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ABSTRACT OF THE THESIS 

 

Development of Mutant Transferrin-Based Molecular Conjugates and Polypeptide-Based Gold 

Nanoshells as Targeted Drug Carriers for Cancer Therapy 

 

by 

 

Kevin Yihao Chen 

 

Master of Science in Bioengineering 

University of California, Los Angeles, 2016 

Professor Daniel T. Kamei, Chair 

 

 

Currently, cancer is the second leading cause of death in the United States, only behind 

heart disease. Current treatments of cancer include radiation therapy and chemotherapy, and they 

are often nonspecific, leading to undesired short and long term side effects. In order to improve 

current treatments and to reduce side effects, researchers have been investigating alternative 

methods that can increase the specificity of treatments towards tumor cells to reduce the damage 

to normal cells. This thesis presents two alternative therapeutic formulations that have increased 
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specificity towards tumor cells. These two therapeutic formulations show potential as alternative 

methods for cancer therapy in the future.   

Human glycoprotein transferrin (Tf), which is responsible for transporting iron into cells, 

has been extensively studied as a tumor-selective targeting ligand since the tumor cells 

overexpress the transferrin receptor (TfR) in order to support its rapid proliferation rate. 

However, the short duration of the Tf-TfR trafficking pathway limits the window of opportunity 

for Tf to function as a drug carrier. In order to increase the cellular association of Tf, our 

laboratory previously demonstrated that two Tf mutants (K206E/R632A Tf and K206E/R534A 

Tf) exhibit significant increases in cellular association compared to wild-type Tf. Subsequently, 

our laboratory showed that these Tf mutants conjugated with diphtheria toxin (DT) have 

improved drug carrier efficacy relative to the wild-type Tf-DT conjugate in HeLa and glioma 

cells. However, due to DT’s nonspecific toxicity at off-target sites, DT is not suitable for clinical 

applications. In Chapter 2 of this thesis, DT was substituted with cross-reacting material 107 

(CRM107), a DT mutant with significantly decreased nonspecific toxicity. In vitro cytotoxicity 

experiments were conducted where the Tf-CRM107 conjugates were incubated with HeLa and 

glioma cells. These experiments demonstrated that the improvement in efficacy was greater 

between the mutant Tf-CRM107 conjugates and the wild-type Tf-CRM107 conjugate when 

compared to similar experiments performed with their DT counterparts. Moreover, in vitro 

cytotoxicity experiments with non-neoplastic cells demonstrated that cancer selectivity can be 

achieved with these new mutant and wild-type Tf-CRM107 conjugates due to the IC50 values 

being significantly higher for the normal cells. These results suggest that CRM107 appears to be 

a more suitable therapeutic agent in combination with the K206E/R632A and K206E/R534A 

mutant Tf ligands for future in vivo and clinical studies. 
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In addition to using molecular conjugates to kill cancer cells, laser-induced photothermal 

therapy has shown promise as an alternative method for cancer therapy. Photothermal therapy 

requires the use of a photosensitizer, i.e., a material that has the ability to convert 

electromagnetic energy into thermal energy, and a molecular targeting ligand for cancer therapy. 

In Chapter 3 of this thesis, we describe how we combined an engineered prostate cancer-specific 

targeting ligand, the A11 minibody, with a novel photothermal therapy agent, polypeptide-based 

gold nanoshells that generate heat in response to near infrared light. Our work demonstrated that 

the A11 minibody binds strongly to the prostate stem cell antigen (PSCA) that is overexpressed 

on the surfaces of metastatic prostate cancer cells. Compared to non-conjugated gold nanoshells, 

the A11 minibody-conjugated gold nanoshell exhibited significant laser-induced, localized 

killing of prostate cancer cells in vitro. In addition, we improved upon a comprehensive heat 

transfer mathematical model that was previously developed by our laboratory. By relaxing some 

of the assumptions of our earlier model, we were able to generate more accurate predictions. In 

the future, this model can be used to predict the effects of varying parameters in order to design 

the next generation of gold nanoshells for photothermal therapy. Our experimental and 

theoretical results demonstrate the potential of our novel minibody-conjugated gold nanoshells 

for metastatic prostate cancer therapy. 
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Chapter 1: Motivation and Background 

 

1.1 Introduction: Cancer 

 According to the American Cancer Society, cancer is currently the second leading cause 

of death in the United States, only behind heart disease. Approximately 1,685,000 new cases of 

cancer along with approximately 596,000 cancer deaths are projected to occur in the United 

States in 2016 alone [1]. Prostate and breast cancer are projected to remain the leading cancer 

types in men and women, respectively. In addition, both cancer types account for approximately 

a quarter of all new cases in men and women, respectively (Table 1.1). Moreover, in both men 

and women between the ages of 40 and 79, cancer surpasses heart disease as the leading cause of 

death [1]. 

Table 1.1. Projected cancer statistics (in number of people) for men and women in the United 

States in 2016. Data was obtained from Siegel and coworkers (1).  

 Estimated New Cases Estimated Deaths Leading Cancer Type 

(Estimated New Cases) 

Male 841,390 314,290 Prostate (180,890) 

Female 844,820 381,400 Breast (246,660) 

 

For localized tumors, surgical removal has been one of the most effective methods of 

treatment [2]. In addition to surgery, radiation therapy is also a crucial component of cancer 

treatment with an estimated 40% cured when coupling surgery with radiation therapy [3]. 

Radiation therapy kills the tumor cells by generating reactive free radicals inside the cells. 

Subsequently, these reactive radicals can interact and damage the DNA. However, DNA can also 

be directly damaged by the initial radiation. There are various types of radiation such as gamma 
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rays, X-rays, and charged particles. Furthermore, radiation beams can be applied both externally 

as well as internally. External beam radiation has become increasingly popular due to its non-

invasive method of delivery. The modalities and techniques for radiation therapy have been 

constantly updated, and it has increased survival rates and quality of life for many cancer patients 

[3]. Unfortunately, many side effects are associated with radiation therapy. Normal cells can be 

inadvertently damaged by the radiation beams, which leads to local side effects. Also, short term 

side effects from radiation therapy include, but are not limited to, nausea, diarrhea, and skin 

erythema. Vascular and neural damage, as well as radiation-induced fibrosis, are some of the 

common long term side effects associated with radiation therapy [4]. 

 Chemotherapy is another option for cancer treatment. The goal for chemotherapy is to 

kill the fast-proliferating tumor cells by using small molecular drugs, and it has been used for 

treating cancer since the late 1940s [3]. Chemotherapeutic agents such as paclitaxel, 

gemcitabine, fluorouracil, and doxorubicin (DOX) are some of the commonly used drugs for 

chemotherapy. The chemotherapeutic drug DOX intercalates with DNA and disrupts the 

topoisomerase-II-mediated DNA repair. In addition, reactive free radicals can also be generated 

by DOX which can damage the DNA and proteins [5]. Chemotherapeutic agents can be 

administered either orally as tablets or capsules or parenterally through intramuscular or 

intravenous injections [3]. Chemotherapy is a systemic treatment, which is different than the 

local treatment of surgery or external beam radiation. The drug travels throughout the body, and 

it will eventually reach the tumor cells. Furthermore, chemotherapy has often been combined 

with other cancer therapies such as radiation therapy and surgery as a part of a multimodal 

approach to treat cancer, and it has often been used as the initial choice of treatment before 

radiation therapy or surgery [3]. Similar to radiation therapy, chemotherapy is a nonspecific 
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treatment, since it can affect both normal and tumor cells. In order to improve current treatments 

and to reduce the side effects, researchers have been investigating alternative methods that can 

increase the specificity towards tumor cells and reduce the damage to normal cells.  

 

1.2 Transferrin-Based Cancer Therapy 

One method that can increase the specificity towards the tumor cells is by exploiting the 

overexpression of a particular receptor on the surfaces of tumor cells as a tumor-selective target 

for treatment purposes. By associating the drug with a ligand that is specific for an overexpressed 

receptor, normal cells can be avoided during treatment while tumor cells are targeted. One such 

ligand/receptor system that has been successfully used for targeting tumor cells is the 

transferrin/transferrin receptor system (Tf/TfR, KD ~ 10-9 M) [6].  

 Human serum transferrin (Tf) is a monomeric glycoprotein with an estimated molecular 

weight of 80 kDa, and it is involved in transporting free iron to the cells in the body [6]. After 

internalization, these irons are then stored in ferritin, an intracellular iron storage protein, or the 

irons can be used in cellular growth and proliferation as well as other biological processes. 

