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Cancer accounts for nearly 1 out of every 4 deaths in the United States, and 

because conventional treatments are limited by morbidity and off-target toxicities, 

improvements in cancer management are needed.  This thesis further develops 

nanoparticle-assisted photothermal therapy (NAPT) as a viable treatment option for 

cancer patients.  NAPT enables localized ablation of disease because heat generation only 

occurs where tissue permissive near-infrared (NIR) light and absorbing nanoparticles are 

combined, leaving surrounding normal tissue unharmed.  Two principle approaches were 

investigated to improve the specificity of this technique: multimodal imaging and 

molecular targeting. 

Multimodal imaging affords the ability to guide NIR laser application for site-

specific NAPT and more holistic characterization of disease by combining the advantages 

of several diagnostic technologies.  Towards the goal of image-guided NAPT, 

gadolinium-conjugated gold-silica nanoshells were engineered and demonstrated to 

enhance imaging contrast across a range of diagnostic modes, including T1-weighted 

magnetic resonance imaging, X-Ray, optical coherence tomography, reflective confocal 

microscopy, and two-photon luminescence in vitro as well as within an animal tumor 

model.  Additionally, the nanoparticle conjugates were shown to effectively convert NIR 



light to heat for applications in photothermal therapy.  Therefore, the broad utility of 

gadolinium-nanoshells for anatomic localization of tissue lesions, molecular 

characterization of malignancy, and mediators of ablation was established. 

Molecular targeting strategies may also improve NAPT by promoting 

nanoparticle uptake and retention within tumors and enhancing specificity when 

malignant and normal tissue interdigitate.  Here, ephrinA1 protein ligands were 

conjugated to nanoshell surfaces for particle homing to overexpressed EphA2 receptors 

on prostate cancer cells.  In vitro, successful targeting and subsequent photothermal 

ablation of prostate cancer cells was achieved with negligible nanoshell binding to 

normal cells.  In vivo however, ephrinA1-nanoshells did not promote enhanced 

therapeutic outcomes in mice bearing subcutaneous prostate cancer tumors treated with 

NAPT compared to nontargeted particles.  Nonetheless, both treatment groups 

demonstrated effective ablation of prostate tumors, as evidenced by tumor tissue 

regression.  Further investigation is warranted to overcome probable protein 

immunogenicity that offsets ephrinA1 targeting in vivo.  With future study, photothermal 

therapy with multimodal gadolinium-conjugated and molecularly targeted nanoshells 

may offer a viable treatment option for cancer patients in the clinic.   
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Chapter 1: Introduction∗ 

Cancer is the second-leading cause of death in the United States, as some 1,600 

people now die of the disease each day, and ~580,000 deaths are anticipated for the year 

2013 alone (American Cancer Society 2013).  Surpassed only by cardiovascular disease 

in the number of lives claimed, cancer results in nearly 1 in 4 deaths.  The associated 

lifetime risk is alarming as well with approximately 1 in 2 men and 1 in 3 women 

developing some form of cancer.  The disease is also of course a global problem, 

resulting in 7.6 million deaths in 2008, and this number is projected to climb to more than 

17 million in 2030 with an additional 26.4 million new diagnoses that year (World Health 

Organization 2013; Are et al. 2013).  Furthermore, the majority of these new cases are 

predicted to affect the developing world where health care delivery is poor, and 

workforce shortages are high.  The economic burden of cancer is tremendous as well.  In 

the U.S. alone, the National Institutes of Health estimated a total cancer cost of over $200 

billion in 2008, including $77.4 billion in direct medical expenses and $124 billion in lost 

worker productivity.  By comparison, Mariotto et al. approximated $124.57 billion in 

direct medical expenses in 2010 and projected this sum would increase by 66% to $207 

billion in 2020 with an annual cost increase of 5% (Mariotto et al. 2011). 

Economical improvements in cancer diagnosis and treatment are therefore 

imperative to combat such a prevalent disease.  Indeed, encouraging evidence suggests 

that because of advanced technologies, the U.S. incidence rates for several cancers are 

                                                
∗Portions of this section have been adapted from: Coughlin, A.J.; and West, J.L. Gold 
Nanoshells for Imaging and Photothermal Ablation of Cancer. In Nanomedicine: 
Technologies and Applications; Webster, T., Ed.; Woodhead Publishing, Ltd., 
Cambridge, UK. 2012; pp 326-55. 
∗Portions of this chapter have been adapted from: Coughlin, A.J.; West, J.L. Targeting Gold Nanoparticles 
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decreasing while 5-year survival rates are rising (American Cancer Society 2013).  Now, 

2 out of every 3 people live beyond 5 years after their initial diagnosis compared to just 1 

in 2 in the mid-1970’s (Roth et al. 2013).  Figure 1.1 below shows this survival trend is 

consistent across a variety of cancer types.  Technological advancements promoting this 

trend include better treatment and earlier detection, as more advanced stage cancers are 

typically associated with poorer prognoses.  However, limitations still exist with the three 

principle cancer treatments (surgery, chemotherapy, and radiation), and improvements 

remain to be made.  One exciting field that shows great promise for fighting cancer on 

both the diagnostic and therapeutic fronts is cancer nanotechnology.  Nanoparticle 

platforms offer distinct properties and advantages over conventional cancer management 

methods; these benefits will be elucidated in more detail later. 

 

Figure 1.1: Estimated five-year relative survival rates in the U.S. for various cancer 
types. Because of earlier detection and better treatment, 5-year relative survival rates 
increased from 1975 to 2004 for a variety of cancer types.  Aside from breast and prostate 
cancer, data is representative of both sexes.  Data acquired from National Cancer Institute 
Surveillance Epidemiology and End Results National Cancer Institute 2004. 
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In this thesis, the development and application of gold-based nanoparticles as 

contrast agents for multimodal imaging of cancer and as efficient energy absorbers for 

mediating thermal ablation of tumor tissue is presented.  In this introductory chapter, a 

brief overview of cancer biology is provided followed by a discussion of current 

standards in cancer management.  Next, nanotechnology as a means to diagnose and treat 

cancer is highlighted with relevant examples of platforms in both research and clinical 

phases of study.  Finally, the specific nanoparticle platform employed herein is 

introduced including a synopsis of previous studies in vitro and in vivo along with 

opportunities for advancement. 

1.1 Overview Cancer Biology and Clinical Standard-of-Care for Cancer 

Patients 

1.1.1 Cancer Biology: The Seven Hallmarks of Cancer 

Although cancer occurs in a variety of cell types and tissues, the disease is 

universally characterized by transformed cells that have escaped a controlled and 

regulated cell cycle.  The process by which normal, healthy cells become malignant 

involves an accumulation of genetic alterations, ranging from simple point mutations to 

chromosome fragmentation, including the loss of function of tumor suppressor genes 

and/or activation of oncogenes (Hanahan and Weinberg 2000).  These alterations confer 

growth advantages, allowing cancer cells to invade, dominate, and eventually kill normal 

tissue.  Hanahan and Weinberg proposed that all cancers manifest with six traits or 

“hallmarks”: self sufficiency in growth signals, insensitivity to anti-growth signals, 

evasion of programmed cell death (apoptosis), limitless replicative potential, sustained 

angiogenesis, and tissue invasion and metastasis.  More recently, the researchers offered 
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two additional ‘emerging hallmarks’ and two ‘enabling characteristics’ because of 

growing knowledge over the last decade: deregulating cell energetics, avoiding immune 

destruction, genome instability and mutation, and tumor-promoting inflammation 

(Hanahan and Weinberg 2011).  Figure 1.2 shows these eight hallmarks and two 

characteristics, which together contribute to cancer progression. 

	  

Figure 1.2: The hallmarks of cancer.  Hanahan and Weinberg delineated six hallmarks 
of cancer as well as the two emerging hallmarks (deregulating cellular energetics and 
avoiding immune destruction) and two enabling characteristics (genome instability and 
mutation and tumor-promoting inflammation).  Each of these contributes to cancer 
progression.  Adpated from Hanahan and Weinberg 2011. 

 
Prostate cancer, for example, presents with common biological abnormalities 

associated with Hanahan and Weinberg’s hallmarks.  Loss-of-function alterations 

(mutations, hypermethylation, etc.) in the tumor suppressor gene for the PTEN protein 

are often found in aggressive prostate cancers; PTEN is thought to act as an inhibitor for 

a molecular pathway dictating cell-cycle progression and cell survival (Nelson, De 

Marzo, and Isaacs 2003).  Moreover, oxidants that arise during prostatic infections and 
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subsequent inflammation have been implicated in genetic disruption and prostate 

neoplasia, regardless of the pathogen that led to the infection.  Prostate cancer cell surface 

protein expression can change dramatically as compared to a normal prostate cell, 

conferring several growth advantages.  Eph receptors are known to be overexpressed in a 

number of cancers, particular aggressive types, including prostate cancer by as much as 

100-fold (Surawska, Ma, and Salgia 2004).  These receptors and their associated ephrin 

ligands are involved in angiogenesis, cell cycle progression, cell motility, and metastasis.  

Another membrane protein, prostate specific membrane antigen (PSMA), has been shown 

to be overexpressed on high grade prostate cancer cells and along tumor-associated 

neovasculature (Silver et al. 1997).  Recently, PSMA signaling was shown to augment 

production of growth factors involved in cell survival and resistance to apoptosis 

(Colombatti et al. 2009).  Exploiting such cell surface markers are one way scientists 

hope to specifically home diagnostic and therapeutic agents to cancer cells while 

avoiding normal tissue.  

As mentioned, another cancer hallmark is sustained angiogenesis.  During this 

process, cancer cells secrete signals, such as vascular endothelial growth factor (VEGF), 

to promote the formation of new blood vessels for transport of oxygen and nutrients, 

thereby allowing for continued tumor viability.  Characterized by chaotic architecture, 

tumor vessels are quite different from normal blood vessels due in part to an imbalance of 

pro- and anti-angiogenic signaling molecules (Carmeliet and Jain 2000).  Irregular vessel 

diameters, tortuosity, endothelial fenestrations, and excessive branching all result in an 

inconsistent tumor blood supply, often leading to hypoxic and acidic conditions (Jain 

2005).  These conditions may, in fact, select for more aggressive and metastatic cell 
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phenotypes – ones that resist hypoxia-triggered apoptotic signals (Giaccia 1996).  Figure 

1.3 compares the architecture of both normal vessels and abnormal vessels such as those 

found in and around tumors. 

	  

Figure 1.3: Normal versus tumor vasculature.  (A) Representation of normal vs. 
abnormal tumor blood vessel architecture.  The normal vasculature shows organized and 
hierarchical structure; the tumor vasculature however is chaotic and irregular.  (B) Two 
photon images of normal blood vessels in skeletal muscle (left) and human colon 
carcinoma vessels in mice (right).  Adapted from Jain 2005. 

 
 Though all cancers are believed to portray some form of Hanahan’s and 

Weinberg’s hallmarks, the degree to which each hallmark characterizes tumor tissue can 

vary considerably, both among tumor type and from patient to patient.  For instance, 

some tumors present as localized and remain slow growing while others are more 

aggressive and have a propensity to invade both neighboring and distant tissue.  Thus in 

treating this disease, clinicians often classify or stage a particular patient’s cancer.  

Typically, classification is performed according to the TNM staging system, which 

considers overall primary tumor size (T), lymph node involvement (N), and degree of 
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metastasis (M) and then assigns a stage ranging from 0 (completely localized) to IV (very 

advanced) (American Cancer Society 2013).  Although this system is primarily 

anatomically-based and has been in use since 1958, some staging processes and 

prognostic metrics now include biomarkers, as in the case of serum levels of human 

chorionic gonadotropin in testicular cancer patients (Ludwig and Weinstein 2005; 

Lempiäinen et al. 2012). 

1.1.2 Clinical Cancer Imaging Technologies 

Critical for cancer staging, diagnostic imaging systems enable determinations 

about tumor size, the presence of lesions distant from primary tumors, and even 

functional activity like metabolism in some cases (Barentsz et al. 2006).  Frequently, 

patient treatment decisions can be based entirely on diagnostic imaging.  A variety of 

systems are now routinely used in the clinical setting, and each has its own set of 

characteristic advantages and disadvantages.  These platforms currently include X-ray 

imaging and computed tomography (CT), positron emission tomography (PET), magnetic 

resonance imaging (MRI), and ultrasound.  A brief discussion of each modality is 

included below, and additional detail is provided in Chapter 3. 

In the case of X-ray imaging and CT, a patient is subjected to X-ray radiation, and 

detectors monitor differences in radiation attenuation across tissues caused by variations 

in atomic number and electron density.  These differences are then used to form an 

image.  Conventional X-ray radiography produces 2-D superimposed images with 

contrast primarily amongst bone, air, and soft tissue; differentiating between soft tissue 

types, however, can be challenging (Barentsz et al. 2006).  As a result, this technique is 

mainly used for pinpointing tumors of the lung, bone, and breast in the case of 
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mammography but is limited otherwise.  On the other hand, CT acquires cross-sectional 

images without the issue of overlapping structures seen with superimposition and thus 

enables better differentiation of tissues (Kalender 2006).  These cross-sections are 

obtained by rotating the X-ray beam and associated detector about the patient.  Because 

CT scanners are widely accessible, this imaging mode has become the most commonly 

used for cancer staging and is even employed as a screening tool in some cases (Barentsz 

et al. 2006). 

Unlike conventional X-ray and CT scans, MRI does not employ harmful, ionizing 

radiation but relies upon changes in water proton magnetic moments that occur in human 

tissue once subjected to a magnetic field and a series of radiofrequency pulses (Edelman 

and Warach 1993).  Receiver coils detect these changes and their associated position 

within tissue, and this information is used to construct an image.  Because water content 

and proton behavior varies from one tissue type to another in the body, image contrast 

can also be achieved.  Although MRI has distinct advantages over CT, including better 

soft tissue contrast and a lack of radiation, MR imaging is generally expensive, and 

scanners may not be as readily available in some cases (Marciani 2011).   

PET is a functional imaging technique that uses radiolabeled pharmaceutical 

agents that interact with cancer cells (Basu et al. 2011).  The radioisotope tags have 

unstable nuclei rich in protons and deficient in neutrons and subsequently emit positive 

electrons or positrons to regain stability (Townsend 2004).  Upon emission, positrons 

interact with electrons in surrounding tissue, and these interactions result in the 

production of 511 keV photons, which detectors monitor to construct an image.  One 

common PET agent is 2-[18F]Fluoro-2-deoxyglucose (FDG), which can be used for 
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discerning highly metabolic cells like tumor cells (Kelloff et al. 2005).  Glucose 

transporters along cell surfaces channel FDG into the cytoplasm where the agent 

accumulates, and because cancer cells typically exhibit increased expression of these 

transporters, tumor tissue can be distinguished from normal tissue.  Although functional 

information like metabolic activity can be useful in tumor staging, PET imaging lacks 

structural detail and so is often combined with CT in hybrid scanners to connect function 

with anatomy (Barentsz et al. 2006). 

Finally in ultrasound imaging, a transducer exposes human tissue to sound waves 

in the low megahertz range (3.5 – 7.5 MHz) and then receives reflected sound waves or 

echoes at time delays corresponding to tissue depth (Rallan and Harland 2003; Wells and 

Liang 2011).  This information is processed to form a 2-D cross-sectional image in which 

contrast is achieved because of frequency and amplitude differences in echoes across 

tissue types.  Typically, 2 – 3 mm resolution can be achieved with penetration depths up 

to 150 mm, although higher frequency sound (<15 MHz) can be employed to achieve 

better resolution (~100 µm) at the expense of depth (Rallan and Harland 2003).  

Ultrasound imaging can be performed relatively easily and enables surgical biopsy 

guidance in real-time for a variety of cancer types.  One principle disadvantage is the 

substantial experience and training required to interpret images and distinguish tumors 

from surrounding soft tissue (Barentsz et al. 2006). 

1.1.3 Clinical Cancer Therapy 

As mentioned, the diagnostic techniques above are critically important in 

determining patient treatment plans, which include surgery, chemotherapy, radiation, or 

some combination of the three.  For treatment of confined, primary tumors that have not 
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spread beyond their point of origin, surgery is the most effective treatment.  In fact, if 

used as the only treatment, surgery results in more cures compared to any therapeutic 

method because every cell removed from the body dies (Urruticoechea et al. 2010).  Of 

course, significant limitations do exist as post-surgical morbidity can have lasting effects 

on the quality of life of a patient.  In the case of cancers surrounded by vital organs, 

preserving these structures during the resection procedure can be difficult.  For instance, 

prostatectomies for prostate cancer patients pose numerous risks, including physical 

damage to the rectum, urethra, and nervous tissue, the last of which can lead to impotence 

and incontinence (Michaelson et al. 2008).  Additionally, surgery is less viable of a 

treatment option in patients with more disseminated disease where more systemic 

approaches are warranted. 

Radiation therapy emerged for clinical use beginning in the 1920’s, and now 

some 50% of patients will receive some form of radiation (Delaney et al. 2005).  This 

method delivers high-energy X-rays or gamma rays either with an external beam or 

implanted radioactive seeds to induce DNA damage within cancer cells and subsequent 

death (Baskar et al. 2012).  Radiation can be used as a single treatment method in some 

cases like cancers of the head, neck, and prostate and has been attributed to some 40% of 

cancer cures as result (Urruticoechea et al. 2010).   This therapy approach can also be 

employed in combination before or after surgery as well as throughout chemotherapeutic 

regimens.  Furthermore, radiation can be used for palliative care with the intention of 

controlling tumor growth and managing symptoms versus curing disease.  Because these 

X-ray or gamma ray treatments do not distinguish normal from cancer tissue, however, 

acute and chronic side effects can be a major problem (Barnett et al. 2009).  Extensive 
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radiation exposure may also induce additional cancer growth and so dosing must be 

strictly controlled. 

Chemotherapeutics entered the clinic in 1946 with nitrogen mustard, a chemical 

warfare agent at the time, for the treatment of lymphoma (Goodman et al. 1946).  Since 

then, a plethora of drugs are now in existence for treating both localized and systemic 

disease.  Many of these agents target DNA or particular processes to arrest the cell cycle 

and result in cell death; they can also be used in combination with other drug regimens to 

achieve synergistic outcomes (Urruticoechea et al. 2010).  Some chemotherapeutic agents 

have demonstrated tremendous success as in the case of GleevecTM, which has resulted in 

5-year survival rates of 90% in patients with chronic myelogenous leukemia (CML), 

whereas this figure had been only 30% beforehand (Druker et al. 2006; Pray 2008).  

Nevertheless, patients undergoing a variety of these drug regimens face daunting side 

effects, ranging from minor to deadly extremes.  Multi-drug resistance may arise in some 

patients as well, in which case treatment options may become more limited (Gottesman, 

Fojo, and Bates 2002). 

Although surgery, radiation, and chemotherapy have made great strides in 

improving patient outcomes since their inception in the clinic for cancer management, a 

variety of limitations still exist with each method.  Nanomedicine offers powerful 

potential for overcoming some of these limitations, and the remainder of this chapter will 

focus on nanotechnology for applications in both cancer diagnostics and therapeutics.  

1.2 Nanotechnology in Cancer Medicine 

The idea of nanotechnology is cited to have emerged with the renowned physicist 

Richard Feynam in his 1959 presentation “There’s Plenty of Room at the Bottom,” in 
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which he postulated that the scientific community could manufacture miniature devices 

on the scale of biological systems (Yao and Lu 2012).  This idea has now become reality.  

According to the National Nanotechnology Initiative, “nanotechnology is the 

understanding and control of matter at dimensions between approximately 1 and 100 

nanometers, where unique phenomena enable novel applications,” including both cancer 

imaging and therapy (National Nanotechnology Initiative 2007).  The dawn of cancer 

nanotechnology began with liposomes and polymer-protein bioconjugates that aimed to 

deliver drugs more specifically to tumor sites while minimizing harm to normal tissues 

(Peer et al. 2007).  These nanotherapeutics entered clinical trials in the mid-1980s, and 

today more than 40 nanotechnology-based products are routinely employed in the clinic 

for therapeutic and imaging applications (Duncan and Gaspar 2011). 

1.2.1 Advantages of Nanoparticles 

As mentioned, all nanoplatforms are characterized by their small size, and as 

such, there are a number of shared advantages at this scale (Ferrari 2005; Cuenca et al. 

2006; Peer et al. 2007; Tanaka et al. 2009).  For one, since the field of cancer biology is 

building the scientific community’s knowledge of tumors and their microenvironment at 

the molecular level, nanotechnology has unleashed great potential for further 

understanding and combating the disease at this scale (Glunde, Pathak, and Bhujwalla 

2007).  Also, nano-sized vectors have large surface area-to-volume ratios, allowing for 

attachment of various moieties, such as targeting or imaging agents.  Furthermore, these 

particles can be designed with multifunctionality, allowing scientists to simultaneously 

monitor and treat disease.  An ideal nanocarrier might, for example, be specifically 

targeted to cancer cells and, upon reaching the desired tumor site, release large payloads 
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of drug while at the same time providing contrast for an imaging modality like MRI. 

Figure	  1.4 below provides a representation of what a multifunctional nanoparticle might 

contain. 

	  

Figure 1.4: Representation of a multifunctional nanoparticle.  Example particle 
includes poly(ethylene glycol) (PEG) for stealthing, surface targeting moieties for 
homing to disease sites, drugs for killing cancer cells, imaging agents for contrast 
enhancement, and permeation enhancers for tumor penetration.  Adapted from Ferrari 
2005. 

 
Other advantages of nanoparticle systems include prolonged circulation half-life 

of drugs and molecular imaging agents as well as protection of these molecules from 

enzymes and other components of the biological milieu that might otherwise result in 

early degradation (Ferrari 2005; Peer et al. 2007; Alric et al. 2008).  The aforementioned 

tumor vasculature is also quite leaky as a result of inadequate tight junctions between 

endothelial cells, an incomplete basement membrane, and insufficient surrounding 

pericytes and smooth muscle cells (Carmeliet and Jain 2000; Morikawa et al. 2002).  The 

resulting fenestrations can range from 200 nm up to 2 µm in size, pores through which 

nanoparticles can easily pass (Hobbs et al. 1998; Hashizume et al. 2000; Cuenca et al. 

2006).  In addition, the lymphatic drainage of tumors is often ineffective, promoting 

accumulation of particles in the tumor vicinity once extravasated from the bloodstream.  

This phenomenon is known as the enhanced permeability and retention (EPR) effect and 
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is often exploited for intravenous delivery of nano-sized technologies to tumor tissue 

(Maeda et al. 2000; Greish 2007; Peer et al. 2007). 

1.2.4 Nanoparticle Platforms in Cancer Diagnostics and Therapeutics 

A wide variety of nanomaterials have been explored for a range of research and 

clinical applications, which generally exploit the unique properties of any given particle.  

Table 1 lists example particle systems under investigation including selected advantages, 

applications, and potential drawbacks. 

 
Table 1: Nanoparticle platforms in cancer diagnostics and therapeutics 

Nanoparticle 
(NP) Type Advantages and Applications Potential Drawbacks References 

Liposomes 

Biocompatibility, ease of production, 
incorporation of variety of drug types 
 
Imaging with exogenous agents, drug 
delivery, gene therapy, photodynamic 
therapy 

Serum instability 
 
Limited sterilization 
methods 

(Torchilin 
2011; Sipai 
Altaf Bhai et 
al. 2012) 

Polymer NP’s 
and 

Dendrimers 

Higher serum stability than liposomes, 
tunable degradation, large drug loading 
capacity 
 
Imaging with exogenous agents, sustained 
drug delivery, gene therapy 

Polydispersity in size 
 
Toxic byproducts 
depending on 
composition 

(Iyer, Ganta, 
and Amiji 
2011) 

Quantum Dots 
Tunable fluorescence, photostable 
 
Optical imaging, biosensing 

Toxicity concerns with 
cadmium and selenium 
leaching 

(Lewinski et 
al. 2008; 
Kenniff et al. 
2011) 

Carbon 
Nanotubes 

Mechanical strength, electrical conductivity 
 
Photothermal therapy, drug delivery, gene 
therapy, surface enhanced Raman 
scattering 

Aggregation issues 
 
Toxicity concerns 

(Dolash and 
Bergstrom 
2011) 

Iron oxide NP’s 

Superparamagnetism 
 
MRI, drug delivery, magnetic fluid 
hyperthermia (MFH) 

Negative MR contrast 
indistinguishable 
 
Appreciable Fe amount 
required in tumor for 
MFH 

(Neuberger et 
al. 2005; Day 
et al. 2009) 

Gold NP’s 

Plasmon resonance and large optical cross 
sections, general biocompatibility 
 
Optical imaging, CT imaging, 
photoacoustic imaging, photothermal 
therapy, surface enhanced Raman 
scattering 

Toxicity concerns with 
surface coatings 
(CTAB) 
 
~530 nm light for 
exciting solid gold NP’s 
not well suited for tissue 

(Hirsch et al. 
2006; 
Erickson and 
Tunnell 2007) 
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1.2.3 Nanoparticle Delivery and Biodistribution Considerations 

Numerous physiological barriers exist that prevent intravenously administered 

therapeutic and diagnostic nanoparticles from reaching their intended point of 

destination.  These barriers include differences in blood perfusion among tissues, 

extracellular fluid pressure, the distance these particles must travel, and differences 

among cell types, all of which must be considered in particle design (Jain 2000).  

Furthermore, plasma proteins or opsonins circulating through the bloodstream can adsorb 

nanoparticles and signal macrophage uptake, quickly leading to their clearance and 

subverting tumor accumulation through the EPR effect.  These macrophages and other 

phagocytic cells compose the reticuloendothelial system (RES) or mononuclear 

phagocytic system (MPS), and upon nanoparticle recognition, can result in reduced 

circulation times on the order of minutes to hours and clearance to the liver, spleen, and 

bone marrow (Van Vlerken, Vyas, and Amiji 2007; Li and Huang 2008). 

Biodistribution studies of various nanotechnology platforms and their associated 

engineering design are key to understanding how these vectors can overcome the barriers 

listed above.  Factors such as size, geometry, surface charge, and hydrophobicity can all 

affect circulation half-life of nanocarriers and their degree of tumor uptake (Li and Huang 

2008; Zhang et al. 2009).  Particles with small hydrodynamic diameters (~5 nm) have 

been shown to be filtered quickly through the kidneys and excreted in the urine while 

larger particles (greater than ~10 – 20 nm hydrodynamic diameter) have demonstrated 

longer half-lives and eventually accumulate in the liver (Soo Choi et al. 2007).  For 

example, quantum dots with 4.36 nm hydrodynamic diameters exhibited a 48 min 

circulation half-life as compared to 20 h for 8.65 nm particle counterparts.  Both surface 
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charge and hydrophobicity are critical determinants of opsonin adsorption on 

nanoparticles and RES clearance time as well.  Typically, neutral particles with 

hydrophilic surface layers preclude protein adsorption over cationic, anionic, and 

hydrophobic ones, resulting in longer circulation half-lives and increased tumor 

accumulation (Li and Huang 2008). 

Coatings of poly(ethylene glycol) (PEG) on nanoparticle surfaces have been 

shown to minimize plasma protein adsorption and correspondingly lengthen particle 

circulation times in vivo.  One principle advantage in employing PEG coatings is the 

polymer’s demonstrated biocompatibility and lack of immunogenicity; in fact, the Food 

and Drug Administration (FDA) has approved its use in a number of oral drug 

formulations (United States Food and Drug Administration 2011).  In nanotechnology, 

PEG coatings on particle surfaces promote hydrogen bonding of water molecules with 

ether oxygens along the polymer backbone; these water molecules shroud nanoparticles 

in a neutral, hydrophilic cloud that repels proteins in the vicinity (Van Vlerken, Vyas, and 

Amiji 2007; Li and Huang 2008).  The degree of steric repulsion can depend upon the 

conformation that the PEG chains adopt (i.e. mushroom or brush), and these 

conformations can be affected by PEG grafting efficiency due to differences in particle 

geometry and the molecular weight of the polymer chains (Levin et al. 2006; Owens and 

Peppas 2006; Zahr, Davis, and Pishko 2006).  Figure 1.5 diagrams two different PEG 

coating conformations on nanoparticle surfaces. 
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Figure 1.5: Graphic representation of PEG coatings on spherical nanoparticles.  (A) 
The mushroom conformation is characterized by PEG chains that have folded back on 
themselves extensively and exhibit low packing density.  (B) The brush conformation 
shows more fully extended PEG chains that allow for close packing and more efficient 
steric repulsion of proteins, avoiding subsequent early RES clearance.   

 
In a study by Pishko and colleagues, both the effects of surface charge and PEG 

coatings on protein adsorption and subsequent macrophage phagocytosis were examined 

(Zahr et al. 2006).  Fluorescent polystyrene-polyelectrolyte core-shell nanoparticles were 

fabricated and incubated in suspension culture with macrophages and serum-containing 

medium to mimic 3-D in vivo environments. After surface coatings with either 2,000 or 

20,000 Da PEG, the particles showed a three-fold decrease in macrophage uptake by flow 

cytometry as compared to either anionic or cationic particles without the PEG coating.  

The investigators concluded that the PEG coatings were most likely preventing serum 

protein adsorption as indicated by characterizing zeta potential of their particles in the 

presence of bovine serum albumin (BSA).  Upon BSA adsorption, particle surface 

charges became more negative while PEG coatings conversely offset large decreases in 

zeta potential.  In vivo, such polymer surface coatings would help to limit attachment of 

blood proteins to particles, prevent early RES clearance, increase circulation times, and 

augment tumor accumulation for cancer imaging and therapy applications.  
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A recent emphasis in designing nanomedicine platforms is the incorporation of 

targeting agents to home to cancer cells with the ultimate goal of enhancing imaging and 

therapeutic specificity.  Example targeting agents include antibodies and proteins, 

peptides, aptamers, and other small molecules.  These moieties along with general 

considerations for targeting strategies will be discussed in more detail in Chapter 6.  The 

remaining portion of this chapter will focus on optically active gold-dielectric composite 

particles employed in this thesis work. 

1.3 Nanoshells for Cancer Imaging and Photothermal Therapy 

Metal-based nanoparticles are particularly interesting because the physical and 

chemical properties exhibited at the nanometer scale are unlike those found in bulk or at 

the atomic level (Averitt, Westcott, and Halas 1999; Zhang and Noguez 2008).  One 

example is surface plasmon resonance (SPR), or the coordinated oscillation of conduction 

band electrons in response to the electric field of light (Figure 1.6).  In the visible range 

of the electromagnetic spectrum, silver and gold spherical nanoparticles demonstrate this 

resonance at ~390 nm and ~520 nm wavelengths, respectively, giving rise to their intense 

yellow and ruby colors.  Scientists have been studying these unique optical properties and 

their dependence on a number of different factors, such as size, shape, and medium, for 

quite some time.  In fact, Michael Faraday reported the first synthesis of gold colloid in 

1857 and noted the phenomena whereby these particles interact with light to produce 

their intense red color (Faraday 1857).  
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Figure 1.6: Schematic of surface plasmon resonance.  Diagram of surface plasmon 
resonance: upon light irradiation, the electric field displaces or polarizes the conduction 
band electrons, which oscillate with respect to the lattice of positive ions contained within 
the metal nanoparticle. 

   

Aside from solid metal structures, certain composite or hybrid particles are also 

known to exhibit surface plasmon resonance.  Gold nanoshells, consisting of a thin gold 

shell over a nonconducting or dielectric core, are one such class of particles.  Although 

metal nanoshells were initially theorized in 1951, the first empirical report of their 

synthesis did not arise until 1994 (Aden and Kerker 1951; Zhou et al. 1994).  These early 

particles were fabricated by combining sodium sulfide (Na2S) and chloroauric acid 

(HAuCl4) to produce what was cited to be a gold-sulfide core surrounded by a gold shell 

and noted to exhibit plasmon resonance across a wide range of wavelengths of light 

depending on the ratio of the two precursor solutions (Averitt, Sarkar, and Halas 1997).  

The exact structure of the gold-gold sulfide particles remains unsettled, however, as other 

investigators maintain that the gold sulfide core never forms and that tunable plasmon 

resonance is a result of variation in gold particle aggregation (Norman et al. 2002; Zhang 

et al. 2005; Schwartzberg et al. 2007).  In 1998, the Halas lab at Rice University reported 
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a new class of metal nanoshells composed of a silica core with an outer gold shell 

(Oldenburg et al. 1998).  As with the gold-gold sulfide particles, these gold-silica 

nanoshells similarly demonstrated plasmon resonance over a broad range of the 

electromagnetic spectrum, stretching from the visible to the infrared regions, a 

characteristic dependent upon the core to shell thickness ratio. 

