostic therapy is usually achieved with nanoparticles 

containing both diagnostic and therapeutic functions in one integrated system 

(Ryu, Koo et al. 2012).  
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1.1.1. Diagnostic functions 

For diagnostic function, noninvasive imaging methods, such as magnetic 

resonance imaging (MRI), CT and PET, are required to perform the theragnostic 

therapy (Hahn, Singh et al. 2011). 

 

1.1.1.1 PET/CT 

PET, a nuclear imaging method to detect biological and physiological processes 

in the body, is one of the most rapidly growing areas of medical imaging, and 

widely used in the clinical management of patients with cancer (Chen and Chen 

2011).  After molecules labeled with a short-lived radioactive tracer are injected 

into the blood circulation, the isotope undergoes positron emission decay and is 

capable of producing two gamma-rays by emitting a positron from the nucleus.  

The emitted positron travels in tissue and eventually collides with an electron 

(Figure 1).  The encounter produces a pair of annihilation (gamma) photons in 

the form of two 511 keV gamma-rays moving in approximately opposite 

directions (Gambhir 2002).  These photons can be detected by scintillation 

crystals coupled to photomultiplier tubes (PMTs) or silicon avalanche 

photodiodes (Si APD) (Kapoor, McCook et al. 2004).  PET is most often used, 

because it is the most highly sensitive imaging modality to characterize biological 

processes at the cellular, subcellular, and molecular levels in living subjects 
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using noninvasive procedures (Chen and Chen 2011).  The main limitation of 

PET is that it has a low spatial resolution and lacks a clear anatomical reference 

frame.  However, this limitation can be overcome by integrating the PET images 

with computed tomography (CT), which provides the anatomic information. 

(Heron, Andrade et al. 2004); (Schoder, Yeung et al. 2004); (Antoch, Stattaus et 

al. 2003).  

 

Currently, 2-[18F]fluoro-2deoxy-D-glucose ([18F]FDG) is the most commonly used 

PET radiotracer in oncological imaging for staging and restaging, which can 

guide the patient care (~90%) (Vallabhajosula, Solnes et al. 2011).  The use of 

[18F]FDG is based on the Otto Warburg’s observation in early 1920s, that cancer 

cells exhibit an increased glycolytic rate (Kelloff, Hoffman et al. 2005, Koppenol, 

Bounds et al. 2011).  Compared with the majority living cells which predominately 

use oxidative phosphorylation for energy production in the presence of oxygen, 

cancer cells use glycolysis to produce ATP, the most important molecule to 

provide energy, regardless of the availability of oxygen (Rajendran, Mankoff et al. 

2004).  Glucose uptake into the cells is generally mediated by facilitated diffusion 

through transmembrane transporters (termed GLUT-1-5, GLUT-1).  These 

transporters are highly expressed in numbers of cancers, such as breast, thyroid, 

head and neck and colon cancer (Smith 1999).  Glucose is carried into the 

cytosol, where it is phosphorylated by hexokinase to glucose 6-phosphate, which 
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eventually is metabolized to carbon dioxide and water, as shown in Figure 2. 

Later in 1950s, studies showed that the specificity of phosphorylation by 

hexokinase involves the ring structure and the hydroxyl groups at carbon atoms 

1, 3, 4, and 6 of the glucose molecule, while the hydroxyl group on carbon-2 is 

not necessary (Sols and Crane 1954).  As a glucose analog, FDG initially follows 

the same metabolic pathway as glucose.  It is taken up by the cellular glucose 

transporters, and is phosphorylated by hexokinase to yield FDG-6-phosphate, 

which is not a substrate for the further metabolism because it lacks an oxygen 

atom at the C-2 position (Kelloff, Hoffman et al. 2005).  Furthermore, FDG-6-

phospate, a highly polar molecule, is unable to diffuse out of cells, and the 

dephosphorylation reaction occurs at a much lower rates resulting in an 

accumulation of FDG-6-phosphate in cancer tissue (Petrowsky, Wildbrett et al. 

2006).  Because of these properties, FDG labeled with 18F, a radioisotope with a 

relatively long half-life (110 minutes), has been used for diagnosis, staging and 

monitoring treatment of cancers.  However, like glucose, which is a basic energy 

substrate, increased [18F]FDG uptake can also be seen under benign conditions 

(Joshi, Lele et al. 2013).  Some physiological sites consume glucose for 

metabolism can cause physiologic accumulation of FDG, such as in brain, 

salivary glands, gastrointestinal system, thyroid gland and myocardium (Carter 

and Kotlyarov 2007).  Moreover, some factors can affect the FDG uptake and 

cause false-positive and false-negative imaging data.  For example, inflammation 
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or infection, serous and mucinous cystadenomas, corpus luteum cysts, and 

dermoid cysts, are known to accumulate FDG and may contribute to false-

positive results (Grab, Flock et al. 2000, Gupta, Graeber et al. 2000, Fenchel, 

Grab et al. 2002).  Meanwhile, other factors, such as necrosis and hyperglycemia 

can decrease the FDG uptake and lead to false-negative imaging data 

(Vallabhajosula 2007).  Therefore, it is necessary to develop a novel PET/CT 

imaging agent, particularly for the applications in oncology.   
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Figure 1 Basic principles of positron emission tomography (PET). 

The unstable nucleus that is created within the molecule decays naturally by  

the emission of a positron. The positron interacts with an adjacent electron (β-1)  

to emit annihilation radiation (γ) at 511 keV energy. 

(Price 2001) 
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Figure 2 The cellular metabolism of D-glucose and [18F]FDG. 

(Vallabhajosula 2007) 
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1.1.1.2 PET/MRI 

Started from 1895, when Wihelm Cornrad Roentgen discovered X-rays, 

numerous groundbreaking findings laid the foundation for medical imaging (Riesz 

1995).  Since the beginning of the twentieth century, many medical imaging 

modalities have been used in routine clinical practice to obtain anatomical and 

physiological information.  PET, for instance, is used for physiological imaging.  

Ultrasound, MRI and CT are commonly used for soft tissue structures 

(Weissleder and Pittet 2008).  In oncology, the integrated examination (PET/CT) 

has gained widespread acceptance as a tool for diagnosis, staging, prognosis, 

treatment planning, assessment of treatment response and diagnosis of 

recurrence (Collins 2007, Antoch and Bockisch 2009).  Although the additional 

CT is able to greatly aid in the accurate localization of regions of interest (ROI) 

on PET with its high spatial resolution at the anatomical level and some basic 

physiological parameter information, the combination of PET with magnetic 

resonance imaging (MRI) has the potential to provide even more advantages 

(Lee, Li et al. 2008, Werner, Schmidt et al. 2012).   

 

MRI is one of the most important noninvasive diagnostic tools that is used to 

provide both anatomical and physiological information within living organisms in a 

single session with high spatial and temporal resolutions (Singh, Danrad et al. 
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2007).  The basis for MRI is similar to nuclear magnetic resonance (NMR), which 

is mainly the property of water hydrogen nuclei (1H) to process around an applied 

magnetic field.  Under the influence of radiofrequency pulses and external 

magnetic field gradients, the relaxation process through which the nuclei return to 

the original energy state can be utilized to create an image (Richard, de 

Chermont Qle et al. 2008).  The relaxation occurs through two different 

mechanisms.  The first mechanism is described as the spin-lattice relaxation (T1), 

or longitudinal relaxation, which reflects an energy transfer from the spin system 

to its surrounding (lattice).  The second mechanism, the spin-spin relaxation (T2), 

or transverse relaxation, involves the thermal loss between the interacting spins 

(Sauter, Wehrl et al. 2010, Shokrollahi 2013).  Both relaxation mechanisms can 

be enhanced through contrast agents, which alter the relaxation time T1 and T2 of 

the water protons in tissue.  This will result in a higher difference in resonance 

signals between different tissues, and hence MRI images of a higher resolution 

(Hao, Ai et al. 2012).  MRI can image tissues down to 10 μm resolution as 

opposed to 1-2 mm for other imaging systems such as PET (Table 1).  Therefore, 

MRI is able to provide superior soft-tissue contrast than CT.  This is 

advantageous for better anatomical visualization of soft tissue structures, 

imaging the brain and the musculoskeletal system.  It is beneficial for detecting 

many types of cancers, such as brain tumors, head and neck cancer and liver 

metastases (Antoch, Vogt et al. 2003).   In addition, comparing with PET/CT 
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scans, which are acquired sequentially and can cause artifacts, acquiring PET 

and MRI images simultaneously enables perfect temporal coregistration of 

dynamic PET data acquisition and functional information provided by MRI 

(Pichler, Wehrl et al. 2008).  Moreover, MRI does not have radiation exposure on 

the patient, thus the radiation dose patient received is only from the radioisotope 

for PET.  This reduced radiation dose is more favorable than CT, which has a 

relatively high radiation burden (von Schulthess and Schlemmer 2009, Schiepers 

and Dahlbom 2011).  Because of these advantages, scientists have placed 

significant interests in developing PET/MRI dual imaging system.  The first 

preclinical combined PET/MRI system was introduced in 1990s.  After that, 

numbers of PET/CT systems have been developed for preclinical and clinical use 

(Price 2001).  For example, Siemens Medical Solutions marketed the first 

integrated PET/MRI system for brain imaging in 2007 (Schwenzer, Stegger et al. 

2012).  Three years later, the first fully integrated whole-body PET/MRI system, 

which allows a simultaneous acquisition of both MRI and PET within the same 

gantry, was introduced by Siemens, as well (Vandenberghe and Marsden 2015).  

Therefore, the development of dual-modality PET/MRI agents has been drawing 

increasing attention recently.  The majority of the nanoparticles were reported as 

PET/MRI agents, and have been used as MRI contrast agent as a core, such as 

superparamagnetic iron oxide (SPIO), then combined with PET isotopes on the 

surface using polymer as a linker (Choi, Park et al. 2008, Jarrett, Gustafsson et 
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al. 2008, Lee, Li et al. 2008, Frullano, Catana et al. 2010, Glaus, Rossin et al. 

2010, Xie, Chen et al. 2010, Torres Martin de Rosales, Tavare et al. 2011).  

 

 

 

 

 

 

 

 

 



27 
 

Table 1 Overview of imaging systems 

 

(Weissleder and Pittet 2008)
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1.1.2. Photothermal ablation therapy 

Session on surgery, radiation therapy and chemotherapy are the conventional 

treatment options for cancer therapy.  To maximize the killing effects to the 

tumor, the combination therapy with surgery and radiation, or chemotherapy are 

most often used (Tannock 1998).  However, for treatment of small, poorly defined 

metastases or tumors embedded within vital regions, such as brain, conventional 

treatment options may not be able to provide an effective therapeutic outcome 

(Hirsch, Stafford et al. 2003).  For instance, the median survival of glioblastoma, 

which is the most common primary brain tumor, is around 16 to 19 months, 

regardless of the tumor’s molecular characteristics (Omuro and DeAngelis 2013).  

Therefore, new therapeutic treatment method is clearly needed to improve the 

poor survival of these solid tumors.  Regarding the therapeutic functions in 

theragnosis, novel treatment method, such as, photothermal ablation (PTA) 

therapy, photodynamic therapy (PDT) and siRNA therapy, have been utilized 

(Ryu, Koo et al. 2012).   

 

PDT involves a non-toxic drug or dye known as a photosensitizer, which can be 

activated by light with a specific wavelength, to cause damage or destroy target 

tissues.  Basically, after the activation, the absorbed energy is transferred from 

the sensitizer to molecular oxygen and generates the highly cytotoxic singlet 
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oxygen (1O2), which causes the damage to mitochondria, lysosomes, plasma 

membrane and nuclei, leading to cell death and tumor destruction (Dougherty, 

Gomer et al. 1998, Brown, Brown et al. 2004).   

 

Different from photodynamic therapy, PAT therapy is based on the conversion of 

absorbed energy in heat (hyperthermia) to damage the tumor tissue while leave 

the neighboring cells intact (Kelkar and Reineke 2011).  To help overcoming the 

limitation of the conventional treatment, thermal ablation therapy, which can 

ablate cancer cells at high temperatures (>45C), may offer a simple and 

invasive alternative therapy for those solid tumors (Li, Lu et al. 2010).  Thermal 

ablation energy can be delivered by microwave, radiofrequency (RF), magnetic 

field, and near-infrared (NIR) light (Hirsch, Stafford et al. 2003).  With microwave 

as the heating source, ultra-high-speed (2450 MHz) microwave is used to cause 

the water molecules in the tissue to vibrate and rotate the molecular dipoles, then 

generates the heat to destruct the target tissue (Dodd, Soulen et al. 2000).  This 

technique has been used for treatments of benign and malignant tumors of the 

liver, lung, kidney and thyroid nodules (Yang, Chen et al. 2014).  To achieve the 

thermal effect through RF, an electrode is inserted into the tissue and applies a 

high frequency alternating current that agitates the ions within the tissue to cause 

the ions follow the change in the direction of the current, leading to frictional 

heating (Curley 2003).  Hyperthermia with small magnetite was first performed by 
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Gilchrist in 1957 (Gilchrist, Medal et al. 1957).  Like the RF using alternating 

current, magnetic fluid hyperthermia generate the heat through an alternating 

magnetic field and the released thermal energy depends on the size of the 

magnetic material and the strength of the applied magnetic filed (Johannsen, 

Thiesen et al. 2010).  Among the heating sources, NIR light (wavelength 700-

1100 nm) used for thermal cancer therapy is the most extensively studied 

modality.  The NIR light is optimal for thermal ablation therapy in vivo, because of 

minimal optical absorption in tissue (Figure 3).  Furthermore, NIR light is able to 

penetrate deeply in tissues, at least 10 cm through breast tissue and 4 cm of 

skull/brain tissue, as well as 7 cm of muscle and neonatal skull/brain with higher 

power levels (Weissleder 2001).  Nanoparticles with unique optical properties, 

which have an intense absorption in near-infrared (NIR) light region, have been 

the focus of increasing research and practice for the past twenty years.  When 

the tumor site is exposed to NIR laser light, the conduction-band electrons of 

these nanoparticles start to oscillate in unison and ultimately terminate in either 

light absorption or scattering.  The absorbed incident energy is converted into 

heat and those nanoparticles can be rapidly heated within the tumor, resulting in 

cancerous cells ablation by disrupting the cell membrane (Tong, Zhao et al. 2007, 

Cai, Gao et al. 2008, Kennedy, Bickford et al. 2011, Lu, Melancon et al. 2011).  

The PTA therapy using physical heating mechanism to locally damage the 
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proteins and structures in cancer cells may provide an advantage for simple and 

noninvasive therapy.   
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Figure 3 Optical absorption spectra of various tissue components in the  

ultraviolet to infrared frequency range.   

From the Warrant Research Group at Duke University. 
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1.2. Nanotechnology in cancer diagnosis and therapy 

Nanotechnology, which involves the design and engineering of objects with the 

scale of 1-1000 nm, is an exciting multidisciplinary filed (Ferrari 2005).  Within 

medical area, nanotechnology has been rapidly expanded for the potential 

applications in the detection, characterization, and management of disease 

(Maddox, Liu et al. 2014).  Especially in oncology, where an effectively delivering 

of a therapeutic agent faces several inherent problems, such as biodistribution 

and clearance of the anticancer drugs in vivo, and drug resistance due to 

physiological barriers, the unique properties of nanoparticles may overcome the 

hindrance, lead to increased specific tumor uptake and decreased toxicity toward 

normal tissues (Brigger, Dubernet et al. 2002).  Furthermore, nanoparticles have 

been utilized as molecular probes for diagnosis in oncological imaging systems 

(Janib, Moses et al. 2010).   

 

1.2.1. Advantage of nanoparticles 

During the past several decades, nanoparticles have been greatly impacted in 

both diagnosis and therapy due to their unique physiochemical characteristics 

and physiological properties (Brigger, Dubernet et al. 2002).  Compare with bulk 

or small molecules, one of the main advantages of nanoparticles is their 

capability to posses multifunctionality.  Nanoparticles can easily incorporate more 



34 
 

than one kind of therapeutic, diagnostic and targeting agents and form a 

multifunctional platform for both diagnosis and therapy (Ferrari 2005).  Moreover, 

their large capacity, for instance, surface area-to-volume ratio, is able to increase 

the payload of imaging agents or drugs in the nanoparticles through 

encapsulation or chemical conjugation, resulting in improved imaging sensitivity 

and therapeutic payload or tumor uptake (Lee, Koo et al. 2012).  Another 

advantage of nanoparticles is to targeted deliver drugs or imaging contrast agent 

by surface modification with targeting moiety, or physiochemical optimization of 

size and surface properties.  Furthermore, the ability to carry more than one 

targeting molecule, especially different targeting agents can improve the 

specificity and enhance the binding effect due to the multivalent effects (Boas 

and Heegaard 2004).  Nanoparticles have the advantage of ‘tunability’, that 

refers to the flexibility of optimizing the size, shape, and surface modification to 

achieve the optimal delivery (Longmire, Ogawa et al. 2011).  Because of those 

unique properties, the multifunctional nanoparticles can be an ideal theragnostic 

candidate for both diagnosis and therapy.       
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1.2.2. Nanoparticles as theragnostic agents 

Since nanoparticles are significantly developed and studied in both therapeutics 

and in vivo imaging, the concept of “theragnostic” nanoparticles, which combines 

both paradigms into a single complex, has gained a great attention lately (Janib, 

Moses et al. 2010).  Numbers of nanoparticles, such as metallic nanoparticles 

and quantum dots, have been designed and investigated as multifunctional 

nanoplatforms for ‘co-delivery’ of both therapeutic and imaging functions (Xie, 

Lee et al. 2010).   

 

MRI is one of the most important noninvasive diagnostic tools that are used to 

provide both anatomical and physiological information within living organisms in a 

single session with high spatial and temporal resolution (Singh, Danrad et al. 

2007).  Consequently, a wide range of paramagnetic metal ion contrast agents, 

such as Gd (III) and iron oxide nanoparticles, have been proposed.   

Superparamagnetic iron oxide nanoparticles (SPIO) refers to either magnetite 

(Fe3O4) or maghemite (Fe2O3) nanoparticles with aggregated iron oxide cores 

(Terreno, Castelli et al. 2010).  Because iron oxide has an isoelectric charge 

(zero surface charge) with a pH of around 7 and its intrinsic magnetic properties, 

it aggregates in the solution.  To utilize the magnetic properties of SPIO particles 

at the physiological pH, the surface of the particles must be modified to shift the 
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isoelectric point away from the neutral pH.  A number of ligands, including 

dextran, polyvinylpyrrolidone (PVP), dendrimer or polyaniline, have been used to 

coat iron oxide nanoparticles (Gupta and Gupta 2005, Duguet, Vasseur et al. 