Cancer cells have been shown in research to intake more iron than the normal cells due to their 

uncontrolled growth and proliferation, since iron is an important co-factor for DNA synthesis as 

well as for the flow of electrons in bioenergetic pathways [7]. The individual Tf molecule 

contains two iron-binding lobes, with one lobe near the N-terminus (N-lobe) and the second lobe 

near the C-terminus (C-lobe). Both lobes are capable of binding to ferric (Fe3+) ion with an 

estimated equilibrium dissociation constant (KD) of 10-22 M [8-10]. The iron binding rate of the 

C-lobe is much faster than the iron binding rate of the N-lobe; however, the environment 
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surrounding the binding in each lobe is similar. Specifically, the Fe3+ ion is coordinated to two 

tyrosine residues, one histidine residue, one aspartic acid residue, as well as the two oxygens 

from the synergistic co-factor of carbonate at the iron-binding cleft of Tf [9, 11]. The iron-bound 

Tf (holo-Tf) is able to interact with TfR, which is surface-localized. The binding of Tf/TfR will 

initiate receptor-mediated endocytosis, in which the Tf/TfR complex is clustered into a clathrin-

coated pit, and it subsequently internalizes the holo-Tf/TfR complex into an endocytic vesicle 

(Figure 1.1). 

 

Figure 1.1: Schematic of the Tf/TfR trafficking pathway. Upon binding between holo-Tf and 

TfR, the Tf/TfR complex is then internalized into an endocytic vesicle via clathrin-coated pits. The 

endosome eventually acidifies by an ATP-driven proton pump. Subsquently, Tf releases the iron 

at the acidic pH, and it escapes the endosome via divalent metal transporter 1 (DMT1). The Tf/TfR 

complex is then recycled back to the surface of the cell, and apo-Tf is then released by TfR due to 

the absence of iron. 
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After the formation of the endosome, the interior eventually become acidified due to the 

ATP-driven proton pump, and this leads to an endosomal pH value of approximately 5.6 [12]. At 

the acidic pH of the endosome, both lysine residues (at amino acid positons 206 and 296, located 

in the opposite domains) in the N-lobe become protonated. The protonation of both lysine 

residues forces the two domains on each side of Fe3+ apart due to electrostatic repulsions. 

Subsequently, this allows a nearby putative chelator to access the Fe3+ ion and release it from the 

Tf. The two lysine residues in the N-lobe is also known as the “dilysine trigger.” The iron release 

is “triggered” by the protonation of one of the lysine residues upon acidification of the 

endosome. (Figure 1.2) [13, 14]. On the other hand, lysine residue (position 534), arginine 

residue (position 632), and aspartic acid residue (position 634) influences the iron release in the 

C-lobe at the acidic condition of the endosome. These trio of residues is also known as the “pH-

sensitive triad” (Figure 1.2). However, the exact mechanism of iron release in the C-lobe is still 

under investigation [15]. Due to the presence of oxidoreductases in the endosome, the released 

iron will then be reduced to Fe2+ ions and subsequently released into the cytosol via a proton-

coupled metal-ion transport protein also known as divalent metal transporter 1[16, 17]. At the 

same time, iron-free Tf (apo- Tf)/TfR complex is recycled back to the surface of the cell. The 

entire Tf/TfR trafficking pathway lasts an estimated 5 minutes, making it a very efficient process 

for delivering iron to cells.  At the surface, apo-Tf quickly dissociates from TfR due to its low 

binding affinity at the physiological pH, which allows TfR to bind to another holo-Tf molecule 

(Figure 1.1) [18]. 
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Figure 1.2: Cryo-EM structure of the serum transferrin (PDB code: 3QYT). The transferrin 

molecule consists of two iron binding lobes (N and C-lobe). The binding affinity of each lobe is 

estimated to be 10-22 M. For the N-lobe, lysine residues at positions 206 and 296 play an important 

role in iron binding. For the C-lobe, the lysine residue at position 534, the arginine residue at 

position 632, and the aspartic acid residue at position 634 play an important role in iron binding. 

The iron is missing from these insets to focus on the amino acid residues that are important for 

facilitating iron release. Images were made in PyMOL. 

 

 

While some Tf-based cancer therapeutics have demonstrated success in preclinical as 

well as clinical trials, there is currently no FDA-approved Tf-based drug for cancer therapy. The 

lack of FDA-approval of these Tf-based therapeutics could be attributed to the rapid recycling 

rate of Tf as one of the natural properties of the Tf-TfR intracellular pathway. This rapid 

recycling rate significantly restricts Tf’s ability to deliver a Tf-conjugated drug to a single 4 to 5 

minutes intracellular pass [19]. In order to improve the efficacy of the Tf-based cancer therapy, a 

clear understanding of the Tf/TfR intracellular trafficking pathway is therefore needed. 
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 The Lodish laboratory previously developed a mathematical model using the principles 

of mass action kinetics in order to better understand the Tf/TfR intracellular pathway with 

respect to its physiological role [12]. The model developed by the Lodish laboratory consists of 

four ordinary differential equations (ODEs) that represent the species balances on the 

components involved in the kinetics of internalization and recycling for Tf and TfR in HepG2 

human hepatoma cells. This model was extended by our laboratory with the incorporation of the 

principles of endosomal sorting developed by French and Lauffenburger [20]. Using the 

modified model, which consists of 23 ODEs, our research group identified a previously 

unreported design criterion for increasing the cellular association of Tf, i.e., the time Tf spends in 

the cell, and thus improving its efficacy as a drug carrier [19]. Specifically, the novel design 

criterion was determined by altering the metal/protein binding interaction through a sensitivity 

analysis of various kinetic binding parameters. Furthermore, our laboratory found that, in order 

to increase the potency of the Tf as a drug carrier, the iron release rate needed to be significantly 

reduced or inhibited within the endosomal compartment. Therefore, upon recycling to the cell 

surface, the iron would be retained on the Tf and subsequently the Tf would likely be re-

internalized and undergo multiple trafficking cycles, which increases the probability of 

delivering the drug [19]. 

 To test the model prediction, our laboratory generated a Tf variant where the typical 

synergistic carbonate co-factor (native Tf) was replaced by oxalate during Tf-iron loading 

(oxalate Tf) [19]. Oxalate was demonstrated previously to reduce the iron release rate for both 

iron-binding lobes in Tf by over an order of magnitude at both physiological and endosomal pH 

conditions [21]. According to Everse and coworkers, oxalate was able to bind to iron with better 

symmetry than carbonate, which is thermodynamically more favorable (Figure 1.3). In addition, 
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oxalate has a lower pKa value (4.2 versus 6.4 of carbonate), which allows oxalate to remain 

negatively charged at the endosomal pH (~5.6), thereby preserving attractive electrostatic 

interactions with the positively charged iron. Consequently, this prevented the extraction of iron 

by the endosomal chelating agents [21]. 

 

Figure 1.3: The N-lobe iron-binding in transferrin. The geometry shown here is for the 

synergistic anion (A) oxalate as well as the two alternative conformations of the synergistic 

carbonate anion in (B) and (C). Figure is reprinted from Everse and coworkers (21) with 

permission from Elsevier.   

 

Upon substituting carbonate with oxalate, our research group was able to demonstrate a 

51% increase in cellular association in HeLa cervical cancer cells. Furthermore, we also showed 

a decrease in concentration required to inhibit 50% of cellular growth (IC50) using diphtheria 

toxin (DT)-conjugated oxalate Tf instead of DT-conjugated native Tf [19]. In addition to 

diphtheria toxin, our laboratory also extended the Tf-based therapeutics to Tf and polyethylene 

glycol-conjugated, DOX-loaded, poly(lactide-co-glycolide) (PLGA) nanoparticles (TPDP), and 

demonstrated a decrease in the IC50 value for oxalate TPDP compared to native TPDP in PC3 

prostate cancer cells and A549 epithelial cells [6].  
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 In addition to exchanging the synergistic co-factor, Tf itself was genetically engineered 

via site-directed mutagenesis by Mason and coworkers, collaborators of our research group, to 

increase the iron affinity of Tf. Specifically, the amino acid in position 206 in the N-lobe as well 

as the amino acids in positions 534 and 632 in the C-lobe of Tf were mutated in order to generate 

two Tf mutants (K206E/R632A and K206E/K534A Tf), which have significantly lower iron 

release rates. These Tf mutants were conjugated to DT (mutant Tf-DT conjugates) and showed 

an enhanced drug carrier efficacy in both HeLa as well as glioblastoma multiforme (GMB) brain 

tumor cells (U87 and U251 cells) when compared to native Tf-DT (Figure 1.4) [22, 23].  