1.3.1 Nanoshell Optical Properties 

The optical properties of gold nanoshells can be explained with Mie theory, which 

was devised by solving Maxwell’s equations for light scattering by spherical or 

cylindrical particles in 1908.  Decades later with the inclusion of an additional boundary 

layer, this solution was applied to concentric spheres (Aden and Kerker 1951).  To 

explain gold nanoshell light interactions, Halas and colleagues performed these 

calculations using gold’s intrinsic size regime, in which the dielectric function is 

dependent upon particle radius, and dipole polarization dominates over higher-order 

multipoles (Oldenburg et al. 1998; Averitt, Westcott, and Halas 1999).  Additionally, 

particle radius is much smaller than light wavelength (r << λ), and hence, the quasi-static 

approximation can be used when the incident electromagnetic field is assumed to be 

unchanging, yet still time dependent, over the extent of the particle.  Particles were also 

approximated as perfect spheres, and any dipole-dipole interactions among particles were 

neglected since their concentration in solution is fairly low.  Figure 1.7 depicts the 

nanoshell geometry used in these calculations, including terms for the core radius (r1) and 

particle radius (r2), and also denotes that the core material, shell material, and medium 

each have their own characteristic dielectric functions (ε).  
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Figure 1.7: Graphic representation of a nanoshell.  Core radius corresponds to r1, and 
the particle radius to r2.  The dielectric functions for the core material, shell material, and 
outer medium are denoted by ε1, ε2, and ε3, respectively.   

 
The equations below highlight some of the calculations important for describing 

the polarization behavior of the conduction band electrons in the gold shell in response to 

light.  First, equation 1 defines the ratio P of shell volume to particle volume, and this 

value along with the core and shell dielectric functions are subsequently used in 

determining both εa and εb in equations 2 and 3. 

𝑃 = 1 −
𝑟!
𝑟!

!
 

 

  
Equation 1 

𝜀! =    𝜀! 3 − 2𝑃 + 2𝜀!𝑃 

 

Equation 2 

𝜀! =    𝜀!𝑃 + 𝜀! 3 − 𝑃  Equation 3 

 

With values for both εa and εb, one can then determine nanoshell polarizability (α) 

in equation 4 to describe the degree with which the electrons in the outer gold shell are 

displaced from the particle mass.  Plasmon resonance is achieved when the value of the 
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denominator in equation 4 approaches zero and polarizability is greatest.  Finally, these 

expressions were used in determining resonance as function of wavelength in equation 5. 

This equation demonstrates that, by varying the core-shell ratio, one can shift or tune the 

wavelength at which resonance occurs.  Figure 1.8 shows the optical tunability of 

nanoshells, where for a given 60 nm silica core radius, decreasing gold shell thickness red 

shifts the plasmon resonant wavelength to the infrared region. 

 

𝛼 = 4𝜋𝜀!𝑟!!
!!!!!  !!!!
!!!!!  !!!!!

,  where ε0 =  8.85 x 10-12 F/m 

 

 

Equation 4 
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!/!

 
 

Equation 5 

 

 

 
Figure 1.8: Nanoshell optical tunability.  The core-shell thickness ratio dictates the 
wavelength at which plasmon resonance occurs for a gold nanoshell.  Here, decreasing 
shell thickness from 20 nm to 5 nm results in a red shift of the plasmon resonance for a 
silica core with a fixed 60 nm radius.  Adapted from Oldenburg et al. 1998. 



 

23  

1.3.2 Advantages of Nanoshells in Biomedicine 

The optical tunability of nanoshells is particularly appealing because scientists 

can chemically design these particles to exhibit plasmon resonance within a desired 

region of the electromagnetic spectrum.  In biomedicine, researchers must consider light 

interactions with tissue since the absorption coefficient of major tissue chromophores, 

such as water and hemoglobin, is known to vary with wavelength.  In fact, the absorption 

coefficient of tissue is as much as 2 orders of magnitude greater in the visible region (400 

– 600 nm) as compared to the NIR region (650 – 900 nm), as shown in Figure 1.9 

(Weissleder 2001; Weissleder and Ntziachristos 2003).  The range of 650 – 900 nm has 

thus been defined as the “NIR window,” where light penetrates tissue harmlessly and 

deeply, up to several centimeters (Day et al. 2009).  Therefore nanoshells ideally suited 

for biomedical applications are designed with maximum NIR extinction, which can be 

exploited for both noninvasive imaging and photothermal ablation as described below. 

 

Figure 1.9: NIR water window.  Absorption coefficient vs. wavelength for the major 
tissue chromophores, water and hemoglobin, which are maximally transmissive within 
650 – 900 nm, a region known as the NIR water window.  From Weissleder 2001. 
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Because the optical extinction of nanoshells consists of both scattering and 

absorption of light, these particles can be designed for cancer imaging and therapy 

applications following administration and subsequent tumor accumulation.  Previous 

studies have demonstrated that light scattering of nanoshells on or bound to cells can be 

visualized with dark field microscopy in vitro and optical coherence tomography (OCT) 

and reflectance confocal microscopy (RCM) in vivo (Loo et al. 2005; Gobin et al. 2007; 

Bickford et al. 2010).  Upon absorption of light, the energy results in electron-phonon 

interactions within the gold shell and eventual heat dissipation that can ablate cancer cells 

in the particle vicinity (Huang et al. 2008; Bardhan et al. 2011).  This treatment modality 

is referred to as photothermal ablation.  In fact, gold-silica nanoshells are currently in 

clinical trials for photothermal ablation of refractory head and neck cancer under a 

protocol in which the particles are injected into the patient, allowed to accumulate in the 

tumor, and exposed to NIR light via a fiber optic probe (Nanospectra Biosciences, Inc. 

2011).  Because cell death is induced only at locations where nanoshells are present and 

the NIR laser is targeted, side effects typical of drug-based treatment regimens for cancer 

can be avoided.  Furthermore, the size of nanoshells can be varied chemically for either 

strictly imaging or photothermal purposes, as smaller particles absorb light efficiently 

while larger particles generate more scattering (Jain et al. 2006).  A schematic of the 

nanoshell-assisted photothermal therapy process is shown in Figure 1.10. 
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Figure 1.10: Nanoshell-assisted photothermal therapy.  After circulating within the 
bloodstream, nanoshells accumulate in the tumor tissue via the EPR effect.  Next, NIR 
light is applied over the nanoshell-laden tumor.  Energy absorbed by the particles is 
dissipated as heat, which kills cancer cells. 

 
Whereas many fluorophores are susceptible to photobleaching over time, 

nanoshells are immune to such problems since their optical properties are dictated by 

physical structure, making them much more photostable in diagnostic applications.  

Additionally, the large optical cross section of nanoshells is on the order of 106 times 

greater than indocyanine green (ICG), an FDA approved NIR fluorescent dye that has 

been used in breast cancer diagnostics (Wu, Liang, and Jiang 2005).  The affinity of gold 

surfaces for thiols and amine groups allows for facile modification of gold nanoshells as 

well, including conjugation of poly(ethylene glycol) to minimize protein adsorption in the 

body and the anchoring of targeting moieties to home the particle more specifically to 

cancer cells.  Gold has also shown to be generally biocompatible, although cytotoxicity 

can vary with size and surface coatings (Pan et al. 2007).  For example, gold 

nanoparticles incubated with macrophages failed to exhibit any cytotoxicity or a 

detectable presence of inflammatory cytokines at gold concentrations up to 100 µM 

(Shukla et al. 2005).  In a more directly relevant and thorough investigation, Gad et al. 
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performed a battery of gold nanoshell biocompatibility tests in accordance with the 

International Organization for Standardization (ISO) – 10933 guidelines (Gad et al. 

2012); across all tests, ranging from pyrogenicity and genotoxicity to sensitization, no 

toxicities or adverse events were observed.  Moreover, the investigators also noted no 

toxicities over a 10-month study with beagle dogs that had received nanoshells 

intravenously, as determined by monitoring a variety of health indicators, including blood 

chemistry, ophthalmology, body weight, and urine content. 

In summary, gold nanoshells offer several advantages as a cancer nanotechnology 

platform.  Their unique, optical properties afford both scattering and absorption of NIR 

light, which enables both optical imaging and photothermal therapy of cancerous lesions.  

In comparison to other optically active species like fluorescent dyes, nanoshells are 

brighter and much more photostable.  Moreover, the gold surface layer is biocompatible, 

and established gold-sulfur chemistries allow for facile functionalization with passivating 

polymer layers for enhanced circulation and moieties for targeting cancer cells.  Below, 

additional details of prior in vitro and in vivo investigations with gold nanoshells are 

discussed. 

1.3.3 In Vitro Studies 

In the first report of gold nanoshell induced photothermal ablation of cells, Hirsch 

et al. incubated bare gold-silica shell-core particles with SKBr3 breast epithelial 

carcinoma cells for 1 h and then exposed these cells to an NIR laser (820 nm, 35 W/cm2, 

7 min) (Hirsch et al. 2003).  The particles were synthesized such that their peak 

absorbance coincided with the NIR laser wavelength to achieve maximum heating. 

Assays for cell viability and membrane permeability revealed that cell death only 
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occurred in zones in which both nanoshells were present and NIR light was incident; the 

temperature rise resulted in irreversible membrane rupture as shown in Figure 1.11. 

 

Figure 1.11: Nanoshell-induced photothermal ablation of breast cancer cells.  (A) 
NIR laser exposure alone is harmless to cells while (B) the combination of nanoshells and 
NIR laser results in cell death as indicated by calcein AM viability stain.  (C) 
Fluorescein-dextran staining showed that cells maintained membrane integrity after 
exposure to NIR light, yet (D) irreversible membrane rupture occurred in the case of cells 
that bound nanoshells after NIR laser exposure.  From Hirsch et al. 2003. 
 
 

In the first study to use targeted nanoshells, Loo et al. conjugated anti-HER2 

antibodies to gold-silica nanoshell surfaces via flexible, PEG linker chains (Loo et al. 

2005).  These nanoshells were able to bind more specifically to cancer cells that 

overexpress the human epidermal growth factor 2 receptor (HER2), as in the SkBr3 cell 

line.  Following a 1 h incubation of these anti-HER2 conjugated nanoshells with the 

SkBr3 cancer cells, darkfield imaging (a microscopy technique to collect scattered light) 

was performed to evaluate nanoshell binding to cell surfaces.  Finally, cells were 

irradiated with an NIR laser (820 nm, 0.008 W/m2, 7 min), and viability was determined 

using calcein AM staining.  Figure 1.12 shows that cell binding was specific to the anti-
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HER2 conjugated nanoshells as compared to control particles loaded with a nonspecific 

IgG; hence, photothermal ablation was only observed for cells incubated with the 

targeted nanoshells. 

 
Figure 1.12: Targeted nanoshells for combined imaging and photothermal ablation 
of SkBr3 breast carcinoma cells.  (Top and bottom row) Darkfield scattering and silver 
staining demonstrate cell binding is specific to anti-HER2 conjugated nanoshells.   
(Middle row) Calcein AM viability stain shows NIR irradiation had induced cancer cell 
death only when targeted nanoshells were used.  Nanoshells conjugated to a nonspecific 
IgG antibody did not bind cancer cells, and cell death did not occur in this case following 
NIR irradiation.  From Loo et al. 2005. 
 
 

While many studies with nanoshells and nanotechnology platforms in general 

have employed antibodies for targeting studies, some have also used small protein 

ligands as targeting moieties for cancer therapy and imaging.  Vascular endothelial 

growth factor (VEGF), for example, has been used to target its receptor, VEGFR, 

overexpressed along tumor-associated vascular endothelium.  With this method, one 

circumvents the need for therapeutics to overcome tumor interstitial pressure to 

extravasate out of the bloodstream.  Moreover, as many tumor cells are supplied by a 
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single vessel, ablating the blood vessels that feed tumors might be more effective than 

destroying the cancer cells themselves.  In an in vitro study, Lowery and colleagues 

showed that VEGF-conjugated nanoshells specifically bound MS1 murine endothelial 

cells and induced targeted cell death upon NIR laser irradiation (Lowery et al. 2006).  

VEGF-nanoshells have also demonstrated effective ablation of tumor vasculature within 

an orthotopic glioma tumor in a mouse, as confirmed by intravital microscopy (Day et al. 

2012).  

Another protein ligand that has been explored for cancer cell targeting is 

ephrinA1, which binds overexpressed Eph receptors along cancer cell surfaces.  Eph 

receptors and their associated ephrin ligands are a receptor tyrosine kinase (RTK) family 

and compose the largest subgroup of any RTK’s (Surawska, Ma, and Salgia 2004).  Their 

signaling cascades can affect a variety of cell functions and processes, including cell-cell 

interactions, cell migration, angiogenesis, and neural development.  Eph receptors are 

thought to be implicated in the growth of many cancers types, including prostate cancer, 

in which the EphA2 receptor is overexpressed by as much as 100-fold.  In one study, 

Gobin et al. targeted gold-silica nanoshells to EphA2 receptors on PC3 prostate cancer 

cells, using the ephrinA1 ligand (Gobin, Moon, and West 2008).  Following procedures 

similar to those of the previously mentioned studies, the investigators irradiated PC3 cells 

that had been incubated with ephrinA1-nanoshells using an NIR laser (808 nm, 80 

W/cm2, 7 min) and characterized cell viability.  Figure	   1.13 shows that cell death was 

specific to EphA2 expressing cells that were incubated with the targeted, ephrinA1-

conjugated nanoshells.  This investigation laid the foundation for in vivo studies in this 

thesis to be discussed later in Chapter 6. 
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Figure 1.13: Targeted photothermal ablation using ephrinA1-nanoshells.  (A) 
EphrinA1-nanoshells bound PC3 cells and induced cell death within the NIR irradiation 
zone.  (C) Human dermal fibroblasts (HDF) demonstrate low EphA2 expression and thus 
did not bind the targeted nanoshells.  As a result, these cells remained alive after laser 
irradiation.  (B and D)  Nanoshells conjugated to PEG alone did not bind cells and 
therefore did not induce cell death.  Calcein AM / live stain shows brighter cells as 
compared to darker cells, stained with ethidium homodimer-1 / dead stain.  Scale bar = 
500 µm.  Adapted from Gobin, Moon, and West 2008. 
 
 

Additionally, the gold-gold sulfide nanoparticles elicit similar photothermal 

ablation effects though they have been investigated to a somewhat lesser extent.  Because 

these particles are much smaller (20 – 50 nm diameter) than the gold-silica nanoshells 

(150 nm diameter or larger), the absorption cross section is much higher and the 

scattering cross section much lower.  In fact, the extinction of light attributed to 

absorption by gold-gold sulfide particles is greater than 85%, compared to 50% or less 

for gold-silica nanoshells as the diameter increases above 150 nm (Gobin et al. 2007; 

Young, Figueroa, and Drezek 2011).  Therefore, although these particles may not be as 

suitable for imaging applications as the gold-silica nanoshells, gold-gold sulfide 
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nanoshells are very effective at converting NIR light to heat and may provide alternatives 

when the size of the gold-silica particles becomes a limiting factor in tumor delivery.  

Chow and colleagues capitalized on these absorption properties in applying gold-gold 

sulfide particles as drug delivery vehicles (Ren and Chow 2003; Ren et al. 2008; Huang 

et al. 2008; Tan, Ying, and Chow 2009).  For their studies, the chemotherapeutic agent 

cisplatin was loaded onto particles, and upon NIR light exposure, the drug was shown to 

dissociate and result in greater loss of MCF-7 breast carcinoma cell viability in vitro as 

compared to equivalent concentrations of free drug (Tan, Ying, and Chow 2009).  The 

mechanism of action was not validated although heat-induced ionic bond disruption was 

suggested to result in the dissociation of the drug from the particles, and a structural 

change in the released cisplatin was hypothesized to impart the observed increase in drug 

lethality. 

1.3.4 In Vivo Biodistribution 

A number of techniques have been explored for use in acquiring information 

about the biodistribution of nanoshells once injected into the bloodstream of animal 

models.  These include qualitative methods like histology and quantitative methods like 

dynamic light scattering (DLS), neutron activation analysis (NAA), and inductively 

coupled plasma mass spectrometry (ICP-MS).  The quantitative methods, in particular, 

are important for understanding how nanoshell design characteristics affect circulation 

time, uptake by the liver and spleen, and tumor accumulation.  A brief overview of each 

method will be presented as well as a discussion of relevant example studies. 

A typical DLS setup involves a laser source, a cell containing particles suspended 

in solution, and a detector to capture Brownian motion-induced changes in light 
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scattering by the particles.  The changes are then converted to size information using Mie 

theory, a correlation function relating light intensity over time, and the Stokes-Einstein 

equation for calculating the diffusion coefficient and hydrodynamic diameter (Malvern 

Instruments 2010).  DLS has been used for determining nanoshell circulation half-life by 

analyzing mouse blood samples for particles at various time points after intravenous 

delivery.  In one study, Xie et al. intravenously injected a concentrated solution of PEG-

conjugated gold-silica nanoshells into mice, and small blood samples were collected 

between 15 and 500 min after injection (Xie, Gill-Sharp, and O’Neal 2007).  Each blood 

sample was treated with Triton X-100 as a blood cell lysing agent to ensure nanoshell 

scattering dominated, and the scattering intensity ratio of nanoshells to surfactant 

micelles was translated to nanoshell concentration by interpolation within a standard 

curve (Figure 1.14).  Exponential functions relating particle concentration and time 

showed the average circulation half-life to be 247 min, which agreed well with 231 min 

as calculated by neutron activation analysis, a technique discussed below. 

 

Figure 1.14: DLS as a means to characterize nanoshell circulation.  DLS calibration 
curve showing the linear relationship (R2 = 0.998) of the scattering intensity ratio of 
nanoshells to Triton X-100 surfactant micelles versus known nanoshell concentrations in 
murine blood.  This relationship allowed for use of DLS to determine the circulation half-
life of gold-silica nanoshells.  From Xie, Gill-Sharp, and O’Neal 2007. 
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Similarly, the circulation half-life has also been determined for gold-gold sulfide 

nanoparticles in whole blood samples from mice (Gobin 2007).  In this study, after 

intravenous injection of PEG-conjugated particles in mice, blood samples were drawn 

every 24 h over a 5 day period.  DLS characterization of these samples, spiked with 

Triton X-100, showed that particles remained in circulation through five days, at which 

point the study was discontinued (Figure	  1.15).  Therefore, this investigation showed that 

gold-gold sulfide nanoparticles circulate through the blood much longer than their gold-

silica counterparts, a result that may be attributed to the smaller size of the gold-gold 

sulfide particles. 

 

Figure 1.15: DLS characterization of gold-gold sulfide nanoparticle circulation.  
Gold-gold sulfide nanoparticles remain in circulation through 5 days after intravenous 
injection in mice as determined by DLS.  From Gobin 2007. 

 
While DLS provides helpful and easily obtainable information regarding time-to-

clearance of nanoshells in circulation, NAA and ICP-MS are more sensitive techniques 

for acquiring biodistribution data and can detect gold concentrations within the parts-per-

billion (ppb) to parts-per-million (ppm) range (Witkowska, Szczepaniak, and Biziuk 

2005; PerkinElmer 2008).  In NAA, neutrons produced within a nuclear reactor bombard 
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the nuclei within a specimen, which results in excited, radioactive isotopes.  These 

isotopes undergo radioactive decay by emission of gamma rays, with energy levels 

characteristic of their element of origin (Gao, Chen, and Chai 2007). 

In one investigation, NAA was used to detect gold concentrations in both healthy 

and tumored mice after tail vein injection of PEG-conjugated gold-silica nanoshells 

(James et al. 2007).  Mice were sacrificed at several time points and tissue samples from 

various organs were collected and characterized with NAA to detect gamma rays at 412 

keV characteristic of 198Au.  The nanoshell circulation half-life was found to be 3.7 h, 

which was accompanied by increasing concentrations of gold in the liver and spleen.  In 

tumored mice, gold concentrations approached maximum values by 24 h, although these 

numbers only reached about 1% of the initially administered dose.  Improvement in the 

nanoshell PEG coating was cited as a possible route to increase this fraction by as much 

as an order of magnitude.  

NAA has also been employed in a comparison biodistribution study between the 

gold-silica and gold-gold sulfide particles in tumored mice (Gobin et al. 2010).  After 24 

h of nanoshell circulation, mice were sacrificed and tissue samples were prepared for 

NAA.  Data analysis showed a greater amount of gold in the spleen and liver for mice 

injected with gold-silica nanoshells, while gold was still circulating through mice injected 

with the gold-gold sulfide particles at this time point.  These results agreed with the DLS 

circulation studies, suggesting that decreased particle size results in prolonged circulation 

half-life.   

ICP-MS is another highly sensitive technique for detecting trace materials within 

a sample.  In this method, high-energy plasma decomposes the analyte to its constituent 
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ions (Št’astná et al. 1999; PerkinElmer 2008).  These ions travel through a mass 

spectrometer, which discriminates species by mass, and the sorted ions strike a detector 

(Ha et al. 2011).  A schematic of this process is shown in Figure	  1.16.  In one study using 

ICP-MS to evaluate in vivo particle biodistribution, mice with subcutaneous sarcoma 

tumors received intravenous or intratumoral injections of unfunctionalized gold-gold 

sulfide particles (Huang et al. 2008).  Mice were sacrificed at either 1 or 7 days after 

particle injection, at which point tissue samples were collected and analyzed for the 

presence of gold with ICP-MS.  Figure	  1.17 shows that intravenous injection resulted in 

early accumulation of gold in the liver and spleen with little gold present in the tumor as 

compared to intratumoral injection, in which a large portion of the particles remained in 

the tumor.  Without any PEG passivating layer on the surface of the particles, protein 

adsorption and subsequent RES clearance likely explains the low accumulation within 

tumors post intravenous injection in this study.   

	  

Figure 1.16: Schematic of ICP-MS for elemental analysis.  Generated by argon gas 
and radiofrequency power, plasma first ionizes the sample to be analyzed.  Lenses are 
used to remove interfering species, and a mass analyzer discriminates ions by size and 
charge before reaching the detector.  From Ha et al. 2011. 
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Figure 1.17: Bare gold-gold sulfide particle biodistribution in mice with 
subcutaneous sarcoma tumors.  Particles were injected intravenously (i.v.) or directly 
into the tumor (in situ) and tissue samples were analyzed by ICP-MS at both 1 and 7 days 
after injection.  From Huang et al. 2008. 

 

1.3.5 In Vivo Optical Imaging and Survival Studies 

Nanoshells have also been used in vivo for simultaneously imaging and treating 

cancer.  Imaging applications of nanoshells are appealing for diagnosing as well as 

monitoring disease progression over time.  In such cases, targeting moieties displayed on 

nanoshells are particularly useful for clustering particles along cancer cell surfaces and 

providing increased imaging contrast above background (as mentioned with darkfield 

imaging in vitro above).  Imaging modalities appropriate for characterization of tumors in 

vivo with gold-based nanoparticle contrast agents include reflectance confocal 

microscopy (RCM) and optical coherence tomography (OCT), for example.  Overviews 

of each method and example studies are briefly highlighted here, and additional detail on 

optical imaging methods for nanoshells in cancer diagnostics will be provided in Chapter 

4.  
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RCM combined with gold nanoparticle optical enhancers provides a facile and 

efficient approach for distinguishing between normal and malignant tissues as compared 

to histology, which is much more time and labor intensive despite being the gold standard 

in cancer diagnosis.  In one study by Sokolov and colleagues, 25 nm gold nanospheres 

were conjugated to anti-epidermal growth factor receptor (EGFR) antibodies and 

employed as contrast agents in imaging neoplastic lesions (Sokolov et al. 2003).  These 

agents were applied to both ex vivo cervical cancer biopsies and within hamster cheek 

pouches previously exposed to the carcinogen dimethyl benz[α]anthracene (DMBA).  

After imaging tissues with RCM, significant differences in contrast were observed 

between normal and abnormal tissue with as much as 21-fold signal enhancements for 

severely dysplastic cervical biopsies.  In the hamster cheek pouch model, these 

differences were not always repeatable as the thick keratin layer lining the cheek 

prevented efficient delivery of particles to the underlying endothelium in some cases. 

OCT is another reflectance technique, in which backscattered light from a 

specimen is used to construct 2-D cross-sectional, depth-resolved images (Fujimoto et al. 

2000).  Gobin et al. employed gold-silica nanoshells for contrast enhancement of tumors 

imaged with OCT (Gobin et al. 2007).  In this study, mice with subcutaneous colon 

carcinomas were intravenously injected with PEG-conjugated nanoshells that were 

allowed to passively accumulate within the tumor for 20 h.  At this time, OCT imaging 

was performed by placing the imaging probe in contact with the skin above the tumor.  

Images of tumor tissue in mice injected with nanoshells demonstrated enhanced contrast 

as compared to mice without the nanoshell injection (Figure 1.18).  Statistical analyses 
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showed a significant 56% increase in integrated scattering intensity among images of 

tumor tissue compared to those of normal muscle tissue in mice injected with nanoshells. 

 

Figure 1.18: Contrast enhancement of tumor tissue in mice using OCT and gold-
silica nanoshells.  (A and B) Normal tissue shows little contrast enhancement after 
intravenous administration of nanoshells.  (C and D) After intravenous injection of mice 
with subcutaneous tumors, images show pronounced contrast of tumor tissue as 
compared to mice injected with saline solution.  From Gobin et al. 2007. 

 
The first in vivo investigation of photothermal therapy with nanoshells 

demonstrated that the application of NIR light to nanoshell-laden tissue could induce 

sufficient temperature rises to result in tumor cell death (Hirsch et al. 2003).  Using 

magnetic resonance thermal imaging (MRTI), temperature increases of 30 to 60 °C were 

observed in tumor tissue directly injected with nanoshells and exposed to NIR light (820 

nm, 4 W/cm2, 4 – 6 min) (Figure 1.19).  Histopathologic examination of mouse tissue 

indicated areas of tissue damage with hematoxylin/eosin staining in regions that 

corresponded well with nanoshell presence (Figure 1.20).  This study laid the foundation 
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for survival studies employing nanoshell-assisted photothermal ablation as explained 

below. 

 
 

Figure 1.19: Thermal measurements during nanoshell-assisted photothermal 
ablation in vivo.  MRTI measurements of temperature as a function of depth below the 
apical surface of mouse subcutaneous tumors exposed to NIR light (a) after direct 
injection with nanoshells and (b) without nanoshells.  Readings were taken at 0, 1, 3, and 
6 min of laser exposure.  From Hirsch et al. 2003. 

 
 
Figure 1.20: Mouse tissue after nanoshell treatment and laser exposure.  (a) Blood 
vessel coagulation and loss of birefringence are characteristic of thermal damage. (b) 
Silver staining of tissue section shows nanoshell presence in region of thermal damage. 
(c) Hematoxylin/eosin staining also demonstrates cell damage, and (d) MRTI 
measurements revealed hyperthermia-induced irreversible tissue damage in outlined areas 
that correspond well in a, b, and c.  From Hirsch et al. 2003. 

 
In the first survival study using nanoshell-assisted photothermal therapy (NAPT), 

O’Neal et al. injected PEG-passivated gold-silica nanoshells intravenously in mice with 
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subcutaneous colon carcinoma tumors 3 – 5.5 mm in diameter (O’Neal et al. 2004).  

Particles were allowed to accumulate in tumor tissue via the EPR effect for 6 h, at which 

time tumors were irradiated with NIR light (808 nm, 4 W/cm2, 3 min).  Both tumor size 

and survival time were monitored for 60 days following the laser treatment.  Within 10 

days, complete tumor resorption was seen among the mice that had received both the 

nanoshell injection and laser treatment (Figure 1.21). At the end of the study, 100% 

survival was observed among treated mice while control mice had to be euthanized 

beforehand due to tumor burden (Figure 1.22). 

 
 

Figure 1.21: NAPT-induced tumor regression in vivo.  Average tumor size among in 
mice on treatment day and ten days afterwards.  Mice in the NAPT group (red bars) 
showed complete tumor resorption by day 10.  Tumors in mice injected with saline 
solution and irradiated (yellow bars, sham group) continued to grow as did tumors in 
mice without any injection or laser treatment (blue, control group).  Adapted from 
O’Neal et al. 2004. 
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Figure 1.22: NAPT promotes long-term survival in tumored mice.  100% survival 
was observed in the nanoshell therapy group, while average survival times for the laser 
only and untreated groups were 12.5 and 10.1 days respectively.  Adapted from O’Neal et 
al. 2004. 

 
In another study, Gobin and colleagues compared the efficacy of gold-gold sulfide 

and gold-silica nanoshells for photothermal ablation of subcutaneous colon carcinomas in 

mice (Gobin et al. 2010).  Mice were injected intravenously with either type of PEG-

particle suspension at an optical density of 50 (λ = 800 nm).  Laser treatment was 

performed 24 h post injection of the gold-silica particles and at 24 and 48 h post injection 

for the gold-gold sulfide particles.  Eight weeks after therapy, 86% of mice injected with 

the gold-silica nanoshells survived, while 71% survival was observed for the gold-gold 

sulfide group with laser application at 24 h post injection.  However, when laser therapy 

was performed 48 h after injection of the gold-gold sulfide particles, total survival 

increased to 83% (Figure 1.23).  This number was not statistically different than percent 

survival for the gold-silica group, highlighting that because gold-gold sulfide particle 
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circulation times are longer, laser treatment may need to be performed later to achieve 

similar therapeutic effects. 

 
 
Figure 1.23: Photothermal therapy with gold-gold sulfide nanoshells promotes 
survival similar to gold-silica nanoshells in tumored mice.  No statistical difference 
was determined between mice treated with an NIR laser at 24 h after gold-silica particle 
injection (86% survival) and those treated at 48 h after gold-gold sulfide particle injection 
(83% survival).  From Gobin et al. 2010. 
 

1.4 Conclusions and Opportunities for Increasing Specificity of Nanoshell-

Assisted Photothermal Therapy with Multimodal Imaging and Molecular 

Targeting Approaches 

In summary, nanoparticle platforms offer a myriad of options for detecting, 

monitoring, and treating cancer because of unique material properties that arise at the 

nanoscale.  Gold nanoshells present one promising tool for cancer imaging with optical-

based modalities and photothermal ablation.  Their core-shell structure imparts unique 

optical tunability, in which the core-shell ratio determines the surface plasmon resonant 

wavelength, meaning that these particles can be chemically designed for a desired 
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application.  For biomedical applications, gold nanoshells are synthesized to elicit 

maximum extinction within the NIR region as native tissue chromophores demonstrate 

minimal absorption and attenuation of these light wavelengths (~650 – 900 nm) 

(Weissleder 2001).  Furthermore, nanoshell gold surface layers afford biocompatibility 

and ease of modification through gold-sulfur interactions.  Early in vitro work has shown 

that NIR exposure of cancer cells in the presence of nanoshells leads to cell death only 

within the irradiation zone, demonstrating the ability to localize this therapeutic technique 

to sites of interest.  When conjugated to proteins that home specific receptors 

overexpressed on cancer cell surfaces, nanoshells can be used for cancer imaging with 

techniques such as darkfield microscopy as well as targeted photothermal ablation.  In 

vivo, gold nanoshells accumulate in subcutaneous tumors following intravenous 

administration in mice allowing for enhanced imaging contrast with optical-based 

techniques and tumor tissue destruction upon NIR irradiation.  Images acquired with 

optical coherence tomography (OCT), for instance, have shown statistical increases in 

scattering intensity in cancerous versus normal tissue in mice after gold-silica nanoshell 

injection.  Additionally, therapeutic efficacy has been shown for both gold-silica and 

gold-gold sulfide nanoshells in survival studies with tumored mice, in which survival 

levels have exceeded 80% among treatment groups (O’Neal et al. 2004; Gobin et al. 

2010). 