2006).  Among those ligands, dextran or dextran derivatives, which are 

hydrophilic polymers and impact on the aqueous dispersity of the nanoparticles, 

are most studied (Oswald, Clement et al. 1997, Bowen, Zhang et al. 2002).  

Besides improving the surface properties, those ligands can also be used for 

covalently coupling functional species, such as anti-cancer drug doxorubicin 

(DOX) or mexthotrexate (MTX), due to multiple chemical functional groups 

(Kohler, Sun et al. 2006, Kaaki, Herve-Aubert et al. 2012).  Besides therapeutic 

molecules, targeting moiety for site-specific delivery can be added to the surface 

of SPIO nanoparticles. For instance, cyclic Arg-Gly-Asp (RGD) peptide and 

siRNA were coupled onto the magnetic nanoparticles, resulting in a significantly 

higher particle uptake and gene regulation efficacy (Lee, Lee et al. 2009). 

 

Quantum dots (QDs) are inorganic semiconductor nanocrystals, such as 

CdTe/CdSe, InAS/AnSe and InAs/InP/ZnSe, with unique optical properties that 

are strongly dependent on size and composition (Chan and Nie 1998, Kim, 

Zimmer et al. 2005, Zimmer, Kim et al. 2006, Xie, Chen et al. 2008).  QDs can 

avoid being trapped in reticuloendothelial systems (RES) and can be rapidly 

eliminated through renal clearance due to its hydrodynamic size (<5.5 nm) (Choi, 
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Liu et al. 2007). The majority of the biomedical studies for QDs have been 

focused on fluorescence imaging due to their intrinsic fluorescence emission 

spectra wavelength between 400 nm and 2000 nm and the emission is tunable to 

the near-infrared region for optimal imaging depth and signal-to-noise ratio 

(Bruchez, Moronne et al. 1998, Akerman, Chan et al. 2002, Dubertret, Skourides 

et al. 2002).  In Bagalkot’s study, a QD-aptamer (Apt)-DOX conjugate [QD-Apt 

(Dox)] was successfully designed and investigated for cancer imaging, therapy 

and follow-up monitoring (Bagalkot, Zhang et al. 2007).  In addition, QDs have 

enormous potential to be used in PDT because of the inherent properties as 

photosensitizer themselves (Samia, Chen et al. 2003, Willard and Van Orden 

2003, Bakalova, Ohba et al. 2004).  A study conducted in Seiss’ group using 

Rose Bengal and Chlorin e6 as photosensitizer and form a peptide-coated QD-

photosensitizer conjugates, which was able to generate singlet oxygen for PDT 

through fluorescence resonance energy transfer (FRET) or direct excitation of 

photosensitizer (Tsay, Trzoss et al. 2007).  

 

Colloidal gold nanoparticles, compared to the QDs which is limited by potential 

toxicity issues due to the leached out Cd2+ and Se2+ ions, are suitable contrast 

agents for a variety of imaging methods, such as optical coherence tomography, 

photoacoustics and surface-enhanced Raman spectroscopy (SERS) (Cang, Sun 

et al. 2005, Gobin, Lee et al. 2007, Keren, Zavaleta et al. 2008, Li, Wang et al. 
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2009).  Moreover, gold nanoparticles possess similar optical properties which are 

tunable base on the morphology of the gold nanoparticles, similar to those of 

QDs.  For example, gold nanoshells with a silica core exhibit a shifting of the 

peak plasmon resonances through altering the ratio between the core and total 

particle radius as shown in Figure 4 (Day, Bickford et al. 2010).  The unique 

ability to tune the peak extinction to fall into the NIR region makes gold 

nanoparticles a suitable candidate for PTA therapy (Chen, Glaus et al. 2010).  

Besides the optical properties for PTA therapy, the strong interaction between 

thiol and Au has been utilized for the surface modification with other species, 

such as therapeutic compound and targeting moiety (Daniel and Astruc 2004, 

Heo, Yang et al. 2012).  For example, a gold nanoshcell modified with a siRNA 

and folic acid as targeting elements for silencing of NF-kappB p65 has been 

developed and investigated in our collaborator, Dr. Chun Li’s group as shown in 

Figure 5. This novel gold nanoparticle, with the tumor specific targeting through 

folate receptor, is able to delivery the siRNA into the cytoplasm by NIR light 

irradiation, leading to the enhanced tumor apoptosis and a significant delay in 

tumor growth (Lu, Zhang et al. 2010).  

Other nanoparticles, like carbon nanotubes and silica nanoparticles, with the 

ability to incorporate imaging agents and therapeutic molecules, have been 

designed and studied for theragnosis as well (Bianco, Kostarelos et al. 2005, 

Kam, O'Connell et al. 2005, Kim, Ohulchanskyy et al. 2007, Kang, Choi et al. 
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2009, Liu, Tabakman et al. 2009).  Theragnosis has drawn great attention and is 

a rapidly growing research filed.  Numerous nanoparticles, base on different 

types of materials and delivering or therapeutic mechanisms, have been 

successfully designed and well studies.  However, each nanoplatform has it is 

own merit and drawback, such as the toxicity of QDs, the high cost of gold 

nanoparticles, and non-biodegradability of carbon nanotubes.  Further 

improvement or a new nanoplatform is still needed to meet clinical standards.   

 

In previous studies, a process for the rapid synthesis of radioactive [64Cu]CuS 

nanoparticles was successfully developed in Dr. Li’s group. In those 

nanoparticles, 64Cu is an integral building block rather than chelated to the 

nanoparticles.  Further investigation shows that [64Cu]CuS nanoparticles can act 

as an efficient radiotracer for PET imaging, and can be used for PTA therapy of 

cancer cells using near-infrared (NIR) laser irradiation (Zhou, Zhang et al. 2010).  

The biocompatible CuS nanoparticles with a simple synthetic procedure and 

resulting relatively low cost may offer the potential to be used as an ideal 

nanoplatform for theragnosis.  
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Figure 4 Optical resonances of nanoshells. The core radius was kept at 60 nm.   

While the gold shell thickness was decreased from 20 nm to 5 nm, the peak  

extinction shifted over 300 nm, 700 nm to 1000 nm. 

 (Day, Bickford et al. 2010) 
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Figure 5 (A) Scheme for bioconjugation of HAuNS-siRNA and  

photothermal-induced siRNA release. (B) Scheme for the cellular uptake of  

F-PEG-HAuNS-siRNA and intracellular trafficking following NIR light irradiation.  

(Lu, Zhang et al. 2010) 
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1.3. Targeted delivery for Nanoparticles 

Nanoparticles can be delivered to the tumor sites through “passive” or “active” 

targeting.  Compared with normal tissue where blood vessels have a tight 

endothelium, the surrounding vasculature in tumor tissue are developed rapidly 

to ensure the nutrition intake, waste excretion, and oxygen delivery to serve fast-

growing cancer cells (Jones and Harris 1998).  However, these neovasculatures 

are tortuous and abnormal in the basement cells, deficient in pericytes, and 

coupled with poor lymphatic drainage (Baban and Seymour 1998, Teicher 2000).  

This unique property of tumor vasculature offers the Enhanced Permeability and 

Retention (EPR) effect, causes significant accumulation of molecules with size 

from 100 nm to 2 µm (Rubin and Casarett 1966, Shubik 1982).  Furthermore, the 

distribution of low-molecular-weight molecules, such as the compounds currently 

used for chemotherapy, is not affected by the EPR effect due to their free 

diffusion-dependent equilibrium (Maeda 2001).  However, the passive delivery of 

nanoparticles is limited by numbers of factors, such as the particle size, surface 

characteristics and the degree of angiogenesis of the tumor (Wang, Yang et al. 

2008).  Biomarkers, which are uniquely expressed or overexpressed in tumor 

tissues, have been utilized for improving the targeting effect of the nanoparticles. 

Targeting moiety that specifically binds the biomarkers, based on molecular 

recognition processes (antibody-antigen or ligand-receptor interactions), are 
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attached to the surface of the nanoparticles to increase the cellular affinity and 

uptake (Byrne, Betancourt et al. 2008).  

 

Among the strategies for active targeting, angiogenesis-associated targeting has 

become an increasingly active research area for both cancer therapeutics and 

imaging (Cohen and Colman 2015, Nienhuis, Gaykema et al. 2015).  

Angiogenesis is required for both tumor growth and metastasis because tumors 

cannot grow beyond 1-2 mm in size without the formation of neovasculature 

required to provide oxygen and nutrients (Davis, Emenaker et al. 2010).  This 

process is dependent on vascular endothelial cell migration and invasion, which 

is initially mediated by alterations in the expression of cell-surface molecules 

known as integrins (Hood and Cheresh 2002).  The ανβ3 integrin, which is an 

endothelial cell receptor, has no or minimal expression on epithelial and mature 

endothelial cells in normal tissues, but are highly unregulated and expressed on 

activated endothelial cells present in the neovasculature of tumors, such as 

breast cancer, glioblastomas and ovarian cancer.  Studies have shown that the 

ανβ3 integrin specifically binds to extracellular matrix (ECM) proteins containing 

the tripeptide sequence arginine-glycine-aspartic acid (RGD), such as fibrinogen, 

vitronectin, thrombospondin and osteopontin (Ruoslahti 1996, Li, Wartchow et al. 

2004).  Based on this RGD sequence, a number of peptides has been designed 

and investigated. Some of these peptides, particularly the cyclic pentapeptides, 
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have a relatively high and specific affinity for ανβ3 integrin, due to the 

conformation of the constrained structure, as compared to the flexible linear 

peptides (Gurrath, Muller et al. 1992).  Numbers of studies have shown that 

c(RGDfK) peptides, whose structure is shown in Figure 6,  exhibited binding 

affinity and specificity for the ανβ3 integrin, increase tumor uptake and improve 

imaging contrast (Ye, Akers et al. 2012).   

 

 

 Figure 6 Structure of c(RGDfK) peptide.  

 (Liu 2009)
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Part 1 

(Chapter 2-5) 

Chapter 2 Objective and Specific Aims 

To improve the current CuS NPs, our aim for the Part 1 is to develop targeted 

CuS NPs as an efficient PET/CT imaging and photothermal therapy agent.   

2.1. Hypothesis 

Our first hypothesis is that “the targeting element with the affinity to the integrin 

receptors would significantly increase the specificity of the [64Cu]CuS 

nanoparticles to the tumor”. 

2.2. Objective 

Our proposed research focused on the development of clinically translatable 

theragnostic nanoparticles that have high biological sensitivity and therapeutic 

efficacy for cancer diagnosis and treatment, respectively. The overall objective of 

the study is to develop [64Cu]CuS nanoparticles targeted to integrin ανβ3 for 

PET/CT imaging and PTA therapy with reduced toxicity. The rationale is that the 

targeting element, which has a higher binding activity to integrin receptors would 
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increase the rumor uptake, and the PEG layer would increase the blood 

circulation time with a lower toxicity.   

2.3. Specific Aims 

The objective of this project were tested by pursing three major specific aims: (1) 

to synthesize and characterize [64Cu]CuS nanoparticles with the targeting 

element, (2) to investigate the bioactivity and photothermal effect of the targeted 

[64Cu]CuS nanoparticles in vitro, and (3) to establish the PET imaging and PTA 

therapeutic function of the targeted [64Cu]CuS nanoparticles in vivo.  

2.3.1. To synthesize and characterize [64Cu]CuS nanoparticles with the 

targeting element 

 Synthesis and purification of azide modified HS-PEG-N3 

 Synthesis and purification of alkyne modified cyclic (RGDfK) peptide 

 Synthesis using ‘click chemistry’ and purification of CuS-PEG-c(RGDfK) 

NPs and radiolabeled [64Cu]CuS-PEG-c(RGDfK) NPs  

 Characterization of the CuS-PEG-c(RGDfK) NPs and [64Cu]CuS-PEG-

c(RGDfK) NPs, respectively 

 Investigation of binding effect of CuS-PEG-c(RGDfK) NPs to integrin 

receptors. 
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2.3.2. To investigate the bioactivity and photothermal effect of the targeted 

[64Cu]CuS nanoparticles in vitro  

 Evaluation of the binding effect of [64Cu]CuS-PEG-c(RGDfK) NPs to U87 

cells 

 Determination of the cytotoxicity of CuS-PEG-c(RGDfK) NPs in three 

different cell lines, HepG2, HEK293 and U87 

 Evaluation of the photothermal ablation of U87 cells with CuS-PEG-

c(RGDfK) NPs 

2.3.3. To establish the PET imaging and PTA therapeutic function of the 

targeted [64Cu]CuS nanoparticles in vivo  

 Evaluation of PET imaging for targeted [64Cu]CuS-PEG-c(RGDfK) NPs in 

xenograft U87 tumor mouse model, using untargeted [64Cu]CuS-PEG NPs 

as a reference 

 Investigation biodistribution of [64Cu]CuS-PEG-c(RGDfK) NPs in xenograft 

U87 tumor mouse model, using untargeted [64Cu]CuS-PEG NPs as a 

reference 

 Evaluation of photothermal ablation therapy in xenograft U87 tumor 

mouse model with CuS-PEG-c(RGDfK) NPs, using untargeted CuS-PEG 

NPs as a reference 
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Chapter 3 Materials and Methods 

3.1. Materials 

3.1.1. Chemicals and Materials 

 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrocholoride (EDAC), 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 4-pentynoic 

acid, acetonitrile, ammonia hydroxide, benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (Py-BOP), bovine 

serum albumin (BSA), calcein AM, copper chloride, copper sulfate 

pentahydrate,  DMEM cell culture medium, DMEM cell culture without 

phenol red, diisopropylcarbodiimide (DIPCDI), dimethyl sulfoxide (DMSO), 

ethylenediaminetetraacetic acid (EDTA), ethyl 4-bromobutyrate, ethyl 

ether, fetal bovine serum (FBS), hydrochloric acid (HCl), 

hydroxybenzotriazole (HOBt), hydrazine, methylene chloride (DCM), N,N-

diisopropylethylamine (DIPEA), N-hydroxyl succinimide (NHS), phosphate 

buffered saline, phosphate buffered saline (without Mg and Ca), saline 

(sodium chloride injection), sodium azide, sodium chloride, sodium 

ascorbate, sodium hydroxide, sodium sulfate, sodium sulfide nonahydrate, 

trypsin-EDTA solution 0.25%, triethylsilane (TES), trifluoroacetic acid 

(TFA), were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

 Avidin-HRP, dimethylfromamide (DMF), hydrochloride acid (HCl), 
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methanol, and piperidine were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA)  

 Biotin-anti-PEG conjugation kit (Abcam, Cambridge, UK) was used in 

ELISA assay.   

 Cell lines (HepG2, HEK293 and U87) were provided by Dr. Li Chun’s 

group (MD Anderson, University of Texas, Houston, TX, USA) and used 

for in vitro and in vivo study.   

 CellTiter 96® aqueous one solution cell proliferation assay (MTS) 

(Promega, Madison, WI, USA) was used for cytotoxicity study.   

 Fmoc-Arg(Pbf)-OH, Fmoc-Asp(Wang resin LL)-Omab, Fmoc-Gly-OH, 

Fmoc-Lys)Mtt)-OH, Fmoc-Phe-OH (Novabiochem, Billerica, MA, USA) 

were used for peptide synthesis.    

 Gold nanoparticles and CTAB stabilized gold nanorods were synthesized 

by Dr. Chun Li group (MD Anderson, University of Texas, Houston, TX, 

USA) and used as controls for cytotoxicity study.    

 Normocin (InvivoGen, San Diego, CA, USA) was used as antibiotics in cell 

culture.    

 Thiol-PEG-amine (MW 5000 Da) (Nanocs, New York, NY, USA) was used 

to synthesize pegylated NPs and azide modified PEG.    
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 64CuCl2 was produced by the cyclotron and radiochemistry facility (MD 

Anderson, University of Texas, Houston, TX, USA) and used for synthesis 

of radiolabeled NPs.    

 Isoflurane (Baxter, Deerfiled, IL, USA) was used to anaesthetize the mice 

during in vivo study.    

 Pooled normal human plasma (Innovative Research, Novi, MI, USA) was 

used for stability study.  

 TMB ELISA substrate solution and stop solution for TEM substrate (Life 

Technologies, Carlsbad, CA, USA) were used in ELSA study.   

 Wash buffer (1X PBS with 0.05% Tween 20) (AbD Serotec, Kidlington, UK) 

was used in ELISA study.    

 αvβ3 protein (Chemicon International, Temecula, CA, USA) was used to 

coat the 96-well plate for ELISA study.  
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3.1.2. Supplies 

 24 and 96-well cell culture plates and 75 cm2 cell culture flasks (BD 

Biosciences, Woburn, MA, USA) were used for cell culture.   

 Amicon ultra-4 and -15 centrifugal filter units – 10,000 NMWL (Millipore 

Corporation, Temecula, CA, USA) was used to concentrate the NPs for 

cytotoxicity and ELISA study.     

 Dialysis membrane (Spectra/Pro Membrane, MW cutoff: 2000, 6000-8000, 

width: 45 mm, diameter: 29 mm, Spectrum Labs. Inc., Rancho Dominguez, 

CA, USA) was used for the purification of azide modified PEG and CuS-

PEG-RGDfK NPs.  

 Disposable glass tubes, filter paper, Instant thin-layer chromatography 

(ITLC) strip, NMR tubes and caps were purchased from UH research store.   

 Disposable low adsorption vials (Sigma-Aldrich, St. Louis, MO, USA) were 

used to injection samples into LC-MS.  

 Gloves (lightly powdered, Latex) were used in handling chemicals and 

samples for all experiments. 

 Flat bottom, clear glass bottles (5 an 20 ml) (VWR, West Chester, PA, 

USA) were used to synthesize NPs.  

 Magnetic stir bar (VWR, West Chester, PA, USA) was used for NPs 

synthesis and dialysis.    
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 Masks (Alpha ProTech, Salt Lake City, UT, USA) were used for protection 

in performing animal studies.  

 Membrane filters (47mm, 0.45 µm, hydrophilic polypropylene; Pall Corp., 

Ann Arbor, MI, USA) were used to filter the mobile phase prior to HPLC 

and LC-MS assays. 

 PD10 column (Amersham-Pharmacia biotech, Piscataway, NJ) was used 

for purification of radiolabeled NPs. 

 Pipette tips (disposable, white: 1-10 µL, yellow: 10-100 µL and blue: 100-

1000 µL, VWR, West Chester, PA, USA) were used along with appropriate 

pipettes (VWR, West Chester, PA, USA) for measuring and delivering 

liquid samples for all experiments. 