 

Figure 1.4: Cytotoxicity studies of mutant Tf-DT conjugates versus the wild-type Tf-DT 

conjugate in two types of glioblastoma multiforme brain tumor cells (U87 and U251). The y-

axis is the percent inhibition of cellular growth. The x-axis is the DT concentration in nanomolar 

units on a logarithmic scale. The results indicated an increase in efficacy for the mutant Tf-DT 

conjugates compared to the wild-type Tf-DT conjugate. Figure is reprinted from Kamei and 

coworkers (23) with permission from the American Association for Cancer Research. 
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However, the literature also showed that only a few micrograms of DT can cause death to 

an unimmunized human due to the nonspecific toxicity of DT at off-target sites [24]. Thus, DT 

cannot be utilized as an anti-cancer drug clinically. However, a mutant of DT known as cross-

reacting material 107 (CRM107) has been previously shown to exhibit an 8,000-fold decrease in 

binding affinity to the native DT receptor, heparin-binding epidermal growth factor-like growth 

factor precursor (preHB-EGF), compared to wild-type DT [25, 26]. In order to reduce the non-

specificity associated with our molecular Tf-toxin conjugates, Chapter 2 of the thesis focuses on 

studying the efficacy of the mutant Tf-CRM107 conjugates as a potentially relevant anti-cancer 

drug for clinical use. 

 

1.3 Photothermal Therapy 

In addition to using molecular conjugates to kill cancer cells, laser-induced photothermal 

therapy also has shown promise as an alternative method. The goal for photothermal therapy is to 

use heat generated by laser radiation at a specific wavelength to shrink tumors and kill cancer 

cells [3]. Photothermal therapy requires the use of a photosensitizer, i.e., a material that has the 

ability to convert electromagnetic energy into thermal energy. When certain materials are 

exposed to electromagnetic waves, the free electrons in the material would experience 

acceleration in the direction of the electric field, therefore causing the free electrons in the 

conduction band to oscillate (Figure 1.5). The oscillation is a function of the wavelength of the 

electromagnetic wave, and the wavelength at which the oscillation of the free electrons is at a 

maximum is referred to as the surface plasmon resonance (SPR). The wavelength at which the 

maximum oscillation happens is referred to as the SPR wavelength [27]. SPR significantly 
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enhances the radiative as well as the non-radiative properties of materials, which increase their 

ability to scatter and absorb light. Furthermore, the ratio of scattering to absorption is an 

important parameter in photothermal therapy. In order to generate thermal energy from light and 

thus function as a photosensitizer, high absorption relative to scattering is required (to achieve 

maximal material temperature that leads to maximal heat flux), while high scattering is often 

used for cellular imaging applications [28-30]. 

 

Figure 1.5: Schematic of the surface surface plasmon resonance. E is the electric field, which 

is pointing perpendicular to the direction of the propagation of light. Free electrons in the 

conduction band of the material oscillate at a maximum in the direction of the electric field, which 

enhances the absorption and scattering of the material. 

 

One material that has been extensively studied for its ability to induce SPR is the 

nanosized gold particle. The SPR wavelength of gold nanoparticles is known to be size and 

shape dependent. In addition, the range of the SPR band for gold nanoparticles is limited to the 

visible region [28]. However, for photothermal therapy in biological applications, it is desirable 

to develop a gold nanostructure that has the SPR band in the near infrared (NIR) region because 

of the laser-tissue interactions with chromophores such as water and hemoglobin. Both water and 

hemoglobin have a minimal absorption in the NIR region; therefore, use of NIR light can 
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minimize the attenuation of the laser energy and subsequently minimize the undesired damage to 

the normal tissue. An example of the NIR window is shown in Figure 1.6 [31]. 

 

Figure 1.6: Absorption spectra of water and hemoglobin (with and without oxygen). Both 

water and hemoglobin exhibit minimal absorption in the near infrared range (700 to 1100 nm). 

The minimal absorption of water and hemoglobin provides a window for photothermal therapy 

due to minimal laser-tissue interaction. Figure is reprinted from Choyke and coworkers (31) with 

permission from the Royal Society of Chemistry. 

 

In order to achieve the SPR band in the NIR region, researchers have developed gold 

nanoshells, which are formed by depositing a thin layer of gold onto a dielectric core. The SPR 

band for gold nanoshells is a function of the ratio of the dielectric core diameter to the gold shell 

thickness [32]. The mathematical theory behind the tunable SPR band of gold nanoshells has 

been well-described by Mie’s theory. Mie’s theory utilizes the Maxwell’s equations in a dilute 

colloidal solution. To apply Mie’s theory to gold nanoshells, additional boundary conditions 

need to be specified at the core-shell interface [28, 32-34]. Furthermore, the prediction of the 
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energies of the two dipole plasmon resonances as a function of the ratio of shell thickness to core 

radius from Mie’s theory was in exact agreement with the electronic structure methods based in 

quantum mechanics [35]. A simple model based on the electromagnetic analogue of molecular 

orbital theory can be developed from these two theories. Furthermore, this model described the 

plasmon response of the gold nanoshells as the interaction of the fixed-frequency response 

supported by a sphere and a hollow cavity geometry [36]. The plasmons of the inner cavity is 

able to interact with the outer sphere because the thickness of the shell is finite. In addition, the 

shell thickness can influence the strength of the interaction. Based on this model, the plasmon 

resonance redshift can be explained, where the reduction of the shell thickness causes the 

increase in interaction between the surface plasmons of the inner and outer metallic surfaces of 

the shell [36]. 

Since it is desirable to maximize the absorption efficiency for photothermal therapy, 

numerical models have been developed my researchers to predict the cross section of gold 

nanoshells, which can measure how well a material absorbs and scatters photons of incident light 

[37]. Specifically, the absorption efficiency is defined by the absorption cross section 

(determined by core materials, shell thickness, particle size, and surrounding medium) divided 

by the geometric cross section [37]. Researchers have optimized the different parameters for gold 

nanoshells in order to tune the SPR band into the NIR region for photothermal therapy. For 

example, the dielectric constant of the core materials can affect the optical properties of the gold 

nanoshells. The traditional core material for gold nanoshells has been the solid silica 

nanoparticles. In addition, polymeric and semiconductive materials have also been used in the 

literature [32, 38-40]. Furthermore, liposomes have been investigated as the core materials since 

they provide additional benefits, such as the ability to load hydrophilic as well hydrophobic 
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chemotherapeutic agents. Gold-coated liposomes have shown promise in the literature for the 

application of photothermal therapy to trigger release of chemotherapeutic agents upon 

irradiating with NIR light [41-44]. 

In addition to phospholipids, novel amphiphilic polypeptides or block copolypeptides can 

also be used to make vesicles [45]. There are several advantages of using block copolypeptide 

vesicles. First, polypeptide vesicles are an emerging class of biomaterials which can deliver 

chemotherapeutic agents or other cargos. Compared to traditional liposomes, block 

copolypeptide vesicles have thicker membranes [46, 47] which can increase the attractive van 

der Waals interactions between the polypeptides and subsequently increase the stability of the 

vesicles. Second, a wide variety of chemical and physical properties are available by using both 

natural and synthetic amino acid residues. Furthermore, amino acid building blocks can exhibit 

low immunogenicity and toxicity [48]. Chapter 3 of this thesis focuses on the use of the novel 

poly(L-lysine)60-block-poly(L-leucine)20 block copolypeptide (K60L20) vesicle as the core 

material of a gold nanoshell and the A11 minibody as a targeting agent for cancer therapy. 
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Chapter 2: Development of Mutant Transferrin-CRM107 Molecular 

Conjugates for Cancer Therapy 

 

2.1 Introduction 

Human serum transferrin (Tf) is a monomeric glycoprotein with a molecular weight of 

approximately 80 kDa which is involved in transporting iron to the cells in the body [6]. Tf has 

been investigated for years as a potential targeting agent for cancer treatment due to the 

overexpression of its cell surface receptor, TfR, on a variety of metatastic or malignant cells [49, 

50]. Specifically, Tf has been used as a targeting agent to selectively deliver cytotoxins to cancer 

cells as a means to substantially reduce toxic side effects on normal tissues. Although Tf has 

been shown to achieve selective targeting of therapeutics to cancer cells, its ability to deliver 

therapeutics is often limited by its inherent TfR-mediated intracellular trafficking pathway. For 

example, the entire Tf cycle has been shown to last only ~5 min in a human erythroleukemia-

derived cell line (K562 cells), and therefore, 30 successive cycles of Tf-toxin conjugate 

trafficking would be needed before the cytotoxic effects on the cell can be observed [51, 52]. 