This thesis seeks to further advance photothermal therapy with the gold nanoshell 

platform as a viable option for cancer patients.  One principle aim is to enhance the 

specificity of treatment with the aid of image guidance across multiple modalities, 

including MRI, CT, and optical imaging methods.  For this approach, it was hypothesized 
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that MRI and CT could localize both tumor tissue and nanoshells at the anatomic level 

followed by optical imaging for molecular characterization of disease.  Then if deemed 

necessary, NIR light could be applied to pre-identified sites of interest at sufficient 

powers to ablate cancerous lesions.  Towards this goal of multimodal image-guided 

photothermal therapy, gadolinium-conjugated nanoshells were synthesized and applied 

across a series of experiments.  Preparation of the native particles and general 

characterization are discussed in Chapter 2.  In Chapter 3, the gadolinium conjugation 

method is illustrated as well as evaluations of particle relaxation behavior.  Chapter 4 

details the feasibility of gadolinium-nanoshells as contrast agents in a variety of optical 

imaging methods and also introduces a novel application for nanoshells as contrast agents 

in OCT imaging of mouse embryos.  In Chapter 5, experiments demonstrating the utility 

of gadolinium-nanoshells across MRI, CT, and optical imaging as well as photothermal 

therapy are discussed. 

In agreement with the overarching goal of enhancing the specificity of 

photothermal therapy, another principle aim of this thesis is to employ molecular 

targeting of nanoshells for treatment of tumors in vivo.  While ample studies have shown 

that targeting is effective in vitro, thorough validation of this approach in vivo with this 

platform remains to be performed.  Here it was hypothesized that protein targeting of 

nanoshells would enhance particle accumulation in tumors in mice thus offering more 

efficacious photothermal therapy compared treatment with untargeted particles.  

Experiments for testing this hypothesis are outlined in Chapter 6.  Finally, concluding 

remarks are included in Chapter 7 followed by recommendations for further study. 
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Chapter 2: Nanoshell Synthesis, Passivation, and 

Characterization∗ 

This chapter presents methods for the synthesis of gold-silica nanoshells and 

gold-gold sulfide nanoparticles as well as their surface passivation and characterization.  

These materials are used throughout all later chapters. 

2.1 Gold-Silica Nanoshell Synthesis 

Gold-silica nanoshells were synthesized via a four-step process, beginning with 

the fabrication of monodisperse silica cores.  In the second step, core surfaces were 

functionalized with positively charged amine groups, which in the third step, served as 

adsorption sites for 3 – 5 nm THPC gold colloid.  These colloid decorated cores are 

referred to as nanoshell seed.  In the final step, the shell was formed via a gold reduction 

reaction (Oldenburg et al. 1998).  The overall seed-mediated synthesis scheme is depicted 

in Figure 2.1 and discussed in more detail below.  All glassware used in nanoparticle 

synthesis was stringently cleaned with aqua regia (75% 12 N HCl and 25% 16 N HNO3 

by volume), followed by thorough rinsing with ultrapure water. 

                                                
∗Portions of this chapter have been adapted from: Coughlin, A.J.; West, J.L. Targeting Gold Nanoparticles 
for Cancer Diagnostics and Therapeutics. In Functional Nanoparticles for Bioanalysis, Nanomedicine and 
Bioelectronic Devices; Hepel, M., Zhong, C., Eds.; American Chemical Society, Washington, DC. 2012; 
Vol. 2, pp 37-54. 
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Figure 2.1: Schematic of gold-silica nanoshell synthesis.  Gold-silica nanoshell 
synthesis is a four-step process including (1) the fabrication of silica nanospheres, (2) 
amination of silica nanosphere surfaces, (3) adsorption of negatively charged colloidal 
gold, and (4) gold shell formation. 
 

2.1.1 Preparation of Amine Functionalized Silica Cores 

Monodisperse silica nanoparticles approximately 120 nm in diameter were 

produced using the Stöber method, a basic reduction of tetraethyl orthosilicate (TEOS) in 

ethyl alcohol.  First, 45 ml of 100% EtOH was added to 3 glass beakers and stirred at 

medium speed.  To these beakers, 2.8, 2.9, or 3.0 ml of ammonium hydroxide (NH4OH, 

Aldrich, 28%) was added.  After stirring approximately 1 min, the stirring rate was 

increased followed by addition of 1.5 ml TEOS (Aldrich, 99.999%) to each solution and 

rapid stirring for another 5 min.  Then, the stirring rate was reduced to medium speed, the 

beakers were covered with parafilm, and the reaction was allowed to proceed at room 

temperature for at least 8 h.  During this time newly formed silica nanospheres appeared 

as a white precipitate. 

Next, residual NH4OH was removed by pelleting the nanospheres with 

centrifugation and then decanting the supernatant.  The reaction volumes were 

centrifuged for a total of three rounds at 2000g for 30 min each, followed by careful 

removal of the supernatant and addition of fresh 100% EtOH after each round.  Each 

pellet of silica nanospheres was redispersed with probe sonication at 5 W for 1 min, and 

1. 2. 3. 4.
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the final resuspension was performed to achieve nanoparticle concentrations at 4 wt% 

(w/w).  Transmission electron microscopy (TEM, JEOL 1230) was then used to 

characterize the silica nanoparticle diameters, which increased with greater 

concentrations of NH4OH.  Only samples with ~120 nm diameters and polydispersity 

values less than 10% were employed subsequently for gold nanoshell fabrication. 

To functionalize the silica nanoparticles with amine groups, 3-aminopropyl 

triethoxy silane (APTES, Gelest) was used.  30 ml of silica nanoparticle suspension at 4 

wt% was transferred to a glass beaker and stirred at high speed followed by addition of 

150 µl of APTES.  The beaker was covered with parafilm and reaction was allowed to 

proceed at room temperature overnight.  The next day the silica nanoparticle suspensions 

were heated to 75 ºC, and this temperature was maintained for 1 h.  100% EtOH was 

periodically added during this process to maintain a consistent volume.  Afterwards, the 

unreacted APTES was removed by further centrifugation (2 rounds at 2000g for 30 min 

each).  The supernatant was decanted after each round, followed by addition of an 

equivalent volume of 100% EtOH and probe sonication at 5 W for 1 min to redisperse the 

pellets.  The final concentration was once again adjusted to 4 wt% with 100% EtOH, and 

suspensions were stored at 4 °C before use in nanoshell seed particle synthesis. 

2.1.2 Gold Colloid and Nanoshell Seed Particle Synthesis 

In the third step of gold-silica nanoshell fabrication, ~3 – 5 nm colloidal gold was 

adsorbed onto the aminated silica nanoparticles to produce nanoshell seed particles.  The 

gold particles were first formed via a reduction reaction with 

tetrakis(hydroxymethyl)phosphonium chloride (THPC, TCI America) according to 

methods adapted from Duff et al. (Duff, Baiker, and Edwards 1993).   In a glass beaker, 
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400 µl of THPC was mixed with 33 ml of ultrapure water for approximately 2 – 3 min at 

medium speed on a magnetic stir plate.  To another glass beaker with 180 ml of ultrapure 

water at 18 ºC, 4 ml of the dilute THPC solution was added along with 1.2 ml of 1 M 

sodium hydroxide (NaOH).  After stirring this second solution for 5 min at medium 

speed, the stirring rate was increased to the highest rate possible while maintaining a 

steady vortex.  Then, 6.75 ml of 1% (w/v) chloroauric acid (HAuCl4, Alfa Aesar) was 

added quickly to ensure even mixing.  This final mixture was stirred until the color 

stabilized to a light brown, and the colloid suspension was then aged at 4 ºC for at least 

two weeks to achieve ~3 – 5 nm diameter gold particles.   Figure 2.3 below demonstrates 

the time-dependent aging effects on the size of the THPC gold colloid particles. 

 

Figure 2.2: Aging effects on THPC gold colloid size.  Transmission electron 
microscopy reveals that THPC gold colloid size increases with time, here from (A) 7 
months to (B) 14 months after synthesis.  (C) The UV-Vis spectra indicate particle 
growth as well, as evidenced by the increase in the peak extinction value at 530 nm at 14 
months.  Scale bars = 50 nm. 

 
To form the nanoshell seed particles, 30 ml of 3 – 5 nm THPC colloid was added 

to one 50 ml conical tube, followed by 180 µl of aminated silica nanoparticles at 4 wt%.  
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Next, 1 ml of 1 M NaCl was quickly added, and the suspension was vortexed at the 

highest setting for 1 min.  The mixture was rocked at room temperature overnight, and 

the next day, unreacted gold colloid was removed via two rounds of centrifugation at 

450g for 15 min.  After each round, the supernatant was removed, an equivalent volume 

of ultrapure water was added, and the suspension was probe sonicated at 5 W for 30 sec – 

1 min to redisperse the nanoshell seed particles.  Next, the nanoshell seed suspensions 

were diluted in ultrapure water such that the optical density at 530 nm by UV-Vis 

spectroscopy equaled 0.1 AU and then stored at 4 °C until use in the gold shell formation 

step. 

2.1.3 Gold Shell Formation 

 In the final step of gold nanoshell synthesis, additional gold was reduced on 

nanoshell seed particle surfaces to form a contiguous shell.  First, the gold plating 

solution was made by adding 800 ml of ultrapure water to an amber glass bottle followed 

by 200 mg of potassium carbonate (K2CO3) and 12 ml of the 1% HAuCl4 solution, as 

prepared above for gold colloid synthesis.  The plating solution was mixed until the 

K2CO3 fully dissolved, and the solution was then aged 48 – 72 h at room temperature and 

protected from light prior to use. 

Next, the optimal volume ratio of gold plating solution to seed suspension to 

produce nanoshells with NIR plasmon resonance was determined.  1 ml of the gold 

plating solution was added to three 1 ml disposable UV-Vis cuvettes.  10 µl of 

formaldehyde (HCHO, 37%) was then added to the underside of the cuvette caps.  

Varying amounts of nanoshell seed particle suspension (OD530 = 0.1) at 200, 300, or 400 

µl was added to each of the three cuvettes.  The cuvettes were quickly sealed with the 
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HCHO-loaded caps and vortexed at high speed for approximately 30 sec.  A visible color 

change occurred, indicating gold shell formation (thicker shells appeared more red while 

thinner shells appeared more blue).  Figure 2.3 below shows the gradual coalescence of 

gold on the surface of a seed particle to form the complete gold shell. 

 

Figure 2.3:  Gold shell formation on a nanoshell seed particle.  As gold is reduced 
upon the surface of the nanoshell seed particle (left), a complete shell (right) gradually 
forms as visualized with transmission electron microscopy.  Adapted from Oldenburg et 
al. 1998. 

 
The optical properties of each gold nanoshell suspension were characterized via 

UV-Vis spectroscopy.  Given the fixed gold plating solution volume and increasing 

amounts of seed, nanoshells with progressively thinner gold coatings were synthesized in 

the small-scale reactions.  The thinner gold shells corresponded to a red shift in the 

wavelength at which plasmon resonance occurred.  Once the appropriate gold plating 

solution:nanoshell seed volume ratio with a resultant plasmon resonant wavelength of 

~780 – 810 nm was determined, the reaction was scaled up linearly to produce larger 

volumes of gold-silica nanoshells.  

The residual HCHO was removed via two rounds of centrifugation at 450g for 15 

min.  After each round, the supernatant was removed, and the pellet was resuspended in 

1.8 mM K2CO3 in ultrapure water.  The samples were probe sonicated at 5 W for 30 sec 

to redisperse the particles.  Gold-silica nanoshell suspensions were stored at 4 ºC until 
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further use.  Figure 2.4 shows ~150 nm gold-silica nanoshells with maximum extinction 

within the NIR water window. 

 

Figure 2.4: Gold-silica nanoshell size and optical properties.  (A) Transmission 
electron micrograph shows ~150 nm gold-silica nanoshells.  (B) Associated UV-Vis 
spectra demonstrate maximum extinction within the NIR water window.  Scale bar = 100 
nm. 
 

2.2 Gold-Gold Sulfide Nanoparticle Synthesis 

Gold-gold sulfide nanoparticles are formed via a one-step self-assembly reaction 

upon mixing a sulfur-based precursor (sodium thiosulfate, Na2S2O3, or sodium sulfide, 

Na2S) and a gold-based precursor (HAuCl4).  Depending on the sulfur source used and 

reagent ratios, particle diameters range 20 – 50 nm with optical extinction attainable 

within the NIR water window.  Early reports first described these particles as nanoshells 

with a gold shell over a gold sulfide core, supported by TEM images, electron diffraction 

data, and optical simulations based on Mie Theory (Zhou et al. 1994; Averitt, Westcott, 

and Halas 1999; Averitt, Sarkar, and Halas 1997).  Yet other investigators maintain that 

no true core-shell structure arises during synthesis and that NIR extinction is a result of 

gold particle aggregates (Norman et al. 2002; Zhang et al. 2005; Schwartzberg et al. 

2007).  Though this debate remains unsettled, the gold surface layer and NIR absorption 
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of these nanoparticles still afford surface functionalization and use in photothermal 

ablation (Gobin et al. 2010; Day et al. 2010).  Below, methods are described that achieve 

NIR resonant gold-gold sulfide particles ~20 – 25 nm in diameter, using Na2S2O3 as the 

sulfur-based precursor. 

First, precursor solutions of 2 mM HAuCl4 and 1 mM Na2S2O3 were prepared in 

ultrapure water.  Each solution was stored at room temperature and protected from light.  

The precursor containing 1 mM Na2S2O3 was aged at least 48 h at room temperature 

before use.  Small scale reactions were conducted first to determine optimal reagent ratios 

for achieving gold-gold sulfide nanoparticles with NIR extinction around ~800 nm.  1 

mM Na2S2O3 was mixed with 2 mM HAuCl4 at volumetric ratios ranging 1:0.8 to 1:1.2 

in 1 ml disposable UV-Vis cuvettes and vortexed for 30 sec.  Each reaction was 

monitored by recording the associated UV-Vis spectra every 15 min over 1.5 h.  The 

reactions ran to completion during this time, after which the spectra did not change 

further.  Upon determining the optimal ratio, the reaction was scaled linearly to produce 

larger volumes.  Finally, a total of three centrifugation rounds at 1900g for 30 min were 

performed to remove small, gold colloid that is also produced during the reaction.  After 

each round, the supernatant was removed, and the pellet was resuspended in an 

equivalent amount of ultrapure water.  The suspensions were then probe sonicated at 5 W 

for 30 sec to redisperse.  The removal of gold colloid was monitored via UV-Vis 

spectroscopy, which showed an increase in the ratio of peak extinction values of gold-

gold sulfide nanoparticles to gold colloid.  Figure 2.5 shows an electron micrograph of 

the final, purified product and the UV-Vis spectral changes that occur as a result of 

purification.  Gold-gold sulfide particles were stored at 4 ºC until further use.   
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Figure 2.5: Gold-gold sulfide nanoparticle size and optical properties.  (A) Gold-gold 
sulfide particles with ~23 nm diameter as shown by transmission electron microscopy.  
(B)  Removal of small, gold colloid that is produced during synthesis can be confirmed 
with UV-Vis spectroscopy, which shows a decrease in the extinction value at 530 nm.  
Scale bar = 100 nm. 
  

2.3 Passivation of Gold Nanoparticle Surfaces with PEG 

As discussed in the introduction, poly(ethylene glycol) (PEG) surface coatings on 

nanoparticles provide stabilization in physiologic environments, prevent nonspecific 

protein adsorption, and help to maximize circulation half-lives in vivo (Owens and 

Peppas 2006; Jokerst et al. 2011).  In these studies, gold-silica nanoshells and gold-gold 

sulfide nanoparticles were passivated with thiol terminated PEG, in which the thiol group 

strongly adsorbs to gold via electron interactions (Häkkinen 2012).  To perform this 

reaction, methoxy-PEG-SH (mPEG-SH, Laysan Bio, MW = 5000 kDa) was dissolved in 

ultrapure water to achieve a concentration of 10 µM for the larger gold-silica nanoshells 

or 250 µM for the smaller, gold-gold sulfide nanoparticles.  1 ml of the designated PEG 

solution was added to 9 ml of gold-silica nanoshells at ~4 x 109 particles/ml or 9 ml of 

gold-gold sulfide nanoparticles at ~2.5 x 1011 particles/ml in ultrapure water in a glass 

scintillation vial.  Upon addition, the suspensions were immediately vortexed for 30 sec 

to mix thoroughly, followed by overnight rocking at 4 °C.  The next day, unreacted PEG 
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molecules were removed by centrifugation, and the nanoparticles were resuspended in the 

appropriate medium as required for further experimentation. 

To confirm successful PEG conjugation to particle surfaces, saline stability tests 

were performed by monitoring the UV-Vis spectra of particle suspensions in a 

physiologically relevant solvent of 100 mM NaCl over time.  Without the presence of a 

densely packed, passivating layer of PEG chains, gold nanoparticles will flocculate, 

resulting in a decrease in the peak extinction value.  To perform these tests, PEG-

conjugated gold-silica nanoshells or gold-gold sulfide nanoparticles were suspended in 

100 mM NaCl at ~4 x 109 particles/ml or ~2.5 x 1011 particles/ml respectively.  PEG-

conjugated nanoparticles suspended in water without salt and unconjugated particles in 

saline were employed as controls.  A UV-Vis spectrophotometer was used to record 

nanoparticle spectra every 20 min over a 3 h period.  Stability was calculated for each 

time point and condition by determining the peak extinction value as a percent of the 

corresponding, original value at the start of the test.  Figure 2.6 below demonstrates that 

the PEG layer sufficiently stabilizes both gold-silica nanoshells and gold-gold sulfide 

nanoparticles while unconjugated particles exhibit little stability and aggregate upon salt 

addition. 
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Figure 2.6: Nanoparticle surface passivation with PEG promotes stability.  Stability 
values are expressed as a percent of the initial peak extinction after 3 h for unconjugated 
nanoparticles in 100 mM NaCl, PEG-conjugated particles in 100 mM NaCl, and 
unconjugated particles in pure water.  Error bars represent standard deviation (n = 3). 
 

2.4 Characterization Methods 

The following section provides an overview on the four characterization methods 

used to evaluate both gold-silica nanoshells and gold-gold sulfide nanoparticles: UV-Vis 

spectroscopy to determine optical properties, electron microscopy to examine particle 

size and morphology, dynamic light scattering to ascertain hydrodynamic diameters, and 

zeta potential analysis to elucidate particle surface charge. 

2.4.1 UV-Vis Spectroscopy 

As previously mentioned, UV-Vis spectroscopy (Cary 50 Bio) was employed 

throughout gold-silica nanoshell and gold-gold sulfide nanoparticle synthesis to 

determine the appropriate precursor and reagent ratios to achieve particle products with 

plasmon resonance within the NIR water window.  UV-Vis spectra were generally 

acquired for all particle samples from 400 to 1100 nm. 



 

56  

Additionally, surface conjugation of proteins and polymers to nanoparticles 

results in an increased dielectric constant of the surrounding environment, which red 

shifts the corresponding extinction spectra (Yavuz et al. 2009; Kah et al. 2007).  

Therefore, acquisition of UV-Vis spectra after attachment of PEG to both gold-silica and 

gold-gold sulfide nanoparticles served as a facile verification of conjugation.  Saline 

stability tests with UV-Vis spectroscopy as described above also offered a means to more 

stringently verify effective passivation of nanoparticle surfaces with PEG. 

2.4.2 Electron Microscopy 

Both scanning electron microscopy (SEM, FEI Quanta 400 ESEM FEG) and 

transmission electron microscopy (TEM, JEOL 1230 and 2010) enabled evaluation of 

nanoparticle size, morphology, and the degree of polydispersity.  SEM afforded 

visualization of particle surface topology, revealing the degree of gold coverage over 

silica core particles in the case of gold-silica nanoshells, for example (Figure 2.7).  By 

comparison, TEM offered excellent contrast between silica and gold because of their 

differences in electron density (Figure 2.3) and could therefore also be used in evaluating 

gold shell formation. 

 

Figure 2.7: SEM Images of gold-silica nanoshells.  SEM imaging enables visualization 
of gold-silica nanoshell size, morphology, and surface topology.  Images acquired at both 
A) low (scale bar = 500 nm) and B) high (scale bar = 200 nm) magnification. 
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2.4.3 Dynamic Light Scattering and Zeta Potential Analysis 

Dynamic light scattering (DLS) provides the hydrodynamic diameter of particles 

using the Stokes-Einstein equation after measuring the particles’ translational diffusion 

coefficient within a liquid.  Meanwhile, zeta potential analysis indicates surface charge 

by calculating the potential difference across the electrical double layer that exists around 

nanoparticles.  In this thesis, both sets of data were acquired with a Malvern Zen 3600 

Zetasizer and used a means to verify surface conjugation to PEG, a neutral polymer.  

Upon passivation, nanoparticles exhibited increases in hydrodynamic diameters and zeta 

potential (Figure 2.8).  

 

Figure 2.8: Dynamic light scattering and zeta potential analysis of gold-silica 
nanoshells.  Upon conjugation to PEG, gold-silica nanoshells exhibit (A) a ~40% 
increase in hydrodynamic diameter and (B) a ~35% increase in surface charge.  Error 
bars indicate standard deviation, **p<0.05 and *p<0.1 by Student’s t-test (n = 3). 

 

2.5 Conclusions 

Gold-silica nanoshells were synthesized via a four-step seed-mediated growth 

process to eventually form a gold shell over a silica core particle while gold-gold sulfide 
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nanoparticles were prepared with a one-step self-assembly reaction between gold and 

sulfur precursors.  By tailoring the reagent ratios during synthesis, NIR extinction could 

be achieved with both particle types.  Characterization methods of their physical and 

optical properties included electron microscopy and UV-Vis spectroscopy.  Furthermore, 

PEG polymer surface coatings impart nanoparticle stability in physiologic solvents.  A 

variety of techniques were employed to verify effective PEG conjugation, including 

saline stability testing, DLS, and zeta potential analysis. 
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Chapter 3: Gadolinium-Conjugated Nanoshells: Synthesis, 

Characterization, and Application in Magnetic Resonance 

Imaging 

3.1 Introduction 

In comparison with other diagnostic imaging modalities in cancer medicine, 

magnetic resonance imaging (MRI) offers a number of advantages, including relatively 

good image quality and soft tissue contrast, noninvasive acquisition, fast scan times, and 

a lack of harmful, ionizing radiation (Bottrill, Kwok, and Long 2006).  Because of this, it 

is considered one of the most important and powerful clinical imaging modalities.  In this 

chapter, the development and application of gadolinium-nanoshell conjugates for MRI 

contrast is presented.  Both their relaxation behavior and imaging capabilities are 

evaluated in vitro. 

3.2 Magnetic Resonance Imaging: Basic Concepts 

Because biological tissue is mostly composed of water, the human body contains 

a large number of protons, each with its own characteristic spin or magnetic moment.  

Although these individual moments are extremely small, MRI relies upon the collective, 

aligned moments of these protons in the presence of a large, external field.  For example, 

if a material is subjected to a magnetic field B of 1 T, only about three of every million 

protons will have moments aligned in the direction of the field.  However, in the case of a 

one cubic millimeter sized water droplet (which has about 6.6 x 1019 protons), 2 x 1014 

proton moments will align with this field (Pankhurst et al. 2003).  Figure 3.1 below 

demonstrates how an external magnetic field induces net magnetization of the protons 
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within biological tissue.  Once the static magnetic field B0 is applied, the majority of 

protons in tissue align their net magnetic moment m in the direction of the field and rotate 

or precess about B0 at a particular frequency known as the Larmor frequency (ω0 = 

γB0/2π, where γ is the gyromagnetic ratio).  Another portion of protons with moments 

aligned antiparallel to the magnetic field are at a slightly higher energy state than the 

parallel protons, and the energy difference between these two states corresponds to the 

strength of the magnetic field.  Next, a weaker radiofrequency (RF) wave pulse, 

oscillating at the Larmor frequency, is applied perpendicular to B0, and some of the 

protons flip or jump to the higher energy state and begin precessing in the plane 

perpendicular to B0.  The angle of deflection for the net magnetization of these protons is 

largely dependent upon the amplitude and duration of the RF pulse.  Eventually, the 

protons will return or relax back to their original, lower energy state with the overall 

magnetic moment aligned with B0 again in the z direction.  Receiver coils nearby detect 

these relaxation signals, which are described as: 

𝑚!   = 𝑚   1−   𝑒!
!
!!     Equation 6 

 

and 

𝑚!" = 𝑚𝑠𝑖𝑛  (𝜔!𝑡 + 𝜑)𝑒
! !
!! Equation 7 

 
where φ is a phase constant and T1 and T2 are the longitudinal and transverse relaxation 

times, respectively.   

In more practical terms, T1 relaxation time refers to the duration for which the 

deflected net magnetization moment returns to its equilibrium alignment with B0 along 

the z axis.  In addition to longitudinal relaxation, T1 is also referred to as spin-lattice 
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relaxation because kinetic energy is converted to thermal energy as a result of molecular 

friction within the biological milieu.  On the other hand, T2 refers to the time for the net 

magnetization moment in the transverse (xy) plane to return to zero upon removal of the 

RF pulse.  Both proton rotational dephasing and random flipping due to individual proton 

magnetic fields contribute to the T2, also identified as spin-spin relaxation time.  The 

overall relaxation signal is typically proportional to the number of protons present within 

the biological tissue, which gives rise to image contrast (Kressel 1988; Pankhurst et al. 

2003; Varadan, Chen, and Xie 2008).  Other factors such as molecular movement of 

water within tissue, the presence of macromolecules like lipids or proteins, and the 

associations between these macromolecules and water also contribute to image contrast 

(Kressel 1988). 

	  
	  

Figure 3.1: The effect of a magnetic field on protons.  (a) Once a static magnetic field 
B0 is applied to biological tissue, a portion of the protons will align their net magnetic 
moment m in the direction of the field and begin precessing at the Larmor frequency. (b) 
An RF pulse at this frequency can deflect the net moment such that precession occurs 
antiparallel to the magnetic field.  (c and d) Over time, m relaxes back to its original state.  
Adapted from Pankhurst et al. 2003. 

	  
When magnetic nanoparticles are employed as contrast agents for MRI, these 

particles produce additional magnetic fields as a result of their own magnetic 
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susceptibility.  Such additive fields cause an overall increase in relaxation rate within the 

surrounding tissue and corresponding decrease in T1 and T2 (Figure 3.2).  The most 

common contrast agents currently in clinical use are paramagnetic gadolinium ion 

complexes, although other agents based on superparamagnetic iron oxide species are also 

commercially available (Pankhurst et al. 2003).   

	  

Figure 3.2: Magnetic nanoparticle contrast agents increase relaxation of 
magnetization.  (a) Cell with internalized magnetic nanoparticles demonstrates a 
decreased T2 relaxation time as opposed to (b) an unmodified cell.  From Pankhurst et al. 
2003. 
 

3.2 Gadolinium in Magnetic Resonance Imaging 

To improve MR imaging sensitivity and better delineate between normal and 

abnormal tissue, contrast agents are often employed.  In fact, more than one third of 

clinical MR examinations are performed with these exogenous agents (Hermann et al. 

2008).  As mentioned, effective agents reduce relaxation times of water protons within 

surrounding tissue.  These compounds are broadly classified according to the extent that 

they reduce longitudinal T1 or transverse T2 relaxation times.  Compounds that strongly 

reduce T1 times offer brighter contrast on T1-MR scans and are considered positive agents 

whereas their counterparts that greatly reduce T2 times decrease imaging signal on T2 

scans and are thus considered negative agents.  The most common T1 agents are 

paramagnetic gadolinium (Gd) chelates, and superparamagnetic iron oxide particles are 
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the most widely used T2 agents (Bottrill, Kwok, and Long 2006).  The overall contrast 

enhancement efficiency of these compounds is typically expressed as relaxivity, which is 

calculated by normalizing the change in longitudinal or transverse proton relaxation rates 

(1/T1 or 1/T2) to the millimolar concentration of the compound itself.  Higher relaxivity 

values translate to greater contrast on MR scans. 

In the case of paramagnetic T1 agents, gadolinium is particularly well suited 

because of its seven unpaired electrons, associated high magnetic moment, and 

symmetric electronic ground state (Hermann et al. 2008).  Its typical ionic form in 

aqueous environments is Gd3+ and because these ions can disrupt calcium signaling in the 

body, Gd3+ ions must first be bound within a complex before being administered to a 

patient (Bottrill, Kwok, and Long 2006).  By design, these complexes exhibit much 

greater selectivity for Gd3+ than other endogenous cations within the body, such as Ca2+ 

and Zn2+, thus preventing transmetallation.  In fact, log KML stability constants for many 

of the Gd-chelate complexes are on the order of 20 (Hermann et al. 2008).  Many of these 

ligands are based upon polyaminocarboxylates, which form coordination bonds with 

metal ions.  Example Gd-based clinical agents are shown in Figure 3.3. 

 

Figure 3.3: Example Gd-based contrast agents employed clinically.  The associated 
chemical abbreviations, trade names, and manufacturers are listed.  DOTA: 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; DTPA: diethylenetriaminepentaacetic 
acid.  From Hermann et al. 2008. 
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Additionally, the particular design of the ligand can affect the overall relaxivity of 

the complex.  According to the Solomon-Bloembergen-Morgan (SBM) theory, relaxivity 

is dictated by several physico-chemical parameters (Merbach and Tóth 2001).  Those that 

can be chemically controlled include the number of water molecules coordinated to the 

Gd3+ ion (q), the mean residence time of the water molecule within the inner sphere (τM), 

the tumbling rate of the complex as represented by the rotational correlation time (τR), 

and other water molecule interactions in the second and outer spheres (Merbach and Tóth 

2001; Hermann et al. 2008).  These parameters are portrayed in Figure 3.4 below.  Within 

the past 20 years, scientists have been investigating how to optimize each of these 

parameters to achieve higher relaxivities and thus enhanced MR signal intensities with 

lower metal ion dose.  By lengthening molecular tumbling times (higher τR) and 

increasing water molecule exchange rates (lower τM) as predicted by SBM theory, 

relaxivity can be improved.  For instance, in the case of the clinical agent Vasovist® in 

Figure 3.3 above, the associated r1 relaxivity value in water is 5.2 mM-1s-1 (1.5 T, 37 °C).  

However, upon circulation within the bloodstream, the lipophilic moieties within 

Vasovist® bind human serum albumin, leading to increased molecular tumbling times of 

the Gd3+ ions, a prolonged τR, and therefore an enhanced r1 relaxivity value of 19 mM-1s-1 

at the same field strength and temperature (Caravan et al. 1999; Rohrer et al. 2005).  

Because of this phenomenon, Vasovist® is well suited as a blood pool agent for imaging 

of vascular abnormalities such as arterial blockages (Caravan et al. 1999). 
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Figure 3.4: Parameters that affect Gd-chelate relaxivity.  These parameters include 
the interactions between the Gd3+ center and water molecules within the inner, second, 
and outer spheres, the molecular tumbling and rotational correlation time (τR), and the 
mean residence time (τM) of the coordinated water molecule within the inner sphere.  
From Hermann et al. 2008. 
 
  

In clinical practice, MRI with contrast agents is employed for imaging a wide 

variety of tissues and offers tumor staging capabilities and prognostic information before 

treatment, as well as the capacity to monitor disease during and after treatment (Wallis 

and Gilbert 1999).  For instance in brain cancer, T1-weighted imaging with gadolinium 

contrast is the preferred diagnostic method over other modalities such as computed 

tomography (CT), which does not offer sufficient anatomic detail to detect these lesions 

in some cases (DeAngelis 2001).  Figure 3.5 shows example gadolinium-enhanced MR 

images of a patient with glioblastoma, which responded to chemotherapy as indicated by 

a decrease in contrast.  Typically, gadolinium-chelates are administered intravenously at 

doses of 0.1 mmol per 1 kg of patient body weight and exhibit terminal plasma half lives 

on the order of 80 – 100 min in humans (Aime and Caravan 2009; Perazella 2009).  

Minimum detectable Gd concentrations within tissue fall within the range of 10 – 100 
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µM, and because of the small size of these agents, they are eventually filtered through the 

glomerulus and excreted in the urine (Caravan et al. 1999; Perazella 2009).  

 

Figure 3.5: Gadolinium-enhanced MR images depicting glioblastoma response to 
chemotherapy.  (A) Contrast enhancement indicates tumor in the left brain hemisphere 
of a of 44 yr old male.  (B) After four weeks of treatment with bevacizumab and 
irinotecan, contrast reduction indicates tumor response.  From Cavaliere, Wen, and Schiff 
2007. 