 Polystyrene disposable standard serological pipets (5, 10 and 25 mL) 

(VWR, West Chester, PA, USA) were used in cell culture or transfer larger 

volume liquid.    

 Polyethylene microcentrifuge tubes (1.5 ml, Axygen Scientific Inc., Union 

City, CA, USA) were used for collecting and storing samples from the 

different experiments.  

 Round bottom flask, Buchner funnel, beaker, filter funnels and separatory 

funnel (Sigma-Aldrich, St. Louis, MO, USA) were used during for organic 

synthesis.  
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 Surgical absorbent pad (Medline, Mundelein, IL, USA) were used during 

all the in vivo study.    

 Surgical absorbent pads (Medline, Mundelein, IL, USA) were used during 

all animal procedures.  

 Surgical gloves (Sensi-Touch, Ansell Healthcase, Dohan, AL, USA) 

were used during the animal studies.  

 Syringe and needles (BD, Franklin Lakes, NJ, USA) were used to inject 

samples during the in vivo studies.    

 Syringe filters (0.45 m, HPLC certified) were used to filter peptide 

samples before loaded to HPLC and LC/MS.  

3.1.3. Animals 

Following approval by the Institutional Animal Care and Use Committee of 

University of Texas MD Anderson, nude female mice (20-25 g; Harlan-Sprague-

Dawley, Indianapolis, IN, USA) were used for all the in vivo studies. Mice were 

allowed to acclimatize to the environment for one week prior to initiating the 

studies. 

3.1.4. Equipment, Apparatuses and Software 

 Biotek instrument ELx800 microplate reader (Biotek, Winooski, VT, USA) 

was used to read the 96-well plates in cytotoxicity study.   
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 Biotek synergy 2 multi-mode reader (Biotek, Winooski, VT, USA) was 

used to record the result for ELISA study.    

 Centrifuge (Marathon 13K/M, B Hermle AG, Germany) was used for 

sample preparations.  

 Centrifuge 5804 (Enpendorf, Hamburg, Germany) was used during in vitro 

cell culture study.     

 ChemDraw Ultra 12.0 (PerkinElmer Inc., Waltham, MS, USA) was used to 

draw the chemical structures and predict 1H NMR spectra.  

 Dynamic light scattering (DLS) (Brookhaven Instrument Corporation, 

Holtsville, NY, USA) were used to measure particle size and zeta 

potentials.  

 Electronic balance, sensitivity of 0.0001 g (Mettler AE100, Mettler 

Instrument Corp., Hightstown, NJ, USA) was used for all weighting 

purposes.  

 FLIR camera (FLIR Systems, Wilsonvile, OR, USA) was used to detect 

the temperature in photothermal effect study in aqueous solution and in 

vivo PTA study.    

 Fluorescence microscope (Zeiss Axio Observer.Z1, Carl Zeiss 

MicroImaging GmbH, Göttingen, Germany) was used to examine the cell 

viability after PTA study in vitro.    

 Graphpad Prism version 5.02 (GraphPad Software, San Diego, CA, USA) 
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was used for Student's t test, and one-way ANOVA, followed by post-hoc 

test.  

 Heating-stirring plate (PC-351, Corning Co., Corning, NY, USA) was used 

for organic and nanoparticles syntheses.  

 HPLC systems on an Agilent 1200 system consisted of:  

o A Nova-Pak C18 column (10 m, 10 x 250 mm, Waters Corp., 

Milford, MA, USA) was used in the HPLC method for the 

purification of peptides.  

o Empower 2 chromatography software was applied for peak area 

detection with this system (Waters Corp., Milford, MA, USA) 

o Waters 515 pump was used as the solvent delivery system 

 Inveon research workplace (Siemens Preclinical Solution, Knoxville, TN, 

USA) was used for PET/CT imaging data analysis. 

 LC-MSD-TOF on an Agilent systems consisted of:  

o LC system: Agilent Technologies 1100 series HPLC system 

(Agilent Technologies, Inc., Foster City, CA, USA) 

o MS system: G1946D equipped with an electrospray (ESI) source 

(Applied Biosystems/MDS SCIEX, Foster City, CA, USA). 

o The Analyst Software version A.02.01 was used to analyze the data.  
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 Lyophilizer (Labconco, Kansas City, MO, USA) was used to freeze dry 

peptide samples.    

 Microscope (American Optical Corporation, Buffalo, NY, USA) was used 

for cell culture.  

 micro-PET/CT scanner (Inveon, Siemens Preclinical Solution, Knoxvile, 

TN, USA) was used for animal imaging study.  

 Microsoft Excel and Prism was used for data analysis and statistical data 

analysis including student t test and ANOVA tests.  

 Milli-Q system (Millipore, billerca, MA, USA) was used to produce 

deionized water (18 M).     

 NIR laser (15PLUS laser, Diomed, Andover, MA) was used to produce the 

NIR laser light (808 nm) as a photothermal source throughout this project.    

 Nuclear magnetic resonance spectrometer (JEOL ECA-500, JOEL, Tokyo, 

Japan) was used to obtain proton NRM data. 

 Packard Cobra γ counter (GMI, Ramsey, MN, USA) was used for 

detecting the radioactivity in the sample.  

 Peptide synthesizer (CEM, Matthews, NC, USA) was used to synthesize 

the peptides.     

 pH-meter (Corning Scholar 425, Corning, NY, USA) was routinely used to 

measure the pH of the mobile phase and to confirm the pH of buffer 

solutions.  
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 Pipettes (VWR, four sizes: 1 – 10 L, 10 – 100 L, 20 – 200 L and 100 

– 1000 L, Eppendorf, Brinkmann Instrument, Inc., Westbury, NY, USA) 

were used along with appropriate pipette tips for measuring and delivering 

solutions for all experiments.  

 Pipette-aid (Drummond Scientific, Broomall, PA, USA) was attached to the 

polystyrene serological pipets (5, 10 and 25 mL) and was used to transfer 

liquids whenever needed.    

 Radio- Thin-layer chromatography (TLC) imaging scanner (IAR-2000) 

(Bioscan, Poway, CA, USA) was used to record radioactivity of the TLC 

strip in labeling efficiency and stability study.     

 Rotary evaporator (Buchi Labortechnik, Flawil, Swizerland) was used to 

evaporate the organic solvent during organic syntheses.    

 Spectrophotometer (Model BU800, Beckman, Fullerton, CA, USA) was 

used to generate UV absorbance spectra for nanoparticles.  

 Vortex mixer (Vortex-2 Genie, Scientific Industries, Bohemia, NY, USA) 

was  
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3.2. Methods 

3.2.1. Synthesis and characterization of targeted [64Cu] CuS-PEG NPs  

In order to attach the c(RGDfK) peptide to the surface of the [64Cu]CuS 

nanoparticles by ‘click’ chemistry, we used alkyne-modified cyclic RGDfK 

peptides to couple with the azide-functionalized PEG via Huisgen’s 1, 3-dipolar 

cycloaddition, which is catalyzed by copper sulfate and sodium ascorbate in 

aqueous solution.  

3.2.1.1 Synthesis of thiol-PEG-azide 

The reaction scheme for synthesis of azide modified PEG is shown in                                        

Figure 7, based on the description in the literature (von Maltzahn, Ren et al. 2008).  

 

                                       Figure 7 Modification of PEG linker. 
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Starting reactants ethyl 4-bromobutyrate (5.85 g, 30 mmol) and sodium azide 

(2.925 g, 45 mmol) were added into dimethyl sulfoxide (DMSO, 20 mL) with 

stirring.  The reaction mixture was stirred for 22 h at 55 °C, and cooled to room 

temperature.  Water was added to the reaction mixture and extracted three times, 

each with 30 mL of ethyl ether.  The combined organic layer was washed with 

water and brine, and rotary evaporator was used to remove the organic solvent 

and yield 3.67 g of the azido compound. 

3.2.1.1.2 Synthesis of 4-azidobutyric acid 

Ethyl 4-azidobutyrate (3.14 g, 20 mmol) was dissolved in sodium hydroxide 

aqueous solution (1 N, 24 mL) with a minimum amount of methanol to make the 

solution homogeneous.  The reaction mixture was stirred for 3 h at room 

temperature.  Methanol was removed using rotary evaporator and then acidified 

the aqueous solution to pH 0 with HCl.   After extracted with 50 mL ethyl ether for 

three times, the ether layer was then dried with excess amount of sodium sulfate 

and filtered. The ethyl ether was then removed with rotary evaporator to afford 

2.11 g of 4-azidobutyric acid.  

3.2.1.1.3 Synthesis of succinimidyl 4-azidobutyrate  

N-hydroxyl succinimide (1.65 g, 14.3 mmol) was added into methylene chloride 

(100 mL), followed by 4-azidobutyric acid (1.68 g, 13 mmol) and 1-ethyl- 3-[3-
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dimethylaminopropyl]carbodiimide hydrochloride (EDAC, 2.74 g, 14.3 mmol).  

After stirring for 4 h at room temperature, the reaction mixture was washed with 

water and brine, dried with excess amount of sodium sulfate, and filtered.  The 

organic solvent was then removed with rotary evaporator to yield 0.61 g of 

succinimidyl 4-azidobutyrate. 

3.2.1.1.4 Synthesis of thiol-PEG-N3 

Succinimidyl 4-azidobutyrate was reacted with 5 kDa thiol-PEG in 0.1 M HEPES 

with 0.15 M NaCl pH 8.0 for 2 h, at a 2:1 molar ratio between intermediate 3 and 

PEG.  Then the final producrt was purified with dialysis (MW CO 5,000).  After 

lyophilization, thiol-PEG-N3 was collected.  

3.2.1.2 Synthesis of alkyne-modified c(RGDfK) peptide 

Alkyne modified cyclic Arg-Gly-Asp-Phe-Lys peptide was synthesized using 

Fmoc solid-phase strategy as shown in Figure 8.  The protecting groups for 

Arginine (Arg) was 2,2,4,6,7- pentamethyldihydro-benzofuran-5-sulfonyl (Pbf), 

and 4-{N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl] amino}benzyl 

(Dmab) for Aspartic acid (Asp).  Amino acids (3 eq) were coupled stepwise on 

the resin in the presence of DIPCDI (3 eq) and HOBt (3 eq) as coupling reagents. 

After removal of the Dmab and Fmoc-protecting groups using 2% hydrazine (3 

eq) in dimethylformamide (DMF) and 20% piperidine in DMF, respectively, head 

and tail cyclization on the resin was carried out in DMF using benzotriazol-1-yl-
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oxytripyrrolidinophosphonium hexafluorophosphate (Py-BOP) (3 eq), 

Hydroxybenzotriazole (HOBt) (3 eq), and N,N-Diisopropylethylamine (DIPEA) (6 

eq) as coupling agents.  Then 4-pentynoic acid (3 eq) and N, N’-diisopropyl 

carbodiimide (DIC) (6 eq) were added in methylene chloride (DCM) for 30 min, 

followed by resin-c(RGDfK). After stirring for 2 h at room temperature, the resin 

with c(RGDfK) peptides were added in the reaction mixture.  After mixed 

overnight at room temperature, the resin was washed with 5 mL of DMF and 

DCM three times, respectively.  Final deprotection and cleavage of the peptides 

from the resin were simultaneously achieved by treatment with TFA/H2O/TES 

(95/1/4, v/v/v) to yield alkyne modified c(RGDfK) peptide.  The product was 

purified by HPLC and the eluting conditions were as follows: solvent: A, 0.1% 

trifluoroacetic acid (TFA) in water; B, 0.1% TFA in acetonitrile; gradient: B, 0-10% 

over 0-10 minutes; B, 10-50% over 10-12 minutes; B, 50-80% over 12-20 

minutes; B, 80% to 10% over 20-21 minutes. The flow rate was 1 mL/minute. The 

final product was validated using LC/MS TOF mass spectrometer equipped with 

a Vydac C-18 column (4.6×250.0 mm, 7-μm particle size, 300-Å pore size).   
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Figure 8 Synthesis of alkyne modified c(RGDfK) peptide. 
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3.2.1.3 Synthesis of CuS-PEG-c(RGDfK) NPs by click chemistry 

3.2.1.3.1 Synthesis of CuS-PEG NPs  

The general procedure for the synthesis of CuS-PEG NPs in water is similar to 

the one developed in Dr. Li’s group (Zhou, Zhang et al. 2010).  Twenty mL of 

aqueous CuCl2  (1 mM) solution was added with 1 mg of SH-PEG-N3 and stirred 

for 5 min.  Then, 20 µL of sodium sulfide solution (Na2S, 1 M) was added to the 

reaction mixture with stirring at room temperature.  The mixture solution turned 

dark-brown immediately once sodium sulfide was added.  After stirred for 5 min, 

the mixture solution was heated to 90 °C and stirred for another 15 min until a 

dark-green solution was observed.  The mixture was cooled down in an ice-water 

bath.  

3.2.1.3.2 Synthesis of CuS-PEG-c(RGDfK) NPs  

Twenty mL of CuS-PEG-N3 nanoparticles was reacted with alkyne-modified 

c(RGDfK) peptide (PEG: peptide ratio 1:1) at 90 ºC under the catalysis with 

copper sulfate and sodium ascorbate (0.05 eq and 0.1 eq, respectively).  The 

reaction mixture was stirred for 2 h then purified through dialysis membrane with 

MW CO 6,000-8,000.  The overall synthesis scheme for targeted CuS NPs is 

shown in Figure 9.  
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Figure 9 Overall synthesis scheme of CuS-PEG-c(RGDfK) NPs with click  

chemistry. 
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3.2.1.4 Synthesis of radioactive [64Cu]CuS-PEG-c(RGDfK) NPs. 

64CuCl2 (20 μL, 1000 μCi) was added to 20 mL of CuCl2 solution (1 mM), 

followed by 1 mg SH-PEG-N3.  After added 2 μL of sodium sulfide solution (1 M) 

into the CuCl2 solution, the mixture was heated to 90 °C for 15 min until the 

solution tuned to dark- green color.  The reaction mixture was transferred to ice-

cold water to give [64Cu]CuS-PEG-N3 NPs.  Then alkyne-modified c(RGDfK) (1:1 

molar ratio) was added into the [64Cu]CuS-PEG-N3 solution under the catalysis 

with copper sulfate and sodium ascorbate (0.05 eq; 0.1 eq).  The reaction 

mixture was kept stirring at 90 °C for 2 h, and was purified using disposable PD 

10 column. 

The radiolabeling efficiency and stability of labeled NPs were analyzed using 

instant thin-layer chromatography (ITLC). The ITLC strips were developed with 

PBS (pH 7.4) containing 4 mM ethylenediaminetetraacetic acid (EDTA) and 

quantified using an IAR-2000 TLC imaging scanner.  To study the labeling 

stability, [64Cu]CuS-PEG-c(RGDfK) NPs were suspended in PBS or human 

plasma, and incubated at room temperature for 24 and 48 h.  Free 64Cu2+ ions 

could move to the top of the TLC strip with the solvent, while the NPs remained 
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at the original spot.  The radioactivity at the original spot was recorded as a 

percentage of the total radioactivity of the ITLC strip. 

3.2.1.5 Characterization of CuS-PEG-c(RGDfK) NPs 

UV-vis spectra of CuS-PEG and CuS-PEG-c(RGDfK) NPs were examined with a 

UV-vis spectrometer with a 1.0 cm optical path length quartz cuvette.  Under 

aqueous conditions, the particle size, size distribution and surface charge were 

investigated by dynamic light scattering (DLS).  Amino acid analysis was used to 

quantify the amount of peptide on the NPs.  After synthesis and purification, the 

nanoparticles were dissolved in ammonia hydroxide and then dried in a 

hydrolysis tube.  Then hydrochloric acid (6 N) was added to the tube.  After the 

peptide was hydrolyzed at 110 ºC for 24 h, the mixture was dried and dissolved 

in water for amino acid analysis.  

3.2.1.6 Photothermal effect in aqueous solution  

To compare the photothermal effect between the CuS-PEG and CuS-PEG-

c(RGDfK) NPs, the laser with a continuous-wave, center wavelength of 808 ± 10 

nm, was used.  To transfer the laser power from the laser unit to the aqueous 

solution of NPs, a 5 m, core BioTex LCM-001 optical fiber was attached to a 

retort stand via a clamp. The end of the fiber was placed directly above the tube 

containing the aqueous solution. The temperature changes mediated by NPs 
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under NIR laser light were measured through FTIR camera. Water was used as 

the control.  

3.2.1.7 Binding affinity assays of CuS-PEG-c(RGDfK) NPs 

3.2.1.7.1 Sandwich ELISA binding study 

96-well plates were coated with purified integrin αvβ3 protein at 0.1 μg/well and 

kept at 4°C overnight.  The plates were washed (washing buffer: 1X phosphate 

buffered saline [PBS] with 0.05% Tween 20) after incubation and then blocked 

with blocking buffer (1X PBS with 2% bovine serum albumin [BSA]) at room 

temperature (RT) for 2 hours.  The blocking buffer was removed, and the plates 

were inoculated in triplicate, with CuS–PEG (control) and CuS-PEG-c(RGDfK), 

respectively, with different ratios between PEG and c(RGDfK) peptide.  1 OD 

NPs were prepared using blocking buffer containing Ca2+ and Mg2+ and then 

incubated at RT for 1 hour.  The detection antibody biotin-anti-PEG, which 

recognizes the backbone of the PEG molecule, was added to each well at 0.05 

μg/well.  The plates were incubated at RT for 1 hour then washed, and the bound 

biotin–anti–PEG was detected using avidin–HRP conjugate at 0.005 μg/well. 

After washing, 100 μL of substrate solution was added to each well and then the 

luminescence was read.  The resulting luminescence signal intensity was plotted 

against PEG to c(RGDfK) peptide ratios. 

3.2.1.7.2 ELISA binding study with RGD blocking 
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Purified integrin αvβ3 protein was coated on 96-well plates as described 

previously.  Part of the plates were inoculated in triplicate with c(RGDfK) at 

concentration of 50 μM (100 μL/well).  After 2 hour incubation, different 

concentrations of CuS-PEG-c(RGDfK) NPs were added into the 96-well plates 

using blocking buffer containing Ca2+ and Mg2+ and then incubated at RT for 1 

hour.  The other part of the plated were directly added CuS-PEG-c(RGDfK) NPs 

and incubated at RT for 1 hour.  After washing three times, the detection 

antibody biotin–anti-PEG (0.05 μg/well) was added to each well.  The plates were 

incubated at RT for 1 hour then washed, and the bound biotin–anti-PEG was 

detected using avidin–HRP conjugate at 0.005 μg/well with 1-hour incubation.  