Furthermore, after iron-loaded Tf (holo-Tf) delivers its iron payload within the cell, the iron-free 

Tf (apo-Tf) has  very reduced binding affinity to TfR outside the cell and therefore is unable to 

re-enter the trafficking pathway until it can bind to free iron, which is  not an efficient process 

[12, 53, 54]. While the cycle demonstrates evolutionary efficiency by rapidly delivering large 

quantities of iron to cells, this short duration limits the window of opportunity for Tf to deliver a 

cytotoxic payload. 
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To identify a molecular-level design criterion to increase the time Tf spends with the cell, 

i.e., increase its cellular association, our laboratory previously developed a mathematical model 

of the Tf/TfR intracellular trafficking pathway based on the principles of mass action kinetics 

[19, 55]. Through analysis of the model, our research group discovered that an increase in 

cellular association could be accomplished by inhibiting the iron delivery rate of Tf. Our 

laboratory subsequently demonstrated that two engineered Tf mutants (K206E/R632A Tf and 

K206E/R534A Tf) with reduced iron release rates dramatically increased cellular association in 

HeLa and glioma cells These Tf mutants were then conjugated to DT, and the mutant Tf-DT 

conjugates were significantly more cytotoxic than the wild-type Tf-DT conjugate when 

administered to HeLa and glioma cells [22, 23].  

While DT was crucial to our earlier proof-of-concept and preclinical in vitro 

investigations of mutant Tf, it cannot be utilized clinically due to its potential for nonspecific 

toxicity at off-target sites. In fact, it has been suggested that only a few micrograms of DT cause 

death in an unimmunized human [24]. To address this problem, this chapter presents new 

research in which our mutant Tf proteins are conjugated to a mutant of DT known as cross-

reacting material 107 (CRM107). Importantly, CRM107 has been shown to have an 8,000-fold 

decreased binding affinity for its native receptor, heparin-binding epidermal growth factor-like 

growth factor precursor (preHB-EGF), when compared to wild-type DT. This reduction in 

binding affinity significantly reduced the toxic side effects at off-target tissues [25, 26]. In 

addition, unlike other toxins with negligible toxic side effects, e.g., saporin and gelonin, 

CRM107 maintains the inherent membrane translocation activity of DT, providing CRM107 

with a means of endosomal escape upon cellular internalization. By facilitating its localization to 

the cytosol that is its site of action, this ability greatly improves the efficacy of the toxin, 
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following receptor-mediated endocytosis. Furthermore, it should also be noted that a wild-type 

Tf-CRM107 conjugate, i.e., TransMID™, previously demonstrated Phase I and II clinical trial 

success for the treatment of glioblastoma multiforme, providing a precedent for mutant Tf-

CRM107 conjugates in clinical testing [56, 57]. In addition, since mutant Tf-CRM107 

conjugates are assumed to only enter cells through the Tf/TfR trafficking pathway, we also 

wanted to investigate whether the differences in cytotoxicity between native Tf-toxin conjugates 

and mutant Tf-toxin conjugates would be different between DT and CRM107. For these reasons, 

we investigated the mutant Tf-CRM107 conjugates in different cell types. 

 

2.2 Materials and Methods 

 

2.2.1 Synthesis and Purification of CRM107 

CRM107 was first developed by Laird and Groman [58], and purified as described 

previously by Youle and coworkers [51]. Briefly, Corynebacterium diphtheria cultures were 

clarified by centrifugation, incubated in 65% ammonium sulfate at 4°C overnight, and 

subsequently centrifuged and resuspended in 50 mM tris(hydroxymethyl)aminomethane (Tris) 

buffer with 0.1 mM ethylenediaminetetraacetic acid (EDTA) at pH 8.0. The solution was then 

dialyzed overnight at 4°C in the same buffer with 0.1 mM phenylmethylsulfonyl fluoride added. 

CRM107 was isolated by ion-exchange chromatography using a DEAE-Sepharose Fast Flow 

column (GE Healthcare Life Sciences, Marlborough, MA). 
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2.2.2 Synthesis and Purification of Tf Mutants 

The generation of Tf mutants with site-directed mutagenesis was previously described [14, 59-

61]. The mutant Tf expression vectors were pNUT N-His K206E/K534A hTf NG and pNUT 

NHis K206E/R632A hTf NG, which coded for two Tf mutants with changes to both iron binding 

lobes. Furthermore, pNUT N-His hTf NG expression vector (native Tf) was also created to serve 

as the control for the two Tf mutants. The production and purification of the recombinant Tf was 

previously described [60, 61]. Briefly, baby hamster kidney cells were used for the expression of 

secreted recombinant Tf, and the protein was subsequently purified from the cell culture 

medium. 

 

2.2.3 Cell Culture 

U251 human glioma cells were a kind gift from Drs. Robert M. Prins and Linda M. Liau 

(UCLA Neurosurgery). Normal human astrocytes (NHAs) were purchased from Lonza 

(Rockland, ME). U87 human glioma cells, human umbilical vein endothelial cells (HUVECs), 

and HeLa cells were purchased from American Type Culture Collection (ATCC). All cells were 

seeded on 75 cm2 culture flasks (Corning, Corning, NY) for everyday passaging. U251, U87, and 

HeLa cells were grown in Dulbecco’s Modified Eagle Medium supplemented with high glucose 

(DMEM-HG; Invitrogen, Carlsbad, CA) with 3.6 g/L sodium bicarbonate, 10% fetal bovine 

serum (FBS; Hyclone, Logan, UT), 1 mM sodium pyruvate, 100 units/mL penicillin 

(Invitrogen), and 100 µg/mL streptomycin (Invitrogen) at a pH of 7.4. HUVECs were grown in 

Ham’s F12 Medium with Kaighn’s Modification (F12K) with 2.5 g/L sodium bicarbonate, 10% 

FBS, 0.1 mg/mL porcine heparin, 0.03 mg/mL endothelial cell growth supplement, 1 mM 
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sodium pyruvate, 100 units/mL penicillin (Invitrogen), and 100 µg/mL streptomycin (Invitrogen) 

at a pH of 7.4. NHAs were grown in Astrocyte Growth Medium (AGM; Lonza). All cell culture 

media described above will be referred to as growth media. The cells were incubated in a 

humidified atmosphere with 5% CO2 at 37°C. All reagents and materials were purchased from 

Sigma-Aldrich (St. Louis, MO) unless otherwise specified. 

 

2.2.4 Validating the Identity of CRM107 

The identity of CRM107, as a variant of DT, was confirmed with two functionality assays 

according to previously used methods [25, 51, 62]. First, the mutation in CRM107 which causes a 

significant decrease in binding affinity for preHB-EGF was assessed using the sulforhodamine B 

(SRB) cytotoxicity assay, described in section 2.2.6 The SRB assay was used to confirm that the 

toxicity of CRM107 is significantly less than wild-type DT due to its mutation, since Youle and 

coworkers determined that the CRM107 mutant has ~10,000-fold decreased cytotoxicity compared 

to DT [25]. 

A second analysis of CRM107 was performed to confirm that its inherent catalytic activity (i.e., 

ADP-ribosylation of Elongation Factor 2 or EF-2) remained unaltered in comparison to wild-

type DT. Rabbit reticulocyte lysate (Promega Corp., Madison, WI) containing EF-2 was used to 

determine the ADP-ribosylation activity of CRM107 relative to DT. This assay is the standard 

way to confirm the identity of CRM107. The rabbit reticulocyte lysate (10 µL) solution was 

mixed with 50 µL of buffer (0.01 M Tris-HCl, 1.0 M dithiothreitol, pH 8.0) and 10 µL of a 

solution containing DT or CRM107 at a 1 µM concentration. The reaction was initiated with the 

addition of a 10 µL solution containing 1.2 µCi of 32P-NAD+ (PerkinElmer Inc., San Jose, CA; 
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specific activity 800 Ci/mmol) adjusted to 18 µM with cold NAD+. After 20 min, the reaction 

was stopped by the addition of 1 mL of 10% trichloroacetic acid (TCA) to precipitate the protein. 

Following centrifugation to collect the precipitate (14,000 × g, 5 min), the supernatant was 

aspirated, and the precipitate was washed with 1 mL of a 10% TCA solution. The 10% TCA 

wash solution was again aspirated, and the precipitate was re-dissolved in 1 mL of a 0.1 N NaOH 

solution. A 200 µL aliquot of this solution was dissolved in 10 mL of Econo-safe™ scintillation 

fluid (Research Products International Corp, Mount Prospect, IL). The protein-bound 

radioactivity, specific to AD(32P)-ribosylated EF-2, was then determined  using a Beckman 

LS6500 Liquid Scintillation Counter (Beckman Coulter Inc., Brea, CA). 