 
 In general, gadolinium contrast agents are considered safe, and since 1988, the 

FDA has approved at least seven formulations (Cheong and Muthupillai 2010).  As 

mentioned earlier, however, one risk associated with gadolinium administration to human 

patients is transmetallation, in which endogenous cations like Zn2+, Cu2+, and Ca2+ 

displace Gd3+ ions from their ligands (Bottrill, Kwok, and Long 2006).  This risk is 

greatest in the case of linear Gd complexes compared to cyclic complexes, such as Gd-

DTPA versus Gd-DOTA as shown in Figure 3.3 above, and when the dose is relatively 

high (> 0.3 mmol/kg) (Ersoy and Rybicki 2007).  At physiologic pH, free Gd3+ ions can 

form insoluble hydroxides and phosphates that may lead to fibrosis or a foreign body 

response.  In patients with severely impaired renal function, a condition known as 

nephrogenic systemic fibrosis (NSF) may arise, in which excessive connective tissue 
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growth occurs in the skin, musculoskeletal system, dura mater, esophagus, lungs, or 

myocardium (Ersoy and Rybicki 2007; Cheong and Muthupillai 2010).  Currently, the 

exact mechanism for gadolinium-induced NSF remains unknown, although un-chelated 

and insoluble forms of gadolinium are postulated to stimulate fibrocyte proliferation 

(Abraham et al. 2008).   

However, the incorporation of gadolinium within nanoparticle platforms may help 

to mitigate toxicity issues.  Principally, these particle systems can be synthesized to 

enhance water relaxation efficiency compared to isolated Gd-chelates, thus requiring 

lower doses of gadolinium to achieve reasonable levels of contrast (Ghaghada et al. 

2009).  This capability and other advantages of gadolinium-based nanoparticles are 

discussed in more detail below. 

3.3 Advantages of Gadolinium-Based Nanoparticle Platforms 

Incorporating MRI contrast agents within nanoparticle platforms affords a number 

of advantages.  By tailoring nanoparticle size, shape, and chemical makeup, 

biodistribution and pharmacokinetic profiles can be tuned (De et al. 2011).  As evidence 

of this, Unger and colleagues investigated the distribution of free Gd-DTPA 

(Magnevist®) versus the same chelate complex loaded within 100 or 50 nm liposomes 

after intravenous delivery within rats (Unger et al. 1990).  While the free Gd-DTPA 

exhibited a blood pool half-life of ~15 min, the half life for the liposomes was much 

longer at 3 to 4 h.  Additionally, gadolinium-nanoparticle platforms enable 

multifunctionality.  For instance, doxorubicin has been encapsulated within gadolinium-

containing liposomes to combine imaging and therapy (Na et al. 2011), and iron oxide 

nanoparticles with an intermediate silica shell and an outer gadolinium layer have been 
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investigated for bimodal T1 and T2-weighted MR imaging (Choi et al. 2010).  Moreover, 

by designing nanoparticles that encourage water molecule interactions with gadolinium 

or increase molecular tumbling of the ions, greater relaxivities can be realized.  In a 

previous study using nanodiamonds functionalized with Gd-chelates via amide bonds, an 

r1 relaxivity of 58.82 ± 1.18 mM-1s-1 was achieved, one of the highest relaxivity values 

reported thus far for Gd-based contrast agents (Manus et al. 2010).  By comparison, the 

Gd-chelate alone was found to exhibit an r1 relaxivity an order of magnitude lower at 

5.42 ± 0.20 mM-1s-1.  This relaxivity enhancement observed with the nanodiamonds was 

attributed to slowed Gd ion molecular tumbling as a result of the conjugation reaction. 

 In regards to gold-silica nanoshells and gold-gold sulfide nanoparticles, 

incorporating gadolinium for MR imaging contrast has not been explored previously.   

However, Hirsch and colleagues performed gold-silica nanoshell-assisted photothermal 

therapy under MR guidance to properly position the laser fiber with respect to tumor 

tissue (Hirsch et al. 2003).  Meanwhile, MR thermal imaging was also conducted to 

examine tissue temperature changes, which can be visualized because of temperature 

dependent proton resonance frequencies.  While the study’s results in achieving local 

thermal ablation were quite promising, even greater therapeutic specificity could be 

achieved if the particles themselves were also imageable under MRI.  This way, particle 

localization within tumor tissue could be verified before laser application of NIR light.  

Native nanoshells are weakly magnetic, but with the addition of gadolinium, localization 

could be realized.  Thus, one goal of this thesis was to functionalize gold-silica nanoshell 

and gold-gold sulfide nanoparticle surfaces with gadolinium for end use in MRI-guided 
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photothermal therapy.  Below, the synthesis of these particles is described as well as their 

relaxometry characterization and imaging contrast capability with T1-MRI.  

3.4 Materials and Methods 

3.4.1 Nanoparticle Preparation 

Both gold-silica nanoshells and gold-gold sulfide nanoparticles with near-infrared 

extinction were synthesized according to the methods outlined in Chapter 2.  To tether 

gadolinium to nanoparticle surfaces, a heterobifunctional PEG linker was employed for 

initial coupling to a strong gadolinium chelator, tetraazacyclododecane tetraacetic acid 

(DOTA), and eventual attachment to gold.  Following the PEG-DOTA conjugation 

reaction and gadolinium chelation, the polymer chains were adsorbed to nanoparticles via 

gold-sulfur interactions.  Remaining gold surface area was backfilled with PEG-thiol 

(PEG-SH) to promote further passivation.  A schematic of this process is shown in Figure 

3.6, and additional detail is provided below. 
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Figure 3.6: Scheme for gadolinium-nanoparticle conjugation.  (1) OPSS-PEG-SPA 
(MW = 2 kDa) was conjugated to an aminated derivative of DOTA, a strong chelator of 
Gd(III) ions, via an amide bond.  (2) Following acid-mediated removal of tert-Butyl 
esters, (3) OPSS-PEG-DOTA was mixed with GdCl3 at basic pH to facilitate chelation.  
(4) OPSS-PEG-Gd(DOTA) chains were then adsorbed onto gold-silica nanoshell surfaces 
via gold-sulfur interactions, and (5) PEG-SH (MW = 5 kDa) was used to backfill 
remaining gold surface area and promote further stabilization.  Abbreviations: OPSS, 
orthopyridyl disulfide; PEG, poly(ethylene glycol); SPA, succinimidyl proprionate; 
DOTA, tetraazacyclododecane tetraacetic acid; DMF, N,N-dimethylformamide; DIPEA, 
N,N-diisopropylethylamine; TFA, trifluoroacetic acid; DCM, dichloromethane; GdCl3, 
gadolinium chloride; PEG-SH, poly(ethylene glycol)-thiol. 

 

3.4.2 Synthesis of OPSS-PEG-DOTA Linkers 

 Chelated gadolinium ions were tethered to nanoshell surfaces with an 

orthopyridyl disulfide-poly(ethylene glycol)-succinimidyl propionate linker (OPSS-PEG-

SPA, Nektar Therapeutics, MW = 2000 Da).  The PEG linker was first conjugated to an 

aminated gadolinium chelator, tetraazacyclododecane tetraacetic acid (DOTA) (2-
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aminoethyl-mono-amide-DOTA-tris(t-Bu ester), Macrocyclics).  To perform this 

reaction, 1.5 mmol of the DOTA derivative was added to 6 ml of anhydrous N,N-

dimethylformamide (DMF, Sigma Aldrich, 99.8%) followed by 3 mmol of N,N-

diisopropylethylamine (DIPEA, Sigma Aldrich, 99.5%) in an amber glass vial, and the 

mixture was vortexed for 1 min to ensure complete dissolution.  Next, 0.15 mmol of 

OPSS-PEG-SPA was added to achieve a 10:1 DOTA:PEG molar ratio.  The vial was 

quickly purged with ultra high purity nitrogen gas, capped, vortexed for an additional 1 

min, and then rocked overnight at room temperature.  The next day, the sample was 

diluted 1:4 with ice-cold ultrapure water and then transferred to a regenerated cellulose 

dialysis membrane (Spectrum Laboratories, MWCO = 2000 Da).  The sample was 

dialyzed against ultrapure water followed by lyophilization.  To deprotect the –COOH 

groups on the DOTA derivative, the lyophilized product was added to an amber glass vial 

followed by 4.18 ml dichloromethane (DCM, EMD Millipore OmniSolv®) and 2.61 ml 

trifluoroacetic acid (TFA, J.T. Baker).  The vial was then purged with ultra high purity 

nitrogen, capped, and left to rock overnight at room temperature.  The next day, the 

solvent was removed by rotary evaporation (Büchi Rotavapor R-200, 40 °C, 200 mbar) 

over approximately 10 min.  The residual solid was washed three times with 100 ml ethyl 

ether (EMD, OmniSolv®) prechilled to 4 °C while decanting the ethyl ether after each 

wash.  After air drying the solid at room temperature for 4 h, the product was dissolved in 

ultrapure water, dialyzed against ultrapure water (2000 MWCO regenerated cellulose, 

Spectrum Laboratories), lyophilized, and then stored at -20 °C until further use.  Over 

90% of the PEG linker was found to be conjugated to the gadolinium chelator as 
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determined by gel permeation chromatography (GPC, Agilent Technologies, PLgel 5 µm 

500 Å column with PL ELS 1000 detector).  

3.4.3 Gadolinium Chelation to Form OPSS-PEG-Gd(DOTA) 

A gadolinium chelation reaction with methods adapted from Ratzinger et al. and 

Sosabowski et al. was performed (Sosabowski and Mather 2006; Ratzinger et al. 2010).  

First, a single solution at 200 mM gadolinium(III) chloride hexahydrate (GdCl3 • 6H2O, 

Sigma Aldrich, 99%) and 600 mM citric acid was made with ultrapure H2O and adjusted 

to pH 8 with sodium hydroxide (NaOH).  A 10 ml volume of this solution was added to 

70 mg of OPSS-PEG-DOTA in a glass vial to achieve a Gd:DOTA molar ratio of 

approximately 70:1.  The vial was rocked for 48 h at 37 °C to facilitate metallation.  

Excess gadolinium was removed by dialysis against 100 mM sodium citrate followed by 

ultrapure water.   The retentate was recovered, lyophilized, and stored at -20 °C until 

further use. Successful chelation was confirmed by inductively coupled plasma optical 

emission spectrometry (ICP-OES, Perkin Elmer Optima 4300 DV) after dissolving the 

solid OPSS-PEG-Gd(DOTA) in pure aqua regia overnight.  Samples were then diluted 

with 1% aqua regia.  With the analyte wavelength set to 342 nm for gadolinium and 

yttrium as the chemical reference at 371 nm, gadolinium content was calculated to be ~ 

0.082 g Gd / g OPSS-PEG-Gd(DOTA). 

3.4.4 Gadolinium Conjugation to Nanoparticles and Quantification with Elemental 

Analysis 

To perform the gadolinium conjugation, the particles were first suspended in 90 

ml of ultrapure water at a concentration of ~4 x 109 particles/ml for gold-silica nanoshells 

(NS) and ~2.5 x 1011 particles/ml for gold-gold sulfide nanoparticles (GGS).  1 ml OPSS-
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PEG-Gd(DOTA) in ultrapure water at concentration of 0.6 mg/ml for NS and 6 mg/ml 

for GGS was then added to the respective particle suspension, which was then mixed for 

1 h at 4 °C.  Remaining gold surface area on the particles was then backfilled with 

poly(ethylene glycol)-thiol (PEG-SH, Laysan Bio, MW = 5000 Da) by addition of 10 ml 

of PEG-SH at 10 µM for NS and 100 µM for GGS in ultrapure water and further mixing 

of the suspensions overnight at 4 °C.  NS and GGS conjugated to PEG-SH only (without 

any addition of OPSS-PEG-Gd(DOTA)) were also prepared as a control for relaxometry 

characterization and imaging experiments to follow.  Three rounds of centrifugation were 

performed to concentrate the particles and remove unreacted molecules.  Particle 

conjugates were stored at 4 °C until further use.  To quantify the degree of gadolinium 

conjugation, elemental analysis was performed with inductively coupled plasma mass 

spectrometry (ICP-MS, Perkin Elmer ELAN 9000) with germanium as the chemical 

reference.   

3.4.5 Relaxation Behavior Characterization 

T1 relaxation times of Gd-GGS and Gd-NS were acquired with a benchtop 

relaxometer (Bruker Minispec mq60, 1.41 T, 37 °C) and compared to that of PEG-GGS, 

PEG-NS, OPSS-PEG-Gd(DOTA), and ultrapure water as controls.  Measurements (n = 

6) were taken with Gd-NS in water at five concentrations (8.60, 4.30, 2.15, 1.08, and 0.54 

x 1011 nanoshells/ml) corresponding to gadolinium concentrations of 7.91, 3.96, 1.98, 

0.99, and 0.49 µg/ml.  PEG-NS and OPSS-PEG-Gd(DOTA) were analyzed in water at 

equivalent nanoshell and gadolinium concentrations, respectively.  Similarly, 

measurements (n = 10) were acquired for Gd-GGS in water at five concentrations (3.20, 

1.60, 0.80, 0.40, 0.20 x 1014 particles/ml) corresponding to gadolinium concentrations of 
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3.23, 1.62, 0.81, 0.40, and 0.20 µg/ml.  PEG-GGS in water at the highest concentration of 

3.20 x 1013 particles/ml were analyzed for comparison. 

Additionally, relaxation times of Gd-NS were acquired before and after 

backfilling gold surface area with PEG-SH.  For this study, another batch of gold-silica 

nanoshells was functionalized similarly to methods described in section 3.4.4 with the 

exception that PEG-SH was added to only half of the particles.  Following purification 

via centrifugation, serial dilutions of Gd-NS with and without PEG-SH were prepared at 

4.10, 2.05, 1.03, 0.51 x 1011 nanoshells/ml in water, and relaxation times (n=6) of each 

sample were acquired.  As determined by ICP-MS, gadolinium content within the sample 

sets was used to calculate r1 relaxivities.  

3.4.6 Dynamic Light Scattering and Zeta Potential Characterization 

Following gold-silica nanoshell conjugation, characterization of hydrodynamic 

diameter and zeta potential was performed with a Malvern Zen 3600 Zetasizer.  Gd-NS 

were dispersed in ultrapure water and measurements were acquired in triplicate.  Both 

PEG-NS and unconjugated nanoshells were analyzed for comparison. 

3.4.7 In Vitro Magnetic Resonance Imaging 

200 µl of Gd-NS in water at three concentrations (7.32, 3.66, and 1.83 x 1011 

particles/ml) was placed within small, glass tubes secured within a 1% agarose gel.  One 

tube containing water alone without nanoshells was included as a control as well.  MR 

imaging of the samples was then performed with a 3 T clinical scanner (Philips Ingenia) 

with an inversion recovery pulse sequence (TR = 4000 ms, TE = 13 ms, IR = 1500 ms).  

NIH ImageJ software was used to acquire all pixel intensity values (n = 1,976) within 
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imaged areas for each sample.  The values were then normalized and averaged for 

comparison. 

3.5 Results and Discussion 

3.5.1 Verification of OPSS-PEG-SPA Coupling to DOTA 

Gadolinium was tethered to nanoparticle surfaces using a heterobifunctional 

poly(ethylene glycol) linker (OPSS-PEG-SPA), containing an amine-reactive end-group 

for coupling to an aminated gadolinium chelator, DOTA, as well as a sulfur containing 

end-group for ultimate attachment to gold.  After performing the initial PEG-DOTA 

coupling reaction, characterization with gel permeation chromatography (GPC) 

demonstrated greater than 90% conjugation efficiency (Figure 3.7).  
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Figure 3.7: Gel permeation chromatograms showing PEG-DOTA conjugation.  GPC 
showed efficient conjugation of the (A) OPSS-PEG-SPA linker (black trace) to the 
gadolinium chelator DOTA to form (B) OPSS-PEG-DOTA (blue trace).  (C) An overlay 
of the chromatograms is shown as well.   
 

3.5.2 Quantification of Gadolinium Conjugation to Nanoparticles 

A chelation reaction was next performed with the OPSS-PEG-DOTA product and 

gadolinium chloride (GdCl3), during which time the DOTA molecules formed 

coordination bonds with Gd3+ ions to form a thermodynamically stable complex.  
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Following dialysis to remove unreacted metal ions, elemental analysis with inductively 

coupled-plasma optical emission spectrometry (ICP-OES) verified successful chelation of 

gadolinium ions within the OPSS-PEG-DOTA polymer linkers at ~ 0.082 g Gd/g OPSS-

PEG-Gd(DOTA).   

Additional elemental analysis with inductively coupled plasma mass spectrometry 

(ICP-MS) was performed on gadolinium-nanoparticle conjugates after incubating OPSS-

PEG-Gd(DOTA) with suspensions of gold-silica nanoshells (NS) or gold-gold sulfide 

nanoparticles (GGS) in water and removal of unbound molecules via centrifugation.  

Among three synthesized batches of Gd-GGS, the average Gd content was 351 ± 33 

ions/particle, reflecting a variability of 9.3%.  Across twelve prepared batches of Gd-NS, 

the average Gd content was much higher at 39,225 ± 5,391 ions/NS, translating to a 

variability of 13.7%.  ICP-MS analysis also demonstrated that the centrifugation methods 

to remove unbound Gd were effective.  For instance, after pelleting purified Gd-NS, 

evaluation of the supernatant showed that ~99.9% of the Gd content was in fact 

conjugated to nanoparticle surfaces. 

3.5.3 Gadolinium-Nanoparticles Enhance Water Relaxation 

Both Gd-GGS and Gd-NS shortened relaxation times of water by benchtop 

relaxometry characterization (1.41 T, 37 °C).  Figure 3.8 shows the decreasing 

longitudinal T1 relaxation times with increasing concentrations of Gd-GGS particles.  For 

example, at the highest Gd-GGS concentration of 3.20 x 1013 particles/ml, the associated 

T1 time of 1,991 ± 6 ms was 1,929 ms faster than that of water alone (3,920 ± 3 ms) and 

1,799 ms faster than that of PEG-GGS (3,790 ± 10 ms) at the same nanoparticle 
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concentration.  This observed enhancement in longitudinal relaxation translated to an r1 

relaxivity value of 11.78 mM-1s-1 per Gd. 

 

Figure 3.8: Gd-GGS shorten T1 water relaxation times.  (A) Benchtop relaxometry 
(1.41 T, 37 °C) showed Gd-GGS decreased T1 water relaxation more so than PEG-GGS 
at 3.20 x 1013 particles/ml.  (B) Gd-GGS relaxation behavior was concentration 
dependent with shorter T1 times at higher gadolinium concentrations, corresponding to 
particle concentrations of 0.20, 0.40, 0.80, 1.60, and 3.20 x 1013 particles/ml.  All groups 
are statistically different from one another in (A) and (B) by ANOVA and post-hoc 
Tukey HSD (p < 0.05, n = 10).  Error bars represent standard deviation.  (C) These T1 
times translated to an r1 relaxivity value of 11.78 mM-1s-1 per Gd.  
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Similarly across all gold-silica nanoshell concentrations tested, Gd-NS reduced T1 

relaxation times (Figure 3.9).  These relaxation times were also compared to the OPSS-

PEG-Gd(DOTA) linker at equivalent Gd concentrations as well as nanoshells conjugated 

to PEG only (PEG-NS) at equivalent nanoshell concentrations.   At the highest particle 

concentration analyzed, for instance, Gd-NS exhibited a T1 relaxation time of 462 ± 2 ms 

as compared to 3,269 ± 4 ms for PEG-NS and 3,842 ± 2 ms for water.  Moreover, across 

all Gd concentrations tested, Gd-NS consistently enhanced longitudinal relaxation times 

to a greater extent than OPSS-PEG-Gd(DOTA).  This phenomenon was evident in the 

calculated r1 relaxivities for each species at 6.65 mM-1s-1 for OPSS-PEG-Gd(DOTA) and 

37.16 mM-1s-1 for Gd-NS (Figure 3.9D). 
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Figure 3.9: Gd-NS shorten T1 water relaxation times.  Benchtop relaxometry (1.41 T, 37 °C) showed gadolinium-nanoshells (Gd-
NS) decreased T1 relaxation times compared to controls and exhibited high r1 relaxivity.  Gd-NS exhibited lower T1 relaxation times 
as compared to (A) OPSS-PEG-Gd(DOTA) (PEG-Gd) at equivalent gadolinium concentrations,  (B) PEG-nanoshells (PEG-NS) at 
equivalent nanoshell concentrations, and (A and B) water as a control.  All groups are significantly different from one another in (A) 
and (B) by ANOVA and post-hoc Tukey HSD (p < 0.05, n = 6).  (C) Decreases in T1 relaxation times for Gd-NS translated to a high r1 
relaxivity value (37.16 mM-1 s-1), (D) 5.6 times greater than that of PEG-Gd (6.65 mM-1 s-1). *p < 0.05 by Student’s t-test, n = 5.  Error 
bars represent standard deviation. 
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Relaxometry characterization of another batch of Gd-NS indicated that the 

addition of PEG-SH following attachment of OPSS-PEG-Gd(DOTA) to nanoshell 

surfaces also enhanced T1 relaxation times.  Upon backfilling with PEG-SH, the resulting 

r1 relaxivity increased by approximately 21%, from 32.09 to 38.78 mM-1 s-1 with respect 

to gadolinium concentration (Figure 3.10).  This finding is likely a result of increased 

water molecule interactions with Gd ions in the presence of additional hydrophilic PEG 

chains.  As described by SBM theory above, increasing the number of available water 

molecules to interact with a Gd complex enhances the overall relaxivity (Hermann et al. 

2008). 

 

Figure 3.10: PEG-SH backfill on nanoshell surfaces increases r1 relaxivity.  
Comparison of gadolinium-nanoshell conjugates with and without the PEG-SH backfill 
showed a 21% increase in r1 relaxivity by benchtop relaxometry (1.41 T, 37 °C), from 
32.09 to 38.78 mM-1 s-1 with respect to gadolinium concentration. *p < 0.05 by Student’s 
t-test, n = 4.  Error bars indicate standard deviation. 
 

3.5.4 Dynamic Light Scattering and Zeta Potential Characterization 

After conjugation to PEG (PEG-NS) or both gadolinium and PEG (Gd-NS), gold-

silica nanoshell hydrodynamic diameters were observed to increase by ~40% and zeta 

potentials by ~30% as compared to unconjugated particle control samples (Table 2).  This 

trend also indicates that conjugation did in fact occur. 
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Table 2: Hydrodynamic diameters and zeta potentials of gold-silica nanoshells and 
their conjugates. 

Particle Type Hydrodynamic Diameter (nm) Zeta Potential (mV) 

Unconjugated NS 158.7 ± 18.7 -47.4 ± 8.2 

PEG-NS 226.7 ± 37.8 -31.1 ± 7.8 

Gd-NS 231.0 ± 52.5 -33.1 ± 6.8 

 

3.5.5 In Vitro Magnetic Resonance Imaging 

With a clinical grade 3 T MR scanner, Gd-NS in water showed effective positive 

contrast enhancement as compared to a water sample without nanoshells.  As 

concentration of the Gd-NS suspensions increased, signal intensity noticeably increased 

as well (Figure 3.11). 

 

Figure 3.11: Gd-NS show positive contrast under T1-MRI.  (A) Gd-NS suspended in 
water enhanced imaging contrast compared to water without nanoshells.  Signal intensity 
increased with increasing particle concentrations (high, medium, and low correspond to 
7.32, 3.66, and 1.83 x 1011 particles/ml and 56.68, 28.34, and 14.17 µM Gd).  Intensity 
scale with arbitrary units is shown.  (B) Plot of the average normalized intensity value for 
each of the samples.  All groups are significantly different from one another by ANOVA 
and post-hoc Tamhane test (p < 0.05, n = 1,976 pixels).  Error bars indicate standard 
deviation.  
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3.5.6 Discussion 

As confirmed by elemental analysis and the relaxometry studies, gadolinium was 

successfully conjugated to both GGS and NS, which then reduced T1 water relaxation 

times.   In comparing the degree of conjugation, the larger NS exhibited slightly more 

than one hundred times more Gd3+ ions per particle than the smaller GGS.  The packing 

density of OPSS-PEG-Gd(DOTA) chains onto NS was greater as well at ~0.50 Gd3+ 

ions/nm2 compared to ~0.20 Gd3+ ions/nm2 for GGS.  This discrepancy in packing density 

may be a result of surface curvature differences as smaller gold particles with higher 

curvatures have been found to exhibit more loosely packed PEG chains on their surfaces 

than larger particles (Mei et al. 2009).  In comparing relaxivities, Gd-NS exhibited 

greater efficiencies in reducing T1 water relaxation rates as well with a relaxivity of 37.16 

mM-1s-1 as compared to 11.78 mM-1s-1 for Gd-GGS.  While this difference has not been 

thoroughly characterized at this point, it is postulated that surface curvature differences 

between the two particles and associated PEG packing densities may also play a role in 

determining relaxivity.  Higher PEG chain densities will result in additional water 

molecule associations at the nanoparticle surface as more ether oxygens within the 

polymer are available to form hydrogen bonds with water.  In fact, the addition of PEG-

SH after initial attachment of OPSS-PEG-Gd(DOTA) was found to increase relaxivity by 

~21% in the case of Gd-NS and thus supports this claim.  Additionally, closer PEG chain 

packing restricts movement of neighboring chains (Mei et al. 2009; Walkey et al. 2012).  

As predicted by SBM theory for Gd-ligands as described above, both increased water 

molecule interactions and restricted movement enhance overall relaxivities.  Therefore, 
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each of these two phenomena may explain why the larger NS exhibited greater relaxivity 

than the GGS particles. 

Both Gd-GGS and Gd-NS demonstrated higher r1 relaxivities compared to free 

OPSS-PEG-Gd(DOTA), which showed an r1 of 6.65 mM-1 s-1.  This finding clearly 

highlights that the conjugation of gadolinium to nanoparticle surfaces and subsequent 

restricted molecular tumbling resulted in greater water relaxation enhancement 

efficiency, likely via increased τR rotational correlation times of the metal ions.  In fact, 

the r1 value for Gd-NS is 9.3 times higher than that of current, clinical Gd-based agents 

(~4 mM-1s-1 per Gd).  Other studies have also demonstrated relaxivity enhancements with 

gadolinium complexes tethered to gold nanomaterial platforms.  For example, Song et al. 

conjugated Gd-chelates to 30 nm gold nanoparticles via thiol-terminated DNA and 

achieved an r1 relaxivity of 20 mM-1s-1 per Gd at 1.41 T and 37 °C (Song et al. 2009).  

Similarly, Morrigi and colleagues enshrouded ~5 nm gold nanoparticles in a rigid layer of 

directly thiolated Gd-chelates and observed an r1 value of 50 mM-1s-1 per Gd at 1.41 T and 

25 °C (Moriggi et al. 2009). 

 Finally, because of their efficient water relaxation enhancements, Gd-NS offered 

strong positive contrast under T1-MRI in vitro as compared to water without nanoshells.  

Increasing signal intensities were also noted with increasing Gd-NS concentrations. 

3.6 Conclusions 

In conclusion, gadolinium tethering to gold-silica nanoshells and gold-gold 

sulfide nanoparticles imparts high r1 relaxivity, enabling image contrast enhancement 

with T1-MRI.  The evidence presented herein supports the hypothesis that gadolinium-

conjugated NIR absorbing particles could be employed for photothermal therapy under 
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magnetic resonance guidance, where MRI could be used to verify localization of the 

particles within and around the tumor before applying NIR light.  These particles offer 

the opportunity then to ultimately enhance the specificity of photothermal therapy.  In 

Chapter 5, additional validation of these particles for MR imaging within a mouse tumor 

model will be presented.  

While iron oxide based particles have already demonstrated promise for MR-

guided magnetic fluid hyperthermia (MFH) (Maier-Hauff et al. 2007), the gadolinium-

gold resonant nanoparticle platform presents a few advantages.  For one, radiologists and 

clinicians often prefer discerning the hyperintense or brighter contrast seen with Gd-

agents on T1-weighted scans as opposed to the hypointense signal observed with iron 

oxide agents on T2-weighted scans (Hendrick 2008).  In fact, contrast attributed to iron 

oxide particles can be confounded by pathologies that are naturally hypointense on T2 

scans including calcifications and bleeding, resulting in more difficult diagnoses (Na and 

Hyeon 2009).  T1-weighted MRI with gadolinium contrast typically offers improved 

discernment of anatomy as well.  In the brain for instance, T1 protocols provide good 

structural detail and the ability to differentiate gray matter from white matter and 

cerebrospinal fluid (Hahn and Peitgen 2000), and additive contrast with Gd-chelates is 

thus the preferred method for pinpointing brain tumors (DeAngelis 2001).  In another 

advantage over iron oxide particles, gadolinium-gold nanoshells enable contrast with 

other imaging modes including optical systems because of particle light scattering and X-

ray because of gold’s high atomic number and electron density (Popovtzer et al. 2008).  

Both Chapters 4 and 5 will present uses for gadolinium-nanoshells in optical imaging and 

then ultimately multimodal image-guided photothermal therapy. 
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Chapter 4: Gold Nanoshells for Optical Imaging Contrast 

4.1 Introduction 

Optical imaging platforms offer powerful potential for elucidating molecular 

manifestations of disease, particularly in the cases of pre-cancer or neoplasia where other 

modalities like MRI or CT cannot resolve relevant microstructure at cellular and even 

subcellular levels.  Moreover, with advances in technology design such as fiber optic 

probes and microendoscopy, accessing deeper tissues within the body less invasively is 

becoming increasingly feasible (Barretto et al. 2011).  Many optical modes also benefit 

from the use of contrast agents to increase sensitivity, localize disease and discern 

margins, and acquire molecular or phenotypic information regarding disease state.  Near-

infrared resonant gold nanoshells are one such agent with the ability to enhance signal 

intensities across a range of modalities, including optical coherence tomography (OCT), 

reflectance confocal microscopy (RCM), and two-photon luminescence (TPL).  The aim 

of this thesis work was to verify that gadolinium-nanoshell conjugates could serve as 

effective contrast agents across these three modes, and the methods and findings for 

achieving this goal are reported herein. 

Additionally, OCT has proven itself as a useful live-imaging tool in the field of 

developmental biology, revealing both anatomy and structure-function relationships in a 

variety of organisms (Boppart et al. 1996).  For instance, investigations of mouse mutant 

models have provided profound insight into related congenital defects in humans, and 

OCT presents a promising diagnostic method for monitoring early mouse embryonic 

development without the need for sacrifice (Larina et al. 2011).  In this thesis research, it 

was hypothesized that gold nanoshells could serve as contrast agents within murine 
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embryos following OCT-image guided microinjections and thus offer ways to 

characterize certain physiologic processes like blood or plasma flow within the 

circulatory system during development.  The work testing this hypothesis is also 

presented.  First, relevant background on each of the optical imaging modes employed in 

these investigations is discussed. 

4.1.1 Optical Coherence Tomography 

Optical coherence tomography (OCT) is analogous to ultrasound imaging but uses 

light instead of sound to acquire cross-sectional images of tissue in situ or ex vivo in real 

time (Schmitt 1999; Fujimoto et al. 2000; Fercher et al. 2003).  At the fundamental level, 

OCT images are acquired by collecting depth-resolved backscattered light from a 

specimen (Marschall et al. 2011; Abtahian and Jang 2012).  A typical time-domain OCT 

setup employs a low coherent light source that is split via a beam splitter into a reference 

beam directed towards a reference mirror at a known distance away as well as a sample 

beam directed towards the specimen.   Reflected light from the sample and mirror is then 

recombined with a Michelson interferometer, whereupon a photodetector subsequently 

measures the time delay and magnitude of the signal.  Because the reference mirror 

moves in the z direction, depth-resolved reflectivity can be measured and converted into 

image form.  Moreover, contrast among tissue structures is achieved by differences in 

refractive indices (Tearney et al. 1995).  This process is represented schematically in 

Figure 4.1. 
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Figure 4.1: Schematic of basic OCT components.  A low coherent light source is split 
to strike both the sample and a reference mirror.  Reflected light is then recombined with 
an interferometer and measured by a photodetector to be converted to image form.  From 
Marschall et al. 2011. 