After washing, 100 μL of substrate solution was added to each well and then the 

luminescence was read.  The resulting luminescence signal intensity was plotted.  

3.2.2. Bioactivity and photothermal effect of [64Cu]CuS-PEG-c(RGDfK) NPs 

in vitro  

The bioactivity, such as cytotoxicity and cellular uptake, and photothermal effect 

of the CuS-PEG-c(RGDfK) NPs were investigated.  We performed MTS assay to 

evaluate the cytotoxicity of the nanoparticles, and binding assay and competition 

assay were used to investigate the tumor cellular uptake of the nanoparticles. 

Furthermore, we examined the thermal effect of the targeted CuS nanoparticles 

in cancer cells in vitro.   
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3.2.2.1 Cell lines and controls  

Human hepatocellular carcinoma cells (Hep G2), human kidney epithelial cells 

(HEK 293) and human glioblastoma cells (U87) were provided by our 

collaborator Dr. Chun Li’s group from MD Anderson Cancer Center, University of 

Texas (Houston,TX) and were cultured in Eagle's Minimum Essential medium.  

The cell lines were maintained at 37 °C in a humidified atmosphere of 5% CO2.  

U87 lines are with highly expressed αvβ3 receptors on the surface of cells, while 

HepG2 and HEK 293 with minimal expressions of αvβ3 receptors on the cells.  

Citrate stabilized gold nanoparticles and cetyltrimethylammonium bromide 

(CTAB) stable gold nanorods will be used as controls.  

3.2.2.2 Cytotoxicity Study 

HepG2, HEK 293, and U87 cells were seeded at a density of 1x104 cells/well in a 

96-well plate separately, and were incubated for at least 24 h prior to the 

treatment. The cells were treated with blank, gold NPs, gold nanorods, CuS-PEG 

NPs and CuS-PEG-RGDfK NPs at different concentrations (1.5, .05, 0.15, 0.05, 

0.015, 0.005, 0.0015, 0.0005 and 0.00015 [Cu] mM) for 24 h in a 5% CO2 

incubator at 37 °C.  Add MTS working solution (prepared by mixing the CellTiter 

96* AQueous One Solution Cell Proliferation Assay (MTS) reagent with cell 

culture medium in a 1:5 ratio) to the cells and incubate the cells for additional 3 h 
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at 37 °C.  Afterwards, the absorption was measured at 490 nm using a BioTek 

Instrument ELx800™ microplate reader.  Each sample was prepared in 

sextuplets and the data were reported as mean ± standard deviations.  The 

percentage cell viability of each sample was determined in reference to the 

control (untreated) cells as shown in equation 1.  

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷490 

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑂𝐷490
 × 100       (1) 

Where: 

Sample OD490 : Absorbance of the treated cells. 

Control OD490 : Absorbance of the untreated cells.  

3.2.2.3 Cellular uptake studies 

U87 cells were seeded in 24-well plate at a density of 6 x 104/well, and were 

incubated for at least 24 h before treatment.  [64Cu]CuS-PEG or [64Cu]CuS-PEG-

c(RGDfK) NPs at different concentrations (0.1, 0.17, 0.33 and 0.67 mM [Cu]) 

were added to the wells and incubated for 2 h at 37 C.  For the blocking assay, 

the cells were incubated with excess c(RGDfK) peptide first (500 mM).  Then 

[64Cu]CuS-PEG-c(RGDfK) NPs were added into the wells at different 

concentrations and incubated for 2 h at 37 C.  The cells were then washed three 
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times with PBS, and the cells were collected after being treated with 200 μL of 

trypsin.  The radioactivity was measured with a Packard Cobra gamma counter.  

Each sample was prepared in sextuplets and the data were reported as mean ± 

standard deviations. 

3.2.2.4 Photothermal ablation study in vitro 

U87 cells were seeded onto a 24-well plate with a density of 6 x 104 per well, and 

were incubated for at least 24 h prior to the treatment.  Cells were washed three 

times with PBS buffer and then incubated with CuS-PEG and CuS-PEG-

c(RGDfK) NPs (1.5 mM of [Cu]) (n=3) in DMEM culture medium without PBS at 

37 °C for 2 h.  Cells without NPs and without laser irradiation were used as 

negative controls.  After treated with NPs, the culture medium was replaced with 

fresh DMEM medium without phenol red, and the cells were irradiated with a 

diode NIR laser centered at 808 nm at an output power of 3 W/cm2 for 2 min.  

After the treatment, cells were resupplied with Dulbecco’s modified eagle 

medium (DEME) medium containing 10% FBS.  After 24 h, the cells were 

washed with PBS buffer and stained with 1 µM calcein AM solution (5 µL calcein 

AM stock solution added into 10 mL of PBS) to visualize viable cells under a 

Zeiss Axio Observer.Z1 fluorescence microscope. 

To quantify the amount of dead cells after photothermal ablation, U87 cells were 

seeded at a density of 1x104 cells/well in a 96-well plate, and were incubated for 
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at least 24 h prior to the treatment. The cells were treated with CuS-PEG and 

CuS-PEG-c(RGDfK) NPs at different concentrations (0.25, 0.5, 1 and 1.5 mM of 

[Cu]) (n=5) in DMEM culture medium without PBS at 37 °C for 2 h.  Cells without 

NPs and without laser irradiation were used as negative controls.  After being 

treated with NPs, the culture medium was replaced with fresh DMEM medium 

without phenol red, and the cells were irradiated with a diode NIR laser centered 

at 808 nm at an output power of 3 W/cm2 for 2 min.  After the treatment, cells 

were resupplied with DEME medium containing 10% FBS.  After incubated for 24 

h, the cells were washed with PBS buffer, followed by adding MTS working 

solution to the cells.  After 3 h incubation, the absorption was measured at 490 

nm using a BioTek Instrument ELx800™ microplate reader.  The data were 

reported as mean ± standard deviations.   

 
3.2.3. PET/CT imaging, biodistribution, and photothermal ablation therapy 

in vivo 

The targeting effect of [64Cu]CuS-PEG-c(RGDfK) NPs were evaluated with 

PET/CT imaging and photothermal ablation therapy.  Biodistribution with 

[64Cu]CuS-PEG-c(RGDfK) and [64Cu]CuS-PEG was studied and compared.  All 

experiments involving animals were done in accordance with the guidelines of 

the Institutional Animal Care and Use Committee. 
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3.2.3.1 PET/CT imaging and biodistribution study 

Female nude mice (8-10 week old, n=8) were subcutaneously inoculated with 

Human U87 glioblastoma tumors cells (7 ×106 cells/mouse) in the right thigh.   

When tumors had grown to 5–8 mm in diameter, six of the mice were randomly 

split into two groups (n = 3). Group A were treated with an i.v. injection of 

[64Cu]CuS-PEG-c(RGDfK) NPs (200  µCi/mouse; 0.2 mL).  Group B were treated 

with an i.v. injection of [64Cu]CuS-PEG NPs (200  µCi/mouse; 0.2 mL).  The 

animals were anesthetized with a mixture of isoflurane and oxygen gas (2% of 

isoflurane) and placed in prone position, and scans were then obtained using an 

Invenon PET/CT scanner at 24 h after injection of radiolabeled nanoparticles.  

The PET and CT images were generated separately and then fused using Inveon 

Research Workplace.  

After being scanned with PET/CT, the mice (n=8) were killed 24 h after injection 

by CO2 overexposure.  Blood, heart, liver, spleen, kidney, lung, stomach, 

intestine, muscle, bone, brain, and tumor tissues were harvested and weighed, 

and radioactivity was measured with a Packard Cobra gamma counter.  Uptakes 

of 64Cu-labeled CuS NPs in various organs were expressed as percentage of 

injected dose per gram of tissue (%ID/g). 
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3.2.3.2 Photothermal ablation therapy 

Mice bearing U87 tumors were prepared as before.  When tumor had grown to 

7–10 mm in diameter, mice were randomly allocated into 4 groups (n = 4 each).  

Mice in group A were injected intravenously with CuS-PEG-c(RGDfK) NPs (200 

µL, 4 mM/mouse).  Mice in groups B were injected intravenously with CuS-PEG 

NPs (200 µL, 4 mM/mouse).  Mice in group C were injected intravenously with 

saline.  After 24 h, the tumors in mice were irradiated with NIR laser at 3 W/cm2 

for 2 min.  No treatment was performed on the mice in group D.  The mice were 

sacrificed at 24 h after laser treatment, and tumors were removed, snap frozen, 

and cryosectioned into 1000 µm.  The slides were stained with hematoxylin-eosin 

and examined under a Zeiss Axio Observer.Z1 fluorescence microscope.  The 

images were taken using a Zeiss AxioCam MRc5 color camera, and the extent of 

tumor necrosis, expressed as a percentage of the entire tumor area, was 

analyzed with Zeiss AxioVision software (version 4.6.3). 

3.2.4. Statistical analysis 

The data from NPs binding effect study, the difference in cellular uptake, cell 

killing effect between nanoparticles, difference in PET/CT uptake, biodistribution 

data and extent of necrosis expressed as percentage of necrotic area, were 

analyzed using two-tailed Student’s t test.  The cytotoxicity among different 
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nanoparticles was analyzed using ANOVA, followed by post-hoc test (Graphpad 

Prism version 5.02).   
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Chapter 4 Results  

The results of part 1 are demonstrated and discussed in the following four 

subtopics: (1) Synthesis and characterization of CuS-PEG-c(RGDfK) NPs, (2) 

Photothermal effect in aqueous solution, (3) Bioactivity and photothermal ablation 

of cancer cells in vitro, and (4) PET/CT imaging, biodistribution and photothermal 

ablation therapy in vivo. 

4.1. Synthesis, characterization and stability of CuS-PEG NPs 

4.1.1. 1H NMR 

The structures of starting material and intermediates were confirmed by 1H NMR 

(500 MHz) (Figures 10-13).  

The identified 1H-NMR peaks were as follows: 

Ethyl 4-Bromobutyrate (starting material): δ 1.25 (a; t, 3H, CH3), δ 4.14 (b; q, 

2H, CH2O), δ 2.48 (c, t, 2H, CH2C=O), δ 2.18 (d, m, 2H, CH2), δ 3.45 (e, t, 2H, 

CH2-Br). (Figure 10) 

Ethyl 4-Azidobutyrate (intermediate 1): δ 1.25 (a; t, 3H, CH3), δ 4.14 (b; q, 2H, 

CH2O), δ 2.39 (c, t, 2H, CH2C=O), δ 1.90 (d, m, 2H, CH2), δ 3.32 (e, t, 2H, CH2-

N3). (Figure 11) 

4-Azidobutyric acid (intermediate 2): δ 2.25 (c, t, 2H, CH2C=O), δ 1.7 (d, m, 

2H, CH2), δ 3.4 (e, t, 2H, CH2-N3), δ 12.15 (s, H, COOH). (Figure 12) 



  

77 
 

Succinimidyl 4-azidobutyrate (intermediate 3): δ 2.84 (a, s, 4H, (CH2C=O)2) δ 

2.73 (c, t, 2H, CH2C=O), δ 2.18 (d, m, 2H, CH2), δ 3.45 (e, t, 2H, CH2-N3). 

(Figure 13) 
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   Figure 10 1H NMR spectrum of ethyl 4-bromobutyrate. 
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     Figure 11 1H NMR spectrum of ethyl 4-azidobutyrate. 
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        Figure 12 1H NMR spectrum of 4-azidobutyric acid. 
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         Figure 13 1H NMR spectrum of succinimidyl 4-azidobutyrate. 
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4.1.2. LC-MS chromatograms for alkyne modified cyclic (RGDfK) peptide 

The chromatograms for cyclic (RGDfK) peptide and alkyne modified cyclic 

(RGDfK) peptide were shown in Figure 14 and Figure 15, respectively. The 

peaks corresponded to the cyclic (RGDfK) peptide ([M+H+] = 604.33] and the 

alkyne modified cyclic (RGDfK) peptide ([M+H+] = 684.3377) and confirmed that 

the peptides were successfully synthesized.  
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Figure 14 LC/MS chromatograms of cyclic (RGDfK) peptide. 
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Figure 15 LC/MS chromatograms for alkyne modified cyclic (RGDfK) peptide. 
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4.1.3. Characterization of CuS-PEG-RGDfK NPs 

The coating of PEG on the surface of CuS NPs was confirmed using NMR 

analysis as shown in Figure 16.  The peak at 3.6 ppm indicated the (CH2CH2O) 

in the PEG on the CuS-PEG NPs.  The hydrodynamic sizes and zeta potentials, 

as shown in Table 2 and Figure 17, were determined using dynamic light 

scattering (DLS).  The hydrodynamic size of CuS-PEG-c(RGDfK) NPs were 

increased from 42 nm to 49 nm, compared with CuS-PEG NPs.  The zeta 

potentials were increased from -24 mV to -11 mV.  The optical spectra of CuS-

PEG and CuS-PEG-c(RGDfK) NPs were investigated by using UV-vis which was 

scanned from 600 to 1,100 nm as shown in Figure 18.  The maximum absorption 

wavelengths for both nanoparticles were ~970 nm, which is in the NIR region.  

The modification with peptide on the CuS-PEG NPs did not change the optical 

property of the NPs as a photothermal ablation therapy agent.  To investigate the 

yield of peptide modification on the NPs using ‘click’ chemistry, amino acid 

analysis was used to determine the amount of peptide on the CuS-PEG-c(RGDfK) 

NPs.  From the result in Table 3, it indicated that the yield is around 80% when 

PEG to peptide ratio is high (1:0.08), while the ratio was lower (1:0.13 to 1:0.6), 

the yield decreased to 60%.   

We used ELISA assay to test the binding effect of the CuS-PEG-c(RGDfK) NPs.  

Figure 19 demonstrated that the binding effect was significantly higher than that 
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of CuS-PEG NPs, starting from the PEG to peptide ratio of 1 to 0.13.  To study 

the specificity of the binding effect, we pre-treated the integrins with excess 

RGDfK peptide and the results in Figure 20 show that the binding effect of CuS-

PEG-c(RGDfK) NPs were blocked with the peptide pretreatment.   
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        Figure 16 1H NMR spectrum of CuS-PEG NPs 
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Table 2 Particle size and zeta potential of CuS-PEG and CuS-PEG-c(RGDfK) NPs using DLS

 

 

Figure 17 Particle sizes of (A) CuS-PEG and (B) CuS-PEG-c(RGDfK) from DLS.   

A B 
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Figure 18 UV-vis spectra of CuS-PEG and CuS-PEG-c(RGDfK) NPs. 
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Table 3 Amino acid analysis results of CuS-PEG-c(RGDfK) NPs 



91 

  Figure 19 Mean (±SD) CuS-PEG-RGDfK NPs binding affinity on integrin coated plate using 

 Sandwich ELISA (n=4) 

 Note: 

* p<0.05, **p<0.001
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Figure 20 Mean (±SD) ELISA of CuS-PEG-c(RGDfK) and CuS-PEG-c(RGDfK) blocked with excess free c(RGDfK) 

peptide on integrin coated plate (n=3).  
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4.1.4. Radiolabeling efficiency and stability 

The radiolabeling efficiency and stability of [64Cu]CuS-PEG-RGDfK NPs were 

shown in Figure 21.  The results exhibited the radioactivity was around 100% at 

the end of synthesis.  After being kept in PBS and human plasma at room 

temperature for 24 h, [64Cu]CuS-PEG-RGDfK NPs lost 0.6 and 1.7 % of their 

radioactivity, respectively.  Moreover, there was only 2.7 % radioactivity loss in 

PBS and 3.3 % radioactivity loss in human plasma after 48 h. 
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Figure 21 Radiolabeling efficiency and stability of [64Cu]CuS-PEG-c(RGDfK) NPs. 
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4.1.5. Photothermal effect in aqueous solution 

To examine the photothermal effect in aqueous solution after the peptide 

modification on the NPs, we compared the photothermal effect of CuS-PEG-

c(RGDfK) NPs with that of CuS-PEG NPs using two different laser power levels. 

The result as shown in Figure 22 indicated that the temperature was elevated to 

46.1 and 45.2 ºC for CuS-PEG and CuS-PEG-c(RGDfK) NPs at 2 OD, 

respectively, using laser power at 1 W/cm2.  When using the laser power at 0.5 

W/cm2, the maximum temperature was increased to 36.9 and 35.6 ºC for CuS-

PEG and CuS-PEG-c(RGDfK) NPs, respectively. There is no significant 

difference on photothermal effect in aqueous solution for both NPs.  To examine 

the photothermal effect based on different concentrations, serious dilutions of the 

CuS-PEG-c(RGDfK) NPs were irritated with NIR laser at 3 W/cm2.  As 

demonstrated in Figure 23, the temperature was elevated to 94.3 ºC with NPs at 

concentration of 1 mM.  Additionally, the temperature was increased linearly with 

the increasing concentrations of the NPs. We also investigated the 

photothermal effect of CuS-PEG-c(RGDfK) NPs using different laser power 

levels.  Figure 24 showed that the maximum temperature increased from 35.6 to 

69.5 with the increasing laser power level, from 0.5 to 2 W/cm2.  Furthermore, the 

temperature was increased linearly with the increasing laser power levels.  
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Figure 22 Photothermal effect of CuS-PEG and CuS-PEG-c(RGDfK) NPs in aqueous solution with different 

levels of laser power. 
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Figure 23 Photothermal effect of CuS-PEG-c(RGDfK) with different concentrations. 
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Figure 24 Photothermal effect of CuS-PEG-c(RGDfK) NPs with different levels of laser powers.   
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4.2. Bioactivity and photothermal ablation of cancer cells in vitro 

4.2.1. Cytotoxicity study 

MTS assay was used to evaluate the effects of CuS-PEG and CuS-PEG-RGDfK 

NPs on the cell viability. Gold nanoparticles and CTAB stabilized gold nanorods 

were used as negative control and positive control, respectively.  

In HEK293 cells, the MTS assay results (Figure 25) showed that there was no 

significant difference among CuS-PEG, CuS-PEG-RGDfK NPs and gold 

nanorods (negative control). The cell viability is around 100% at lower 

concentrations, and decreased to ~70% at the highest concentration (3 OD, 1.5 

mM).  In HepG2 cells, the CuS-PEG NPs started to show significant lower cell 

viability from 0.5 mM and higher Cu concentrations.  However, there was no 

significant difference among CuS-PEG-RGDfK NPs and gold nanorods. The cell 

viability was 90~100% through out all the concentrations for both NPs (Figure 

26).  In U87 cells, there were significant differences in cell viability among CuS-

PEG, CuS-PEG-RGDfK NPs and gold nanorods.  The cell viability was around 

100% through out all the concentrations (Figure 27).  In all three cell lines, the 

cell viability started to significantly decrease from 0.005 mM for CTAB stabilized 

gold NPs. 
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     Figure 25 Mean (±SD) cytotoxicity of CuS-PEG and CuS-PEG-c(RGDfK) NPs with controls in HEK293  

     cells (n=6).   