 

2.2.5 Conjugation of Recombinant Tf to CRM107 

CRM107 conjugates of recombinant Tf were prepared using the chemical crosslinkers 2-

iminothiolane (IT; Pierce, Rockford, IL) and N-succinimidyl 3-(2-pyridyldithio)propionate 

(SPDP; Pierce) to create a reducible disulfide bond. CRM107 in borate buffer (100 mM sodium 

borate, 3.5 mM EDTA, pH 8.0) was thiolated with a 2.0-fold molar excess of 2-IT for 60 min at 

room temperature. The thiolated CRM107 was separated from free 2-IT using Zeba desalting 

spin columns (Pierce). Recombinant Tf in phosphate-buffered saline (PBS; 50 mM sodium 

phosphate, 0.15 M NaCl, pH 7.4) was reacted with a 3.0-fold molar excess of SPDP for 30 min 

at room temperature. This SPDP modified Tf (Tf-SPDP) was separated from free SPDP using 

Zeba desalting spin columns. The Tf-SPDP and the thiolated CRM107 (1:1 molar ratio) were 

mixed, diluted, and incubated for 20 h at 4°C. The Tf-CRM107 conjugate was then purified by 

HPLC (AKTA FPLC Chromatographic System, GE Healthcare Bio-Sciences, Piscataway, NJ) 
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using two HiPrep 16/60 Sephacryl S200HR size-exclusion columns in series (GE Healthcare 

Bio-Sciences). The identity of each peak was confirmed by SDS-PAGE, and the concentration 

quantified using the Bradford dye binding assay. The Tf-CRM107 conjugate was stored in PBS 

containing 20 mM sodium bicarbonate. 

 

2.2.6 In Vitro Cytotoxicity Studies 

The SRB cell proliferation assay was used to quantify cell survival based on the 

measurement of cellular protein content. The toxicities of the mutant Tf-CRM107 conjugates 

relative to the wild-type Tf-CRM107 conjugate were investigated in glioma cells (U87 and 

U251) and HeLa cells to determine if the mutant Tf conjugates were more potent than the wild-

type Tf conjugate using the new toxin. In addition, all conjugates were incubated with normal 

cells to assess cancer specificity. The various cells utilized in this study were seeded onto wells 

of a 96-well tissue culture plate at cell densities of 10,000 cells/cm2 for cancer cells (U87, U251, 

and HeLa) and 45,000 cells/cm2 for normal cells (HUVEC and NHA). Different seeding 

densities were used due to differences in cell size and proliferation rate. Following overnight 

incubation, growth medium was aspirated, and the cells were incubated for 48 h with 100 µL 

fresh growth medium containing concentrations of Tf-CRM107 spanning five orders of 

magnitude (10-13 to 10-9
 M).  A cold 10% TCA solution (100 µL) was added to each well to fix 

the cells at 4°C for 1 h. The 10% TCA solution was removed, and the cells were washed four 

times with deionized water then thoroughly blow-dried. Subsequently, 50 µL of a 1% acetic acid 

solution containing 0.4% SRB was added to each well for 30 min at room temperature. The dye 

solution was removed, and the cells were washed four times with a 1% acetic acid solution to 
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remove unbound dye; following this step, the cells were again blow-dried. The dye was 

dissociated from the proteins and solubilized with 100 µL of a 10 mM Tris base solution. The 

absorbance of each well was determined with an Infinite F200 plate reader (Tecan System Inc., 

San Jose, CA) at wavelengths of 560 and 700 nm. The survival of cells relative to a control (i.e., 

cells incubated in growth medium without Tf-CRM107) was calculated by determining the ratio 

of the (A560 - A700) values. Experiments were performed three times with quadruplicate points 

per concentration. 

 

2.3 Results and Discussion 

 

2.3.1 Identification of CRM107 

To confirm the identity of CRM107, we first examined its toxicity against one glioma 

cell line and one normal cell type and compared that to the toxicity of DT. As shown in Figure 

2.1A, DT’s toxicity against U87 cells is approximately 12,600-fold greater than the toxicity of 

CRM107  with IC50 values of 0.0155 ± 0.0019 and 195 ± 29 nM, respectively. Similarly, DT 

exhibited an approximately 20,300-fold greater toxicity compared to CRM107 in NHAs, with 

IC50 values of 0.00160 ± 0.00079 and 32.4 ± 19.8 nM, respectively (Figure 2.1B).  We can 

therefore conclude that that the decreased toxicity of our CRM107 samples is due to its 

decreased binding affinity for preHB-EGF. 
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Figure 2.1: In vitro cytotoxicity comparisons of DT and CRM107 in (A) U87 glioma cells and 

(B) NHAs. Points, mean from an average of three experiments; bars, standard deviation. 

 

To further verify the identity of CRM107, the protein’s EF-2 ADP-ribosylation activity 

was investigated in an extracellular environment. Its activity at a 10-6 M concentration was 

compared to the activity of an equimolar concentration of DT, since optimal levels of EF-2 

associated 32P-radioactivity were observed at this concentration. The CRM107 and DT proteins 

were found to ADP-ribosylate 154 ± 40 and 144 ± 61 pg of EF-2 (p = 0.8), respectively, indicating 

that the EF-2 ADP-ribosylation activity of CRM107 was equivalent to that of DT at equimolar 

concentrations. Together, the in vitro cytotoxicity and ADP-ribosylation assays confirm that the 

protein we received is CRM107, a variant of DT with a significantly reduced binding affinity for 

preHB-EGF. The student t-test was used to show that the difference in ADP-ribosylation activity 

exhibited by CRM107 compared to DT was not statistically significant (p > 0.05). 

 

2.3.2 Mutant Tf-CRM107 conjugates demonstrate improved in vitro efficacy against 

cancer cells relative to wild-type Tf-CRM107 conjugates 

We synthesized and administered CRM107 conjugates of our wild-type, K206E/R632A, 

and K206E/K534A Tf ligands to two glioma cell lines (U251 and U87) as well as the HeLa cell 

line over a range of concentrations for 48 h. Each mutant Tf-CRM107 conjugate exhibited a 
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significantly enhanced drug delivery efficacy relative to their wild-type counterpart in U87, 

U251, and HeLa cells that was much greater than the improved efficacy observed with Tf-DT 

conjugates (Figure 2.2, Table 2.1). IC50 values for U87 cells (Figures 2.2A and B, Table 2.1) 

were determined to be 32.1 ± 3.2 pM for wild-type Tf compared to values of 7.10 ± 0.87 (p = 

0.0002) and 6.80 ± 0.52 pM (p = 0.0002) for K206E/R632A Tf and K206E/K534A Tf, 

respectively. Similar results were obtained with U251 cells (Figures 2.2C and D, Table 2.1), 

demonstrating IC50 values of 35.3 ± 3.7 pM for wild-type Tf compared to values of 10.8 ± 1.8 (p 

= 0.0005) and 11.3 ± 1.2 pM (p = 0.0004) for K206E/R632A Tf and K206E/K534A Tf, 

respectively. For HeLa cells (Figures 2.2E and F, Table 2.1), the IC50 values were determined to 

be 30.3 ± 3.0 pM for wild-type Tf compared to values of 9.4 ± 1.0 (p = 0.0002) and 10.2 ± 1.4 

pM (p = 0.0003) for K206E/R632A Tf and K206E/K534A Tf, respectively. The student t-test 

was used to show that the decrease in IC50 exhibited by both mutant Tf-CRM107 conjugates 

compared to the wild-type counterpart was statistically significant (p < 0.05). The data show 

improvement in efficacy for mutant Tf-CRM107 conjugates (4.6, 3.2 and 3.0-fold for U87, 

U251, and HeLa cells, respectively) relative to mutant Tf-DT conjugates [22, 23]. The results 

suggest that the mutant CRM107 appears be a more suitable therapeutic agent for our mutant Tf 

to deliver to cancer cells. 
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Figure 2.2. In vitro cytotoxicity comparisons for CRM107 conjugates. Points, mean from an 

average of three experiments; bars, standard deviation. Wild-type Tf versus K206E/R632A Tf and 

K206E/R534A Tf in (A, B) U87, (C, D) U251, and (E, F) HeLa cells. 

 

 

 

 



26 
  

Table 2.1: The IC50 values of the various Tf-CRM107 conjugates in U87, U251, and HeLa cells. 

SD, standard deviation. 