 
Since the early 1990’s, the OCT has been employed primarily as a diagnostic tool 

in medicine and now offers an alternative to surgical biopsies, which can be hazardous to 

obtain and time-consuming to process (Fujimoto et al. 2000).  Figure 4.2 below shows 

how well OCT images correspond with histological data in the diagnosis of colon 

adenocarcinoma, for example.  With spatial resolutions ranging 1 – 15 µm, OCT can 

even resolve subcellular structures (Liu et al. 2011).  Many of the OCT systems are 

configured with lasers using long wavelength light on the order of 800 – 1300 nm, which 

can image depths up to 2 – 3 mm.  To image deeper tissues, fiber optic probes can also be 

used.  OCT has been applied for imaging lesions across a wide variety of tissue types 

including skin (Chan and Rohrer 2012), eye (Abou Shousha et al. 2013), gastrointestinal 

tract (Zhang et al. 2012), blood vessels (Khurana et al. 2008), lung (Robertson et al. 

2011), bladder (Karl et al. 2010), and cartilage (Rashidifard et al. 2013) among others.  

Moreover, tumor angiogenesis has even been investigated with second-generation OCT 
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systems, which have highlighted the microenvironment’s role in blood vessel formation 

(Vakoc et al. 2009; Vakoc et al. 2012).  

 

Figure 4.2: OCT as a tool for optical biopsy.  (Top row) OCT images correspond to 
(bottom row) histological specimens of (left column) normal colon tissue and (right 
column) colon adenocarcinoma.  With OCT, the mucosa (m), muscularis mucosa (mm), 
and submucosa (sm) can be discerned.  In adenocarcinoma, loss of normal architecture is 
identifiable in the crypts (c).  Adapted from Fujimoto 2003. 

  
As mentioned, OCT also has been useful as a research tool in developmental 

biology because it allows for imaging live specimens over time (Fujimoto et al. 2000).  

For instance, both anatomical and functional vascular development in avian embryos (Li 

et al. 2011), frog tadpoles (Boppart et al. 1997), and mouse embryos (Larina et al. 2012) 

has been studied with OCT.  Hemodynamics have also been evaluated with a technique 

known as Doppler OCT, in which OCT systems are combined with laser Doppler 

velocimetry (Brezinski 2006).  Described first in the mid 1800’s, the traditional Doppler 

effect refers to the frequency shift or change in pitch of a moving sound with respect to 

an observer (Yang and Vitkin 2007).  In Doppler OCT, the frequency or Doppler shift 

(fD) describes the variations in scattered light from a moving object, such as a red blood 

cell, relative to the frequency (f0) of the interrogating light wave.  These variations are 

monitored by the detector, and with processing algorithms and the positional information 
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provided by OCT, blood velocity can be determined.  In one investigation, Larina et al. 

performed Doppler measurements of blood circulation within live early mouse embryos 

using time lapse OCT imaging (Larina et al. 2008).  With the inherent contrast of 

circulating red blood cells, blood flow velocities were then determined within both the 

yolk sac vessel and dorsal aorta across various stages of the cardiac cycle.  Figure 4.3 

below shows an example OCT structural image and the corresponding Doppler image 

used to acquire blood flow velocity profiles in this study. 

 

Figure 4.3: OCT imaging and Doppler measurements enable determination of blood 
flow in embryonic development.  (A) OCT image of mouse embryo anatomy.  White 
lines along the dorsal aorta and yolk sac correspond to the location of Doppler 
measurements performed.  (B) The associated Doppler image shows regions with more 
pronounced Doppler phase shifts and thus movement with greater color intensity, as in 
the case of blood flow through the yolk sac and dorsal aorta.  Red and blue correspond to 
different blood flow directions.  From Larina et al. 2008. 

 
Contrast Agents for Optical Coherence Tomography 

Many probes and contrast agents for OCT are designed to alter the scattering and 

absorption properties of tissues and offer additional physiologic or functional information 

(Boppart et al. 2005).  For example, with the introduction of air into tissue, changes in 

refractive indices and backscattered light occur, which has been demonstrated with gas-

filled microspheres in blood flow (Barton, Hoying, and Sullivan 2002).  Additionally, 
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plasmon-resonant nanoparticles for OCT contrast have received much attention because 

of their photostability and large optical cross sections.  As discussed in Chapter 1, Gobin 

et al. demonstrated OCT contrast enhancement of subcutaneous colon carcinoma tumors 

after intravenous administration of gold-silica nanoshells and their accumulation at tumor 

sites because of the EPR effect (Gobin et al. 2007).  Other resonant particles that have 

been studied for OCT contrast include gold nanocages (Cang et al. 2005), nanorods 

(Troutman, Barton, and Romanowski 2007), and nanospheres (Braz et al. 2012).  

Interestingly, iron oxide nanoparticles in tissue subjected to a magnetic field have also 

been shown to modulate backscattering signal by magnetic-induced changes in tissue 

motion (John et al. 2010). 

4.1.2 Reflectance Confocal Microscopy 

Reflectance confocal microscopy (RCM) entered the clinical realm initially for 

diagnosing skin lesions, and like OCT, has demonstrated promise as a viable alternative 

to surgical biopsy (González and Gilaberte-Calzada 2008).  RCM imaging can be 

performed in situ and in real time with fast acquisition speeds and excellent axial (0.5 – 

1.0 µm) and lateral (3 – 5 µm) resolution.  As with OCT, RCM collects backscattered 

light from a specimen to produce an image (Jones et al. 2005; González and Gilaberte-

Calzada 2008).  A typical RCM setup includes a laser source operating with ~800 – 1100 

nm coherent light, a condenser lens, an objective lens, a pinhole, and a photodetector 

(Figure 4.4).  Upon striking the beamsplitter or dichroic mirror, the light is split in two 

directions, one towards the sample through the objective lens (sample beam) and the 

other towards the detector (reference beam).  Reflected light from the sample is then also 

directed towards the detector, but out-focus-light is removed with an appropriately 
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positioned pinhole.  As in the case of OCT, contrast among tissue structures is achieved 

because of variation in refractive indices (González and Tannous 2002). 

 

Figure 4.4: Standard confocal microscope setup.  Upon striking the beamsplitter or 
dichroic mirror, light is directed towards both the sample and the detector.  With the aid 
of a pinhole, only in-focus light reflected from the sample reaches the detector while out-
of-focus light is removed. From Jones et al. 2005. 

 
Many of the microscopic structures that are characteristic of disease and seen 

histologically can be visualized with RCM as shown in Figure 4.5.  Moreover, with 

developments in instrument miniaturization and flexible, fiber optic probes to deliver 

light, the utility of this optical technique has broadened beyond molecular diagnosis of 

skin lesions to other tissues as well including esophagus (Yoo et al. 2011), stomach 

(Nakao et al. 2008), colon (Mansoor et al. 2012), urinary tract (Sonn et al. 2009), cervix 

(Drezek et al. 2003), and oral mucosa (Maitland et al. 2008) among others.  Additionally, 

imaging depths for these applications can extend several hundred microns (Drezek et al. 

2003). 



 

93  

 

Figure 4.5: RCM as a tool for optical biopsy.  Images of bladder cancer taken with 
(A,C,E,G) a confocal microendoscope correspond well with (B,D,F,H) H&E staining.  
(A,B and C,D) Two pairs of images show low-grade bladder cancer characterized by 
increased cell density compared to normal epithelium while (E,F and G,H) the other 
image sets show high-grade bladder cancer with variable cell size, aberrant architecture, 
and cellular crowding.  Adapted from Sonn et al. 2009. 

 
Contrast Agents for Reflectance Confocal Microscopy  

Also like OCT, RCM can be combined with contrast agents to achieve enhanced 

molecular and functional characterization.  For instance, dilute solutions of acetic acid 

can be applied to tissue, whereupon the acid penetrates cell membranes and dissociates 

(Tilli et al. 2008).  Subsequently, hydronium ions cause DNA condensation, changing the 

nuclear refractive index and inducing a “whitening effect.”  In a study by Carlson and 

colleagues, the use of a 6% acetic acid solution and nuclear-to-cytoplasmic area ratio 

calculations enabled differentiation of normal and dysplastic oral mucosa with a 

sensitivity of 90% and specificity of 100% (Carlson et al. 2007).  Gold-silica nanoshells 

have also demonstrated success for discerning molecular manifestations of disease with 

RCM.  Bickford et al. showed that anti-HER2 conjugated nanoshells enabled rapid 

detection of HER2 overexpressing cell lines in as little as 5 min of incubation time, 

highlighting the potential of these particles as intraoperative probes for tumor margin 

delineation in the clinic (Bickford et al. 2010).  Other nanoparticle agents that have been 
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investigated for RCM contrast include gold nanospheres (Sokolov et al. 2003) and 

quantum dots in combination with fluorescence confocal microscopy (Mortensen et al. 

2011). 

4.1.3 Two-Photon Microscopy 

Although two-photon excitation was first theorized in the early 1930’s, the first 

microscope to exploit these principles for excitation of fluorophores was not developed 

until 1990 by Denk et al. (Denk, Strickler, and Webb 1990; So 2002; Zipfel, Williams, 

and Webb 2003).  In the case of standard, one-photon fluorescence microscopy, a 

fluorophore is excited from its electronic ground state to an excited state by the 

absorption of a single photon.  Conventionally, these photons are in the range of ~350 – 

500 nm.  On the other hand with two-photon excitation, a fluorophore in its ground state 

absorbs two photons of equal, lower energy simultaneously to achieve the associated 

excited state.  These lower energy photons are typically in the range of ~700 – 1000 nm 

depending on the fluorophore.  Because the probability of a two-photon absorption event 

is proportional to the light intensity squared, fluorescence can confined to a focal volume 

less than 1 femtoliter (So et al. 2000).  By comparison, one-photon microscopy exhibits 

fluorescence over a much larger volume in the shape of two inverted cones.  As a result, 

confocal microscopy setups must employ a pinhole to remove out-of-focus light before 

reaching the photodetector.  Similar to confocal imaging, however, multiphoton 

microscopy enables subcellular resolution.  Moreover, penetration depths up to a few 

millimeters have been reported for mouse deep brain imaging while maintaining 

resolution with multiphoton systems employing specialized lenses (Levene et al. 2004).  

A schematic of the two-photon excitation process is shown in Figure 4.6. 
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Figure 4.6: Principles of two-photon excitation.  (A) With one-photon excitation, a 
fluorophore absorbs a single photon to achieve its excited state and emits light upon 
relaxation back to its ground state.  (B) In two-photon excitation processes, a fluorophore 
absorbs two photons of lower energy or longer wavelength simultaneously instead.  (C) 
The focal volume for a two-photon fluorescence event is confined to (red arrow) a small 
ellipse versus (blue arrow) two inverted cones as in the case of one-photon fluorescence.  
Adapted from So 2002. 

 
 Although two-photon microscopy has been widely used for fluorescence-based 

imaging, the technique can also be employed for nanoparticle excitation and subsequent 

image contrast.  Boyd and colleagues originally described that two-photon luminescence 

(TPL) for metal surfaces is a process similar to that of one-photon luminescence where 

electrons in the d- band are excited to the sp- band, producing electron-hole pairs (Boyd, 

Yu, and Shen 1986).  Upon electron-hole recombination, photon emission occurs.  

Additionally, the investigators found that by roughening these surfaces, the resulting 

luminescent signal was several orders of magnitude brighter than that of the smoother 

substrates, a finding attributed to surface plasmon resonance.  Since then, TPL has been 

applied with a variety of noble metal nanoparticle types, including gold nanorods (Wang 

et al. 2005), gold nanoshells (Bickford et al. 2012; Park et al. 2010), gold-gold sulfide 

nanoparticles (Day et al. 2010), gold nanosphere aggregates (Jiang et al. 2009), and 
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hybrid systems such as silver coated iron oxide particles (Chen et al. 2013).  One 

principle advantage of noble metal nanoparticles over fluorophores for multiphoton 

microscopy is their brightness.  A single gold nanorod has a TPL signal nearly 60 times 

brighter than the two-photon fluorescence signal of an individual rhodamine dye 

molecule (Wang et al. 2005) and gold nanoshells have been found to elicit equivalent 

luminescent intensity (Park et al. 2008).  Because of their brightness, these particles have 

been applied for a variety of tumor tissue imaging applications.  In one investigation, 

Park and colleagues employed TPL imaging to monitor the biodistribution of gold 

nanoshells within subcutaneous HCT 116 colorectal tumors in nude mice and found 

nanoshells localized primarily to the tumor cortex after intravenous delivery (Figure 4.7, 

Park et al. 2009). 

 

Figure 4.7: TPL imaging of gold nanoshell distribution within tumors.  TPL signal of 
gold nanoshells (yellow) is localized to the superficial layers of the resected xenograft 
tumor tissue, depicted with nuclear acriflavine staining (green).  From Park et al. 2009. 
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 Additionally, clinical use of multiphoton microscopy in humans is beginning to 

emerge.  One example is the imaging system known as DermaInspect for diagnosis of 

skin lesions (König 2008).  As with many two-photon setups, DermaInspect employs a 

femtosecond pulsed Ti:sapphire laser, which is tuned to limit the mean laser power and 

dwell times so as not to induce photodamage.  With intrinsic tissue fluorophores like 

keratin, NAD(P)H, melanin, and elastin present in the skin, microstructures can be 

conveniently differentiated.  Although use of multiphoton microscopy for imaging human 

tissue is not as prevalent as with OCT and RCM at this point, the technique has been 

employed more widely for research-based imaging of animal tissues including the eye 

(Masihzadeh et al. 2012), blood vessels (Santisakultarm et al. 2012), brain (Levene et al. 

2004), and gastrointestinal tract (Garrett et al. 2012) among others. 

 The aim of the work presented herein is to verify that the gadolinium-conjugated 

nanoshells as described in Chapter 3 could be employed as contrast agents across the 

three optical imaging platforms of OCT, RCM, and TPL.  After gadolinium and PEG-

conjugated particles were encapsulated in agarose tissue phantoms, comparison studies 

were performed with each of the imaging modalities.  Another portion of this work was 

devoted to the study of mouse embryos with OCT imaging.  As mentioned previously, 

OCT has elucidated both anatomy and functional aspects of development across a 

number of organisms, particularly in the realm of vascular biology.  Here, it was 

hypothesized that PEG-passivated nanoshells could serve as contrast agents for OCT-

guided microinjections within a mouse embryo.  The methods for testing this hypothesis 

and associated results are presented as well. 
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4.2 Materials and Methods 

4.2.1 Nanoparticle Synthesis 

Gold-silica nanoshells were synthesized according to methods outlined in Chapter 

2.  Both gadolinium-nanoshell (Gd-NS) and PEG-conjugated nanoshells (PEG-NS) were 

prepared following procedures discussed in Chapter 3. 

4.2.2 Agarose Tissue Phantom Preparation and In Vitro Imaging 

For preparation of tissue phantoms containing encapsulated nanoshells, 100 µl of 

Gd-NS in water at three concentrations (17.2, 8.6, and 4.3 x 1011 particles/ml) were 

combined with 100 µl of 2% agarose (Sigma Aldrich) in preheated, ultrapure water to 

ensure complete dissolution of the agarose.  Samples were quickly mixed in a small glass 

vial by gentle vortexing and then chilled at 4 °C to solidify.  Agarose phantoms 

containing PEG-NS were prepared similarly in addition to 1% agarose phantoms without 

nanoshells as controls.  Phantoms containing the lowest, final concentration of nanoshells 

(2.15 x 1011 particles/ml) were imaged with OCT while all phantoms were imaged with 

RCM and TPL. 

For OCT imaging, a Niris Imalux system was used with a laser operating at a 

wavelength of 1310 nm and power of 3 mW.  A fiber optic probe connected to the laser 

source was placed in contact with the tissue phantoms during image acquisition.  For 

RCM, a Lucid-Tech VivaScope 2500 configured with an 840 nm laser at 0.375 mW and 

a 20X objective was used.  Agarose phantoms were placed on glass slides with water 

between the phantom and glass slide and ultrasound gel between the slide and objective 

as index matchers.  Images were acquired at 32 µm depths.  For TPL, a Zeiss Laser 

Scanning Microscope (LSM) 510 META with a femtosecond-pulsed Ti:sapphire laser 
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(Chameleon Inc.) was used.  With an output power of ~1 mW, the laser was set to 810 

nm to excite nanoshells at their plasmon resonant wavelength while the META detector 

was configured to collect two-photon luminescence from 450 to 650 nm.  Images of 

phantoms on coverglass were acquired with a 20X objective and 63X immersion oil 

objective at 20 and 5 µm depths, respectively. 

4.2.  Mouse Embryo Imaging with Spectral-Domain Optical Coherence 

Tomography 

Animal Procedures 

All animal procedures were performed according to a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at Baylor College of Medicine.  

Male and female CD-1 mice were paired overnight for organized mating, and females 

were monitored for vaginal plugs daily thereafter.  Days on which vaginal plugs were 

observed were designated as E0.5.  After 8 or 9 days (E8.5 or E9.5), the embryos were 

dissected from the uterus with the yolk sac intact and immobilized within 2% agarose 

gels 1 – 2 mm thick and submerged within DMEM culture medium supplemented with 

1% penicillin, 1% streptomycin, and 10% fetal bovine serum (Invitrogen).  During the 

dissection procedure, ambient conditions were maintained at 37 °C, and upon 

completion, the embryos were transferred to a humidified incubator maintained at 37 °C 

and 5% CO2.  OCT image-guided microinjections were performed immediately 

afterwards. 

Imaging Setup and Nanoshell Microinjections 

Imaging was conducted with a spectral domain OCT (SD-OCT) system, as 

depicted in Figure 4.1 below.  SD-OCT is a type of frequency domain OCT (FD-OCT), 
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in which the reference mirror is stationary, and a Fourier transform is applied to convert 

the interferogram into reflectance data with respect to depth (Marschall et al. 2011).  The 

laser source was a MICRA 5 Ti:sapphire laser (Coherent Inc.) with a central wavelength 

of 800 nm and a bandwidth of ~100 nm.  The A-scan acquisition rate was set to 50 kHz.  

The resolution of the system was measured as 5 µm (in air) axially and 6 µm laterally.  

The microinjection, glass capillary needle was connected to a controlled, pressured air 

source for tailoring injection volumes.  These volumes were estimated by injecting water 

into mineral oil over 15 ms periods at 4 different pressures (3, 5, 10, and 15 psi).  3-D 

OCT reconstruction of the droplets was conducted, and droplet sizes were measured. 

For nanoshell microinjections, the needle was loaded with a PEG-NS suspension 

at ~2.0 x 1011 particles/ml.  After placing the embryo onto the 2-D linear stage, 

adjustments were made to appropriately orient the embryo and needle within the field of 

view.  The needle tip was inserted into the lumen of the blood vessel proximal to the yolk 

sac under OCT image guidance.  Upon proper positioning of the needle, a pressurized air 

source was used to dispense ~2 – 16 nl volumes of PEG-NS.  Time-lapse imaging of 

microinjections was achieved with a complementary metal oxide semiconductor (CMOS) 

camera, and post-processing of the frames was performed with NIH ImageJ software. 
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Figure 4.8: Experimental setup for OCT-guided injections.  L – laser, M – mirror, AL 
– achromatic lens, FA – fiber adaptor, TG – transmission grating, CMOS – 
complementary metal oxide semiconductor camera, FOC – fiber optics coupler, PC – 
polarization controller, C – collimator, A – aperture, GM-X – galvo mirror-X, GM-Y – 
galvo mirror-Y, SL – scan lens, S – sample, N – needle, NA – needle adaptor, M – 
micrometer, LS-1D – 1-D linear stage, LS-2D – 2-D linear stage, LS-3D – 3-D linear 
stage, MS – microinjection system, FS – foot switch. 
 

4.3 Results and Discussion 

4.3.1 Nanoshells Enhance Optical Imaging Contrast with OCT, RCM, and TPL 

To test the hypothesis that gadolinium-nanoshells (Gd-NS) could serve as 

effective contrast agents across a range of optical modalities, the particles were 

encapsulated in 1% agarose tissue phantoms and then imaged with OCT, RCM, and TPL.  

All three imaging modalities showed equivalent levels of contrast enhancement with Gd-

NS and PEG-conjugated particles (PEG-NS) as compared to an agarose-only control 

phantom.  With OCT, imaging contrast was confined to the first ~250 µm beneath the 

phantom surface with both particle types (Figure 4.9).  The relatively high concentration 

of particles employed here likely limited imaging depth, as previous studies have shown 

that lower concentrations of nanoshells reduce the overall scattering coefficient (µs) of 

the phantom, resulting in contrast at greater depths (Kah et al. 2009).  Also with RCM 
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and TPL, imaging intensities observably increased with increasing particle concentrations 

(Figure 4.10, Figure 4.11).  Individual particles could be easily resolved at high 

magnification (63X) with TPL as well. 

 

Figure 4.9: Nanoshells enhance contrast with OCT imaging.  Gadolinium-nanoshells 
(Gd-NS) and PEG-conjugated nanoshells (PEG-NS) at 2.15 x 1011 NS/ml within agarose 
tissue phantoms enhanced OCT imaging equivalently compared to a phantom without 
particles.  Scale bar indicates 250 µm. 
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Figure 4.10: Nanoshells enhance contrast with RCM imaging.  When dispersed within 
agarose phantoms, both gadolinium-nanoshells (Gd-NS) and PEG-nanoshells (PEG-NS) 
reflected more light at increasing concentrations compared to an agarose control phantom 
without particles ([High], [Med], and [Low] designate 8.6, 4.2, and 2.15 x 1011 
particles/ml respectively).  Equivalent contrast was observed with both particle types.  All 
images were acquired at 20X magnification at equivalent depths (32 µm).   
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Figure 4.11: Nanoshells enhance contrast with TPL imaging.  Gadolinium-nanoshells 
(Gd-NS) and PEG-nanoshells (PEG-NS) exhibited positive contrast with TPL imaging 
dispersed within agarose phantoms as compared to an agarose control phantom without 
nanoparticles.  Enhanced signal was observed at increased particle concentrations with 
equivalent intensity between both particle types ([High], [Med], and [Low] designate 8.6, 
4.2, and 2.15 x 1011 particles/ml respectively).  Images were acquired at 20X 
magnification and 20 µm depths, while insets show images at 63X magnification and 5 
µm depths.   Individual particles were also visualized at high magnification. 

 

4.3.4 Nanoshells Enhance Optical Imaging Contrast in OCT-Guided 

Microinjections in Mouse Embryos 

Before performing OCT image-guided microinjections of nanoshells into the 

vascular system of mouse embryos, measurements of water droplets in mineral oil were 
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conducted to determine injection volumes with respect to pressure.  The mineral oil-

containing petri dish, the microinjection needle with water, and the OCT scanning head 

were immobilized on three, independent translational stages.  Such a configuration 

allowed manipulation of the sample or specimen’s position, choice of the injection site, 

guidance of the needle to the desired location, and visualization of the injection.  A 

controlled, pressurized air system was coupled to the needle to introduce water into the 

mineral oil.  With a fixed injection time of 15 ms, volumes of injected water increased 

with increasing pressure, from 2 – 16 nl with a pressure range of 3 – 15 psi.  Figure 4.12 

below depicts the water droplet injections and associated 3-D OCT reconstructions to 

arrive upon these measurements. 

 

Figure 4.12: Estimation of microinjection volumes.  (A) An OCT image showing 
water droplet formation at the tip of the needle in mineral oil needle during injection.  (B) 
OCT 3-D reconstruction of the droplets injected at 10 psi for 15 ms.  (C) Volume 
estimations of 15 ms microinjections by measuring the droplet size with OCT at different 
pressure settings.  Scale bars correspond to 300 mm. 
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 For image-guided nanoshell injections into embryos, the same configuration of 

sample, needle, and OCT scanning head were employed.  Figure 4.13 shows an example 

of an OCT-guided microinjection in the vascular system of a cultured mouse embryo. 

The representative frames were taken from a time lapse acquired at 50 fps.  The tip of the 

microinjection needle was inserted in the lumen of the blood vessel (Figure 4.13A).  

When the needle was positioned properly, the suspension of the gold nanoshells was 

microinjected in the circulation (Figure 4.13B).  After the injection, the needle was 

removed from the vessel while the gold nanoshells were taken into circulation (Figure 

4.13C).  The needle did not produce significant damage to the vessel.  Figure 4.14 shows 

a second set of microinjection images, in which much of the embryo anatomy can be 

visualized, including the heart. 

 

Figure 4.13: OCT-guided microinjection of gold nanoshells into the embryonic 
circulatory system.  A series of frames shown from a time lapse of an OCT guided 
injection into the blood vessel of the E9.5 mouse embryo. The scale bars correspond to 
200 µm. 
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Figure 4.14: Visualization of embryo anatomy during OCT-guided microinjection of 
gold nanoshells.  A second set of images showing (A) needle placement into the blood 
vessel lumen and (B) the subsequent injection of gold nanoshells.  Much of the embryo 
anatomy could be imaged, including the heart. 
 

4.3.3 Discussion 

 The findings from the optical imaging experiments support the hypothesis that 

NIR resonant gadolinium-nanoshells (Gd-NS) act as effective contrast agents across a 

range of optical imaging platforms.  With OCT and the nanoshell concentrations 

employed herein, imaging contrast was seen within the first ~250 µm of agarose phantom 

surfaces.  Previous reports have shown that increases in the overall scattering coefficient 

(µs) of tissue phantoms by incorporation of high concentrations of nanoshells actually 

increase signal attenuation.  For instance, Kah and colleagues shows that ~200 nm gold-

silica nanoshells within 1% Intralipid offered signal intensities above background beyond 
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1 mm depths at 1.4 x 109 particles/ml; by comparison, contrast enhancement was 

observed only up to ~250 µm depths if particle concentration increased to 9.0 x 1010 

particles/ml (Kah et al. 2009).  Additionally, materials with higher scattering coefficients 

with respect to their absorption coefficient are known to more efficiently enhance OCT 

reflectance signal (Oldenburg et al. 2006; Agrawal et al. 2006).  Since scattering scales 

with the square of particle volume, it is likely that increasing particle size and reducing 

concentrations within the tissue phantom would enhance reflectance at greater depths 

than that seen herein.  Nevertheless, as many cancers originate within the thin and 

superficial epithelial linings of tissue, the observed levels and depths of contrast 

enhancement should still prove useful in diagnostic applications. 

 Gd-NS also effectively enhanced imaging contrast with RCM and TPL.  Although 

each of these techniques is more limited in their penetration depths compared to that of 

OCT, both RCM and TPL are able to resolve subcellular structures.  In fact, at high 

magnification with TPL imaging in this work, individual particles were easily resolved 

(Figure 4.11 insets).  Thus, Gd-NS present as a promising contrast agent for discerning 

cancerous lesions with these three “optical biopsy” imaging platforms.  Techniques for 

delivery of Gd-NS to tumor tissue in vivo may include intratumoral administration, 

passive accumulation via the EPR effect, or a combination of EPR and molecular 

targeting.  As passive accumulation of gold nanoshells within tumor tissue has previously 

been reported to enhance OCT (Gobin et al. 2007) and TPL signal (Park et al. 2010) after 

intravenous particle administration, targeting ligands could also be conjugated to Gd-NS 

to home to overexpressed receptors on cancer cell surfaces and thus offer molecular 
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characterization of disease.  Such targeting ligands include proteins, peptides, and 

aptamers, which are discussed in more detail in Chapter 6. 

 Gold nanoshells also successfully enhanced OCT imaging contrast within murine 

embryos after guided microinjections within blood vessel lumens.  These particles show 

promising potential for real-time investigations of physiologic processes, such as plasma 

flow.  As mentioned, blood flow dynamics have previously been characterized in mouse 

embryonic development because red blood cells offer sufficient contrast to be imaged 

with OCT (Larina et al. 2008).  However, at even earlier stages of development when 

blood cells have not yet formed, plasma flow through the vasculature is difficult to 

visualize, and as a result, very little is known about the role of hemodynamics on 

cardiovascular development prior to the presence of blood cells.  Therefore, nanoshell 

contrast agents present a significant and novel tool in elucidating and evaluating plasma 

fluid dynamics, which would enable further characterization of normal, vascular 

development in mammals or in abnormal development in mutant mice.  Additionally, 

these studies demonstrate the potential for OCT-guided injections for other 

micromanipulations within murine embryos including, for example, site-specific 

administration of signaling molecules and pharmacologic agents or cell transplantation 

and extraction. 

4.4 Conclusions 

 In addition to their capability as MR contrast agents, Gd-NS effectively enhance 

imaging contrast with OCT, RCM and TPL and thus show promising potential for 

molecular characterization of disease and cancerous lesions.  All of the above imaging 

methods could potentially be combined for image-guided photothermal therapy, in which 
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MRI could be employed to localize both tumor tissue and nanoshells followed by 

molecular evaluation with optical imaging and then laser ablation.  Work towards this 

goal is described in more detail in Chapter 5. 

 Additionally, gold nanoshells present a novel tool in the study of embryonic 

development with OCT imaging.  With image-guided microinjections, the particles can 

be specifically injected within the circulatory system of mouse embryos and may serve as 

a way to investigate plasma flow dynamics in mammalian development. 
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Chapter 5: Gadolinium-Nanoshells for Image-Guided 

Photothermal Therapy 

5.1 Introduction 

Over the past two decades, scientists in nanomedicine have focused much of their 

work on developing and evaluating multifunctional platform technologies that facilitate 

cancer diagnosis with multiple imaging modalities and also provide site-specific therapy.  

Such platforms offer the potential to both streamline and enhance clinical management of 

cancer while reducing patient costs.  If a single nanoparticle design affords imaging 

contrast with whole-body and molecular imaging modes rather than any one imaging 

mode alone, more holistic characterization of disease is feasible.  The extent of disease 

spread at the anatomic level and microscopic manifestations of malignancy could both be 

more readily determined.  Additionally, the ability to trigger cancer cell death locally 

with the same nanoparticle platform would also be advantageous if therapy is deemed 

necessary.  This chapter presents gadolinium-conjugated nanoshells for multimodal 

image-guided photothermal therapy.  First, this discussion focuses on a more in-depth 

explanation of imaging modalities employed in cancer diagnosis as well as reasons for 

combining these modes.  A selection of example multifunctional nanoparticle platforms 

under investigation for image-guided therapy is also provided.   

5.1.1 Advantages of Multimodal Imaging for Guided Therapy 

Multimodal imaging for cancer diagnosis and monitoring offers the ability to 

acquire more complex and contextual information compared to that offered by any one 

imaging mode alone.  Each modality provides its own characteristic advantages, and so 
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by probing a given specimen with multiple systems, a spectrum of data can be obtained, 

ranging from anatomy and 3D tissue architecture to functional activity and molecular 

processes.  Magnetic resonance imaging (MRI), X-ray based modalities, and optical 

techniques have all made considerable strides in cancer screening, post-treatment 

monitoring, or preclinical development and are widely-used, complementary diagnostic 

tools (Cherry 2009).  Whereas MRI and X-ray techniques enable image acquisition of 

macroscopic anatomy with spatial resolutions approaching tens to hundreds of microns, 

optical modes can resolve cellular and subcellular features down to approximately one 

micron in size (Weissleder and Pittet 2008).  Moreover, although imaging depths within 

human patients are virtually limitless with MRI and X-ray modalities, these depths are 

confined to the order of hundreds of microns to millimeters with optical methods.  The 

differences in spatial resolutions and penetration depths for several diagnostic modalities 

are summarized in Figure 5.1. 

 
Figure 5.1: Penetration depths and spatial resolution limits for diagnostic imaging 
modalities.  While MRI and CT can image deep tissues, their spatial resolution limit 
exceeds feature sizes larger than typical cells.  However, optical methods can resolve 
subcellular structures but at depths limited to hundreds of microns to millimeters.  
Adapted from wiki.engr.illinois.edu. 
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As discussed in Chapter 3, imaging contrast in MRI is based upon differences in 

tissue water content, where changes in proton magnetic moments in response to a 

magnetic field and perturbing radiofrequency pulses govern imaging signal intensities 

(Pankhurst et al. 2003).  On the other hand, variation in the atomic number (Z) of human 

tissues and associated differences in X-ray attenuation provide contrast with X-ray based 

modalities (Popovtzer et al. 2008).  For example, a major constituent of bone is calcium 

(Z = 20), and therefore bone attenuates X-rays more effectively compared to fat tissue, 

which is composed of mostly carbon (Z = 6), oxygen (Z = 8), and hydrogen (Z = 1) 

(Hendee and Ritenour 2002).  While MRI is generally regarded to offer superior soft 

tissue contrast compared to X-ray techniques such as computed tomography (CT) 

(Kransdorf and Murphey 2000), the ability to accurately diagnose malignancy with each 

modality can depend partly on the lesion site.  For instance, CT has been shown to offer 

better detection of lung lesions (Schmidt et al. 2006) and certain gastrointestinal tumor 

metastases (Sandrasegaran et al. 2005) compared to MRI.  Finally, in the case of optical 

modes like multiphoton microscopy and optical coherence tomography (OCT), photon-

tissue interactions provide the basis for image construction and can elucidate the 

molecular manifestations of disease (Weissleder and Pittet 2008).  In combining imaging 

methods such as MRI, X-ray, and optics and hence making more complete assessments 

of human cancer, more accurate diagnoses and informed decisions about treatment 

regimens and follow-up procedures can be made. 