Note: 

* p<0.05 
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          Figure 26 Mean (±SD) cytotoxicity of CuS-PEG and CuS-PEG-c(RGDfK) NPs with controls in HepG2 

         cells (n=6).   

     Note: 

     * p<0.05 
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           Figure 27 Mean (±SD) cytotoxicity of CuS-PEG and CuS-PEG-RGDfK NPs with controls in U87 

          cells (n=6).   

           Note: 
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4.2.2. Cellular uptake study 

To investigate the binding affinity of CuS-PEG and CuS-PEG-c(RGDfK) NPs, a 

cellular uptake study was performed in 3  expressing, human glioblastoma 

U87 cells, using radioactive NPs.  The results in Figure 28 showed that the 

uptake percentages from [64Cu]CuS-PEG-RGDfK NPs, which were from 2.5 to 5 

percent, was significant higher than those of [64Cu]CuS-PEG and [64Cu]CuS-

PEG-scrambled peptide NPs, which were around 1 to 1.5 percent, at all 

concentrations.  We also prior treated the cells with excess amount of c(RGDfK) 

peptide, then add the [64Cu]CuS-PEG-c(RGDfK) NPs.  The uptake percentages 

were around 1 percent, which was similar to those of the cells treated with CuS-

PEG and CuS-PEG-scrambled peptide, respectively. 
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Figure 28 Mean (±SD) [64Cu]CuS-PEG and [64Cu]CuS-PEG-c(RGDfK) NPs 

binding affinity to U87 cells (n=6).  
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4.2.3. Photothermal ablation study in vitro 

To study the photothermal ablation effect mediated by CuS-PEG-c(RGDfK) NPs, 

U87 cells were treated with the same concentrations of CuS-PEG-c(RGDfK) and 

CuS-PEG NPs, followed by irradiation with the NIR laser centered at 808 nm. 

The cell viability was visualized after the staining with the calcein AM cell viability 

kit, which stains the live cells with green-fluorescence.  From the results shown in 

Figure 29, the U87 cells treated with CuS-PEG-c(RGDfK) NPs and NIR laser 

exhibited a clear boundary between the dead and live cells areas, where NIR 

laser was applied.   However, for the cells treated with CuS-PEG NPs and NIR 

laser, there were still some live cells after the treatment.   The majority of the cells 

were still alive after treated with laser only. 

MTS study was performed to quantify the amount of the dead cells after the laser 

treatment.   As shown in Figure 30, there was about 40 % live cells left, after the 

NIR laser treatment mediated with CuS-PEG NPs.   While the killing effect was 

100 % with the treatment of CuS-PEG-c(RGDfK) NPs. Moreover, the cells 

viability was increased from 0 to 100 % while the concentrations of the CuS-

PEG-c(RGDfK) NPs was decreased from 1.5 to 0.25 mM. 
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 Figure 29 Photothermal ablation of U87 cells using NIR laser mediated by CuS-PEG-c(RGDfK) and 

 CuS-PEG NPs. 



107 

Figure 30 Mean (±SD) quantification of dead cells after NIR laser treatment through MTS study. 

(A) The cell viability after treatment with the same concentrations of CuS-PEG-c(RGDfK) and CuS-PEG 

 NPs (1.5 mM) and same laser power, (n=5).  (B) The cell viability after treatment with different 

concentrations, 0.25-1.5 mM, of CuS-PEG-c(RGDfK).  

(n=5, *p<0.05). 
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4.3. PET/CT imaging, biodistribution and photothermal ablation therapy in 

vivo 

We used the nude mice bearing subcutaneous U87 glioblastoma xenograft 

model to evaluate and compare the targeting effect between CuS-PEG-c(RGDfK) 

and CuS-PEG NPs through PET/CT imaging, biodistribution and photothermal 

ablation therapy study. 

4.3.1. PET/CT imaging and biodistribution study 

To investigate the tumor uptake, PET/CT imaging of [64Cu]CuS-PEG-c(RGDfK) 

and [64Cu]CuS-PEG NPs were acquired at 24 h after i.v. injection. Figure 31 

showed the whole-body micro-PET/CT images of [64Cu]CuS-PEG-c(RGDfK) and 

[64Cu]CuS-PEG NPs.  From the ROI estimation using Inveon Research 

Workplace, tumor uptake for [64Cu]CuS-PEG-c(RGDfK) NPs was about 10 % 

while that with the treatment of [64Cu]CuS-PEG NPs was about 5 %.    

The biodistribution study was carried out for the same groups of mice after the 

PET/CT scan.  The amounts of NPs presented in different organs were 

determined by the radioactivity from the NPs using the γ counter.  As shown in 

Figure 32, both NPs had the similar uptake in the liver and spleen, both of which 

are RES-enriched tissues.   Furthermore, the amount of tumor uptake from the 

mice treated with [64Cu]CuS-PEG-c(RGDfK) (9.44 ± 1.18% ID/g) and [64Cu]CuS-
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PEG NPs (4.31 ± 1.36% ID/g)  were comparable with the data obtained from 

PET/CT imaging study. 

Moreover, another three sets of biodistribution studies using different batches of 

NPs were performed with two different quantification methods, ICP-MS for non-

radiolabeled NPs and gamma counter for radiolabeled NPs. The results in Table 

4 have demonstrated that the amounts of NPs accumulated in the tumor site 

were consistent from all four biodistribution studies. 
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Figure 31 PET/CT images of nude mice U87 xenografts acquired at 24 h after i.v injection of 

[64Cu]CuS-PEG-c(RGDfK) and [64Cu]CuS-PEG NPs, respectively (n=3).    
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 Figure 32 Mean (±SD) biodistribution of [64Cu]CuS-PEG and [64Cu]CuS-PEG-c(RGDfK) NPs at 24 h after i.v. 

 administration (n=4 each, p<0.02).  
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 Table 4 Tumor uptakes of CuS-PEG and CuS-PEG-c(RGDfK) NPs with different quantification methods. 

CuS-PEG (ID%/g) CuS-PEG-c(RGDfK) (ID%/g) 

Radiolabeled (n=3) 4.05 ± 1.86 8.95 ± 2.21 

Radiolabeled (n=4) 4.97 ± 2.40 9.71 ± 2.58 

ICP-MS (n=4) 6.49 ± 1.08 10.11 ± 2.30 
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4.3.2. Photothermal ablation therapy in vivo 

During the PTA therapy study in vivo, the temperatures at the tumor site among 

different treatment groups were measured using FLIR camera.  As shown in 

Figure 33, the temperature was 27 ºC at the tumor site in the mouse without any 

treatment, while the temperatures increased to almost 38 ºC at the tumor site for 

the mouse received saline and NIR laser irradiation.  Compared with the mice 

treated with CuS-PEG and CuS-PEG-c(RGDfK) NPs followed by irradiation using 

NIR laser, the temperatures increased to 47.7 and 58.1 ºC, respectively.  The 

tumors were removed at 24 h after PTA therapy, and the histological study was 

carried out. The histological examination (Figure 34) confirmed that the 

treatment combined with CuS-PEG-c(RGDfK) NPs and NIR laser led to greater 

necrotic responses due to the resulting higher temperature. From the 

quantification analysis of the necrosis (Figure 35), about 98% of the tissue 

necrotized in the tumors treated with CuS-PEG-c(RGDfK) NPs and NIR laser 

irradiation. In the tumors treated with CuS-PEG NPs plus the laser, the 

percentage of necrotized tissue decreased to ~60%.  For the tumors treated with 

laser only or no treatment, baseline fractions of necrosis (<5%) were observed. 
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Figure 33 Temperature at the tumor site during photothermal ablation study in vivo.  
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Figure 34 Representative histological microphotographs of tumors removed at 24 h after 

 photothermal ablation.  
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                      Figure 35 Quantitative analysis of the percentage of necrosis zone induced by different  

                      treatments (n=4, p<0.05). 
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Chapter 5 Discussion 

In recent years, metal chalcogenide semiconductor nanocrystallites have drawn 

immense attention from researchers due to their quantum effects and size 

dependent optical properties (Haram, Mahadeshwar et al. 1996). These 

nanocrystalities have been utilized for diversed area, such as electrical, optical 

and magnetic devices, as well as biological labeling and diagnosis (Wang, Zheng 

et al. 2009).  Among those, copper chalcogenides, CuSe as an example, have 

been widely studied as photothermal agents because of their photothermal 

transduction efficiency (Hessel, Pattani et al. 2011).  Semiconductor copper 

sulfide (CuS) nanostructures have the great potential to be used as gold analog 

for PTA therapy due to their low cost, ease of synthesis, biocompatibility and low 

cytotoxicity (Tian, Jiang et al. 2011). 

In previous studies, Dr. Li’s group has synthesized and investigated thioglycolic 

acid-stabilized copper sulfide NPs as a photothermal agent in vitro using NIR 

laser at 808 nm (Li, Lu et al. 2010).  Soon afterwards, [64Cu]CuS NPs, with 64Cu 

as an integral building block into the core structure, was synthesized for PET/CT 

imaging and PTA therapy using NIR laser irradiation (Zhou, Zhang et al. 2010).  

However, those NPs were passively delivered to the tumor through EPR effect. 
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The first project involved the development and characterization of a targeted 

[64Cu]CuS NPs to improve tumor uptake.  The targeting effect was achieved 

through the c(RGDfK) peptide attached to the surface of the NPs.  After 

characterizing the NPs, an ELISA study and a tumor uptake study in vitro were 

used to evaluate the targeting effect of the NPs.  To evaluate the cytotoxicity of 

the NPs, MTS assay was performed with three different cell lines, using gold 

nanoparticles and gold nanorods as negative and positive controls, respectively.  

Furthermore, the tumor uptake of the [64Cu]CuS-PEG-c(RGDfK) NPs was studied 

in vivo using PET/CT imaging and biodistribution evaluation.  The PTA therapy, 

using xenograft U87 tumor mouse model, were performed to demonstrate the 

merit in efficacy of the targeted CuS-PEG-c(RGDfK) NPs, compared with the 

non-targeted CuS-PEG NPs.  
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5.1. Synthesis and characterization of CuS-PEG-c(RGDfK) NPs 

To attach the targeting moiety, c(RGDfK) peptide, to the surface of the [64Cu]CuS 

nanoparticles, ‘click’ chemistry, introduced by Sharples et al. in 2001, was used. 

Click chemistry was referred to the formation of heterocyclic compound by joining 

small units together with heteroatom links. Among all the carbon-heteroatom 

bond formation reactions, the copper-catalyzed Huisgen 1,3-dipolar cycloaddition 

of azides and terminal alkynes is the premier example of click chemistry and is 

known for its high degree of selectivity and stability (Kolb, Finn et al. 2001).  To 

take the advantage of this click chemistry, we used alkyne-modified cyclic RGDfK 

peptides to couple with the azide-functionalized PEG via Huisgen’s 1, 3-dipolar 

cycloaddition, which is catalyzed by copper sulfate and sodium ascorbate in 

aqueous solution. 

The thiol-PEG-amine (M.W. 5000) was modified with azide group on the amine 

end through succinimidyl 4-azidobutyrate using the procedure descried by von 

Malzahn et al. (von Maltzahn, Ren et al. 2008).  The chemical synthesis of 

succinimidyl 4-azidobutyrate was reproducible and of high yield (~80%) for the 

first two steps.  The last step, from 4-azidobutyric acid to succinimidyl 4-

azidobutyrate, gave a relatively low yield (~20%), while the one reported by von 

Malzahn is about 30%.  The structures of starting material, intermediate, and the 



  

120 
 

final product were confirmed by 1H NMR (500 MHz) (Figures 10-13).  Chemdraw 

was used to predict the 1H NMR spectra for clear interpretation of the structures.  

The 1H NMR results confirmed that the product from each step has defined 

structures as expected and no impurities were observed.  The 1H NMR peaks at 

2.84 ppm was shown in Figure 13, demonstrating the successful synthesis of 

succinimidyl 4-azidobutyrate.  

 

The c(RGDfK) peptide was synthesized using the Fmoc solid-phase strategy and 

modified the amine on Lysine (K) with 4-pentynoic acid (McCusker, Kocienski et 

al. 2002, Lu, Shi et al. 2009).  After deprotection and cleavage of the peptide 

from the solid support, the alkyne-cyclic RGDfK was yield.  To examine the 

peptide synthesis and the head-tail cyclization, the peptide was cleaved from the 

resin before modified with alkyne group.  After purified with HPLC, the c(RGDfK) 

peptide was confirmed by LC/MS as shown in Figure 14.  The result ([M+H+] = 

604.33) corresponded to the predicted molecular weight of c(RGDfK) peptide 

(603.31).  The peptide modification with alkyne group was performed after the 

confirmation of successful synthesis of the c(RGDfK) peptide.  After the 

modification and purification, the peak ([M+H+] = 684.34) shown in Figure 15 

from LC/MS demonstrated the completion of the reaction between lysine and 4-

pentynoic acid.  
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CuS-PEG-N3 NPs were rapidly synthesized in aqueous solution by reacting 

CuCl2 and Na2S in the presence of azide modified PEG at 90 ºC for 15 min.  To 

confirm the modification with PEG, the CuS-PEG-N3 NPs were characterized by 

using 1H NMR with the dry sample dispersed in D2O.  In the spectra (Figure 16), 

a peak at 3.6 ppm, characteristic of PEG, suggested that the CuS NPs were 

coated by HS-PEG-N3.  The alkyne modified c(RGDfK) peptide were attached to 

the CuS-PEG-N3 NPs through the azide-alkyne Huisgen’s cycloaddition reaction 

in aqueous phase.  To exclusively yield the 1,3 cycloaddition with a relatively 

short reaction time due to the short half life of 64Cu, the reaction was carried out 

at a high temperature with 5 mol-% of copper (II) sulfate pentahydrate and 10 

mole-% of sodium ascorbate as catalyst (Mindt, Muller et al. 2009).  The 

hydrodynamic size in Table 2 shows that the CuS-PEG-c(RGDfK) NPs was 

increased for about 7 nm after the c(RGDfK) peptide modification, which is 

consistent with the published data from Zhang’s and Kompella’s groups 

regarding different types of NPs (Singh, Grossniklaus et al. 2009, Fang, Veiseh 

et al. 2010).  Moreover, the zeta potential of CuS-PEG-c(RGDfK) NPs was 

significantly increased (~13 mV) due to the positive charge in the guanidinium 

group of arginine.  A similar outcome of increasing zeta potential was found in 

other molecules modified with RGD peptide as well (Singh, Grossniklaus et al. 

2009, Liu, Liu et al. 2014).  The optical properties of CuS-PEG-c(RGDfK) NPs 

were evaluated by UV-vis spectra (Figure 18).  Compared to CuS-PEG NPs and 
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citrate-coated CuS synthesized by Li’s group, the CuS-PEG-c(RGDfK) NPs 

exhibited a similar absorption in the NIR region (~900 nm), confirming that the 

modification with c(RGDfK) peptide on the CuS NPs did not significantly change 

the optical property of CuS as a PTA therapy agent (Zhou, Zhang et al. 2010).  

The click chemistry with different ratios between PEG to peptide (1:1 to 10:1) was 

carried out to evaluate the yield at different conditions.  After the synthesis of 

CuS-PEG-c(RGDfK) NPs, the NPs with different PEG to peptide ratios were 

dissolved and hydrolyzed, followed by amino acid analysis. However, the 

concentrations of amino acids were not equal for each sample due to the amino 

acid loss during the hydrolysis process (Darragh, Garrick et al. 1996).  The 

simple structure of glycine, with the highest concentration, was used to calculate 

the concentration of peptide in NPs.  As shown in Table 3, the yield was 

decreased from ~85% to 60%, with decreasing ratios of PEG to peptide.  The 

yield range was comparable with those reported by other groups using the Cu(I) 

as a catalyst for click chemistry reactions (Rostovtsev, Green et al. 2002, Mindt, 

Muller et al. 2009). The yield of click chemistry was reduced by ~ 25%, mainly 

because of the lower molecular interaction during the reaction due to a lower 

PEG to peptide ratio. 

After the CuS-PEG-c(RGDfK) NPs were synthesized, by adapting an ELISA 

binding assay that has been developed using ανβ3 protein (Xie, Diagaradjane et 
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al. 2011), the binding effect of the NPs was investigated.  The plate coated with 

ανβ3 was treated with CuS-PEG and CuS-PEG-c(RGDfK) NPs (PEG:peptide from 

1:0.08 to 1:0.6).  The NPs were recognized by biotinylated anti-PEG antibodies, 

which were subsequently detected by HRP-avidin.  Figure 19 shows that the 

CuS-PEG NPs had a minimal detectable binding to the ανβ3 integrin, while the 

binding to the ανβ3 integrin with CuS-PEG-c(RGDfK) NPs was increased with the 

increasing peptide to PEG ratios.  Furthermore, from the CuS-PEG-c(RGDfK) 

(PEG:peptide 1:0.13), the binding effect was significantly higher, compared to the 

CuS-PEG NPs.  To study the binding specificity of the CuS-PEG-c(RGDfK) NPs, 

excess amounts of c(RGDfK) peptides (50 μM, 100 μL) were pre-incubated with 

ανβ3 protein in the wells, followed by different concentrations (1 to 5 OD at 930 

nm) of CuS-PEG-c(RGDfK) NPs (PEG:peptide 1:0.6).  Another set of wells were 

directly treated with CuS-PEG-c(RGDfK) NPs (PEG:peptide 1:0.6).  Anti-PEG 

antibody labeled with biotin and HRP-avidin was used for NPs detection as in the 

previous study.  Figure 20 shows that the CuS-PEG-c(RGDfK) NPs without 

c(RGDfK) pre-treatment had an increased binding to the ανβ3 integrin with 

increasing concentrations of the NPs, whereas the CuS-PEG-c(RGDfK) NPs had 

no detectable binding to the ανβ3 integrin after pre-treated with the c(RGDfK) 

peptide.  
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The [64Cu]CuS-PEG-c(RGDfK) was prepared using the same method for non 

radiolabeled CuS-PEG-c(RGDfK) NPs. The radiolabeling efficiency was 

examined using the TLC strip and the developing media contains EDTA at pH 

7.4, in which condition the EDTA has its optimal efficiency to chelate Cu (II) ions 

(Tofalvi, Horvath et al. 2013, Zhang, Wei et al. 2014).  The Cu2+-EDTA complex 

was moved with the developing solution to the top of the strip, while the 

radiolabeled NPs were kept at the original spot.  As shown in Figure 21, the 

radiolabeling efficiency for [64Cu]CuS-PEG-c(RGDfK) was ~100% at the end of 

synthesis.  Compare with [18F]FDG, which has overall ~60% yield after synthesis 

and purification, the radiolabeling efficiency of [64Cu]CuS-PEG-c(RGDfK) was 

noticeably high (Fowler and Ido 2002).  After being suspended with FBS and 

human plasma, and kept at room temperature for 24 and 48 h, the [64Cu]CuS-

PEG-c(RGDfK) NPs lost only a negligible amount of radioactivity (~3%). 