Cell-Line IC50 ± SD (× 10-12 M) 

U87 - 

Wild-type Tf-CRM107 32.1 ± 3.2 

K206E/R632A Tf-CRM107 7.10 ± 0.87 

K206E/K534A Tf-CRM107 6.80 ± 0.52 

Average IC50 decrease associated with 

mutant Tf 

~4.6-fold 

U251 - 

Wild-type Tf-CRM107 35.3 ± 3.7 

K206E/R632A Tf-CRM107 10.9 ± 1.8 

K206E/K534A Tf-CRM107 11.3 ± 1.2 

Average IC50 decrease associated with 

mutant Tf 

~3.2-fold 

HeLa - 

Wild-type Tf-CRM107 30.3 ± 3.0 

K206E/R632A Tf-CRM107 9.37 ± 1.0 

K206E/K534A Tf-CRM107 10.2 ± 1.4 

Average IC50 decrease associated with 

mutant Tf 

~3.0-fold 

 

 

2.3.3 Tf-CRM107 Conjugates Demonstrate In Vitro Cancer Selectivity 

To demonstrate the cancer selectivity of our Tf-CRM107 conjugates, in vitro cytotoxicity 

experiments were performed with two non-neoplastic cell types, HUVECs and NHAs. Our results 

indicated that cancer selectivity can be achieved by our wild-type and mutant Tf-CRM107 

conjugates due to significantly higher IC50 values observed for all conjugates when treating non-

neoplastic cells, indicating a potentially good therapeutic index. As seen in Figures 2.3A and B, 

IC50 values for HUVECs were determined to be 195 ± 30, 147 ± 36 (p = 0.2), and 136 ± 24 pM (p 

= 0.06) for wild-type Tf, K206E/R632A Tf, and K206E/K534A Tf, respectively. Similar results 

were obtained with NHAs (Figures 2.3C and D), demonstrating IC50 values of 55.0 ± 9.3, 32.4 ± 

7.4 (p = 0.03), and 38.0 ± 6.8 pM (p = 0.06) for wild-type Tf, K206E/R632A Tf, and 
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K206E/K534A Tf, respectively. Moreover, differences in toxicity between wild-type Tf-CRM107 

conjugates and both mutant Tf-CRM107 conjugates were significantly diminished in HUVECs 

and NHAs. This was likely due to saturation of TfR with the conjugates, since the normal cells are 

expected to express far fewer TfR; therefore, the additional recycling capabilities of the mutant 

conjugates become inconsequential in the presence of excess Tf-CRM107 conjugates available to 

bind to the receptors and be internalized. The student t-test was used to show that the decrease in 

IC50 exhibited by both mutant Tf-CRM107 conjugates compared to the wild-type counterpart was 

not statistically significant (p > 0.05), with the exception of the K206E/R632A Tf-CRM107 

conjugate against NHAs. 

 

Figure 2.3. In vitro cytotoxicity comparisons for CRM107 conjugates. Points, mean from an 

average of three experiments; bars, standard deviation. Wild-type Tf versus K206E/R632A Tf and 

K206E/R534A Tf in (A, B) HUVECs and (C, D) NHAs.  
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2.4 Conclusion 

We generated wild-type and mutant Tf-CRM107 conjugates for our current in vitro work. 

In vitro results showed that the improvement in efficacy between the mutant and wild-type Tf-

toxin conjugates was greater for the CRM107 toxin than the DT toxin. In addition, the IC50 

values of both wild-type and mutant Tf-CRM107 conjugates with the two normal cell lines were 

significantly higher than the IC50 values observed with the U87 and U251 glioma cell lines as 

well as with the HeLa cell line, suggesting a potentially greater therapeutic window for the 

mutant Tf-CRM107 conjugates. Furthermore, for the normal cell types (HUVECs and NHAs), 

the cytotoxicity curves of the mutant and wild-type Tf-CRM107 conjugates became similar, 

attributed to the saturation of TfR on the normal cells. In summary, the two most significant 

results of our in vitro studies were (i) the even greater increase in drug delivery efficacy and (ii) 

the potential for a substantial decrease in toxic side effects of the mutant Tf-based conjugates 

relative to their wild-type counterpart following substitution of DT with CRM107. These results 

indicate that CRM107 would be a more suitable therapeutic agent in combination with the 

mutant Tf in future in vivo and clinical studies. 
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Chapter 3: Engineering A11 Minibody-Conjugated, Polypeptide-Based Gold 

Nanoshells for Prostate Stem Cell Antigen (PSCA)-Targeted Photothermal 

Therapy 

 

3.1 Introduction 

Prostate cancer cells can be targeted through prostate-specific membrane-bound antigens, 

such as prostate specific membrane antigen (PSMA) and prostate stem cell antigen (PSCA). In 

this research, we focused on targeting PSCA, which is predominantly prostate-specific and is 

overexpressed on prostate cancer cells with restrictive expression in normal tissues. PSCA 

expression increases markedly with tumor stage, grade, and progression to androgen 

independence, where PSCA was found in 80% of localized tumors and all bone metastases [63, 

64]. The expression patterns of PSCA enable targeting of difficult-to-treat metastatic and 

androgen-independent tumor cells. Based on the promise of PSCA, researchers developed 

antibodies against PSCA, which could enable specificity in the treatment and imaging of prostate 

cancer. 

One such targeting agent is the A11 minibody, which was developed for the purpose of 

detecting prostate cancer tumors using positron emission tomography (PET) [65]. The A11 

minibody has enabled successful imaging of localized and metastatic prostate cancer with high 

contrast [65-67]. Its high affinity and specificity for PSCA-expressing cells also makes A11 an 

ideal candidate for targeting therapeutics to prostate cancer. Unlike many common cancer-

targeting ligands, such as transferrin, A11 is not readily endocytosed by cells, but instead 

remains on the cell surface after binding with the antigen [67]. In order to exploit this strong 



30 
  

binding, but low internalization properties of A11, we developed a targeted photothermal therapy 

agent, which can exert its cytotoxic effect while bound to the surface of cells.  

In photothermal therapy, the energy from electromagnetic radiation is harnessed and 

converted into thermal energy to ablate tumor cells. Gold nanostructures have been investigated 

due to their ability to demonstrate surface plasmon resonance (SPR), where the conduction band 

electrons of the gold particles undergo coherent oscillation upon light irradiation [68]. At the 

peak SPR wavelength, the absorption of energy is significantly enhanced, which is important for 

the conversion of light into heat as the oscillation energy dissipates. In addition to using gold-

based nanostructures for photothermal therapy, other laboratories also have demonstrated the 

coupling of photothermal-capable gold nanostructures with gene expression profiling in cells 

[69, 70]. The gold nanoshell structure, which consists of a thin layer of gold coated onto a 

dielectric core, has been shown to demonstrate strong SPR in the near infrared region [71]. Near 

infrared-responsive agents are desired for minimally invasive treatment, as near infrared light 

can best penetrate into tissue due to the low absorption coefficient of biological molecules, such 

as water and hemoglobin, and reduced scattering as compared to light in the visible region [71]. 

Furthermore, by using photothermal therapy together with the slow internalization rate of the 

A11 minibody, several advantages can be utilized compared to the photothermal effect induced 

by a gold nanoshell that exhibits significant internalization. First, the membrane disruption 

caused by thermal energy provides the most direct opportunity to damage the cell. In addition, 

the accumulation of gold nanoshells on the surface of the cell further focuses the photothermal 

effect into a confined area. Furthermore, the cell membrane has a relatively low thermal 

conductivity which can cause larger temperature gradients and subsequently more intense 

hyperthermic effects [72]. 
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In this study, polypeptide vesicles are used as the core material of our gold nanoshells. As 

an emerging class of biomaterials, polypeptide vesicles have many benefits. Due to the wide 

variety of naturally occurring and synthetic amino acid building blocks, polypeptides can be 

engineered to exhibit unique chemical and physical properties. Additionally, polypeptide 

materials have the potential to exhibit low immunogenicity and toxicity. Polypeptide vesicles 

have also demonstrated the ability to encapsulate and deliver cargo, such as nucleic acids and 

anti-cancer drugs [46, 73, 74]. Moreover, the thicker vesicle bilayer, relative to conventional 

liposomes, increases the stability of the polypeptide vesicles due to greater attractive interactions 

between the long polypeptide chains. 

In order to create the polypeptide-based gold nanoshells, we chemically deposited a thin layer of 

gold onto the polypeptide vesicle surface comprised of poly(L-lysine)60-block-poly(L-leucine)20 

block copolypeptides (K60L20). The K60L20 vesicles were an ideal candidate for use as a core 

material, since the abundance of amines present on the lysine blocks of the vesicle surface can 

form dative bonds with the gold to create an adherent shell. In this investigation, we aimed to use 

the A11 minibody to improve the specificity of the K60L20 gold nanoshells toward prostate 

cancer cells to enhance the efficacy of the photothermal therapy agent. 

 

3.2 Materials and Methods 

 

3.2.1 Synthesis of A11 Minibody 

The A11 minibody was produced and purified as described previously by Wu and 

coworkers [66]. Briefly, the A11 scFv gene was fused to the human IgG1 hinge and CH3 region 
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downstream as well as to a signal peptide upstream, and inserted into the pEE12 expression 

vector. 10 µg of linearized plasmid DNA containing the minibody construct was used to transfect 

NS0 mouse myeloma cells by electroporation; selection was conducted in glutamine-deficient 

media, and a stable, high-producing subclone was isolated and expanded. Cell culture 

supernatants were conditioned using Dowex AG1x8 (Bio-Rad Laboratories, Irvine, CA) and the 

A11 minibody purified by sequential chromatography on Capto MMC (GE Healthcare Life 

Science, Marlborough, MA), anion exchange using UNOsphere Q (Bio-Rad) and finally with 

CHT ceramic hydroxyapatite (Bio-Rad) as described4. After purification, the proteins were 

dialyzed against phosphate-buffered saline (PBS) and then concentrated with Vivaspin 20 

centrifugal concentrators (MWCO: 30,000). UV absorbance at 280 nm was then measured to 

determine the final protein concentrations. 