Additionally, these three modalities often benefit from the use of contrast agents 

and probes, which may enhance imaging sensitivity, improve identification of tumor 

margins, and even provide molecular or biochemical characterization (Louie 2010).  As 
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mentioned in Chapter 3, gadolinium(III) ions contain seven unpaired electrons that result 

in shortened T1 relaxation times of surrounding water protons, allowing for greater 

positive contrast in T1-weighted MRI.  Gd(III) chelate complexes are in fact the most 

common agents used for enhancing MRI sensitivity and have even enabled recent 

applications in MR-based molecular diagnostics (Bottrill, Kwok, and Long 2006).  In the 

case of X-ray modalities, agents such as iodine (Z = 53) with higher atomic numbers than 

those associated with human tissue offer increased attenuation of X-ray radiation and thus 

greater contrast.  In breast cancer screening, for instance, CT imaging post intravenous 

administration of iodine has been able to detect lesions previously unseen by routine 

mammography (Boone et al. 2006).   Another example of a clinical contrast agent is 

indocyanine green (ICG), a near-infrared (NIR) fluorescent probe that enhances 

intraoperative optical imaging contrast during sentimental lymph node (SLN) mapping, 

endoscopic detection of colon tumors, and angiographic evaluation of tissue perfusion 

(Schaafsma et al. 2011).  However, many of the clinical contrast agents in cancer 

diagnostics are limited to applications with a single mode of imaging and, because of 

their small size, suffer from early clearance from the body (Louie 2010).  With the advent 

of nanotechnology, however, these disadvantages of clinical agents can be overcome by 

tailoring the design of and materials included within a nanoparticle. 

5.1.2 Example Nanoparticle Platforms for Multimodal Imaging and Guided 

Therapy 

As previously mentioned in Chapter 1, properly designed nanoparticle systems for 

cancer treatment offer numerous advantages over conventional clinical therapy such as 

surgery, chemotherapy, and radiation.  Whereas surgery is highly invasive and is limited 
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to the treatment of confined, solid tumors, both chemotherapy and radiation are 

nonspecific in nature, killing both malignant and healthy cells.  However, nanomaterial 

platforms afford the ability to encapsulate drug molecules and release their payloads at 

tumor sites (Hrkach et al. 2012) and also potentiate triggered ablation of disease with 

either an intrinsic tumor-specific stimulus, such as proteases or pH, or an extrinsic one, 

such as focused ultrasound or light (MacEwan, Callahan, and Chilkoti 2010).  Moreover 

with the advances in imaging technology and contrast agent design, these nanomaterial 

platforms can be synthesized for applications in image guidance and thus with even 

greater therapeutic specificity. 

One example of such a stimulus-triggered nanoparticle platform was designed by 

Reddy and colleagues for the treatment of glioma (Reddy et al. 2006).  They synthesized 

~40 nm polyacrylamide-based nanoparticles with encapsulated iron oxide and the 

photosensitizer Photofrin, and the particles were further surface functionalized with the 

31-mer F3 peptide to target tumor associated vasculature as well as PEG for passivation 

(Figure 5.2).  For their in vivo validation studies, the particles were intravenously 

administrated to rats with orthotopic 9L gliomas, and tumor uptake was verified with T2-

weighted MRI (Figure 5.2B and C).  Upon stimulation with 630 nm light via a fiber optic 

probe inserted into the tumor, the particles released singlet oxygen species, which then 

resulted in localized tumor cell death.  Diffusion MRI, which indicates changes in water 

diffusion, was also performed to verify that photodynamic therapy had in fact occurred 

(Figure 5.2D and E).  At 60 days post irradiation, 40% of mice in their targeted treatment 

group exhibited tumor-free survival.  While the overall, median survival for this targeted 

treatment group was 33 days, the median survival was only 7 days for rats without any 
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treatment.  The investigators noted that their image-guided particle therapy may be 

particularly useful for human patients with malignant glioma, where recurrence is greater 

than 80% after conventional, clinical therapies. 

 
 

Figure 5.2: Vascular-targeted nanoparticles for MR-guided photodynamic therapy 
of glioma.  (A) Nanoparticle composition with polyacrylamide matrix (green), iron oxide 
agents (blue), the photosensitizer Photofrin (gold), PEG (red), and the F3 peptide (green).  
(B and C) T2-weighted MRI verified greater tumor uptake of (C) targeted particles versus 
(B) nontargeted ones one hour after i.v. injection as indicated by tumor tissue darkening 
in the right forebrain.  (D and E) At 8 days post therapy, diffusion MRI showed increased 
water diffusion in red with (E) targeted particles versus (D) nontargeted.  Adapted from 
Reddy et al. 2006. 

 
 In another study, Le Duc et al. developed ~2 nm gadolinium oxide particles with 

a polysiloxane shell for microbeam radiation therapy (MRT) of orthotopic gliosarcoma 

tumors within rats under magnetic resonance guidance (Le Duc et al. 2011).  With the use 

of highly collimated X-ray microbeams ~25 – 100 µm wide at high dose rates, MRT 

affords more precise destruction of tumors with less damage to surrounding, normal 

tissue compared to conventional broad beam therapy.  Additionally with the inclusion of 

X-ray attenuation agents like gadolinium (Z = 64), enhanced production of damaging 

photoelectrons and reactive oxygen species occurs at irradiated tumor sites.  In their 

study, the investigators administered the polysiloxane-coated gadolinium oxide particles 
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intravenously to rats and then imaged tumor uptake with T1-MRI (Figure 5.3).  Along 

with elemental analysis data confirming gadolinium content within tumors, the T1-MRI 

images were used to plan the timing of MRT, which was performed at either 5 or 20 min 

after particle administration.  Over the course of the 100-day study, the MRT-only treated 

animals exhibited a median survival time of 47 days, whereas median survival for mice 

treated with MRT 5 and 20 min after particle injection was 34 and 90 days, respectively.  

The investigators noted that because more particles had cleared from healthy tissue at 20 

min versus 5 min after particle injection as determined by elemental analysis, less 

collateral damage and therefore enhanced survival had occurred in their 20 min MRT 

treated group.  

 

Figure 5.3: T1-MRI confirmed gliosarcoma tumor uptake of polysiloxane-coated 
gadolinium oxide particles in rats before MRT application.  Images were acquired at 
various time points, both before and minutes after particle injection.  Tumor uptake is 
indicated by gadolinium-enhanced positive contrast.  From Le Duc et al. 2011. 

 
The gold-silica nanoshell platform has also previously been investigated towards 

applications in image-guided therapy (Bardhan et al. 2010).  Bardhan and colleagues 

included a silica layer on the exterior of ~150 nm nanoshell particles, and doped the outer 

layer with both iron oxide particles for MRI and indocyanine green (ICG) for NIR 

fluorescence (NIRF) imaging (Figure 5.4A).  After conjugating anti-HER2 antibodies to 

the surface of their nanocomplexes, they injected the particles intravenously into mice 
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with subcutaneous breast cancer tumors grown with either HER2 overexpressing 

BT474AZ cells or MDAMB231 cells with a much lower expression of HER2.   At 4 and 

24 h post injection of the particles, they noted that signal intensity differences between 

the two tumor types maximized for NIRF and MR imaging respectively.  The disparity in 

time points for maximum signal was attributed to differences in imaging mode 

sensitivity.  Sensitivity is higher with NIRF, which also preferentially visualizes 

superficial particles at the tumor periphery during earlier time points.  By comparison, 

sensitivity is lower with MRI, where image cross sections better highlight particles that 

have penetrated the tumor at later time points.  While photothermal ablation of the breast 

tumors with these nanocomplexes was not demonstrated in this study, an earlier 

investigation showed targeted photothermal therapy with the same particle platform and 

breast cancer cells in vitro (Bardhan et al. 2009). 
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Figure 5.4: Multimodal gold-silica nanoshells for NIRF and T2-MRI.  (A) Gold-silica 
nanoshells were synthesized with an outer silica layer, doped with iron oxide 
nanoparticles as well as ICG fluorophores.  The surface was then functionalized with 
anti-HER2 antibodies and PEG.  (B) After intravenous administration, the particles 
showed greater uptake in HER2 overexpressing BT474AZ tumors as compared to 
MDAMB231 tumors with lower HER2 expression by NIRF imaging, in which signal 
differences between tumor types peaked at 4 h post injection.  (C) The nanocomplexes 
also demonstrated targeted uptake with T2-MRI, in which tumor tissue darkened with the 
particles, with the greatest difference in signal intensity between tumor types observed at 
24 h post injection.  Adapted from Bardhan et al. 2010. 

 
 Expanding upon this work with the gold-silica nanoshell platform in this thesis, it 

was hypothesized that gadolinium-conjugated nanoshells could be employed for image-

guided photothermal cancer therapy.  With this treatment approach, gadolinium’s ability 

to reduce T1 water relaxation times along with gold’s absorption of X-ray radiation could 

provide initial identification of suspicious lesions as well as particle localization within 
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tissue with T1-MRI and X-ray based imaging modes like CT.  Next, optical methods such 

as optical coherence tomography (OCT), reflectance confocal (RCM), and two-photon 

luminescence (TPL) could provide molecular characterization of disease as presented in 

Chapter 4.  Finally, higher-powered NIR light could then also be applied to induce tumor 

tissue heating and eventual necrosis.  In this chapter, work towards accomplishing this 

goal of multimodal image-guided photothermal therapy with gadolinium-conjugated 

gold-silica nanoshells is presented. 

5.2 Materials and Methods 

5.2.1 Synthesis of Gadolinium-Gold Nanoshell Conjugates 

Gold-silica nanoshells were fabricated as previously described in Chapter 2 and 

conjugated to gadolinium(III) ions as discussed in Chapter 3. 

5.2.2 Preparation of Agarose Tissue Phantoms and In Vitro Imaging 

100 µl of Gd-NS in water at 8.6 x 1011 particles/ml were combined with 100 µl of 

2% agarose (Sigma Aldrich) in preheated, ultrapure water to ensure complete dissolution 

of the agarose.  Samples were quickly mixed in a small glass vial by gentle vortexing and 

then chilled at 4 °C to solidify.  Agarose phantoms containing PEG-NS were prepared 

similarly in addition to 1% agarose phantoms without nanoshells as controls. 

Agarose phantoms were imaged with five imaging modalities: T1-weight 

magnetic resonance imaging (MRI), X-ray, optical coherence tomography (OCT), 

reflectance confocal microscopy (RCM), and two-photon luminescence (TPL).  MRI was 

performed with a 3 T clinical scanner (Philips Ingenia) with an inversion recovery pulse 

sequence (TR = 3000 ms, TE = 15 ms, IR = 875 ms).  X-ray imaging was conducted 
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using a Kubtec XPERT80 radiography system with the radiation source set to 27 kV and 

850 µA.  For OCT imaging, a Niris Imalux system was used with a laser operating at a 

wavelength of 1310 nm and power of 3 mW.  A fiber optic probe connected to the laser 

source was placed in contact with the tissue phantom for imaging.  For RCM, a Lucid-

Tech VivaScope 2500 configured with an 840 nm laser at 0.375 mW and a 20X objective 

was used.  Agarose phantoms were placed on glass slides with water between the 

phantom and glass slide and ultrasound gel between the slide and objective as index 

matchers.  Images were acquired at 32 µm depths.  For TPL, a Zeiss Laser Scanning 

Microscope (LSM) 510 META with a femtosecond-pulsed Ti:sapphire laser (Chameleon) 

was used.  With an output power of ~1 mW, the laser was set to 810 nm to excite 

nanoshells at their plasmon resonant wavelength while the META detector was 

configured to collect two-photon luminescence from 450 to 650 nm.  Images of phantoms 

on coverglass were acquired with a 20X objective and 63X oil immersion objective at 20 

and 5 µm depths, respectively. 

5.2.3 Evaluation of Photothermal Conversion 

Both Gd-NS and PEG-NS at three concentrations (10, 5, and 2.5 x 109 

particles/ml) in water were irradiated within disposable cuvettes with an FAP-1 diode 

laser (Coherent Inc.) at 808 nm, which coincided with the plasmon resonant wavelength 

of the nanoshells.  Maximum temperature values of the nanoshell suspensions (n = 3) 

were acquired with a thermocouple (Omegaette HH5500 Temperature Recorder) after 

three minutes of irradiation at three laser power settings (1.25, 2.5, and 5 W).  Water 

without nanoshells was also used as a control. 
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5.2.4 Melanoma Mouse Model, Administration of Gadolinium-Nanoshells, and 

Tissue Imaging 

B16-F10 melanoma cells (ATCC) were cultured in DMEM medium 

supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 

streptomycin and maintained at 37 °C in a 5% CO2 incubator.  All cell culture products 

were purchased from Invitrogen.  For the tumor model, 1 x 106 B16-F10 cells in 200 µl 

PBS were injected subcutaneously into the right flank of 12-wk old male Nude mice 

(Nu/Nu, Charles River).  Mice were kept on a 12 h light-dark cycle with food and water 

ad libitum.  All animal experiments were approved by the Institutional Animal Care & 

Use Committee (IACUC) of The Methodist Hospital Research Institute and performed in 

accordance with the institutional guidelines on the ethical use of animals. 

Animal imaging experiments were performed 10 – 15 days after B16-F10 cell 

implantation, once tumors had reached ~1 cm in diameter.  In one mouse, 50 µl of nanoshell 

suspension (6.3 x 1012 Gd-NS/ml) was injected intratumorally, and the animal was 

sacrificed immediately post injection.  T1-weighted MR images were acquired with a 3 T 

clinical scanner (Philips Ingenia) using a spin echo sequence (TR = 500 – 700 ms, TE = 23 

ms, slice thickness = 500 µm).  As a control, a tumored mouse without injected nanoshells 

was imaged as well at the same settings.  For X-ray imaging, animals were imaged as with 

the agarose tissue phantoms described above, using the Kubtec XPERT-80 radiography 

system. 

For optical imaging experiments, the B16-F10 melanoma tumors were resected 

from the flanks of the mice.  The tumors were then sectioned in half along the midline, 

using a scalpel, and imaging was conducted within the tumor interior.  For OCT imaging, 

a Niris Imalux system was employed.  Here, a 1310 ± 15 nm laser at 3 mW was used and 
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configured with a fiber optic probe, which was kept ~1 mm above the tumor surface 

during imaging.  After image acquisition, intensity profile analysis with NIH ImageJ 

software was performed to determine differences in signal intensities between tumor 

tissue with and without nanoparticles.  For each group, a total of 30 profiles with pixel 

intensity values across 250 µm beneath the tumor surface were acquired.  The mean 

intensity was then calculated by normalizing and averaging all pixel intensity values (n = 

1,530) within the 250 µm range.  For RCM and TPL imaging of the tumor tissue, the 

same imaging setups and associated parameters were used as with the agarose tissue 

phantoms described above.  

5.3 Results and Discussion 

5.3.1 Gadolinium-Nanoshells Afford MR, X-Ray, and Optical Imaging Contrast In 

Vitro 

Gd-NS were encapsulated in 1% agarose at a concentration of 4.2 x 1011 

particles/ml and exhibited strong positive contrast compared to agarose-only control 

phantoms across five diagnostic imaging modalities: T1-weighted magnetic resonance 

imaging (MRI, Philips Ingenia 3 T with an inversion recovery pulse sequence), X-Ray 

(Kubtec XPERT80), optical coherence tomography (OCT, Nirus Imalux 1300), 

reflectance confocal microscopy (RCM, VivaScope 2500), and two-photon luminescence 

(TPL, Zeiss Laser Scanning Microscope 510) (Figure 5.5).  With MR and X-ray imaging, 

the entirety of the phantom was imaged at the macroscale within a single acquisition.  

Furthermore with optical modalities such as OCT and RCM, imaging across tens to 

hundreds of microns was feasible.  Finally, TPL facilitated even higher resolution 

imaging where individual particles were resolved at high (63X) magnification.  By 
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comparison, phantoms loaded with PEG-NS demonstrated no contrast under MR but 

signal intensity levels similar to that of Gd-NS across all other modalities. 

 

Figure 5.5: Gd-NS enhance diagnostic imaging contrast in vitro.  Gadolinium-
nanoshells (Gd-NS) dispersed within agarose phantoms exhibited positive contrast across 
five imaging modalities: T1-weighted magnetic resonance imaging (MRI), X-Ray, optical 
coherence tomography (OCT), reflectance confocal microscopy (RCM), and two-photon 
luminescence (TPL).  Phantoms with PEG-conjugated nanoshells (PEG-NS) offered no 
contrast under MR, similar to the 1% agarose control phantom, but comparable levels of 
contrast to Gd-NS with the four other modalities.  Red circles in T1-MRI column added 
post image acquisition to outline phantoms.  Axes below indicate the plane across which 
phantom images were acquired within each column. 
 

5.3.2 Gadolinium-Nanoshells Convert NIR Light to Heat 

To evaluate the potential for Gd-NS to be used in photothermal cancer therapy, a 

photothermal conversion study was performed.  Particles were suspended in water (n = 3) 

at three optical densities (OD800 = 1, 2, and 4 corresponding to 0.25, 0.5, and 1 x 1010 

particles/ml) and then irradiated at 808 nm for 3 min at three laser power settings (1.25, 
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2.5 and 5 W).  Both PEG-NS and water were also irradiated for comparison.  

Temperature readings acquired with a thermocouple indicated that Gd-NS and PEG-NS 

suspensions heat to higher temperatures with increasing particle concentrations and 

higher laser powers (Figure 5.6).  No statistical difference was found in the maximum 

temperatures recorded for Gd-NS and PEG-NS at any given particle concentration and 

laser power combination.  In contrast, water controls without nanoshells exhibited 

minimal heating above room temperature across all laser powers tested. 

 

Figure 5.6: Gd-NS convert NIR light to heat as effectively at PEG-nanoshells.  
Maximum temperature values after a 3 min irradiation period at 808 nm are displayed for 
nanoshells in water at three different concentrations (OD800 = 1, 2, and 4, corresponding 
to 0.25, 0.5, and 1 x 1010 particles/ml respectively).  Laser power was also varied at 1.25, 
2.5, and 5 W.  Water alone was used as a control and shows minimal heating above room 
temperature (~22 °C) at all powers tested. All particle concentration/laser power 
combinations are significantly different from others and water control, p < 0.05 by 
ANOVA and post hoc Tukey HSD, n = 3.  Error bars indicate standard deviation. 
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5.3.3 Gadolinium-Nanoshells Afford MR, X-Ray, and Optical Imaging Contrast in a 

Melanoma Mouse Model 

Gd-NS also demonstrated effective contrast enhancement in an animal model with 

MRI, X-ray, and optical methods.  After an intratumoral injection of 50 µl at 6.3 x 1012 

Gd-NS/ml in a subcutaneous B16-F10 melanoma tumor in a mouse, higher signal 

intensity was observed in tumor tissue with particles under both T1-MRI and X-ray 

(Figure 5.7).  As with the agarose phantoms, the entire tumor is imageable in the context 

of the mouse anatomy with each of these modalities.  Tumor tissue was then harvested 

and imaged ex vivo with OCT, RCM, and TPL imaging modes.  In the case of OCT, the 

highest signal intensities overall were observed within a few hundred microns of the 

tumor surfaces (Figure 5.8).  Within the first 250 µm, tumor tissue with nanoshells 

demonstrated 31.5% higher intensity than that of tumor tissue without particles (Figure 

5.8C).  Both RCM and TPL enabled further microscopic imaging, which exhibited 

readily apparent contrast enhancement in tumor tissue with Gd-NS compared to the 

control tissue without nanoshells (Figure 5.9).  Furthermore, as similarly seen in the 

agarose phantoms, individual particles can be resolved with TPL imaging at high 

magnification. 
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Figure 5.7: Gd-NS show MR and X-Ray imaging contrast in a melanoma tumor 
model.  Subcutaneous B16-F10 melanoma tumors in mice showed positive contrast 
enhancement with T1-MRI and X-ray after an intratumoral injection of gadolinium-
nanoshells (Gd-NS, 50 µl at 6.3 x 1012 particles/ml).  (A and B) Contrast was confined to 
the tumor volume compared to (C and D) tumor tissue without nanoshells.  Red circles 
denote tumors along the right flank. 
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Figure 5.8: Gd-NS demonstrate OCT image contrast in tumor tissue ex vivo.  OCT 
imaging showed increased contrast along the imaged B16-F10 tumor surface ex vivo (A) 
with gadolinium-nanoshells (Gd-NS) as compared to (B) tissue without nanoshells.  (C) 
The overall average intensity within the first 250 µm was ~30% higher than that of tissue 
without particles.  *p<0.05 by Student’s t test, n = 1530 pixels.  Error bars represent 
standard deviation. 

 

 

Figure 5.9: Gd-NS enhance signal intensity of tumor tissue with RCM and TPL 
imaging ex vivo.  With reflective confocal microscopy (RCM) and two-photon 
luminescence (TPL), gadolinium-nanoshells (Gd-NS) offered (A,B,C) readily apparent 
contrast enhancement in B16-F10 melanoma tumor tissue ex vivo compared to (D,E,F) 
tissue without nanoshells.  (C) High magnification imaging with TPL enabled resolution 
of individual particles. 
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5.3.4 Discussion 

Multimodal imaging offers the ability to combine the advantages of several 

diagnostic modes to specifically pinpoint and characterize disease and then ultimately 

guide the application of localized, photothermal therapy.  By tethering gadolinium ions to 

near-infrared absorbing gold nanoshells, the subsequent particle conjugates effectively 

enhanced imaging contrast across a range of anatomic and molecular modalities.  While 

MRI and X-ray imaging visualized nanoshell dispersion within whole tumors, optical 

imaging methods demonstrated positive contrast with the particles at the microscale. 

Additionally, gadolinium-nanoshells successfully converted NIR light to heat, 

thus demonstrating their potential for multimodal image-guided photothermal ablation of 

cancer.  The presence of the gadolinium on nanoshell surfaces did not interfere with the 

photothermal conversion properties of the particles.  As demonstrated in the studies 

comparing Gd-NS and PEG-NS heating profiles across both nanoshell types exhibited 

statistically equivalent maximum temperatures at any given laser power and particle 

concentration combination.  Temperature increases of at least 15 °C from baseline were 

readily achieved and maintained, indicating that the particles would be able to 

successfully kill cancer cells in vivo and locally ablate disease (Nikfarjam, Muralidharan, 

and Christophi 2005; Lu et al. 2011).  

5.4 Conclusions 

In conclusion, gadolinium-nanoshell conjugates afford contrast enhancement 

across a range of diagnostic modalities, with resolutions spanning anatomic to sub-

cellular length scales, thus facilitating application for image-guided photothermal 

therapy.  MRI and X-ray based modalities with gadolinium-nanoshell enhancement could 
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be used to initially identify suspicious lesions within tissue.  Afterwards, optical imaging 

with low-power NIR light could be performed within appropriate fields of view to obtain 

molecular information regarding disease state.  Such optical modes in order of increasing 

resolution include OCT, RCM, and TPL, which all exhibit increased signal intensities 

with the addition of gadolinium-nanoshells.  Finally, if therapy is deemed necessary, 

higher-powered NIR light can then be applied site-specifically to locally ablate disease, 

leaving surrounding normal tissue unharmed. 

While the methods herein were applied to a superficial melanoma tumor model 

for initial proof-of-concept, these techniques could also be employed for more deep-

seated tumors.  With unlimited penetration depths through tissue, MRI and X-ray based 

modes have routinely been used for visualizing embedded anatomies.  However, 

imageable depths for the optical methods described here are confined to the order of 

several hundred microns to millimeters.  At the same time, recent developments in 

microendoscopy and fiber bundle design are enabling access and administration of light 

to deep tissue (Barretto et al. 2011).  

Beyond their current broad utility, gadolinium-nanoshells offer a platform 

technology with potential for additional functionality and complexity.  For instance, with 

the incorporation of targeting ligands, such as peptides, proteins, or nucleic acid based 

aptamers, gadolinium-nanoshells could also home to desired receptors or molecular 

markers on diseased cells.  These methods may provide more information regarding 

molecular phenotypes, which can be useful in characterizing disease and predicting 

invasiveness (Lu et al. 2001; Steeg 2006).  Such methods with the gold nanoshell 

platform are discussed in more detail in Chapter 6.   
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Chapter 6: EphrinA1-Nanoshells for Prostate Cancer 

Photothermal Ablation 

6.1 Introduction 

Prostate cancer is the most commonly diagnosed cancer among males over 50 

years of age in developed countries (Bozzini et al. 2012).  In the United States, nearly 

240,000 prostate cancer cases are estimated to arise in 2013 alone while ~30,000 men are 

predicted to die of the disease in the same year (American Cancer Society 2013).  The 

gold standards in treatment of localized prostate cancer include prostatectomy, radiation, 

and implantation of radioactive seeds (brachytherapy) while more advanced stage disease 

may be treated with androgen deprivation therapy (ADT), chemotherapy, or some 

combination of the above (Bozzini et al. 2012).  Unfortunately, these approaches suffer 

from a number of associated morbidities, including erectile dysfunction, urinary 

incontinence, rectal injury, and systemic toxicity such as anemia, bone loss, and 

cardiovascular disease (Michaelson et al. 2008; Bozzini et al. 2012).  

As a consequence, scientists and clinicians are working towards the development 

of more localized treatment approaches to overcome these complications.  For instance, 

focal therapies that initiate energy changes and subsequent cell death at defined points 

within prostate tissue are under investigation.  These methods include cryotherapy (Bahn 

et al. 2012), high intensity focused ultrasound (HIFU) (Thüroff and Chaussy 2013), 

radiofrequency ablation (Hadjicostas et al. 2006), and laser ablation (Colin et al. 2012).  

While cryotherapy delivers highly pressurized argon gas to freeze and kill tumor tissue, 

the other approaches achieve temperature increases greater than ~50 °C to induce tissue 
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necrosis.  These methods typically involve transrectal or transperineal placement of the 

energy source within or near the prostate to localize their ablative effects.  However, 

because these methods have spherical heating or cooling profiles, treating non-spherical 

tumors or multifocal disease may be difficult (Ahmed et al. 2007).  Ablating poorly 

defined tumor tissue would require exposing larger areas of parenchyma to the energy 

source, increasing the likelihood of collateral damage to healthy cells and unwanted 

morbidity. 

With the addition of exogenous agents that initiate the energy changes and 

ablative effects only upon stimulation by an energy source, however, more precise 

control over lesion boundaries and thus better therapeutic specificity may be realized.  

Nanoparticles that are harmless in their native state but that can also be activated with 

external energy to ablate tissue at desired locations and times are ideally suited for this 

purpose (Day, Morton, and West 2009; Krishnan, Diagaradjane, and Cho 2010).  An 

early clinical example of nanoparticle-mediated therapy for prostate cancer is magnetic 

fluid hyperthermia (MFH), where Johannsen and colleagues transperineally injected 15 

nm iron oxide nanoparticles into the prostates of patients under both ultrasound and 

fluoroscopy guidance (Johannsen et al. 2005).  Patients were then subjected to an 

alternating magnetic field with energy benign to normal tissue but absorbed by the 

particles that then dissipated thermal energy as a result of Brownian and Neél relaxation 

processes.  By this method, intraprostatic temperatures up to 48.5 °C were achieved 

demonstrating the feasibility of the technique. 

In another example of nanoparticle-mediated thermal therapy for prostate cancer, 

Stern and colleagues employed PEG-conjugated gold-silica nanoshells for NIR 
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irradiation of subcutaneous PC3 tumors in nude mice (Stern et al. 2008).  After 18 h of 

circulation following intravenous administration of the particles, NIR light was applied to 

tumor tissue externally at 4 W/cm2 for 3 min to achieve ablative temperatures as high as 

65.4 °C in the nanoshell treatment groups.  While tumors in control group treated with 

saline continued to grow during the investigators’ observation period, 14 out of 15 tumors 

in the high dose nanoshell therapy group displayed complete regression 21 days after 

NIR exposure. 

The aim of this work was to increase therapeutic efficacy of nanoshell-assisted 

photothermal ablation in the PC3 prostate cancer mouse model via protein targeting, 

specifically with ephrinA1.  EphrinA1 is a ligand for the EphA2 tyrosine kinase receptor, 

which is overexpressed in a variety of cancer types, including prostate cancer (Walker-

Daniels et al. 1999; Wykosky and Debinski 2008).  This interaction is discussed in more 

detail in section 6.1.2.  It was hypothesized that with ephrinA1 conjugated to nanoshell 

surfaces, particle uptake and retention within tumor tissue might be enhanced compared 

to nontargeted PEG-conjugated nanoshells.  In this chapter, experimental methods and 

results for testing this hypothesis are described.  First, an overview of passive and active 

targeting methodologies in nanomedicine is provided followed by a more in-depth 

discussion of EphA2 as a target for cancer therapeutics. 

6.1.1 Passive Versus Active Targeting Approaches in Nanotechnology 

Passive targeting of nanoparticle platforms to tumor tissue relies upon the “leaky” 

vasculature that supplies tumors, where endothelial cells that line blood vessels do not 

exhibit the level of continuity and tight junctions that are found in normal vasculature 

(Maeda et al. 2000; Carmeliet and Jain 2000; Jain and Stylianopoulos 2010).  This 
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abnormal cell arrangement is believed to be a result of an imbalance in pro- and anti-

angiogenic factors secreted by tumor cells (Carmeliet and Jain 2000).  In fact, pores 

between the endothelial cells can extend as long as 2 µm, and thus nanoparticles 

sufficiently smaller than these dimensions can easily extravasate and embed themselves 

within the tumor (Hobbs et al. 1998).  As previously mentioned, this phenomenon is 

known as the enhanced permeability and retention (EPR) effect.  Since the emergence of 

liposomes in the clinic in the 1980’s, a number of nanoparticle platforms have exploited 

this delivery technique, which has shown considerable promise for achieving sufficient 

levels of particles within tumors to afford therapy.  In fact, in the first example of 

nanoshell-assisted photothermal therapy after intravenous injection of PEG-conjugated 

particles, 100% complete regression of subcutaneous colorectal tumors was observed 10 

days after NIR laser treatment (O’Neal et al. 2004).   

Since the developments in antibody production technologies as well as the 

discovery of cell surface biomarkers overexpressed on cancer cell surfaces, scientists 

have shown increasing interest in targeting therapeutics and nanoparticles to tumor tissue. 

By employing targeting mechanisms, enhancement of nanoparticle uptake and retention 

within tumors might be achieved as well as improved specificity during molecular 

imaging and treatment.  Increased specificity could be particularly useful when malignant 

tissue interdigitates with or is interspersed throughout normal tissue and may even enable 

nanoparticle binding to circulating tumor cells.  Typically, the targeting agent should be 

directed against a biomarker or antigen expressed by cancer cells at levels several orders 

of magnitude higher than that of normal cells to beget desired specificity (Peer et al. 

2007).  Figure	   6.1 demonstrates the concept of both passive and active targeting upon 
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intravenous delivery of nanoparticles.  A number of targeting agents are currently under 

investigation, including antibodies and their fragments, non-antibody protein ligands, 

peptides, aptamers, sugars, and other small molecules.  A brief description of each of 

these agents and relevant examples are included below. 

	  

Figure 6.1: Schematic of passive and active nanoparticle targeting to tumor tissue.  
Nanoparticles passively extravasate and reach tumor tissue via the EPR effect, a result of 
fenestrations in the endothelium and poor lymphatic drainage.  Active targeting is 
achieved by ligands that are displayed on nanoparticle surfaces and able to bind cancer 
cell surface targets, such as protein receptors. Adapted from Dong and Mumper 2010. 