The semiconductor, CuS NPs, exhibited a different infrared absorption 

mechanism, comparing to the gold NPs.  The gold nanoparticles have an intense 

NIR absorption due to the plasmon resonance, which refers to a resonant 

phenomenon whereby NIR light stimulate collective oscillations of conductive 

metal electrons at the particle surface.  Moreover, the absorbing and scattering 

properties of the gold NPs are affected by the core and shell layers of the NPs 

and the surrounding maxtrix (Hirsch, Stafford et al. 2003).  However, the NIR 
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absorption of CuS NPs, which is derived from the d-d transition of Cu2+ ions, 

leads to a higher maximum absorption wavelength and stronger absorption 

intensity than gold NPs (Feng, Nie et al. 2015).  Moreover, the absorbing 

property of CuS Ps is not affected by the morphologies of the NPs and the 

surrounding environment (Zha, Wang et al. 2013, Zhang, Zha et al. 2013).  To 

investigate the photothermal effect by NIR light using CuS-PEG-c(RGDfK)  NPs, 

continuous-wave fiber-coupled diode laser centered at 808 nm and calibrated 

using handheld model 840-C optical power meter was applied.  As shown in 

Figure 22, CuS-PEG-c(RGDfK) NPs elevated the temperature of the aqueous 

solution from 22 °C to 35.6 °C and 45.2 °C, after 5 min exposure to the laser 

power at 0.5 W/cm2  and 1 W/cm2, respectively.  After laser irritation was stopped, 

the aqueous solution displayed Newtonian cooling behavior (Dickerson, Dreaden 

et al. 2008).  In comparison to CuS-PEG NPs under the same condition, there 

was no significant difference in the magnitude of temperature increase.  Base on 

the equation 2 as shown below, the extinction coefficient was calculated to be 

about 2.05 × 108 M-1cm-1 at the peak absorption of 930 nm (Zhou, Zhang et al. 

2010): 

𝜀 = (𝐴𝜋/6𝑑^3 𝜌𝑁𝐴 )/(𝐿𝐶𝑤𝑡 )       (2)      

Where d is the average diameter of the CuS-PEG-c(RGDfK) NPs assuming a 

spherical morphology, p is the density of the NPs by assuming as same as the 

bulk (~4.6 g/cm3) , NA is the Avogadro’s constant, L is the path length (1 cm), and
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Cwt is the weight concentration of the NPs.  The extinction coefficient of CuS-

PEG-c(RGDfK) NPs was comparable with the ones for gold nanoparticles 

reported in the literature (Liu, Atwater et al. 2007).  The absorption peak of CuS-

PEG-c(RGDfK) NPs was ~930 nm, and the photothermal effect would be much 

stronger if the laser with a higher wavelength was applied.  Furthermore, the 

photothermal effect of CuS-PEG-c(RGDfK) NPs was laser power dependent.  

The temperature was linearly elevated with the increasing laser power from 0.5 

to 2 W/cm2 (Figure 24).  
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5.2. Bioactivity and photothermal effect in vitro 

5.2.1. Cytotoxicity study 

Apoptosis and necrosis, which are fundamentally different from each other, are 

the main causes of the cell death.  Apoptosis is caused by the destruction of cell 

morphological and molecular properties, such as membrane blebbing and cell 

shrinkage (Bursch, Oberhammer et al. 1992).  In contrast, necrosis is an active 

process of cell swelling, damage of organelles in cytoplasm, and collapsed 

internal homeostasis (Bonfoco, Krainc et al. 1995).  A number of screening 

techniques are widely used in vitro to detect cytotoxicity and cell death, such as 

lactate dehydrogenase leakage (LDH), methyl tetrazolium (MTT) and terminal 

deoxynucleotidyl transferase (TDT) dUTP nick red labeling (TUNEL) assay, with 

different mechanisms (Grasl-Kraupp, Ruttkay-Nedecky et al. 1995, Fotakis and 

Timbrell 2006). 

MTT, a tetrazole assay, is a standard colorimetric assay to determine whether 

the cells are alive or dead through measuring the activity of the enzymes that 

reduce MTT to purple formazan in living cells (Mosmann 1983).  In our 

experiment, MTS, an alternative method of MTT, was used to evaluate the effect 

of the NPs on the cell viability. Compared to MTT assay, which produces insole 

purple formazan, MTS using a new tetrazolium reagent forms the formazan 
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product, which is soluble in cell culture medium (Teixeira, Ferraz et al. 2008).  

Besides the testing compounds, CuS-PEG and CuS-PEG-c(RGDfK) NPs, gold 

NPs and CTAB stabilized gold nanorods were used as negative and positive 

controls, respectively.  To the best of our knowledge, this was the first cytotoxicity 

study using HEK 293, HepG2 and U87 cell lines to compare the cytotoxicity 

among the CuS and the gold NPs.  The results revealed that CuS-PEG-c(RGDfK) 

and gold NPs exhibited similar cytotoxicity in all three cell lines.  The cell viability 

of both NPs in HepG2 and U87 cells was ~100% at all the concentrations tested, 

from 0.00015 to 1.5 mM.  However, both NPs resulted in a decrease in cell 

viability to ~80% in HEK 293 cells.  Precious studies using silica NPs displayed a 

higher cytotoxicity in normal cells, compared with cancerous cells (Chang, Chang 

et al. 2007).  In our previous studies, a comparable cytotoxicity between CuS and 

gold NPs in HEK 293 cells was reported by Li’s group (Li, Lu et al. 2010).  More 

recently, another detailed in vitro toxicity studies of CuS nanoplates were carried 

out in four different mammalian cell lines and the results illustrated the great 

biocompatibility of CuS nanoplates (Feng, Nie et al. 2015).  Furthermore, the 

CTAB stabilized gold nanorods exhibited a significant cytotoxicity in all three cell 

lines. 
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5.2.2. Cellular uptake study 

After the binding effect of the CuS-PEG-c(RGDfK) NPs was investigated using 

ELISA, the in vitro cellular uptake and binding specificity study of CuS-PEG-

c(RGDfK) NPs was conducted using radiolabeled NPs with U87 glioblastoma 

cells which highly express integrin ανβ3 receptors.  In this study, in addition to the 

[64Cu]CuS-PEG NPs used as non target control, the [64Cu]CuS-PEG-c(RADfK) 

NPs with negative control peptide were applied as control as well (Eldar-Boock, 

Miller et al. 2011).  The U87 cells were incubated with [64Cu]CuS-PEG, 

[64Cu]CuS-PEG-c(RADfK) and [64Cu]CuS-PEG-c(RGDfK) NPs at different 

concentrations for 2 h, then collected for the quantitative analysis.  To test the 

specificity of the [64Cu]CuS-PEG-c(RGDfK) NPs, an excess amount of c(RGDfK) 

peptide (5 mM) was added and incubated for 2 h prior to the treatment of NPs.  

Figure 28 shows that the two controls, [64Cu]CuS-PEG and [64Cu]CuS-PEG-

c(RADfK) NPs, had a similar amount of cellular uptake. Whereas, [64Cu]CuS-

PEG-c(RGDfK) NPs exhibited a significant binding effect to the integrin 

overexpressing cells, about 3 fold higher than the control NPs.  In previous 

studies, the polymer micelles modified with c(RGDfK) peptide were developed in 

Kataoka’s group.  The cellular uptake for the targeted micelles in U87 cells is 

about 2.5 fold higher than that without the targeting modification (Miura, 

Takenaka et al. 2013).  Our cellular uptake results were slightly higher, which 
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was likely due to the higher payload of c(RGDfK) peptide, 60% comparing with 

40%, on the surface of the NPs.  Moreover, after the exposure to the free 

c(RGDfK) peptide, this specific binding effect from [64Cu]CuS-PEG-c(RGDfK) 

NPs was blocked and the cellular uptake was decreased to levels equivalent to 

the control NPs.  Overall, these results highlighted the high specific affinity of the 

CuS-PEG-c(RGDfK) NPs to the integrin ανβ3 receptors in vitro and offered the 

potential for in vivo application. 

5.2.3. Photothermal ablation study 

To demonstrate the targeting effect of the CuS-PEG-c(RGDfK) NPs for 

photothermal treatment, we investigated the depletion of  ανβ3 positive cells with 

CuS-PEG-c(RGDfK) and CuS-PEG NPs.  The U87 cells in cultures were 

incubated with both NPs at same concentration (3 OD) for 2 h.  After the removal 

of free NPs, the cells were irradiated with 3 W/cm2 for 2 min.  As shown in Figure 

29, in the irradiated region, U87 cells (stained as green) within the laser region 

were completely depleted after the laser treatment using CuS-PEG-c(RGDfK) 

NPs.  In contrast, some U87 cells were still alive in the irradiated region after 

laser treatment mediated with CuS-PEG NPs. For both treatments, the cells in 

the region outside the laser footprint, the U87 cells were remained.  Moreover, 

such a destruction effect was not observed in the U87 cells treated by NIR laser 
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alone.  For quantitative analysis of the cell viability, the similar experiment that 

was performed in 96 well and treated the U87 cells with CuS-PEG NPs and 

different concentrations of CuS-PEG-c(RGDfK) NPs.  The results shown in 

Figure 30 revealed that the more effective photothermal effect on U87 cells for 

those were treated with CuS-PEG-c(RGDfK) NPs.  Furthermore, this cell killing 

effect, using CuS-PEG-c(RGDfK) NPs  and laser treatment, exhibited a 

concentration dependent profile as well.  These results indicated that CuS-PEG-

c(RGDfK) NPs, with higher U87 cellular uptake, led to a more effective local 

photothermal destruction in a defined location and thus enabled less damage on 

the surrounding cells.  
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5.3. PET/CT imaging and PTA therapy in vivo 

According to previous PET/CT imaging study using [64Cu]CuS-PEG NPs, the 

relatively high tumor uptake was observed in U87 xenograft mouse model at 24 h 

after i.v. injection (Zhou, Zhang et al. 2010).  In our experiment, the PET/CT 

imaging with [64Cu]CuS-PEG-c(RGDfK) and [64Cu]CuS-PEG NPs was acquired 

at 24 h after i.v. injection of both NPs, individually.  Due to the short decay half-

life of 64Cu (12.7 h), it is necessary to shorten the time of purification for PET/CT 

imaging study.  Therefore, rather than using dialysis membrane for purification of 

CuS-PEG-c(RGDfK) NPs, a pre-packed PD-10 column was used for a rapid 

purification of [64Cu]CuS-PEG-c(RGDfK) NPs.  PD-10 column is often utilized for 

removal of low molecular weight compounds from high molecular weight 

substances (M.W. >5,000) based on the size exclusion.  

On the basis of quantitative ROI analysis for the representative PET/CT images 

(Figure 31), the tumor uptake of [64Cu]CuS-PEG-c(RGDfK) NPs at 24 h after i.v. 

injection was 10.3 %ID/g  and the clear visualization of the U87 tumor with a high 

contrast was demonstrated.  Compared with the non-targeted of [64Cu]CuS-PEG 

NPs (4.9 %ID/g), the [64Cu]CuS-PEG-c(RGDfK) NPs showed a significantly 

higher tumor uptake.  In previous reported studies, the radiolabeled iron oxide 

NPs conjugated with RGD peptide as a targeted contrast agent for PET/MRI dual 
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imaging modalities were developed by Lee and his colleague (Lee, Li et al. 

2008). The tumor accumulation of targeted NPs after i.v. injection was 

~10 %ID/g, which is comparable with our observation.  Furthermore, the similar 

outcome was demonstrated, using 64Cu labeled octameric RGD peptide for PET 

imaging of U87 tumor (Li, Cai et al. 2007).  Biodistribution study was conducted 

for the same group of mice to investigate the localization of the [64Cu]CuS-PEG-

c(RGDfK) and [64Cu]CuS-PEG NPs.  No significant difference was observed in 

liver, spleen and kidney uptake between those two NPs.  The tumor uptake for 

[64Cu]CuS-PEG-c(RGDfK) and [64Cu]CuS-PEG NPs was 9.44 ± 1.18 %ID/g and 

4.31 ± 1.36 %ID/g, respectively. These results confirmed the observation of 

higher tumor uptake using [64Cu]CuS-PEG-c(RGDfK) NPs from the above 

PET/CT imaging study.  To investigate the reproducibility of the improved tumor 

uptake of the CuS-PEG-c(RGDfK) NPs, another three in vivo tumor uptake 

studies were performed using different batches of NPs and xenograft U87 mice.  

The distribution of the NPs in tumors was quantified using ICP-MS and gamma 

counter for non-radiolabeled and radiolabeled NPs, respectively.  As shown in 

Table 4, there were no significant differences in tumor uptake from all the studies. 

In PTA therapy, the temperature reached 58 ºC on the tumor site for the mice, 

which received targeted CuS-PEG-c(RGDfK) NPs, whereas the temperature was 

48 ºC for the one administrated with non-targeted CuS-PEG NPs.  The difference 
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in temperature change may be due to the higher tumor uptake of CuS-PEG-

c(RGDfK) NPs, according to the photothermal study in aqueous solution.  In the 

literature, gold nanoshells show a temperature elevation to around 38 ºC after 4-

6 min of 820 nm NIR laser exposure at 4 W/cm2 (Hirsch, Stafford et al. 2003).  As 

for the CuS-PEG-c(RGDfK) NPs, the local temperature in tumor was increased 

32 ºC with less time (2 min) and less laser power (3 W/cm2).  Furthermore, the 

local temperature of control group, treated with saline and NIR laser, increased 

10.6 ºC from 27.2 ºC, in agreement with the literature value 9.1 ºC using 820 nm 

NIR laser at 4 W/cm2 (Hirsch, Stafford et al. 2003).  Compared the temperature 

elevation with NPs in aqueous solution and in the tumor tissues, Figure 36 

demonstrated that the maximum temperature increase in tumor was much lower 

than those in aqueous solution.  This observed difference in the maximum 

temperature was likely due to the obstruction of the skin between the laser fiber 

and the NPs, and the distribution of the NPs in the tumor (Hirsch, Stafford et al. 

2003).  However, the magnitude of the elevation in temperature of tumor tissue is 

slightly higher than the one in aqueous solution.  Even the major absorbers in 

vivo, such as hemoglobin and oxyhemoglobin, exhibited absorption in the NIR to 

some extent (absorption coefficient ~0.1 cm-1) (Weissleder 2001).     

In the previous histological study, the common features of severe 

thermonecrosis, such as loss of nucleus, cell shrinkage, and coagulation, are 
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present in most areas of the examined tumor slide treated with CuS-PEG-

c(RGDfK) NPs and laser irradiation (Melancon, Zhou et al. 2011).  In contrast, the 

tumor treated with CuS-PEG and laser showed less cell shrinkage and noticeably 

live tumor cells.  The quantification of the necrosis area was ~60% for the ones 

treated with CuS-PEG NPs, comparing with 100 % destruction treated with CuS-

PEG-c(RGDfK) NPs.  In the previous study, about 65 % of necrotized tumor 

tissue was found in the mice treated with i.v. injection of CuS-PEG NPs plus laser 

treatment (Zhou, Zhang et al. 2010).  Overall, the in vivo studies confirmed the 

more accumulation in the tumor site through CuS-PEG-c(RGDfK) improved the 

PET/CT contrast and this accumulation led to an efficient PTA therapy. 
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Figure 36 Temperature elevations in aqueous solution and in vivo. 
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Part 2 

(Chapter 6-9) 

Chapter 6 Objectives and Specific Aims 

6.1. Hypotheses 

Our second hypothesis is that “[64Cu]CuS-PEG NPs could be doped with other 

metals and the new nanoplatform have the potential to be used for both PET/MRI 

imaging and photothermal ablation therapy”. 

6.2. Objective 

In the second part of our research, we focused on development of a novel dual 

imaging contrast agents that can be used for cancer diagnosis and treatment. 

The overall objective of this research project is to develop [64Cu][Mn]CuS-PEG 

nanoparticles which have the potential to be used for PET/MRI imaging and PTA 

therapy.  The rationale is that the manganese (Mn), which was often used for 

MRI imaging contrast agents in preclinical, will be doped into the [64Cu]CuS 

nanoparticles, and the optical properties of the nanoparticles will not be changed. 
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6.3. Specific Aims 

The objective of this project were tested by pursing three major specific aims: (1) 

to synthesize and characterize [64Cu][Mn]CuS-PEG nanoparticles, (2) to 

investigate the bioactivity and photothermal effect of the [64Cu][Mn]CuS-PEG 

nanoparticles in vitro, and (3) to establish the PET and MRI imaging, and PTA 

therapeutic function of the [Mn]CuS-PEG nanoparticles in vivo. 

6.3.1. To synthesize and characterize [64Cu][Mn]CuS-PEG nanoparticles 

 Synthesis of the [Mn]CuS-PEG NPs and [64Cu][Mn]CuS-PEG NPs

 Characterization of the [Mn]CuS-PEG NPs

 Determination of the composition of the [Mn]CuS-PEG NPs using ICP-

OES 

 MRI relaxivity of the [Mn]CuS-PEG NPs.

6.3.2. To investigate the cytotoxicity of the [Mn]CuS-PEG nanoparticles in 

vitro 

 Evaluation of the cytotoxicity of [Mn]CuS-PEG NPs in three different cell

lines, HepG2, HEK 293 and U87 
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6.3.3. To investigate the MRI imaging and PTA therapeutic function of the  

[Mn]CuS-PEG nanoparticles in vivo 

 Evaluation of PET imaging and biodistribution for [64Cu][Mn]CuS-PEG NPs

in xenograft U87 tumor mouse model 

 Investigation of MRI imaging for [Mn]CuS-PEG NPs in a xenograft U87

tumor mouse model 

 Evaluation of the photothermal ablation therapy in a xenograft U87 tumor

mouse model with [Mn]CuS-PEG NPs. 
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Chapter 7 Materials and Methods 

7.1. Materials 

7.1.1. Chemicals and Materials 

Besides the chemicals and materials listed in 3.1, other materials used in this 

part are as follows below: 

 Feridex i.v. ®(Advanced Magnetics, Inc., Cambridge, MA, USA) was used

in relaxivity study. 