 

3.2.2 Radiolabeling the A11 Minibody 

Tyrosine residues of A11 were radiolabeled with Na125I using IODO-BEADS (Pierce, 

Rockford, IL). Radiolabeled A11 samples were purified from free 125I with a Sephadex G10 size- 

exclusion column with bovine serum albumin (BSA) added to prevent nonspecific binding to the 

column. The phosphotungstic acid (PTA) assay was used to quantify the specific activity and 

concentration of each radiolabeled sample [75]. 

 

3.2.3 Cellular Binding and Trafficking 

PSCA-transfected 22Rv1 prostate cancer cells were seeded onto 35 mm dishes (Becton 

Dickinson and Company, Franklin Lakes, NJ) with a seeding density of 1.25 × 105 cells/cm2 in 
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growth medium. The growth medium was RPMI 1640 supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin (pH 7.4). After 15 h of incubation in a humidified 5% 

CO2 and 37°C environment, the growth medium was aspirated, and new incubation medium with 

1 nM radiolabeled A11 was added to each dish. The incubation medium was RPMI 1640 

supplemented with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 1% 

penicillin/streptomycin (pH 7.4). The cells were incubated in this medium at 37°C for 1, 2, 5, 7, 

10, and 60 min. At each time point, the incubation medium was removed, and the cells were 

washed 5 times with ice-cold WHIPS (20 mM HEPES, 1 mg/mL polyvinylpyrrolidone (PVP), 

130 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, and 1 mM CaCl2, pH 7.4) to remove nonspecifically 

bound A11 on the cell surfaces. Cell-surface bound A11 was then separated from internalized 

A11 by adding 1 mL of ice-cold acid strip (50 mM glycine-HCl, 100 mM NaCl, 1 mg/mL PVP, 

and 2 M urea, pH 3.0) to each dish. The cells were placed on ice for 12 min. Each dish was then 

washed once more with 1 mL of acid strip. The radioactivity in the collected acid strip washes 

was quantified using a Cobra Series Auto-Gamma Counter (Packard Instrument Co., Meriden, 

CT) to determine surface bound A11. Lastly, the cells were solubilized by adding 1 mL of a 1 N 

NaOH solution to each dish for 30 min, followed by another 1 mL NaOH wash. The two NaOH 

washes were collected, and the radioactivity in the solution was quantified as described above to 

determine the amount of internalized A11. Each entire experiment was performed three times, 

where triplicate measurements were obtained for each time point in each experiment. 
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3.2.4 Making Polypeptide-Based Gold Nanoshells 

The K60L20 block copolypeptide was synthesized by transition-metal-initiated -amino 

acid N-carboxyanhydride polymerization as previously described10. After freeze-drying, the 

K60L20 polypeptide was processed into vesicles using a modification of a method previously 

reported10-12. Specifically, the vesicles were formed by first dissolving 10 mg of polypeptide in 1 

mL of a 15% tetrahydrofuran (THF) solution in sterile Milli-Q water. Another 1 mL of a 15% 

THF solution was then added to yield a final polypeptide concentration of 0.5% w/v. 

Subsequently, the mixture was placed in a dialysis bag (MWCO = 8,000 Da) and dialyzed 

against sterile Milli-Q water overnight to remove the THF, where the sterile Milli-Q water was 

changed every hour for the first 4 hours. After processing, the K60L20 vesicles were serially 

extruded through polycarbonate membranes with 1000, 400, 200, and lastly 100 nm pores in 

order to obtain a uniform vesicle size. A 4.63 mL suspension of the resulting polypeptide 

vesicles (1.34 mg) was adjusted to pH 7 using 7% ammonium hydroxide (Sigma-Aldrich, St. 

Louis, MO). Hydroxylamine hydrochloride (Sigma-Aldrich, St. Louis, MO) was added in excess 

(500 µL of a 0.2 M solution), followed by 154 µL of a 0.5% gold (III) chloride solution (Sigma-

Aldrich, St. Louis, MO) in two 77-µL aliquots. The suspension was allowed to spin overnight, 

and the gold-coated vesicles were recovered by centrifugation at 9,000 rcf for 10 min. The pH 

was found to be critical in the gold-coating process; therefore, the pH was adjusted as needed to 

maintain a pH of 7 throughout the coating process. 
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3.2.3 Conjugation Scheme for A11 and PEG to Polypeptide-Based Gold Nanoshells 

Gold nanoshells can be surface-functionalized with thiol-containing moieties through 

dative bonds. In order to conjugate A11 to the gold nanoshells, we cleaved the disulfide linker 

between the constant regions of the minibody to expose free thiols. Briefly, free thiol groups on 

A11 were exposed by breaking the disulfide linkages between the heavy chains using a 3:1 molar 

ratio of the minibody to dithiothreitol (DTT), enabling conjugation to the gold nanoshells 

through dative bonds. The free DTT was then purified from the thiolated A11 using 10K MWCO 

spin concentrators (EMD Millipore, Billerica, MA). We also saturated the gold nanoshell surface 

using thiol-functionalized polyethylene glycol (PEG). To conjugate the PEG and A11 to the gold 

nanoshells, the pH of the gold nanoshell suspension was adjusted to 9 using 1.5 M NaOH. 

Monofunctional methoxy-PEG-thiol (5,000 MW) (Nanocs, Boston, MA) and thiolated A11 were 

added at a molar ratio of 10000:1000:1 PEG:A11:gold nanoshell. To ensure adequate 

conjugation of A11, 0.08 mg of A11 was added to the gold nanoshells first, and allowed to react 

for 30 min while stirring, followed by the conjugation of 0.1 mg PEG for 10 min. Free PEG and 

A11 were purified by centrifugation at 2000 rcf for 2 min. To provide stability during the 

recovery process, we added bovine serum albumin (BSA) in excess (50 µL of 10% w/v BSA) to 

passivate the surfaces of the plastic tube as well as the gold nanoshell. To make the PEGylated 

gold nanoshells, a similar protocol was followed without the addition of A11. 

 

3.2.6 Characterization of A11-Conjugated Gold Nanoshells 

Size measurements were performed on the A11-conjugated and PEGylated gold 

nanoshells with the Malvern Zetasizer Nano ZS model Zen 3600 (Malvern Instruments Inc., 
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Westborough, MA). For the transmission electron microscopy (TEM), the colloidal gold 

nanoshells were first mixed by pipetting multiple times, and immediately applied to carbon-

coated copper grids. The grids were air-dried without staining or blotting. TEM images were 

then recorded inside an FEI T20 200kV transmission electron microscope on an FEI Eagle 4 

megapixel CCD camera. The extinction profile of the gold nanoshells was measured to verify the 

significant surface plasmon resonance in the near infrared region using a UV-visible-NIR 

spectrophotometer (Thermo Scientific BioMate 3S) over a range of wavelengths from 400 to 

1100 nm. 

 

3.2.7 Measuring Heat Generation 

Gold nanoshells (extinction at 808 nm = 0.2 a.u.) were irradiated with a 200 mW laser 

diode, 808 nm (ThorLabs, Inc., Newton, NJ) for 10 min at a power density of approximately 33 

W cm-2. The temperature was measured at desired time points using a thermocouple (OMEGA 

Engineering INC. Model HYP-0, Stamford, CT) placed into a 96 well plate in 100 L of the gold 

nanoshell suspension in water. 