 
Antibodies and Antibody Fragments  

Antibodies are considered the gold standard in molecular recognition.  

Monoclonal antibodies (mAb) are one example and are generated by hybridoma 

technology to be highly specific for a particular antigen.  A number of mAb formulations 

are currently approved by the FDA as targeted cancer therapeutics, including 

trastuzumab, cetuximab, bevacizumab, and rituximab (Wang et al. 2008).  However, a 

number of considerations exist with the use of antibodies, including their large size (~150 

kDa), potential immunogenicity, and possible loss of bioactivity as a result of conjugation 

or alteration (Swami et al. 2012).  Antibody fragments without the immunogenic constant 
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fragment (Fc) have also been studied to potentially enhance nanoparticle uptake in vivo.  

In a report by Qian et al., 60 nm gold nanospheres coated with PEG and single-chain 

variable fragment (ScFv) antibodies directed against epidermal growth factor receptor 

resulted in 10-fold greater uptake within xenograft tumors compared to nanospheres with 

PEG alone at 5 h post injection (Qian et al. 2008). 

Non-Antibody Protein Ligands 

 Protein ligands other than antibodies have also been investigated as targeting 

moieties.  These include a number of growth factors such as the epidermal growth factor 

(EGF) (Lee et al. 2010) for intracellular targeting and vascular endothelial growth factor 

(VEGF) for binding tumor-associated vasculature (Cheephrinn et al. 2008).  Another 

protein ligand example is ephrinA1, which binds EphA2 receptors overexpressed on a 

variety of cancer cell types as discussed below (Wykosky and Debinski 2008).  Day et al. 

investigated photothermal therapy with VEGF-conjugated gold-silica nanoshells to 

disrupt the vasculature of orthotopic glioma tumors in a mouse model (Day et al. 2012).  

After tail vein injection of the particles and a 24 h circulation period, NIR light was 

applied to the tumor via a cranial window.  Analysis of brain tissue images showed that 

VEGF-nanoshells adhered to tumor vasculature more so than PEG-nanoshells while 

photothermal ablation led to a 24% decrease in vessel density within the tumor with the 

VEGF-nanoshells as compared to a saline control. 

Peptides 

 Although short peptides may not have as high of binding affinity with cell surface 

or tumor vascular targets as protein-based agents, they have still demonstrated successful 

binding of nanoparticles, which can display high surface densities of peptides, to sites of 
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interest (Koolpe, Dail, and Pasquale 2002; Scarberry et al. 2008).  Peptides present a 

number of advantages over proteins, including their small size, high stability across a 

range of solvents, reliable and scalable synthesis procedures, and potentially decreased 

immunogenicty (Swami et al. 2012).  One well-studied peptide is Arg-Gly-Asp (RGD) 

for targeting integrins overexpressed along tumor neovasculature.  For instance, 

Schiffelers and colleagues observed growth inhibition of both N2A neuroblastoma 

xenografts and tumor-associated vessels in mice after injection of RGD-conjugated 

poly(ethyleneimine) (PEI) nanoparticles that had been complexed with siRNA for gene 

silencing of the vascular endothelial growth factor receptor 2 (VEGFR2) (Schiffelers et 

al. 2004).  Compared to PEI particles without the RGD peptide, tumor shrinkage was 

enhanced with the particle-peptide conjugates. 

Aptamers 

 Aptamers are DNA or RNA oligonucleotides with particular conformations that 

enable ligand binding with high affinity and selectivity to a wide variety of species, 

including proteins, sugars, other nucleic acids, and phospholipids (Swami et al. 2012).  

These nucleotides are identified by a method known as systemic evolution of ligands by 

exponential enrichment (SELEX), initially developed in 1990 (Ellington and Szostak 

1990; Tuerk and Gold 1990).  As with peptides, aptamers also afford their small sizes, 

high stability across solvents, and decreased immunogenicity compared to proteins 

(Kamaly et al. 2012).  One example is the A10 aptamer, which targets the prostate 

specific membrane antigen (PSMA) on prostate cancer cells and has been used to deliver 

polymer nanoparticles encapsulating docetaxel to subcutaneous LNCaP tumors in mice 

(Farokhzad et al. 2006).  Over the 109-day period of this study, 100% survival was 



 

138  

achieved among mice treated with drug-loaded polymer nanoparticles coated with A10 as 

compared to 57% among mice treated with drug-loaded particles without the aptamer. 

Sugars 

 Carbohydrates or sugars are appealing targeting agents because of their facile 

production and small size (Kamaly et al. 2012).  Examples include mannose (Gary-Bobo 

et al. 2012), glucose (Kotsuchibashi et al. 2013), and galactose (Zheng et al. 2012), and 

these can be exploited to target carbohydrate-binding proteins known as lectins that are 

overexpressed on cancer cell surfaces.  For instance, retinoblastoma is one lectin-

expressing cancer type, and Gary-Bobo et al. showed that mannose coated mesoporous 

silica particles could effectively deliver camptothecin to kill retinoblastoma cells in vitro 

and enable targeted photodynamic therapy with the incorporation of porphyrin (Gary-

Bobo et al. 2012).   

Other Small Molecules 

 Additional natural and synthetic, small molecules are under investigation and 

have demonstrated advantages similar to aforementioned agents including ease of 

production, the ability to achieve high surface densities on particle surfaces, high 

stability, low cost, and potentially less immunogenicity than antibodies and other proteins 

(Kamaly et al. 2012).  A widely studied example is the vitamin folate, which binds folate 

receptors upregulated in a variety of tumor types with high affinity (KD = 1 nM) (Lu and 

Low 2002).  In one embodiment, Kukowska-Latallo and colleagues conjugated small 

dendrimers (< 5nm) to folate and methotrexate for targeted delivery to KB tumors in 

mice (Kukowska-Latallo et al. 2005).  They found that with their particle formulation, the 

drug persisted in tumor tissue 7 days after intravenous administration, but by comparison, 
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the free drug diminished from tumors by 24 h.  This difference ultimately led to greater 

inhibition of tumor growth in the mice with lower drug doses overall using the folate-

nanoparticles with respect to free drug. 

6.1.2 EphrinA1-EphA2 Ligand-Receptor Interaction 

The 13 Eph receptor types and the associated 8 ephrin ligands represent the 

largest family of receptor tyrosine kinases in the body (Kullander and Klein 2002).  Both 

the ligands and receptors are membrane bound in their native state and exchange 

bidirectional signals that govern a wide variety of physiologic processes including 

angiogenesis, cell migration, neural development, and formation of tissue boundaries.  In 

fact, the end result of many ephrin/Eph signaling pathways is alteration of the cell 

cytoskeleton.  While the ephrin ligands are subclassified based upon their membrane 

tethering motifs, A type receptors conventionally bind A type ligands whereas B type 

receptors mostly bind B type ligands.  Figure 6.2 shows a representative schematic of the 

ligand-receptor interaction. 
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Figure 6.2: Ephrin-Eph ligand-receptor interaction.  Representation of the interaction 
between (top) an ephrin-expressing cell and (bottom) an Eph receptor-expressing cell.  
While ephrinA ligands are membrane bound via a glycosylphosphatidylinositol (GPI) 
anchor, ephrinB ligands are tethered via a transmembrane domain with a cytoplasmic tail 
and PDZ-binding motif.  Eph receptors consist of the same basic structural units as 
shown.  Signaling cascades can occur within both cells as a result of the interaction.  
Adapted from Klein 2008. 

 
EphA2 is a 130 kDa receptor primarily involved in cell growth during 

development while in adults its expression seems to be confined to dividing epithelial 

cells particularly in mammary glands, with relatively low expression elsewhere (Kinch 

and Carles-Kinch 2003).  Yet in the case of cancer, EphA2 is much more prevalent with 

wide expression across solid tumor types including melanomas, glioblastoma multiforme, 

breast, prostate, lung, ovarian, and colon carcinomas (Kinch and Carles-Kinch 2003; 

Wykosky and Debinski 2008).  Additionally, its expression is typically correlated with 

more aggressive and metastatic phenotypes.  For instance, invasive prostate cancer cells 

have been shown to overexpress EphA2 by as much as 100-fold compared to noninvasive 
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epithelium (Walker-Daniels et al. 1999).  Zeng and colleagues also found that EphA2 

may play a role in pre-malignancy of prostate cancer (Zeng et al. 2003).  Across 93 

patients with radical prostatectomies, the investigators found that 67% of cells within 

areas of prostate intraepithelial neoplasia (PIN), a precursor to adenocarcinoma, were 

positive for EphA2 compared to just 12% for normal cells (Figure 6.3).  Meanwhile, 

adenocarcinoma cells had even more prevalent expression at 85%.  Interestingly, other 

studies have shown that EphA2 is also expressed within tumor neovasculature in mouse 

xenografts derived from human breast cancer and Kaposi’s sarcoma (Ogawa et al. 2000). 

 

Figure 6.3: EphA2 expression in the human prostate.  Immunohistochemistry shows 
EphA2 in red/pink and nuclei in blue.  Higher receptor expression is seen in high-grade 
prostatic intraepithelial neoplasia (PIN, left) as compared to a normal, adjacent gland 
(right) with little to no expression. From Zeng et al. 2003. 

 
As such, EphA2 represents a viable target for a myriad of cancer therapies.  The 

objectives of these therapeutics can be divided into one of two categories: either the 

knockdown of the EphA2 itself for tumor inhibition or the delivery of drugs or other 

agents to tumor cells overexpressing EphA2.  In the first case, example treatments 

include monoclonal antibodies against the receptor as well as siRNA-induced gene 
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knockdown (Carles-Kinch et al. 2002; Landen et al. 2005).  In the second case, ephrinA1 

ligands and associated mimetic peptides can be used to home drugs and other toxins to 

EphA2 expressing tumors (Koolpe, Dail, and Pasquale 2002; Wykosky, Gibo, and 

Debinski 2007).  In fact, Gobin et al. have previously exploited ephrinA1 as a means to 

target gold-silica nanoshells to cultured PC3 cells and demonstrated targeted 

photothermal ablation in vitro (Gobin, Moon, and West 2008).  As mentioned, the aim of 

this work was to further test the ephrinA1-nanoshell targeting scheme for photothermal 

ablation in vivo. 

6.2 Materials and Methods 

6.2.1 Nanoparticle Preparation 

Gold-silica nanoshells with ~150 nm diameters and near-infrared resonance were 

synthesized according to methods outlined in Chapter 2. 

6.2.2 Synthesis of EphrinA1-PEG Conjugates 

Recombinant mouse ephrinA1/Fc chimera (EA1, R&D Systems) was conjugated 

to an orthopyridyl disulfide-poly(ethylene glycol)-succinimidyl propionate linker (OPSS-

PEG-SPA, Nektar Therapeutics, MW = 2000 Da), where the SPA end-group reacts with 

surface exposed amines on the protein.  First, 200 µg EA1 was dissolved in 500 µl ice-

cold 100 mM sodium bicarbonate (NaHCO3) buffer at pH 8.5 in a 4 ml glass vial.  A 

separate solution of 125 µM OPSS-PEG-SPA in ice-cold 100 mM NaHCO3 was prepared 

as well, and 79 µl of this solution was quickly transferred to the dissolved protein for a 

PEG:protein molar ratio of 2:1 followed by immediate, gentle vortexing.  The final 

reaction volume was adjusted to 1 ml with additional ice-cold 100 mM NaHCO3, and the 
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vial was rocked overnight at 4 °C.  The conjugated EA1-PEG-OPSS product was frozen 

at -80 °C before further use. 

6.2.3 Conjugation of EphrinA1 to Nanoshells and Quantification with a Modified 

Enzyme-Linked Immunosorbent Assay 

For conjugation to gold-silica nanoshells, particles were first suspended in 9 ml 

ultrapure water at a concentration ~4 x 109 NS/ml in a 20 ml glass scintillation vial.  29 

µl of EA1-PEG-OPSS at 200 µg/ml protein was added to the nanoshell suspension for a 

reaction ratio 1500:1 EA1 protein molecules:nanoshell, and the volume was vortexed and 

then rocked at 4 °C for 1 h.  Remaining particle surface area was then coated with PEG-

thiol (PEG-SH, MW = 5000 Da, Laysan) for passivation and prevention of nonspecific 

protein binding.  1 ml of 10 µM PEG-SH in ultrapure water was added to the ephrinA1-

nanoshell suspension followed by vortexing and overnight rocking at 4 °C.  As a control, 

nanoshells conjugated to PEG-SH only (PEG-NS) were prepared as well.  The next day, 

unconjugated EA1-PEG-OPSS and PEG-SH were removed via centrifugation before 

further use of the nanoshells. 

Successful conjugation of EA1 to nanoshell surfaces was verified with antibody 

detection, similar to an enzyme linked immunosorbant assay (ELISA) but conducted in 

solution as shown in Figure 6.4.  Briefly, ephrinA1-nanoshells were pelleted via 

centrifugation and resuspsended in 1% casein in 1X phosphate buffered saline (PBS, pH 

7.5) to block nonspecific binding sites.  Goat anti-ephrinA1 primary antibody (Sigma 

Aldrich) was incubated with nanoshells at a final concentration of 10 µg/ml overnight at 

4 °C.  The next day, nanoshells were pelleted followed by removal of the supernatant and 

addition of fresh 1% casein; this process was performed three times to ensure removal of 
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unreacted primary antibody.  Next, rabbit anti-goat IgG secondary antibody conjugated to 

horseradish peroxidase (HRP) was added to the nanoshell suspension at a final 

concentration of 20 µg/ml and incubated for 1 h at room temperature.  Afterwards, three 

additional rounds of centrifugation were conducted to ensure removal of free secondary 

antibody.  Finally, a solution of 3,3',5,5'-tetramethylbenzidine dihydrochloride (TMB, 

Sigma Aldrich) was mixed with the nanoshell suspension, and the reaction was stopped 

by subsequent addition of 2 M sulfuric acid (H2SO4).  The absorbance readings of the 

solutions were recorded at 450 nm and compared with OD450 readings for solutions 

containing known concentrations of the secondary IgG-HRP antibody (0 – 1 µg/ml).  

Absorbance values for these known concentrations were used to create a standard curve, 

from which the amount of EA1 on nanoshell surfaces was interpolated.  For each ELISA, 

PEG-only coated nanoshells were used as a control group. 

 

Figure 6.4: Schematic of ephrinA1-nanoshell ELISA.  To detect ephrinA1 on 
nanoshell surfaces, a modified ELISA was performed with a primary antibody against 
ephrinA1 and a secondary antibody conjugated to the HRP enzyme, which catalyzes 
conversion of a substrate to a colored product measurable by UV/Vis spectroscopy. 
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6.2.4 EphrinA1-Nanoshell Saline Stability Test 

As described in Chapter 2, saline stability tests can be used to confirm successful 

passivation of gold nanoshell surfaces within physiologic salt conditions.  This test was 

performed following the methods in section 2.3 with ephrinA1-nanoshells in 100 mM 

NaCl with the following two comparison groups, PEG-NS in 100 mM NaCl and 

unconjugated nanoshells in 100 mM NaCl.   

6.2.5 Characterization of EphrinA1-Nanoshell Hydrodynamic Diameter and 

Surface Charge 

Both dynamic light scattering (DLS) and zeta potential analysis was performed 

with ephrinA1-nanoshells as outlined in section 2.4.3 with PEG-NS and unconjugated 

nanoshells for comparison. 

6.2.6 EphA2 Immunohistochemistry with PC3 Prostate Cancer Cells 

As mentioned earlier, ephrinA1 binds the EphA2 tyrosine kinase receptor on cell 

surfaces, and EphA2 is known to be overexpressed in a variety of cancer types (Wykosky 

and Debinski 2008).  To confirm high EphA2 expression on PC3 prostate cancer cells, 

immunohistochemistry was performed.  Table 3 below lists the different cell types used 

for this study.  All cell lines were purchased from American Type Culture Collection 

(ATCC) and maintained according to ATCC guidelines as described below. 

 

Table 3: Cell types used for EphA2 immunohistochemistry. 

Cell Type Description 
PC3 Prostate carcinoma from primary tumor 

PCS 440 Primary prostate epithelial cells (normal) 
HDF Human dermal fibroblasts 
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PC3 cells were cultured in F-12K medium (ATCC), supplemented with 10% fetal 

bovin serum (FBS), 2 mM L-glutamine, 1% penicillin, and 1% streptomycin.  HDF cells, 

used as a control, were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM, 1 

g/L glucose, Sigma), supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1% 

penicillin, and 1% streptomycin as well.  Both cell lines were maintained in T-75 cm2 

tissue culture flasks.  Upon reaching confluency, PC3 and HDF cells were passaged 1:7 

and 1:10, respectively.  For PCS 440 culture, cells were maintained in Prostate Epithelial 

Cell Basal Medium (ATCC), supplemented with a complete Prostate Epithelial Cell 

Growth Kit (ATCC) as well as 2 mM L-glutamine, 1% penicillin, and 1% streptomycin.  

Upon reaching 60 – 70% confluency in a T-75 cm2 tissue culture flask, PCS 440 cells 

were passaged 1:10.  All passaging was performed by first rinsing cells with 1X PBS, 

followed by 5 min incubation with trypsin-EDTA (Sigma) to detach cells and 

neutralization with the appropriate pre-warmed media.  All cells were maintained at 37 

°C in a 5% CO2 atmosphere. 

For EphA2 immunohistochemistry, cells were seeded in 48 well plates and grown 

to approximate confluency, at which time cells were fixed with 2.5% glutaraldehyde 

(Electron Microscopy Sciences) for 20 min at room temperature followed by rinsing with 

1X PBS.  To neutralize endogenous peroxidase activity, cells were incubated with 3% 

hydrogen peroxide (H2O2, Fisher Scientific) in PBS for 20 min at room temperature, 

followed by rinsing with 1X PBS.  Nonspecific binding sites on cell surfaces were then 

blocked with 3% bovine serum albumin (BSA, Sigma Aldrich) in PBS for 2 h at room 

temperature.  Afterwards, the BSA solution was aspirated and an additional rinsing with 

1X PBS was performed.  Mouse, anti-human EphA2 monoclonal antibody (anti-hEphA2, 
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R&D Systems) was then prepared at 10 µg/ml in 3% BSA.  Following aspiration of the 

PBS solution, 200 µl of the primary anti-hEphA2 was added to each well.  For control 

groups (secondary antibody only and cell only), 200 µl of 3% BSA alone was added to 

each well.  The plate was then rocked overnight at 4 °C. 

The next day, the solution in each well was aspirated, and cells were rinsed with 

1X PBS.  Goat, anti-mouse IgG-HRP secondary antibody (Sigma Aldrich) was then 

prepared at 20 µg/ml upon dilution in 3% BSA, and 200 µl was added to each well.  3% 

BSA alone was added to samples designated as cell only controls.  The plate was rocked 

for 1 h at room temperature, followed by rinsing with 1X PBS.  To stain cells for EphA2 

expression, aminoethyl carbazole (AEC, Invitrogen) was added to each well followed by 

incubation in the dark for 15 min at room temperature.  Following additional rinsing with 

1X PBS, cell nuclei were counterstained with Mayer’s hematoxylin (Sigma Aldrich) for 7 

min at room temperature.  Finally, cells were further rinsed before imaging under phase 

contrast microscopy. 

6.2.7 EphrinA1-Nanoshell Targeting to PC3 Cells and Photothermal Ablation In 

Vitro 

In vitro targeting tests were performed to determine if ephrinA1-nanoshells 

appropriately bind PC3 cancer cells.  First, PC3, PCS 440, and HDF cells were seeded 

onto chambered coverglass slides that had been previously coated with 0.001% 

fibronectin (Sigma Aldrich) to promote cell attachment.  Cells were allowed to adhere for 

approximately 24 h.  During this time, EA1-conjugated gold-silica nanoshells were 

prepared as described above, pelleted to remove unreacted molecules, and adjusted to ~7 

x 109 NS/ml in 1X PBS.  After aspiration of culture media from cells, 600 µl of nanoshell 
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suspension was added to each well, and particles were then incubated with cells for 1 h.  

PEG only coated nanoshells were also added to cells as a control.  Cells were then rinsed 

three times with 1X PBS and fixed with 2.5% glutaraldehyde for 20 min followed by 

further rinsing with 1X PBS.  The degree of nanoshell binding to cells was qualitatively 

evaluated with both darkfield microscopy and silver staining.  For darkfield scatter-based 

imaging, chamber wells were removed, and cells were cover slipped and imaged with a 

Zeiss Axiovert 135 configured with a CytoViva condenser and EXFO X-Cite 120 

Illumination System.  For silver staining, in which silver ions precipitate onto gold 

particles and afford contrast under phase microscopy, a silver enhancer kit (Sigma 

Aldrich) was used according to the manufacturer’s instructions.  All cell samples were 

stained equivalently, followed by rinsing with deionized water and imaging with phase 

microscopy. 

 Following confirmation of ephrinA1-nanoshell targeting to PC3 cells, a 

photothermal ablation study was performed.  PC3 and HDF cells seeded onto coverglass 

and ephrinA1-nanoshells were incubated with one another as described above for the 

targeting tests.  As controls, both PEG-NS and 1X PBS without nanoshells were 

incubated with cells.  Following the incubation period, cell samples were rinsed three 

times with 1X PBS to remove unbound particles.  Cells were then irradiated with an NIR 

laser (Coherent Diode, 808 nm, 80 W/cm2, 5 min), during which time bound nanoshells 

absorbed the light to produce heat.  Afterwards, all samples were incubated at 37 °C in 

5% CO2 for 2 h to allow ample time for completion of cell death in response to 

therapeutic heating.  Viability staining was then performed according to manufacturer’s 

instructions, using calcein AM and ethidium homodimer-1 (Invitrogen).  Calcein AM is 
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membrane permeable, and upon entering the cytoplasm, is cleaved by esterases in live 

cells to produce calcein, which fluoresces green.  Meanwhile, ethidium homodimer-1 is 

unable to cross cell membranes, but in the case of dead cells with compromised 

membranes, it binds nucleic acids and fluoresces red.  Samples were then imaged under 

fluorescence microscopy with an inverted Zeiss Axiovert 135 microscope (calcein 

excitation/emission: 480/535 nm; ethidium homodimer-1 excitation/emission: 560/645 

nm). 

6.2.4 PC3 Mouse Model, Nanoshell Administration, and In Vivo Photothermal 

Ablation 

The efficacy of targeted photothermal ablation in vivo was performed in a 

subcutaneous PC3 tumor mouse model.  All mouse experiments were performed 

according to a protocol approved by the Institutional Animal Care and Use Committee of 

Baylor College of Medicine.  PC3 cells were maintained as described above and removed 

from tissue culture flasks with trypsin-EDTA followed by suspension in cell culture 

media.  For inoculation, 1 x 106 cells were injected into the subcutaneous space of the 

right and left flanks of male, athymic (nu/nu) mice at 6 – 7 weeks of age (National 

Cancer Institute).  Tumor size was monitored using digital calipers, and once ~20 – 30 

mm2 tumor sizes (L x W) were achieved, animals were randomly assigned to one of three 

groups, each to receive a tail vein injection of either ephrinA1-nanoshells (n = 10), PEG-

NS (n = 11), or 1X PBS (n = 9).  For mice in the nanoshell groups, 100 µl of suspension 

at 2.2 x 1011 particles/ml in 1X PBS was injected.  This concentration corresponded to an 

optical density of 80 at ~800 nm. 
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To compare the circulation of EA1-NS and PEG-NS 4 h after intravenous 

administration, blood draws from the mice within each of the nanoshell groups were 

acquired via the saphenous vein.  To acquire blood samples, the inside portion of the hind 

limb was swabbed with petroleum jelly.  The saphenous vein was then pierced with an 

18.5 gauge syringe needle.  Slight pressure was applied to the puncture site to collect 4 – 

5 drops of blood (~100 µl total) into 500 µl centrifuge tubes.  Blood samples were frozen 

at -80 °C until preparation for elemental analysis was begun. 

After allowing nanoshells to circulate for a 24 h period, 2 mice in the EA1-NS 

group and 3 mice in PEG-NS group were sacrificed to harvest tumor, liver, and spleen 

tissues to evaluate particle biodistribution via histology and elemental analysis.  The 

remaining mice were included in the photothermal ablation study.  In the saline group, 15 

tumors in total were present, whereas 15 and 17 tumors were present in the PEG-NS and 

EA1-NS groups respectively.  These mice were anesthetized, and tumors were swabbed 

with glycerol as an index matching agent during laser exposure.  Next, tumors were 

externally irradiated with NIR light (Coherent Inc.) at 808 nm and an intensity of 4 

W/cm2 for 4 min (spot diameter = 9.5 mm).  Tumor sizes were then recorded at 3 – 4 day 

intervals over the next 34 days.  Mice were sacrificed when tumors exceeded 10 mm in 

any one dimension.  In some mice, tumor regression was observed as a result of therapy 

on one flank while the tumor on the other flank had grown beyond the 10 mm size limit.  

In these cases, which arose beginning at day 13 of the study, the mouse was sacrificed.  

Therefore to accurately represent the data, only tumor size measurements through day 13 

are represented graphically herein.  Additional findings beyond day 13 and through day 

34 are included in the discussion. 
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6.2.5 Evaluation of Nanoshell Biodistribution with Elemental Analysis and Histology 

To determine gold content within blood samples collected 4 h after nanoshell 

injection, the samples were first lyophilized, and the subsequent dry weights were 

recorded.  Blood samples were then digested in 500 µl of aqua regia for ~24 h at room 

temperature.  Trace metal grade nitric acid (Sigma Aldrich) and hydrochloric acid 

(VWR) were used to make aqua regia throughout sample preparation.  The next day, 

samples were diluted with ultrapure water and filtered through a 0.45 µm filter.  

Solutions at known concentrations of gold serially diluted in 1% aqua regia from a 

certified Gold Standard for ICP (Sigma Aldrich) were also prepared as a standard curve 

reference.  Both the blood samples and gold standards were analyzed with inductively 

coupled plasma – optical emission spectrometry (ICP-OES, Perkin Elmer Optima 4300 

DV) with the analyte wavelength set to 242 nm for gold and yttrium as the chemical 

reference at 371 nm.  In ICP-OES, argon plasma is used to excite the electrons within a 

sample, resulting in the emission of photons at wavelengths characteristic of the element 

of origin (PerkinElmer 2008).  The optical spectrometer separates these emission 

processes by wavelength, and transmits the desired wavelengths to a detector.  The 

detector records associated intensity information, which can be converted to 

concentration with a standard curve.  ICP-OES is well suited for detection of a variety of 

elements including gold with a sensitivity lower limit of 0.1 – 10 ppb (PerkinElmer 

2008), which was below expected concentrations of gold to be found in the blood.  

Gold content within tumor, liver, and spleen samples was similarly analyzed.  

First, tumor tissues were sectioned in half so that one piece could be used for histology as 

described below and the other for elemental analysis.  Next, all tissue samples were 
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lyophilized, weighed, and digested in 500 µl aqua regia for ~48 h at room temperature.  

The samples were then diluted in 1% aqua regia followed by filtration with 0.45 µm 

filters.  Standard solutions with known concentrations of gold were prepared as stated 

above as well.  The digested tissue samples and gold standards were analyzed for gold 

content with germanium as the chemical reference using inductively coupled plasma 

mass spectrometry (ICP-MS, Perkin Elmer ELAN 9000).  Similar to ICP-OES, ICP-MS 

employs an argon plasma torch to heat a sample.  Instead however, a mass spectrometer 

is used to sort ions by their mass-to-charge ratios, and a detector tallies ion number for 

determining intensity (Ha, Tsay, and Churchill 2011).  Using the intensity information 

and a standard curve, concentration can be determined.  The associated detection limit for 

ICP-MS lies in the range of 0.001 to 1 ppb (PerkinElmer 2008), which was below the 

expected concentration of gold in tumor tissue.  Both liver and spleen samples were 

diluted so as not to saturate the detector, and these dilutions were later accounted for 

when calculating final gold content within tissue. 

Histology and CD31 immunostaining was performed with harvested tumor tissues 

to determine nanoshell localization with respect to tumor vessels.  Tissue samples were 

first embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Inc.), 

followed by freezing, sectioning into 12 µm slices with a cryotome, and mounting onto 

glass slides (Superfrost Microscope Slides, Fisher Scientific).  For CD31 

immunostaining, sections were first fixed with acetone pre-chilled at -20 °C.  Following 

rinses with 1X PBS, samples were then blocked for 1 h at room temperature with 5% 

BSA in 1X PBS with 0.05% Tween20 (PBST).  After removal of the blocking solution, 

rabbit anti-mouse CD31 (Abcam) at 5 µg/ml in 1% BSA in PBST was incubated with the 
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sections overnight at 4 °C.  Rinsing with PBST was performed the next day followed by a 

1 h incubation with donkey anti-rabbit IgG AF-488 conjugate (Invitrogen) at 10 µg/ml in 

1% BSA at room temperature.  Sections were rinsed with PBST and PBS, followed by 

addition of mounting medium (Vectashield, Vector Labs) and a glass cover slip.  Imaging 

was performed with a Zeiss Axiovert 135 configured with a CytoViva condenser for 

darkfield imaging to collect nanoshell scattering and appropriate filter sets to collect 

fluorescence for CD31 localization. 

6.3 Results and Discussion 

6.3.1 EphrinA1-Nanoshell Characterization: EphrinA1 Quantification, Stability, 

Hydrodynamic Diameter, and Surface Charge  

EphrinA1 protein was conjugated to gold-silica nanoshell surfaces by employing 

a heterobifunctional PEG linker, containing an amine-reactive end group for coupling to 

accessible amines on the protein as well as sulfur containing end group for eventual 

adsorption to gold.  Conjugation was confirmed with a modified ELISA, where antibody 

detection was performed with ephrinA1-nanoshells (EA1-NS) in suspension.  As shown 

in Figure 6.5, a total of 133 ± 24 EA1 molecules per EA1-NS were observed as compared 

to negligible background readings for PEG-NS (4 ± 5). 
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Figure 6.5: ELISA shows successful EA1 conjugation to nanoshells.  A modified 
ELISA confirmed EA1 conjugation to gold-silica nanoshell surfaces with 133 ± 24 EA1 
protein molecules present per particle.  PEG-NS control samples demonstrated low 
background within the assay.  *p < 0.01 by Student’s t test. 

 
A saline stability test was also performed to ensure that the presence of the protein 

on particle surfaces did not compromise stability in physiologic salt concentrations.  

After suspension in 100 mM NaCl for 3 h, EA1-NS exhibited statistically equivalent 

stability (> 95%) compared to that of PEG-NS as determined by UV-Vis spectroscopy 

(Figure 6.6).  In contrast, unconjugated nanoshells had flocculated in saline and showed 

~25% stability.  Additionally, ZetaSizer characterization of EA1-NS exhibited increases 

in hydrodynamic diameter and surface charge compared to unfunctionalized nanoshells 

(Table 4). 
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Figure 6.6: EA1-NS are stable in physiologic salt conditions.  After 3 h in 100 mM 
NaCl, both PEG-NS and EA1-NS demonstrated statistically equivalent stability, 
calculated as a percent of the original UV-Vis peak extinction value at the start of the 
test.  Unconjugated nanoshells aggregated in saline as demonstrated by the drop in 
stability. *p < 0.05 by ANOVA and post hoc Tukey HSD. 

  

Table 4: Hydrodynamic diameter and zeta potential characterization of ephrinA1-
nanoshells in water. 

Particle Type Hydrodynamic Diameter (nm) Zeta Potential (mV) 
Unconjugated NS 154.0 ± 9.4 -58.7 ± 2.2 

PEG-NS 187.4 ± 12.5 -32.5 ± 2.4 
EA1-NS 204.1 ± 16.7 -29.4 ± 1.8 

 

6.3.2 PC3 Prostate Cancer Cells Express EphA2 Receptor 

After confirming that the EA1 protein ligand was successfully conjugated to gold-

silica nanoshells, immunohistochemistry was performed to verify increased expression of 

the ligand’s receptor, EphA2, on PC3 prostate cancer cells as compared to normal cells.  

Here, two normal cell types were included, PCS 440 prostate epithelial cells and human 

dermal fibroblasts.  As shown in Figure 6.7, where red staining indicates the EphA2 

receptor, PC3 express the receptor at much higher levels than PCS 440 and HDF cells.  