 FeCl2 and MnCl2 (Sigma-Aldrich, St. Louis, MO, USA) was used to

synthesize doped CuS NPs. 

7.1.2. Animals 

Mice used in this study were described in Section 3.1.3. 

7.1.3. Equipment, Apparatuses and Software 

 ICP-OES (Agilent, Santa Clara, CA, USA) was used to quantify the

composition of the doped NPs. 

 Biospec small animal MRI system (4.7 Tesla, Bruker Biospin Corp.,

Billerica, MA, USA) equipped with ParaVision (Bruker Biospin Corp., 

Billerica, MA, USA) was used to acquire the MRI images. 
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7.2. Methods 

7.2.1. Synthesis and characterization of [64Cu][Mn]CuS-PEG NPs 

To introduce Mn into CuS NPs, a certain amount of Mn was added into the CuCl2 

solution (moloar ratio of [Mn]:[Cu] is 1:3 or 1:4) before it was heated.  [Mn]CuS-

PEG or [64Cu][Mn]CuS-PEG NPs were synthesized using similar method 

described in Section 3.2.1.3.  

7.2.1.1 Synthesis of [Mn]CuS-PEG or [64Cu][Mn]CuS-PEG NPs 

Starting with 20 mL of an aqueous solution containing a mixture of CuCl2 and 

MnCl2  (molar ratio of Cu2+ and Mn2+ 1:3 or 1:4, and total molar concentration is 1

mmol), 1 mg of SH-PEG-NH2 was added and stirred for 5 min, followed by 20 µL 

of sodium sulfide solution (Na2S, 1 M) with stirring at room temperature.  The 

mixture solution turned dark-brown immediately upon the addition of sodium 

sulfide.  After stirring for 5 min, the reaction mixture was heated to 90 °C and 

stirred for another 15 min until a dark-green solution was obtained.  The mixture 

was transferred to ice-water bath. 

[64Cu][Mn]CuS-PEG NPs were synthesized using similar method as described 

above. 64CuCl2 (20 μL, 1000 μCi) was added to 20 mL of MnCl2 and CuCl2 

solution ([Mn]: [Cu] 1:3), followed by 0.1mg SH-PEG-N3.  2 μL of sodium sulfide 

solution (1 M) was then added into the CuCl2 solution. The mixture was heated to 
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90 °C for 15 min until the solution tuned to dark-green color.  The reaction 

mixture was transferred to ice-water bath to give [64Cu][Mn]CuS-PEG-N3 NPs.

7.2.1.2 Radiolabeling efficiency and stability of [64Cu][Mn]CuS-PEG NPs 

The radiolabeling efficiency and stability of labeled NPs were analyzed using 

instant thin layer chromatography (ITLC) as described in Section 3.2.1.5.  To 

study the labeling stability, [64Cu][Mn]CuS-PEG nanoparticles were suspended in 

PBS or human plasma at room temperature for 24 h and 48 h.  The radioactivity 

at the original spot was recorded as a percentage of the total radioactivity of the 

ITLC strip. 

7.2.1.3 Characterization of [Mn]CuS-PEG NPs 

UV-vis spectra and hydrodynamic particle size of [Mn]CuS-PEG NPs were 

measured following the same procedures described in section 3.2.1.5.  The 

content of [Mn]CuS-PEG NPs were determined by ICP-MS. 1 mL of 

nanoparticles (5 OD) was dissolved with 100 μL of aqua regia (HNO3: HCl=1:3) 

then diluted with distilled 2% HNO3 to 10 mL for elemental analysis.  

7.2.1.4 MRI relaxivity study 

Solutions of [Mn]CuS-PEG were prepared in deionized water at equivalent Mn 

concentrations of 0.036, 0.054, 0.09 and 0.18 mM.  Feridex i.v. ® was used as 

the control and prepared in deionized water at Fe concentrations of 0.014, 0.028, 
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0.056 and 0.112 mM.  Samples of 1 mL were pipetted into NMR glass tubes and 

were placed in the sample holder. Spin-lattice (T1) and spin-spin (T2) were 

measured at room temperature with a 4.7 Tesla Biospec small animal MRI 

system using an inversion recovery and multi-echo pulse sequences. Relaxivities 

(R1 or R2 in mM-1s-1) were obtained from linear least square determination of the

slopes of 1/T1 versus [Mn] ([Fe]) or 1/T2 versus [Mn] ([Fe]) plots. 

7.2.1.5 Photothermal effect in aqueous solution 

The photothermal effect of [Mn]CuS-PEG NPs was investigated using the similar 

method recorded in section 4.1.5.  A thermocouple was inserted into the solution 

perpendicular to the path of the laser light.  The temperature changes regarding 

different concentration of NPs and different laser power was recorded.  The 

temperature was measured over 10 min.  Water and CuS-PEG was used as a 

control. 

7.2.2. Cytotoxicity study of [Mn]CuS-PEG NPs 

The cytotoxicity study was carried out with the same procedure described in 

Section 3.2.2.2.   Cell lines of HepG2, HEK 293, or U87 were used for evaluating 

the 24-h cytotoxicity of [Mn]CuS-PEG and CuS-PEG NPs. Gold nanoparticles 

and CTAB stabilized gold nanorods were used as negative and positive controls, 

respectively. 
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7.2.3. PET imaging, biodistribution, MRI imaging and PTA therapeutic 

function of the in vivo 

PET imaging and MRI were obtained separately, due to the limitation of 

accessibility of PET/MRI dual imaging system.  Biodistribution and PTA therapy 

of [Mn]CuS-PEG NPs were also investigated.  

7.2.3.1 PET imaging and biodistribution 

Female nude mice (8-10 week old, n=4) were subcutaneously injected Human 

U87 glioblastoma tumors cells (7 ×106 cells/mouse) in the right thigh.  When 

tumors had grown to 5–8 mm in diameter, three of the mice were treated with an 

i.v. injection of [64Cu][Mn]CuS-PEG-c(RGDfK) NPs (200  µCi/mouse; 0.2 mL). 

The PET/CT images were acquired at 24 h after i.v. injection. 

After being scanned with PET/CT, the mice (n=4) were sacrificed by CO2 

overexposure 24 h after injection. Blood, heart, liver, spleen, kidney, lung, 

stomach, intestine, muscle, bone, brain, and tumor tissues were removed and 

weighed, and radioactivity was measured with a Packard Cobra gamma counter.  

Uptakes of 64Cu-labeled [Mn]CuS NPs in various organs were expressed as 

percentage of injected dose per gram of tissue (%ID/g). 
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7.2.3.2 MRI and PTA study 

Female nude mice (8-10 week old, n=4) were subcutaneously injected Human 

U87 glioblastoma tumors cells (7 ×106 cells/mouse) in the right thigh.  When the 

tumors had grown to 5–8 mm in diameter, the mice were randomly split into two 

groups (n = 2). Group A was treated with an i.t. injection of [Mn]CuS-PEG NPs 

(20 µL/mouse; 20 OD). 

The MRI images were acquired at 2 h after injection on a 4.7 small animal MRI 

scanner using a transmit/receive volume coils.  T1-weighted MIR images (echo 

time, 15.0 ms; repetition time, 1000 ms; nex, 2; slice thickness, 1.25 mm; Flip 

angle, 180 degree; field of view, 40 × 40 mm, total acquisition time: 8 min 32 s) 

and T2-weighted (echo time, 70 ms; repetition time, 4150 ms; slice thickness, 

1.25 mm; flip angle, 180 degree; nex, 4; field of view, 40 × 40 mm; total 

acquisition time: 5 min 48 s) were acquired before and after injection of [Mn]CuS-

PEG NPs.  Afterwards, the mice were irradiated with the NIR laser at 5 W/cm2 for 

2 min and the MRI images were acquired at 1 h after laser treatment.  The mice 

were killed 24 h after laser treatment and the tumors were removed. 

Group B was treated with an i.v. injection of [Mn]CuS-PEG NPs (200 µL/mouse; 

8 OD). 

The MRI images were acquired at 24 h after injection via MRI scanner, the same 

methods motioned as above, followed by PTA therapy using NIR laser at 5 
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W/cm2 for 2 min.  MRI images were obtained at 1 h after PTA therapy.  The mice 

were sacrificed 24 h after laser treatment and the tumors were removed. 

Each tumor was snap-frozen, and cryosectioned into 1000 µm slices. The sides 

were stained with hematoxylin/eosin. The slices were examined under a Zeiss 

Axio Observer.Z2 fluorescence microscope. The images were taken using Ziss 

AxioCam MRc5 color camera, and the extent of tumor necrosis (expressed as a 

percentage of the entire tumor area) was analyzed with Ziess AxioVision 

software (version 4.6.3). 

7.2.4. Statistical Analysis 

The cytotoxicity between different nanoparticles was analyzed using ANOVA, 

followed by post-hoc test.  Differences in the extent of necrosis (expressed as 

percentage of necrotic area after treatments) were analyzed using the two-tailed 

Student’s t test. Differences between groups were considered statistically 

significant at p < 0.05. 
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Chapter 8 Results  

The results of part 2 are demonstrated and discussed in the following six 

subtopics: (1) characterization of [Mn]CuS-PEG NPs, (2) MRI relaxivity study, (3) 

Magnetization study, (4) Photothermal effect in aqueous solution, (5) cytotoxicity 

study, and (6) PET, biodistribution and MRI imaging and photothermal ablation 

therapy in vivo. 

8.1. Characterization of [Mn]CuS-PEG NPs 

The hydrodynamic sizes of the [Mn]CuS-PEG NPs were determined using 

dynamic light scattering (DLS) (Figure 37A). The hydrodynamic size of [Mn]CuS-

PEG is 78 nm, which was much bigger than that of CuS-PEG.  However, 

[Mn]CuS-PEG still exhibited the same optical property as CuS-PEG NPs.  As 

shown in Figure 37B, both of UV-vis spectra demonstrated the maximum 

absorption wavelength is around 970 nm.  The content of Mn and Cu in [Mn]CuS-

PEG were determined with ICP-MS (Table 5).  The results from ICP-MS showed 

that around 10% theoretical amount of Mn was able to be doped into [Mn]CuS-

PEG NPs. 

The radiolabeling efficiency and stability of [64Cu][Mn]CuS-PEG was shown in 

Table 6.  At the end of synthesis, almost 100% of the radioactivity was detected 

in [64Cu][Mn]CuS-PEG nanoparticles, indicating that the radiolabeling efficiency 

approached 100%.  After being kept at room temperature up to 48 hours in PBS 
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or human plasma, [64Cu][Mn]CuS-PEG nanoparticles lost 1.44 % radioactivity in 

PBS and 4.38 % in human plasma. 
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Figure 37 Charaterization of [Mn]CuS-PEG NPs. (A) Hydrodynamic particle size. (B) UV-vis spectra of 

CuS-PEG and [Mn]CuS-PEG NPs. 
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Table 5 Element analysis of CuS-PEG and [Mn]CuS-PEG NPs via ICP-MS. 

Sample Name 
Cu 

(PPM) 

Mn 

(PPM) 

Cu:Mn 

(Observed) 

Cu:Mn 

(Theoretical) 

[Cu] in 1OD 

(mM) 

[Mn] in 1OD 

(mM) 

CuS-PEG 48.57 ± 0.20 -0.01 / / 0.51 
/

[Mn]CuS-PEG 
%Mn = 20% 

50.17 ± 0.25 0.91 + 0.004 55:1 4:1 0.52 0.009

[Mn]CuS-PEG 
%Mn = 30% 

49.15 ± 0.08 1.67 ± 0.01 29:1 2.3:1 0.52 0.018

 Table 6 Radiolabeling efficiency and stability of [64Cu][Mn]CuS-PEG NPs. 
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8.2. MRI relaxivity study 

In order to evaluate the potential application of the [Mn]CuS-PEG NPs as a MRI 

contrast agent, we investigated the magnetic relaxation properties.  The relaxivity 

measurement of [Mn]CuS-PEG NPs were performed using a 4.7 T magnetic 

resonance scanner at room temperature and aqueous suspensions of the 

nanoparticles with different concentrations (0.036, 0.054, 0.09 and 0.18 mM 

[Mn]).  As a reference, we measured Feridex i.v., a commercially used T2 

contrast agent, consisting of iron oxide. For quantitative evaluation, the 

longitudinal relaxation rate (1/T1) and transverse relaxation rate (1/T2) as a 

function of the ion concentrations (Mn or Fe) were derived.  Figure 37A and 38B 

showed the MRI assays of a T1 - and T2 -weighted imaging phantom. [Mn]CuS-

PEG NPs exhibited similar imaging enhancement like Feridex as a T2

enhanced contrast agent.  For the quantitative evaluation, the specific relaxivities 

of the [Mn]CuS-PEG (Figure 38D), r1 and r2, were derived by measuring the 

relaxation rate as a function of the concentration of the NPs.  The r1 and r2 

values, calculated based on the concentration of Mn ions, were found be 5.9 (s 

mM)-1 and 110.7 (s mM)-1, respectively.  For Feridex based on the 

concentration of iron (Figure 38C), the calculated r1 and r2 values were 0.4 (s 

mM)-1 and 233.9 (s mM)-1, respectively.  
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      Figure 38 MRI phantom study for [Mn]CuS-PEG NPs and Feridex®. 

(A) T2 map of [Mn]CuS-PEG NPs and Feridex® at different concentrations. (B) T1 map of 

 [Mn]CuS-PEG NPs and Feridex® at  different concentrations. (C) Relaxivity (r1 and r2) of 

Feridex®. (D) Relaixivity (r1 and r2) of [Mn]CuS-PEG NPs.

C 

 D 
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8.3. Photothermal effect in aqueous solution 

Figure 39A demonstrated the temperature change of an aqueous solution 

containing different concentrations of [Mn]CuS-PEG NPs after being exposed to 

NIR light for a period of time.  After being irradiated with NIR light (1.5 W/cm2) for 

10 min, the temperature of an aqueous solution containing [Mn]CuS-PEG NPs (5 

mM [Cu]) was elevated from 20 to 100 °C (an increase of 80 °C).  For the 

aqueous solutions with lower concentrations of [Mn]CuS-PEG, the magnitude of 

the increase in temperature decreased (50 °C for 2.5 mM and 30 °C for 1 mM). 

Under the same conditions, there was no change in temperature for water.  

Furthermore, Figure 39B showed the temperature changes of aqueous solutions 

of [Mn]CuS-PEG with the same concentration (1mM [Cu]), which were exposed 

to different NIR laser power for 10 min.  The magnitude of the increase in the 

temperature increased with increasing laser power (from 10 to 80 °C).  To 

examine the photothermal effect between [Mn]CuS-PEG and CuS-PEG NPs, 

aqueous solution of [Mn]CuS-PEG and CuS-PEG NPs (1 mM [Cu]) were 

irradiated with NIR light (1.5 W/cm2) for 9 min.  Figure 39C indicated that there 

was no significant difference regarding the temperature elevation between those 

NPs.  As shown in Figure 38D, the temperature of the aqueous solution of 

[Mn]CuS-PEG were dropped to the starting temperature point after the irradiation 
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was stopped for 10 min.  The temperature was able to increase to over 60 °C 

again after laser exposure.  This process could be repeated multiple times. 
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  Figure 39 Photothermal effect of [Mn]CuS-PEG NPs. 

(A) Temperature elevation with different concentrations of [Mn]CuS-PEG NPs. (B) Temperature elevation with 

different laser power. (C) Photothermal effect of the CuS-PEG and [Mn]CuS-PEG NPs at same condition. (D) 

Temperature changes of [Mn]CuS-PEG NPs with multiple-time laser irradiation.  
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8.4. Cytotoxicity of [Mn]CuS-PEG in vitro 

Both [Mn]CuS-PEG and CuS-PEG NPs exhibited good cell viability (>90%) at a 

range (0-0.5 mM [Cu]) of doses (Figure 40-42).  However, the [Mn]CuS-PEG 

NPs showed significantly higher cytotoxicity in U87 and HepG2 cell lines at 

higher concentration (≥0.5 mM [Cu]), compared with CuS-PEG NPs.  At the 

highest concentration (1.5 mM [Cu]), both [Mn]CuS-PEG and CuS-PEG NPs 

show higher cytotoxicity in HEK 293 cells.  However, the negative control, gold 

nanoparticles, exhibited similar cytotoxicity level to those nanoparticles in HEK 

293 cells. 
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Figure 40 Mean (±SD) cytotoxicity of [Mn]CuS-PEG and CuS-PEG NPs with controls in HEK293 cells (n=6).   

Note: 

* p<0.05 
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Figure 41 Mean (±SD) cytotoxicity of [Mn]CuS-PEG and CuS-PEG NPs with controls in HepG2 cells (n=6).   

Note: 

* p<0.05 
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Figure 42 Mean (±SD) cytotoxicity of [Mn]CuS-PEG and CuS-PEG NPs with controls in U87 cells (n=6).   

Note: 

* p<0.05 
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8.5. PET/CT imaging and biodistribution study 

Figure 43 showed representative PET images of the U87-tumor-bearing mice at 

24 h after i.v. injection of [64Cu][Mn]CuS-PEG NPs. There was a clear 

visualization of the U87 tumor with radiotracer and the estimated tumor up take is 

~5%, which was comparable with the ones injected with [[64Cu]CuS-PEG NPs. 

The tumor accumulation at 24 h after i.v. injection was 6.01 ± 1.06 %ID/g, which 

was calculated through biodistribution study (Figure 44). 
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  Figure 43 PET/CT images of nude mice U87 xenografts acquired at 24 h after i.v injection of 

  [64Cu][Mn]CuS-PEG NPs (n=3). 
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 Figure 44 Mean (±SD) biodistribution of [64Cu][Mn]CuS-PEG NPs at 24 h after i.v. 

  administration (n=4).
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8.6. MRI/CT imaging and photothermal ablation therapy in vivo 

The mice, which received an i.t injection of [Mn]CuS-PEG, were used to examine 

the feasibility of the NPs as a MRI contrast agent.  Figure 45A has shown T1 and 

T2 images for the tumor after i.t. injection. Compared to the T2 image before 

injection, the tumor site showed a significantly darker image after injection, which 

indicated [Mn]CuS-PEG could be used as a negative-contrast agent.  After PTA, 

the darker area in tumor was more evenly distributed inside of the tumor.  On the 

other hand, there was no significant positive change (brighter images) observed 

in T1 images, compared with post injection.  MRI images after i.v. injection were 

acquired (Figure 45B).  No obvious change between pre and post injection in T1 

image was shown in this study. Similar to the T2 image after PTA therapy for i.t. 

injection, the T2 image after PTA for i.v. injection showed a darker image as well.  