 

156  

 

Figure 6.7: PC3 cells express high levels of EphA2.  EphA2 receptor immunostaining 
is shown in red for PC3, PCS 440, and HDF cells.  Cells were also stained with 
hematoxylin, which indicates nuclei in blue.  (Top row) PC3 prostate cancer cells 
displayed the highest EphA2 expression as compared to the PCS 440 normal prostate and 
HDF cells.  (Bottom row) The secondary antibody only controls showed no background 
stain. 

 
6.3.3 EphrinA1-Nanoshells Bind PC3 Prostate Cancer Cells and Enable Targeted 

Photothermal Ablation In Vitro 

The ability of ephrinA1-nanoshells to target PC3 cells was next assayed by 

incubating the particles with PC3, PCS 440, and HDF cells for 1 h.  Following 

incubation, rinsing was performed to remove unbound nanoshells.  Samples were then 

fixed and imaged with darkfield microscopy, a previously mentioned technique in which 

light strikes specimens at an angle so that subsequent scattered light is captured.  With 

this method, cells appear bluish gray, and the particles are reddish yellow.  The images 

showed that ephrinA1-nanoshells successfully bound PC3 cells to a greater degree than 

the normal prostate PCS 440 and HDF cells Figure 6.8.  By comparison, PEG-NS did not 
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bind cells, were removed during the rinsing steps, and resulted in low signal across all 

samples. 

 

Figure 6.8: Darkfield microscopy confirms EphrinA1-NS binding to PC3 cells.  
Darkfield micrographs of PC3, PCS 440, and HDF cells (shown in blue-gray) after 
incubation with gold silica nanoshells (shown in red-yellow).  (Top row) EphrinA1 
nanoshells demonstrated greatest degree of cell binding to PC3 cells, which overexpress 
the EphA2 receptor, as compared to the other cell types.  (Bottom row) PEG only coated 
nanoshells resisted cell binding and showed low levels of labeling among all cell types. 
 

 The targeting capability of ephrinA1-nanoshells was cross-checked with silver 

staining, in which silver ions precipitate onto gold and afford sufficient contrast to 

visualize particle binding to cells under phase contrast microscopy.  Here, a similar 

method was followed for particle-cell incubation and rinsing with PC3 and HDF cells.  

After fixation and staining, ephrinA1-nanoshells again showed strong labeling of PC3 

cells compared to HDF cells and PEG-NS did not bind cells (Figure 6.9).  
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Figure 6.9: Silver staining confirms ephrinA1-nanoshells target PC3 cells.  Phase 
contrast micrographs of silver stained (top row) PC3 prostate cancer cells and (bottom 
row) human dermal fibroblasts or HDF cells after incubation with gold-silica nanoshells 
(NS) conjugated to ephrinA1 or PEG only.  EphrinA1-NS showed robust binding to PC3 
cells via the EphA2 receptor.  Because HDF cells expressed very low levels of EphA2, 
ephrinA1-NS offered little to no contrast.  PEG-NS demonstrated little to no binding as 
well for both cell types.  Cell only controls show low background staining.  Scale bars = 
100 µm. 
 

 Upon confirmation of ephrinA1-nanoshell targeting to PC3 cells, a photothermal 

ablation study was performed to determine if nanoshell binding would lead to sufficient 

heating to induce cancer cell death upon NIR irradiation.  Both PC3 and HDF cells were 

once again incubated with ephrinA1-nanoshells and PEG-NS for comparison.  After 

rinsing, samples were irradiated with 808 nm light at 80 W/cm2 for 5 min followed by 

viability staining.  Figure 6.10 below shows that cell death only occurred where 

ephrinA1-conjugated particles had been incubated with PC3 cells, demonstrating targeted 

photothermal ablation.  Additionally, cell samples incubated with a saline solution 

without nanoparticles remained viable after NIR irradiation, highlighting that the laser 

alone was not harmful to cells. 
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Figure 6.10: EphrinA1-nanoshells enable targeted photothermal ablation of PC3 
cells.  Following nanoshell incubation and NIR exposure at 80 W/cm2 for 5 min, cells 
were stained with calcein AM (live/green) and ethidium homodimer-1 (red/dead) and 
imaged with fluorescence microscopy.  EphrinA1 conjugated particles bound PC3 cell 
surfaces and led to subsequent cell death upon NIR irradiation.  In comparison, 
ephrinA1-nanoshells did not sufficiently bind normal, human fibroblasts and cells 
remained viable after laser exposure.  Similarly, PEG-NS did not sufficiently bind either 
cell type, maintaining cell viability.  Furthermore, the laser alone was not harmful to 
cells, which remained alive in cell only controls post irradiation. Scale bar = 250 µm. 

 

6.3.4 Nanoshell Assisted Photothermal Therapy Promotes PC3 Tumor Regression 

In Vivo 

Based upon in vitro results showing effective binding of ephrinA1-nanoshells to 

PC3 cell surfaces, it was hypothesized that the particles would also bind PC3 cells in an 

in vivo tumor model and thus potentially enhance tumor uptake and the efficacy of 

photothermal therapy compared to nontargeted particles.  To test this hypothesis, PC3 

tumors were grown in the flanks of male, nude mice, and upon reaching ~20 – 30 mm2 in 

size (L x W), 100 µl nanoshell suspension at 2.2 x 1011 particles/ml was injected via the 

tail vein.  One group of mice received EA1-NS, another PEG-NS, and a third group 
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saline alone.  After allowing particles to circulate for 24 h, tumors were irradiated with 

NIR light at an intensity of 4 W/cm2 for 4 min.  Tumor sizes as measured with digital 

calipers showed regression as a result of nanoshell-assisted photothermal therapy.  At day 

13, tumors in the saline group grew to an average size of 46.0 ± 5.7 mm2 while those of 

the PEG-NS and EA1-NS groups had reduced to sizes of 7.7 ± 3.3 mm2 and 11.4 ± 4.4 

mm2 respectively (variation = standard error of the mean).  However, no statistically 

significant difference was noted between average tumor sizes at day 13 between the 

PEG-NS and EA1-NS groups (Figure 6.11).  Additionally, while all tumors in the saline 

group exhibited growth across the observation period, 9 out of 15 tumors (60%) in the 

PEG-NS group and 9 out of 17 tumors (53%) in the EA1-NS showed complete regression 

at day 13 (Figure 6.12). 

 

Figure 6.11: Nanoshell assisted photothermal therapy promotes PC3 tumor 
regression in vivo.  Tumor sizes in saline treated reached an average size of 46.0 ± 5.7 
mm2  (n = 15) at 13 days after irradiation, whereas tumors in mice injected with PEG-NS 
and EA1-NS were 7.7 ± 3.3 mm2 (n = 15) and 11.4 ± 4.4 mm2 (n = 17) respectively.  The 
size differences between saline treated and nanoshell treated mice were statistically 
significant (*p < 0.05 by ANOVA and post hoc Tukey HSD) although no difference was 
observed between tumor sizes in the PEG-NS and EA1-NS groups.  Error bars indicate 
standard error of the mean. 
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Figure 6.12: Percent complete regression observed at day 13.  At 13 days after 
irradiation, 9/15 (60%) tumors in the PEG-NS and 9/17 (53%) tumors in the EA1-NS 
group exhibited complete regression.  In contrast, all tumors in the saline control arm 
continued to grow. 

 
 As previously mentioned, mice were sacrificed when tumor size reached 10 mm 

in any one dimension, including cases in which a tumor on one flank had regressed while 

the tumor on the opposite flank of the same mouse had exceeded the 10 mm size 

threshold.  The first incidences of this scenario began on day 13.  Beyond this point, 

among the 7 remaining tumors in saline group, all continued to grow up until animal 

sacrifice.  In the PEG-NS group, 4 out of the 9 tumors that had exhibited complete 

regression by palpation at day 13 showed signs of growth and recurrence after day 13 and 

through day 34.  Finally, in the EA1-NS group, 1 tumor out of 9 completely regressed 

tumors exhibited similar recurrence as well.  Again, it is worth emphasizing that these 

tumors were not monitored over equal periods of time because of animal sacrifice, and 

therefore reliable statistical analyses of the data beyond day 13 and through day 34 are 

unable to be performed. 
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6.3.5 EphrinA1-Nanoshell In Vivo Biodistribution 

In the same in vivo photothermal study, blood draws were acquired 4 h post 

nanoshell intravenous administration to compare gold content in circulation between the 

EA1-NS and PEG-NS groups.  As determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES), the gold concentration in blood collected from mice 

injected with PEG-NS was ~4X higher at 146.2 ± 77.5 ppm compared to 35.4 ± 35.82 

ppm in the EA1-NS group (Figure 6.13).  Additionally, at 24 h post nanoshell injection, 2 

mice in the EA1-NS group along with 3 mice in the PEG-NS group were sacrificed, and 

tumor, liver, and spleen tissues were harvested for elemental analysis with inductively 

coupled plasma mass spectrometry (ICP-MS).  These results along with the available 

gold content in blood as determined with ICP-OES are displayed in Table 5 below. 

 

Figure 6.13: Gold concentration in blood taken at 4 h post injection of nanoshells.  
ICP-OES analysis was used to determine gold concentrations (ppm or µg gold/g 
lyophilized blood) in blood samples acquired from mice in both the EA1-NS (n = 10) and 
PEG-NS (n = 10) groups.  Gold content was ~4X higher in the PEG-NS group.  *p < 0.05 
by Student’s t test.  Error represents standard deviation. 
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Table 5: Gold concentrations in blood, tumor, liver, and spleen from mice at 
indicated time points. 

Tissue Gold Content (ppm) 
Sample Blood (4 h) Tumor (24 h) Liver (24 h) Spleen (24 h) 

EA1-NS Mouse 1 8.0 0.3 452.1 2,494.1 
EA1-NS Mouse 2 -- 3.2 319.4 1,709.0 
PEG-NS Mouse 1 251.3 2.2 193.4 5,695.2 
PEG-NS Mouse 2 48.3 1.2 142.3 716.1 
PEG-NS Mouse 3 175.6 6.9 212.4 3,508.9 
 

Finally, histology was performed with tumor tissue collected from mice 24 h after 

nanoshell injection to visualize particles with respect to tumor blood vessels.  Darkfield 

microscopy coupled with a fluorescence module was used to collect scattered light from 

nanoshells and fluorescent signal from CD31 immunostained vessels.  Figure 6.14 below 

shows that both EA1-NS and PEG-NS remained proximal to the vessels at 24 h. 

 

Figure 6.14: Darkfield fluorescent imaging shows nanoshells remain proximal to 
tumor blood vessels.  Representative images with nanoshells in red, and tumor blood 
vessels stained for CD31 in green.  Scale bar = 100 µm.  
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6.3.6 Discussion 

Nanoparticle-mediated thermal therapies offer the ability to overcome limitations 

associated with nonspecific hyperthermia treatments.  With these approaches, the 

particles themselves are harmless by design, but upon activation by an external stimulus, 

induce localized ablation of tissue (Day, Morton, and West 2009; Krishnan, 

Diagaradjane, and Cho 2010).  Gold-silica nanoshells are one such example particle 

platform and their PEG-passivated form has shown broad applicability in effectively 

ablating a variety of cancer types upon exposure to NIR light in vivo including colorectal 

(O’Neal et al. 2004; Gobin et al. 2007), brain (Schwartz et al. 2009; Day et al. 2011), and 

prostate (Stern et al. 2008; Schwartz et al. 2011).  In this thesis, the ability of protein 

targeting to enhance nanoshell uptake and eventual therapeutic efficacy of nanoshell-

assisted photothermal ablation for prostate cancer was tested.  Because prostate cancer 

has been shown to overexpress the EphA2 receptor by as much as 100-fold (Walker-

Daniels et al. 1999), the associated ephrinA1 ligand was chosen as the protein targeting 

agent for investigation. 

This work demonstrated the successful conjugation of ephrinA1 to gold-silica 

nanoshells and subsequent targeted photothermal ablation in vitro with EphA2+ PC3 

prostate cancer cells.  Despite the efficacy of ephrinA1 targeting in vitro, no statistically 

significant therapeutic benefit was observed with the addition of the protein on nanoshells 

for photothermal ablation in vivo in comparison to PEG-passivated particles.  At 13 days 

after NIR irradiation, this finding was evident in equivalent tumor sizes in mice that had 

been injected with EA1-NS as compared to PEG-NS.  However, in the observations made 

through day 34, recurrence of tumor growth was observed in 4 cases in the PEG-NS 
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group compared to just 1 case in the EA1-NS group among the 9 completely regressed 

tumors originally noted by palpation at day 13 in either treatment arm.  Whether this 

trend is statistically significant is unable to be determined for reasons previously 

mentioned.  Additional investigation over longer time courses without the complications 

associated with two tumors per animal seen herein will be required to determine the 

therapeutic efficacy of ephrinA1 targeting.  

Moreover, one factor that might have precluded more effective targeting in the 

EA1-NS group is the immunogenicity associated with the constant fragment (Fc) portion 

of human IgG1 within the ephrinA1 chimeric protein.  Indeed, human IgG1 has been 

reported to mediate both antibody-dependent cellular cytotoxicity (ADCC) as well as 

complement-dependent cytotoxicity (CDC) (Jazayeri and Carroll 2008).  In the case of 

ADCC, Fc portions of IgG molecules bind receptors (FcγR) expressed on the surface of a 

variety of immune cells, including macrophages, neutrophils, natural killer cells, B 

lymphocytes, and eosinophils, which results in phagocytosis.  On the surface of 

nanoshells then, the Fc fragment of the chimeric ephrinA1 protein may promote 

clearance of the targeted particles from circulation by the immune cells, preventing 

enhanced nanoshell retention and uptake in the tumor that might occur otherwise.  

Indeed, this explanation is supported by the gold concentrations detected in the blood 

samples collected from mice 4 h after intravenous delivery of nanoshells, where the 

concentration in the EA1-NS group was 4X lower than that of the PEG-NS group.  This 

difference is not likely a result of particle flocculation because EA1-NS and PEG-NS 

exhibited equivalent stability in physiologic salt solutions as measured by a saline 

stability test.  Prior work has shown faster clearance with gold-silica nanoshells coated 
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with full antibodies having intact Fc portions versus nontargeted particles (Day 2011) 

while a number of published studies cite Fc immunogenicity as a principle reason for 

investigating antibody fragments without the Fc as a targeting agent option (Holliger and 

Hudson 2005; Y. Chen et al. 2010; Vigor et al. 2010). 

Nevertheless, therapeutic efficacy in reducing tumor burden was comparable at 

least through day 13 in both the EA1-NS and PEG-NS groups.   Thus, the EA1 protein on 

the surface of the particles may be contributing to some retention and enhanced tumor 

uptake soon after nanoparticle delivery and before complete elimination from the 

bloodstream.  Although a more thorough investigation of in vivo biodistribution 

differences between the two particle types is warranted, the gold concentrations in the 

few tumor samples collected here were somewhat similar.  Other investigations have also 

shown comparable tumor uptake of targeted versus nontargeted nanoparticles, where the 

targeting agents instead alter tissue and intracellular localization (Kirpotin et al. 2006; 

Choi et al. 2010). 

In an effort to mitigate the effects of the Fc immunogenicity with the chimeric 

ephrinA1 protein, two alternative approaches for nanoshell targeting to EphA2 are under 

current investigation: 1) removal of the Fc with a protease and 2) use of an ephrinA1 

mimetic peptide.  In the first method, the protease Factor Xa has previously been used to 

successfully cleave the degradable peptide (IEGMRD) that links both ephrinA1 and the 

Fc domain of the chimeric protein (Wykosky et al. 2008).  Following cleavage and 

removal of the Fc with a protein A column in this thesis work, pure ephrinA1 has then 

been conjugated to nanoshell surfaces.  Thus far, this method has shown preliminary 

success with targeting gold-gold sulfide nanoparticles to PC3 cells although not gold-
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silica nanoshells.  Because the Fc actually acts to dimerize ephrinA1 and enhance binding 

affinity to EphA2, the removal of the Fc likely weakens the ligand-receptor interaction to 

some degree.  Therefore it is hypothesized that the weakened interaction can support the 

mass of the smaller gold-gold sulfide particles but not the larger gold-silica nanoshells at 

this point.  Additional experimentation to validate whether the level of gold-gold sulfide 

nanoparticle binding to PC3 cells is sufficient to initiate photothermal ablation in vitro 

remains to be performed. 

The second alternative approach for EphA2 targeting relies upon the prior work of 

Koolpe et al. who exploited phage display technology to identify a 12-mer peptide that 

mimics the bioactivity of ephrinA1 and specifically binds EphA2 with reasonable affinity 

(KD = 186 nM) (Koolpe, Dail, and Pasquale 2002).  In fact, this peptide has been used to 

surface coat polymer encapsulated ferrite nanoparticles for magnetic capture of ovarian 

cancer Hey cells within flow streams (Scarberry et al. 2008) as well as nanogels for 

targeted delivery of siRNA to the same cell type (Blackburn et al. 2009).  Thus, it is 

hypothesized that this same peptide will target nanoshells to the EphA2 receptor on PC3 

cells without the degree of immunogenicity observed with the ephrinA1/Fc chimeric 

protein.  Thus far in this thesis work, the peptide has been successfully synthesized in 

house and experimentation to determine whether it binds PC3 cells is forthcoming. 
Additionally, the overall efficacy of the photothermal therapy observed herein 

was somewhat less than expected.  Previous reports with nontargeted PEG-passivated 

nanoshells in subcutaneous tumor models have demonstrated 80 – 100% complete 

regression of tumors within 10 – 12 days after NIR irradiation (O’Neal et al. 2004; Gobin 

et al. 2007).  Furthermore, in a study with the same PC3 tumor model investigated herein, 
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Stern et al. showed complete regression in 14 out of 15 tumors (~93%) at 7 days after 

laser exposure with a treatment protocol similar to that employed in this work, which 

instead showed complete regression in 9 out of 15 tumors (~60%) at day 13 in the PEG-

NS group.  One conceivable explanation for this difference is ineffective technique 

during tail vein injection of the nanoparticles.  If the particles were not delivered 

appropriately and consistently, dosages would vary from mouse to mouse, and the full 

therapeutic potential would not be realized.  The standard deviations associated with 

average gold concentrations in the blood at 4 h after nanoshell delivery support this 

theory, where the standard deviation (77.5 ppm) for the PEG-NS group was over 50% of 

the average value (146.2 ppm).  In future study, taking care to ensure consistent tail vein 

injections will of course be necessary. 

While this study included only one dose of injected nanoshells and subsequent 

single application of NIR light, therapeutic response might also be enhanced with 

multiple doses, particularly in cases where tumor recurrence was observed.  Periodic 

dosing is, in fact, a common practice in cancer therapy research studies.  With little to no 

toxicity observed in previous and exhaustive studies of gold nanoshells within in vivo 

models (Gad et al. 2012), repeated dosing is not predicted to pose any unwanted harm.  

Even so, this work demonstrates strong therapeutic benefit with nanoshell-assisted 

photothermal therapy overall, with statistically significant tumor regression observed in 

both treatment arms compared to the saline control. 

6.4 Conclusions 

In summary, ephrinA1 ligands were successfully tethered to near-infrared 

resonant gold-silica nanoshells, enabling in vitro targeting to EphA2 receptors on PC3 
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cells and subsequent, targeted photothermal ablation in comparison studies with normal 

cells having lower EphA2 expression.  In vivo however, ephrinA1 targeting did not seem 

to enhance overall particle uptake within PC3 tumor tissue compared to nontargeted 

PEG-conjugated particles at least statistically, although more investigation is warranted 

to fully distinguish the two treatment approaches.  While this may be a result of protein 

immunogenicity as substantiated by early clearance of EA1-NS from the bloodstream, 

ephrinA1 may have lead to some retention of the particles within the tumor at early time 

points because photothermal therapeutic efficacy day 13 was equivalent between the 

EA1-NS and PEG-NS groups.  In both treatment arms, tumor burden was significantly 

reduced compared to mice that had been injected with only saline before transdermal NIR 

laser exposure.  Thus, this treatment approach is a viable option for prostate cancer 

patients and may offer a promising alternative to radical prostatectomy and radiation, 

where the risk of morbidity is high.  A more in-depth characterization of the in vivo 

biodistribution profiles with respect to time for EA1-NS and PEG-NS in the future will 

better elucidate particle localization within normal versus tumor tissue and therefore 

better guide treatment planning. 
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Chapter 7: Conclusions and Future Directions 

7.1 Introduction 

Nanomedicine offers significant promise in overcoming the limitations of the 

conventional cancer treatments of surgery, chemotherapy, and radiation.  While surgery 

poses the risk of morbidity and may not be a viable option for treating inaccessible 

tumors, chemotherapy and radiation are typically nonspecific and result in considerable 

off-target toxicity.  In the development of minimally invasive and highly effective 

therapies, nanoparticle platforms offer numerous advantages, including an array of 

unique material properties and functionalities as well as their small size, enabling 

biological access and tumor uptake via the EPR effect.  Nanoshell-assisted photothermal 

therapy demonstrates tremendous potential for achieving localized ablation of tumor 

tissue, and this thesis sought to enhance this technique with both multimodal imaging and 

molecular targeting approaches.  In this chapter, the principle contributions of this work 

to the field of nanomedicine are highlighted.  Recommendations for further study and 

advancement of nanoshell-assisted photothermal ablation are also presented. 

7.2 Multimodal Imaging with Nanoshells for Enhancing Photothermal 

Therapy 

Photothermal therapy with the aid of exogenous, absorbing agents allows for site-

specific destruction of tumor tissue because heat is only generated where light and the 

absorbing agents are locally combined.  Gold-dielectric shell-core nanoshells are well 

suited for this treatment approach for a number of reasons: 1) gold is biocompatible, and 

gold nanoshells exhibited no adverse events across a battery of prior toxicity studies in 
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vivo (Gad et al. 2012); 2) their localized surface plasmon resonance imparts a large 

optical cross section for scattering and absorption (Jain et al. 2006); 3) this resonance 

phenomena can be easily tuned to the tissue-permissive NIR water window by tailoring 

the core-shell ratio synthetically (Oldenburg et al. 1998; Weissleder 2001); 4) because 

their optical properties are dictated by physical structure, the particles are photostable and 

not prone to photobleaching as in the case of fluorophores (Erickson and Tunnell 2007); 

5) nanoshell light scattering enables optical contrast in reflectance-based imaging 

applications, and absorption affords heat generation for photothermal therapy (Gobin et 

al. 2007); 4) the small size of nanoshells permits extravasation from tumor-associated 

vasculature into malignant tissue via the EPR effect (Maeda et al. 2000; O’Neal et al. 

2004); and 5) the gold surface layer and established chemistries allow for facile 

conjugation of surface molecules for stealthing and other functionality.  Thus far, the 

ability of nanoshells to effectively mediate photothermal ablation has been demonstrated 

in a variety of in vivo cancer models including colorectal (O’Neal et al. 2004; Gobin et al. 

2007; Gobin et al. 2010), glioma (Day et al. 2011; Day et al. 2012), and prostate (Stern et 

al. 2008; Schwartz et al. 2011). 

In this thesis, the feasibility of multimodal imaging as a means to guide 

photothermal therapy was demonstrated.  To direct the application of NIR light and 

enhance the specificity of photothermal therapy beyond current methods, multimodal 

imaging across length scales could be performed.  In this approach, anatomic imaging 

modes could be used to initially localize suspicions lesions within tissue followed by 

optical imaging to evaluate disease at the molecular level.  This process could be 

streamlined with the use of an appropriately designed nanoparticle that would serve as a 
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contrast agent across all imaging modes and a mediator of photothermal ablation if 

therapy is deemed necessary.  Toward this goal, gadolinium-nanoshell conjugates were 

synthesized and demonstrated enhanced water relaxation properties as compared to 

untethered gadolinium as discussed in Chapter 3.  When encapsulated within agarose 

tissue phantoms, the particles exhibited positive contrast enhancement in five diagnostic 

modalities with imaging capabilities spanning the macroscopic to microscopic length 

scales.  These modes included MRI, X-ray, OCT, RCM, and TPL.  Effective contrast was 

also observed in a melanoma tumor mouse model after an intratumoral particle injection.  

In this study, gadolinium-nanoshells highlighted the extent of the tumor within the 

context of the mouse anatomy using MRI and X-ray imaging, and the optical modes 

enabled closer, microscopic examination of tissue with observable contrast in the 

presence of the particles.  In fact, individual particles were even resolved at high 

magnification with TPL imaging.  Furthermore, an in vitro photothermal conversion 

study demonstrated that gadolinium-nanoshells generated heat as effectively as PEG-

conjugated nanoshells upon light irradiation.  Therefore, the broad utility and feasibility 

of gadolinium-nanoshells as a tool in photothermal ablation under multimodal imaging 

guidance was demonstrated.  

Another novel application of gold nanoshells demonstrated in this thesis was 

contrast enhancement in OCT imaging of mouse embryos.  OCT offers the significant 

ability to monitor the embryo development in real-time without the need for sacrifice, 

thus enabling meaningful investigations of cardiovascular congenital defect models, for 

example.  In this work, the feasibility of OCT-guided microinjections of PEG-nanoshells 

within the vasculature of living mouse embryos was validated.  OCT imaging enabled the 
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choice of the injection site, proper positioning of the needle, and visualization of the 

injection.  Upon intravenous administration, nanoshells showed enhanced contrast within 

the embryonic blood vessels and therefore have the potential to advance novel 

applications for studying plasma fluid dynamics with Doppler OCT (D-OCT) in both 

normal and abnormal development. 

7.3 Molecular Targeting of Nanoshells for Enhancing Photothermal Therapy 

In another effort to enhance the efficacy of photothermal therapy, molecular 

targeting of nanoshells to cancer cells in vivo was investigated.  Molecular targeting 

approaches are hypothesized to enhance therapeutic outcome by one of several ways: 1) 

increasing particle uptake and retention within tumor tissue, thus facilitating lower, 

effective nanoshell dosage; 2) improving ablation specificity, particularly in cases where 

tumor borders are poorly defined, and malignant tissue interdigitates with normal tissue; 

and 3) offering diagnostic and functional information with respect to disease phenotype 

during imaging procedures.  Herein, the ability of ephrinA1 protein ligands on nanoshell 

surfaces to home to the associated EphA2 receptor overexpressed on PC3 prostate 

xenograft tumors in mice was tested.  Contrary to predictions based upon successful 

nanoshell targeting observed throughout in vitro experiments, ephrinA1-nanoshells did 

not enhance therapeutic efficacy in vivo.  The Fc portion of the chimeric ephrinA1 

protein likely mediated immune cell phagocytosis and subsequent early clearance from 

the bloodstream, precluding enhanced particle uptake within tumors that might have 

occurred otherwise.  Even so, statistically equivalent tumor regression was achieved in 

mice within both the PEG-nanoshell and ephrinA1-nanoshell treatments arms as 

compared to mice in the saline control group.  Therefore, protein targeting may be 
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contributing to some accumulation and retention of nanoshells within or around tumors at 

early time points before full RES clearance occurs.  Additional experimentation is 

required to elucidate differences in biodistribution profiles between PEG-nanoshells and 

ephrinA1-nanoshells as well as to circumvent Fc-mediated clearance.  Nevertheless, 

nanoshell-assisted photothermal ablation was demonstrated as an effective treatment for 

prostate cancer. 

7.4 Future Directions 

Although this thesis made strong strides for improving photothermal therapy, 

additional avenues remain to be explored.  For one, further in vivo investigation with the 

gadolinium-nanoshell conjugates is warranted.  With the current design, relatively high 

concentrations of particles (> 2 x 1011 NS/ml) are required to achieve sufficient levels of 

gadolinium (> 10 µM) to produce contrast with T1-MRI (Caravan et al. 1999).  Although 

intravenous administration of these particle conjugates has not yet been attempted, this 

delivery method may not result in ample gadolinium content within tumor tissue and 

hence detectable MR signal as ~1% of nanoshell dose has been cited to accumulate in 

tumor tissue (James et al. 2007).  If this issue arises, the nanoparticle design could be 

altered to increase Gd loading per particle.  For instance, gadolinium-nanoshell 

encapsulation within liposomes doped with additional metal chelates is one plausible 

route to increase loading.  Previous investigations have shown that liposomes can 

incorporate up to tens of thousands to over one hundred thousand Gd-chelates per 

liposome (Ghaghada et al. 2009).  Moreover, embedding gold nanoparticles within 

liposomes has also been demonstrated (Paasonen et al. 2010; Mady et al. 2012).  If the 

overall size of the liposome encapsulated nanoshells becomes a limiting factor, the 
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smaller gold-gold sulfide nanoparticles may offer an alternative and mitigate this issue.  

Similarly, polymer-based hydrogel coatings on the surface of metal nanoparticles have 

been demonstrated as well and could also be doped with paramagnetic material (Kim and 

Lee 2004; Wei, Ji, and Shen 2008). 

 Liposome encapsulated and hydrogel coated nanoshells and gold-gold sulfide 

nanoparticles present opportunities for additional functionality as well.  For instance, 

small iron oxide particles could be embedded within the liposome or hydrogel and thus 

enable negative contrast in T2-weighted MR imaging (Di Marco et al. 2007; Bardhan et 

al. 2010).  If paramagnetic species like Gd-chelates were included as well, this dual T1/T2 

particle would have broad utility in the clinic since dual mode MRI may afford more 

accurate diagnoses (Choi et al. 2010).  Additionally, chemotherapeutics like drug 

molecules or siRNA could also be incorporated.  This platform would offer a number of 

advantages including protection of the drug or siRNA from the biological milieu as well 

as the opportunity for light-triggered therapeutic release at the site of the tumor.  With an 

appropriately designed liposome or hydrogel, nanoshell NIR absorption and heat 

generation could be used to initiate a phase transition for ultimate expulsion of the 

therapeutic on demand.  In this case, both photothermal ablation and controlled drug 

delivery may even offer synergistic effects in treating disease. 

Additional work for validation of molecular targeting mechanisms for enhancing 

nanoshell-assisted photothermal ablation remains to be performed.  These strategies 

include further experimentation with the cleaved ephrinA1 protein without the Fc portion 

as well as the ephrinA1 mimetic peptide as mentioned in Chapter 6.  Aptamers have also 

been cited to elicit less immunogenicity than antibodies and proteins and thus may offer a 
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means to enhance nanoshell uptake and retention within tumor tissue.  For instance, the 

A10 aptamer has shown to be particularly effective in targeting the prostate specific 

membrane antigen (PSMA) overexpressed on LNCaP prostate cancer cells and enabled 

improved therapeutic outcomes in treating tumored mice with polymer-docetaxel 

nanoparticles (Farokhzad et al. 2006).  Other peptides with novel functions including 

tumor penetration and immune cell evasion present interesting opportunities for routing 

nanoshells to tumor tissue and ultimately enhancing photothermal therapy as well.  For 

instance, work by Ruoslahti and colleagues has identified a tumor infiltrative peptide 

composed of an RGD motif for initial binding to integrins overexpressed on tumor-

associated vasculature as well as a cryptic arginine that is exposed upon proteolytic 

cleavage, mediating binding to neuropilin-1 and subsequent tumor penetration (Teesalu et 

al. 2009; Sugahara et al. 2009).  In one embodiment of their work, surface 

functionalization of iron oxide nanoparticles with the peptide showed enhanced MR 

contrast in mice within orthotopic prostate tumors compared to unfunctionalized 

nanoparticles.  Moreover, Rodriguez et al. have identified a peptide that mimics the 

functions of CD47, a ubiquitously expressed cell surface protein that mediates 

“recognition of self” and prevents immune cells from phagocytosing healthy cells 

(Rodriguez et al. 2013).  The investigators found that the CD47 mimetic peptide on the 

surface of polystyrene nanobeads prolonged blood circulation in mice, resulting in 

increased accumulation within subcutaneous lung tumors compared to polystyrene beads 

coated with PEG alone.   

Methods such as the ones described could be employed with the nanoshell 

platform for enhancing the overall efficacy and specificity of photothermal ablation.  
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Indeed, with continued optimization and further study, both gadolinium conjugated and 

molecularly targeted nanoshells may offer viable treatment options for cancer patients.  

With the ability to localize therapeutic effects and overcome the limitations of 

conventional cancer management, in which off-target effects are prevalent, photothermal 

therapy affords tremendous potential for reducing cancer mortality while maintaining 

quality of life.  
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