The histology results were shown in Figure 46, which confirmed that the 

[Mn]CuS-PEG NPs could be used for PTA therapy. The necrotic response 

induced by [Mn]CuS-PEG NPs was significantly higher than those treated by 

saline. 
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Figure 45 MRI images of tumor site after I.t. and i.v. injection of [Mn]CuS-PEG NPs. 

(A) T1 and T2 images of tumor before and after i.t. injection of [Mn]CuS-PEG NPs, and after PTA therapy. (B) T2 

images of tumor before and after i.v. injection of [Mn]CuS-PEG NPs, and after PTA therapy.  

A B 
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Figure 46 Photothermal ablation of U87 tumors in xenograft mouse model mediated by [Mn]CuS-PEG NPs after 

 i.v. injection (n=4). 

(A) Representative histological microphotograph of tumors removed at 24 h after NIR laser treatment.  (B) Mean (±SD) 

Quantification of tumor necrosis due to different treatment methods.  

A 
B 



166 

Chapter 9 Discussion 

Recently, the development of dual modality PET/MRI contrast agents has been 

drawing increasing attention (Louie 2010).  Nanoparticles with the ability to 

integrate several different imaging modalities and adapt a variety of targeting 

moieties could be an ideal platform for a dual imaging agent for PET/MRI (Lee 

and Chen 2009).  The majority of the novel PET/MRI contrast agents commonly 

utilize MRI contrast agent as the core and modify the surface with PET isotopes 

through polymers (Choi, Park et al. 2008).  However, there are some limitations 

to these approaches to develop the dual PET/MRI imaging agent.  For example, 

those processes are relatively complicated and involved multi-step synthesis, 

which lead to difficulty in purification and scale-up production. Moreover, the 

physiochemical properties of nanoparticles can be changed after the attachment 

of the radiotracers, particularly the biodistribution and pharmacokinetic 

properties.  Therefore, it is necessary to develop a novel approach to rapidly 

synthesize the nanoparticles without the linkers. 

In our previous study, we have successfully developed a nanoparticles platform 

comprised of [64Cu]CuS that was surface-modified with poly(ethylene glycol) 

(PEG) molecules.  These unique nanoparticles demonstrated their application for 

PET/CT imaging and photothermal ablation (PTA) therapy of tumor cells in vitro 
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and in vivo using a NIR laser beam centered at 808 nm.  In the second project, 

[64Cu][Mn]CuS-PEG NPs were synthesized and characterized for PET/CT dual 

imaging system.  Elements quantification and relaxivity of the [Mn]CuS-PEG NPs 

were investigated.  To study the cytotoxicity of the NPs, An MTS assay was 

performed with three different cell lines, using gold nanoparticles and gold 

nanorods as negative and positive controls, respectively.  The PET/MRI imaging 

and photothermal killing effect of [64Cu][Mn]CuS-PEG NPs were carried out in a 

xenograft mouse tumor model.  To the best of our knowledge, this is the first 

report on the use of linker-free NPs for PET/MRI imaging and the PTA therapy in 

vivo. 
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9.1. Characterization of [Mn]CuS-PEG NPs 

In this project, we reported a simple approach for synthesis of doped NPs using 

the rapid coprecipitation method as described above.  Besides manganese, other 

metals, such as iron, can be applied using this method to form [X]CuS-PEG NPs 

(X = Mn and Fe).  However, the hydrodynamic size of the doped NPs was 

significantly increased in comparison with undoped CuS-PEG NPs.  In addition, 

the size of the doped NPs was increased with the increasing amount of doped 

metal presented in the NPs (Table 7).  In the reported studies, a similar 

phenomenon was observed in other doped NPs.  For example, the Mn-doped 

CuO nanostructure, developed in Güder’s group, shows the nanoparticle size 

increased from 24 to 47 nm for the un-doped to 5% Mn doped CuO 

nanostructures (Gülen, Bayansal, et al. 2013).  To examine if the increased NPs 

size could change the optical properties of the [Mn]CuS-PEG NPs, UV-vis 

spectroscopy was performed for both CuS-PEG amd [Mn]CuS-PEG NPs.  As for 

the gold NPs, the optical properties of the gold NPs is significantly affected by the 

morphology of the NPs (Loo, Lin et al. 2004).   This could lead to strict synthesis 

method and difficult of scale-up production.  On the other hand, the unique 

property of the CuS-PEG NPs, which was not affected by the morphology of the 

NPs, could offer a more versatile nanoplatform with various modifications for 

different functionalities.  However, the [64Cu][Mn]CuS-PEG NPs was less stable, 
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especial in human plasma,  comparing with [64Cu]CuS-PEG-c(RGDfK) NPs 

(Table 6). 

The composition of [Mn]CuS-PEG NPs was revealed by the elemental analysis 

using inductively coupled plasma mass spectrometry (ICP-MS).  The actual 

manganese incorporated in CuS-PEG NPs was approximately 10% of the 

theoretical value (Table 5).  The actual doping concentration was much higher for 

iron chloride, which could reach about 0.2 mM iron concentration with 0.5 mM 

theoretical concentration (Table 8). 
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Table 7 Hydrodynamic sizes of doped nanoparticles with different composition 

Table 8 Elemental analysis of [Fe]CuS-PEG NPs 

Size (nm) 

[Fe]CuS-PEG 

(Fe:Cu  1:12) 
42.0 ± 8.2 

[Fe]CuS-PEG 

(Fe:Cu 1:4.8) 
84.8 ± 1.0 

[Fe]CuS-PEG 

(Fe:Cu 1:4) 
142.4 ± 2.1 

[Mn]CuS-PEG 

(Mn:Cu 1:55) 
50.9 ± 0.6 

[Mn]CuS-PEG 

(Mn:Cu 1:29) 
78.6 ± 1.3 
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9.2. MRI relaxivity study 

To examine if the doped NPs could contain the properties as a MRI contrast 

agent, the relaxivity of the [Fe]CuS-PEG and [Mn]CuS-PEG NPs was measured 

through an MRI phantom study.  Feridex®, a well-known T2 contrast agent, was 

used as control. The r2 relaxivity was measured and calculated to be 233.9 mM-

1·s-1, which was consistent with the value reported in the literature (217.6 mM-1·s-

1) (Kim, Chae et al. 2012).  Iron chloride was commonly used for synthesis of 

superparamagnetic iron oxide (SPIO) NPs to enhance the MRI T2 imaging.  

However, the doped [Fe]CuS-PEG NPs, which can achieve higher doped 

concentration, didn’t show a comparable MRI T2 effect as Feridex® (Figure 38 

and 47).  Compared with the r2 relaxivity value (110.7 mM-1·s-1) of [Mn]CuS-PEG

NPs shown in Figure 38, the r2 relaxivity for [Fe]CuS-PEG NPs (1.2 mM-1·s-1) is

significantly lower and the r2/r1 is only ~7.  Additionally, the T2 phantom images of 

[Fe]CuS-PEG didn’t show obvious enhancement as those via [Mn]CuS-PEG NPs 

and Feridex®. 

The T2-wieghted images of [Mn]CuS-PEG NPs, shown in Figure 38, displayed 

the enhanced negative signal in proportion to the Mn concentration and the r2/r1 

ratio is 19 indicating that [Mn]CuS-PEG could function as T2-weighter MRI 

contrast agent (Arsalani, Fattahi et al. 2012).  However, It has been reported that 
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Mn doped iron oxide NPs show enhanced r2 value (Lee, Huh et al. 2007). 

Therefore, we evaluated the relativity of the CuS-PEG NPs.  However, the 

phantom study for CuS-PEG didn’t show any noticeable T1 or T2 effect and r2/r1 is 

0.87 (Figure 47), indicating that the T2 effect was not caused by the Mn 

enhanced the CuS-PEG NPs.  On the other hand, manganese has been utilized 

for synthesis of MnO NPs as T1 contrast agents, with an r2 value of generally less 

than 10 mM-1s-1 (Kim, Momin et al. 2011, Chen, Chen et al. 2012).  Some studies 

has shown the silica coated Mn NPs can increased r2 relaxivity to 112.8 mM-1·s-1

at 9.4 T, due to the reduced interaction between Mn and its surrounding water 

molecules (Taylor, Rieter et al. 2008).  Therefore, the fact that [Mn]CuS-PEG 

NPs exhibited the increased r2/r1 ratio may be due to Mn2+ being mostly

embedded in the core of Cu-S, rather than distributed on the surface of the 

nanoparticles, with free electrons locked in the Cu-S lattice.  To solidify this 

conclusion, further investigation is needed. 
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     Figure 47 MRI phantom study for [Fe]CuS-PEG NPs. 

     Figure 48 MRI phantom study for CuS-PEG NPs. 

T2

T1

[Fe]CuS-PEG 

y=1.2082x+1.6611

Y=0.1748x+0.3651

0

0.5

1

1.5

2

2.5

3

3.5

1
/T
1
(T
2
)	
(s
-1
)	

0        0.2       0.4         0.6        0.8        1       1.2
Concentration [Fe](mM)

[Fe]CuS-PEG

T2

T1

CuS-PEG 

T2

T1

y=0.0233x+1.7838

y=0.0268x+0.3392

0

0.5

1

1.5

2

2.5

0	 1	 5 6

1
/T
1
(T
2
)	
(s
-1
)	

2               3             4
Concentration [Cu](mM)

CuS-PEG

T2

T1



  

174 
 

9.3. Photothermal effect in aqueous solution 

To investigate the temperature elevation mediated by [Mn]CuS-PEG NPs using 

NIR laser irradiation, a photothermal effect study was carried out with different 

concentrations of  the nanoparticles and different laser powers.  Figure 39A and 

39B demonstrated that the maximum temperature rose higher with the increasing 

NPs concentration and NIR laser power.  There was no significant difference on 

the temperature elevation between [Mn]CuS-PEG and  CuS-PEG NPs (Figure 

39C), thus confirming that the photothermal effect of the CuS-PET NPs was not 

affected by the size and the composition of NPs.  Moreover, the repeated on-off 

laser irradiation study, shown in Figure 39D, indicated that the [Mn]CuS-PEG 

NPs could act as an efficient mediator for multi-laser dose therapy.  

 

9.4. Cytotoxicity of [Mn]CuS-PEG NPs 

As shown in Figure 40-42, the [Mn]CuS-PEG displayed significant higher 

cytotoxicity in U87 and HepG2 cells, but not in HEK293 cells.  Moreover, The 

IC50 calculated for [Mn]CuS-PEG NPs was significantly lower than those for 

CuS-PEG and CuS-PEG-c(RGDfK) NPs (Table 9).  As discussed in Section 9.1, 

the [Mn]CuS-PEG was less stable compared with CuS-PEG-c(RGDfK) NPs. In 

previous study, the CuS-PEG NPs demonstrate comparable stability to CuS-

PEG-c(RGDfK) NPs (Zhou, Zhang et al. 2010).  However, the cytotoxicity only 
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showed in higher concentration, up to 0.5 or 1.5 mM (1 OD or 3 OD), which was 

much higher than the concentration achieved in vivo (total 1.6 OD injection for 

PTA therapy).   

 

 

Table 9 IC50 of CuS-PEG, CuS-PEG-c(RGDfK) and [Mn]CuS-PEG NPs for  

cytotoxicity. 

 IC50 (OD) 

HEK293 HepG2 U87 

CuS-PEG 
6.35 17.42 11.74 

CuS-PEG-c(RGDfK) 
15.90 23.50 9.63 

[Mn]CuS-PEG 
2.74 4.87 3.02 

 

9.5. PET/CT imaging and biodistribution study 

The [64Cu][Mn]CuS-PEG NPs were delivered to the tumor site by passive 

targeting delivery through EPR effect.  The tumor uptake analyzed using PET/CT 

imaging was around 5 %.  There was no significant difference in PET/CT imaging 

and tumor uptake between the [64Cu][Mn]CuS-PEG and [64Cu]CuS-PEG NPs.  

Consistent with the PET/CT imaging analysis, the biodistribution study of 

[64Cu][Mn]CuS-PEG NPs revealed 6.01 ± 1.06 %ID/g in the tumor.  However, the 

uptake in liver and spleen for [64Cu][Mn]CuS-PEG NPs was 40.4 ± 1.06 and 19.2 
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± 4.44 %ID/g, respectively, which was almost twice amount of uptake than those 

for [64Cu]CuS-PEG and [64Cu]CuS-PEG-c(RGDfK) NPs.   Studies has shown that 

the uptake of the nanoparticles by mononuclear phagocyte system (MPS) in vivo, 

mainly located in liver and spleen, can be affected by the physic-chemical 

characteristics of the NPs, such as size, shape and surface modification 

(Douglas, Davis et al. 1987).  The observation of more NPs accumulation in liver 

and spleen was likely due to the increased particle size of [64Cu][Mn]CuS-PEG 

NPs. 

9.6. MRI imaging and PTA therapy in vivo 

Encouraged by the high r2 relaxivity value, we investigated the utilization of 

[Mn]CuS-PEG NPs as MRI contrast agent in vivo.  Firstly, we performed the MRI 

scan with i.t. injection of [Mn]CuS-PEG NPs, and then examined the mice by MI 

after the PTA therapy.  The T2 signals in the tumor site dropped significantly after 

i.t. injection.  Additionally, a more homogenous T2 darkened imagine was shown 

after PTA therapy may due to the more NPs infused into the tumor (Figure 45A).  

Consistent with the phantom study, the MRI scan in vivo proves the potential use 

of the [Mn]CuS-PEG NPs as a MRI T2 contrast agent.  Furthermore, we 

investigated the feasibility of using the [Mn]CuS-PEG NPs as MRI contrast agent 

in vivo though i.v. injection.  A significantly decreased T2 was not observed in 
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tumor site. However, the dark T2 image was presented after PTA therapy (Figure 

45B).  However, to solidify those observations, more study will be required. 

 

Histological evaluation for tissue sessions was carried out to study the 

photothermal destruction within the treatment area.  Under laser exposure at 5 

W/cm2 for 1 min, the irreversible tissue damage, such as cell shrinkage and loss 

of nuclear staining, was displayed in the tissues after NIR laser treatment 

mediated [Mn]CuS-PEG NPs (Figure 46A).  Meanwhile, the control groups, 

without treatment or laser only, didn’t provide any irreversible tissue damage.  

The percentage of necrosis area, shown in Figure 46B, for the mice treated with 

[Mn]CuS-PEG NPs plus laser is about 80% of the tumor tissue.  This number 

was much higher than the ones in our previous study using CuS-PEG NPs and 

laser irritation was due to the higher laser power used in [Mn]CuS-PEG NPs 

study (5 v.s. 3 W/cm2).  Overall, the results of in vivo PTA study confirmed the 

ability of tumor destruction using NIR laser mediated by [Mn]CuS-PEG NPs.  
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Chapter 10 Summary 

The contribution of our study is to develop targeted [64Cu]CuS NPs for PET/CT 

imaging and doped [64Cu][Mn]CuS for PET/MRI imaging, and both of the novel 

nanoparticles were able to use for photothermal ablation therapy. We have 

demonstrated that 

 The azide modified PEG and alkyne modified c(RGDfK) peptide were 

successfully synthesized.  

 [64Cu]CuS-PEG-c(RGDfK) NPs were successfully synthesized through 

“click” chemistry with particles size of ~50 nm and zeta potential of ~-11 

mV.  The particle size for [Mn]CuS-PEG NPs is increased to ~80 nm.          

 The modification with targeted peptide on the surface of the NPs, or 

doping with other metal ion did not change the optical properties of the 

NPs. The UV-vis maximum absorption (~970 nm) remains in the NIR 

range for PTA therapy.       

 ELISA study demonstrates the CuS-PEG-c(RGDfK) NPs specifically bind 

to the  αvβ3 integrin receptors and the binding effect is significantly higher 

than the CuS-PEG NPs.    

 The radiolabeling efficiency for [64Cu]CuS-PEG-c(RGDfK) and 

[64Cu][Mn]CuS-PEG is noticeable high (~100 %).  Both NPs present 

stability above 95 % after mixed with PBS and human plasma for 2 days.     
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 Both NPs exhibit similar photothermal effect through NIR (808 nm) laser, 

which is concentration and laser power dependent.  

 CuS-PEG-c(RGDfK) NPs show above 80 % cell viability in all three cell 

lines (U87, HEK293 and U87) at 1. 5 [Cu] mM.   However, [Mn]CuS-PEG 

NPs show above 60 % cell viability with same concentration.    

 In comparison of [64Cu]CuS-PEG and [64Cu]CuS-PEG-c(RADfK) NPs, 

[64Cu]CuS-PEG-c(RGDfK) NPs show 3. 5 times of binding effect in U87 

cells.    

 At the same condition (concentration and laser power), CuS-PEG-

c(RGDfK) NPs show 100% cell destruction, whereas [64Cu]CuS-PEG NPs 

show ~60% cell depletion.    

 PET/CT imaging show that the tumor uptake for [64Cu]CuS-PEG-

c(RGDfK) NPs is increased to 10% ID/g, compared with 5% ID/g for 

[64Cu]CuS-PEG NPs.   This observation is confirmed by biodistribution 

study with several batches of NPs and animals.    

 The increased tumor uptake from CuS-PEG-c(RGDfK) NPs elevates the 

tumor temperature to 58 C and results in almost 100% necrotic area in 

tumor.   On the other hand, the temperature increases to 48 C which 

leads to ~ 60% tumor necrotic area through CuS-PEG NPs.    

 With only 10 % of the theoretical amount of Mn doped into CuS-PEG NPs, 

the relaxivity study shows the r2 value for [Mn]CuS-PEG NPs is 110 (s  
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mM)-1.  The r2/r1 ratio is ~20, which indicates that the [Mn]CuS-PEG NPs 

is an efficient T2 MRI contrast agent.    

 Both of PET/CT images and biodistribution studies demonstrate the tumor 

uptake is ~ 6% ID/g, which is consistent wit the CuS-PEG NPs.    

 The T2 MRI images with i.t. injection of [Mn]CuS-PEG NPs show the T2 

effect on the tumor site.   The PTA study confirms that [Mn]CuS-PEG NPs 

can be used for PTA therapy.      

 Further study for [Mn]CuS-PEG NPs includes: investigate the distribution 

of the ions in the NPs, evaluate and optimize the toxicity level of the 

nanoparticles in vitro, in vivo, and PTA therapy efficacy and dose 

response in vivo.  
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