 

3.2.8 Mathematical Model for Heat Transfer of A11 Minibody-Conjugated Gold 

Nanoshells 

Our laboratory previously derived a detailed mathematical model for heat transfer from 

gold nanoshells [76]. In this thesis, the model was improved by relaxing a few assumptions that 

were initially used by our research group.  
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The previous model assumed the rate of mass loss to evaporation was a constant. We 

relaxed this assumption, and allowed the rate of mass lost to evaporation to vary as a function of 

temperature based on the mathematical relations reported by Saylor and coworkers [77]. Briefly, 

the mass transfer coefficient due to evaporation was given by the following equation: 

                   hm =  
ṁ”

Δρwv
                                                        (3.1) 

where hm is the mass transfer coefficient (m s-1), ṁ” is the mass flux (kg m-2 s-1), and Δρwv is 

given by: 

     Δρwv = ρwv,s - γ ρwv,a                                             (3.2) 

where ρwv,s  is the saturated vapor density at the water surface (kg m-3), ρwv,a  is the saturated 

vapor density in ambient air (kg m-3), and γ is the relative humidity immediately above the air-

water interface and was set to be 75% throughout the experiment. To evaluate both of the 

saturated vapor densities, the saturated vapor pressures at the appropriate temperatures were first 

determined using the Antoine equation, followed by converting the saturated vapor pressures to 

densities using the ideal gas equation of state. The Sherwood number (Sh), which is defined as 

the ratio of the convective mass transfer to the rate of diffusive mass transport alone, is given by: 

                                                    Sh = 
W hm

 D
                                                     (3.3) 

where W is the diameter of the well (m), and D is the diffusion coefficient of water vapor in air 

(m2 s-1), which was also modeled as a function of temperature [78]. The Sherwood number was 

correlated to the Rayleigh number (Ra), which is the product between the ratio of buoyancy to 

viscous forces and the ratio of momentum to thermal diffusivities [79]: 

                    Sh = (0.0019)Ra0.329                              (3.4) 

where the Rayleigh number (Ra) is defined as follows [76]: 



38 
  

                                                     Ra =  
g Δρ W3

�̅� υ α
                                                  (3.5) 

where g is the acceleration due to gravity at sea level (m s-2), Δρ is the difference between the 

air/vapor mixture densities at the water surface and at ambient air (kg m-3), and �̅� is the average 

air/vapor mixture density between the water surface and ambient air (kg m-3). To determine both 

densities, the average air/vapor mixture pressures at the appropriate temperatures were first 

determined with the Antoine equation, followed by converting the average air/vapor mixture 

pressures to densities using the ideal gas equation of state. In addition, υ and α are the kinematic 

viscosity (m2 s-1) and the thermal diffusivity (m2 s-1) of air, respectively. Both υ and α were also 

modeled as a function of temperature based on the correlations provided by Tsilingiris [80]. 

Thus, by using Eq. (3.2)-(3.5), the rate of mass loss to evaporation (kg s-1) was calculated as a 

function of temperature. 

Furthermore, the convective heat transfer coefficient in air was also changed to a 

correlation that was more valid for our experimental condition. The Nusselt-Rayleigh relation 

that was incorporated in our new version of the model is given by [81]: 

        Nu = (1.759)Ra0.130                   (3.6) 

where Nu is the Nusselt number. Nu is defined as ratio of convective heat transfer to conductive 

heat transfer. Using Nu, the convective heat transfer coefficient of air can be defined as follows 

[77]:  

                   Uair = 
Nu  λair

W
        (3.7) 

where Uair is the convective heat transfer coefficient of air (W m-2 K-1), and λair is the thermal 

conductivity of air (W m-1 K-1), which was modeled as a function of temperature based on the 

correlations provided by Tsilingiris 18. Using Eqs. (3.5)-(3.7), Uair was calculated as a function of 
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temperature. Note also that our previous model had used constants for parameters in the Nu 

equation (Eq. (3.7)), while we are now allowing these parameters to vary with temperature. 

Furthermore, to determine the attenuation of the laser power density along the z-direction, our 

previous model used Eq. (3.8) [76]:  

                    I = Io10
-(𝜀C)z                                       (3.8) 

where I is the laser power intensity (W m-2) as a function of z (the depth to which the laser 

penetrates in meters), Io is the incident power density (W m-2), 𝜀 is the wavelength-dependent 

absorptivity coefficient for the A11 minibody-conjugated and PEGylated gold nanoshells (M-1 

m-1), and C is the concentration of the A11 minibody-conjugated and PEGylated gold nanoshells 

(M). To determine 𝜀C, the Beer-Lambert Law was used (Eq. (3.9)): 

                              𝜀C = 
𝐴

𝐿
                               (3.9) 

where A is the absorbance value obtained from the UV-visible-NIR spectrophotometer (a.u.), 

and L is the path length (m). The left hand side of the equation was then multiplied by 51 to 

account for the dilution factor for measuring the absorbance of A11 minibody-conjugated and 

PEGylated gold nanoshells with the UV-visible-NIR spectrophotometer, as well as divided by 10 

to account for the dilution factor used in the heat generation study with the A11 minibody-

conjugated and PEGylated gold nanoshells. All of the other model components were the same as 

those previously reported [76]. 

 



40 
  

3.2.9 Photothermal Therapy Using A11-Conjugated Gold Nanoshells 

Gold nanoshells were incubated with PSCA-expressing 22Rv1 prostate cancer cells for 

30 min in serum-free media. After incubation, cells were washed with PBS. 100 μL of PBS were 

then added to the wells, and the cells were irradiated with an 808 nm laser diode at a power 

density of approximately 33 mW/cm2 for 10 min. A Live/Dead Stain Kit (calcein AM and 

ethidium homodimer, Molecular Probes, CA, USA) was used to evaluate the viability of the 

cells. Cells were examined using fluorescent microscopy with an EVOS fl Digital Inverted 

Fluorescence Microscope (Advanced Microscopy Group/Life Technologies, Grand Island, NY). 

 

 

3.3 Results and Discussion 

 

3.3.1 Determining the Internalization Rate Constant of the A11 Minibody 

Before developing the gold nanoshells, we first characterized the internalization rate 

constant of A11 to quantitatively confirm observations that A11 does not significantly internalize 

into prostate cancer cells. In order to determine the internalization rate constant of the A11 

minibody, a model of the cellular trafficking pathway was developed based on a species balance 

on the internalized A11-antigen complexes. The change in internalized complexes with respect 

to time can be increased through internalization of the surface-bound complexes and decreased 

through both recycling and degradation of the internalized complexes (Eq. (3.10)):  

                 
𝑑𝐶𝑖

𝑑𝑡
= 𝑘𝑖𝑛𝑡𝐶𝑠 − 𝑘𝑟𝑒𝑐𝐶𝑖 − 𝑘𝑑𝑒𝑔𝐶𝑖         (3.10) 
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where Ci is the concentration of internalized A11-antigen complexes, t is the time, kint is the 

internalization rate constant, Cs is the concentration of surface-bound A11, krec is the recycling 

rate constant, and kdeg is the degradation rate constant. 

 Short time points (less than 10 min) were chosen so that recycling and degradation were 

negligible in the experiment, thereby allowing us to focus on the binding and internalization 

processes. Integrating the resulting equation using the initial condition that no A11 is present 

inside the cell yields: 

                 𝐶𝑖 = 𝑘𝑖𝑛𝑡 ∫ 𝐶𝑠
t

0
𝑑𝑡′                              (3.11) 

Based on Eq. (3.11), the internalization rate constant can be determined as the slope of the graph 

of the concentration of internalized A11 as a function of the integral of the concentration of 

surface complexes over time. To obtain this data, radiolabeled A11 was incubated with PSCA-

expressing 22Rv1 prostate cancer cells, and the surface-bound and internalized radiolabeled A11 

were quantified at the desired time points. The trapezoidal rule was then applied to obtain the 

integral of the surface complexes over time. Plotting the data based on the math model (Eq. 

(3.11)), the internalization rate constant was determined as the slope of the plot of the 

internalized A11 as a function of the integral of the cell-surface complexes over time. The 

average internalization rate constant for PSCA-expressing 22Rv1 cells was found to be 0.0073 

min-1 (Figure 3.1). Similar to previous reports [67], we observed rapid binding of A11 to PSCA-

expressing cells; however, cellular internalization was relatively low. The average internalization 

rate constant for PSCA-expressing 22Rv1 cells was found to be considerably less than the 

internalization rate constant for ligands known to be endocytosed by cells. For example, the 

internalization rate constant of transferrin in HeLa cells is about 0.38 min-1 [82], while that of 

epidermal growth factor in A431 epidermoid carcinoma cells is between 0.04 to 0.16 min-1 [83]. 
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In addition, the internalization rate constant of insulin in Chinese Hamster Ovary cells is 

approximately 0.187 min-1 [84], while that of vascular endothelial growth factor in human 

umbilical vein endothelial cells is approximately 0.282 min-1 [85]. Based on the slow 

internalization properties of the A11 minibody, we chose to develop a nanoparticle system that 

could exert its toxic effect while remaining bound to the surface of the cell. 

 

 

 

Figure 3.1. Determining the A11 internalization rate constant for PSCA-transfected 22Rv1 

prostate cancer cells. The entire experiment was performed three times, and the error bars 

correspond to standard deviations.  
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3.3.2 A11 Minibody-Conjugated Polypeptide-Based Gold Nanoshells 

To create the gold nanoshells, we reduced gold onto the surface of the K60L20 vesicles. 

Next, to provide in vivo stability, we conjugated PEG to the surface through dative bonds, where 

PEG has been demonstrated to prevent aggregation and nonspecific adsorption of serum 

proteins. Dynamic light scattering characterization of the A11 minibody and polyethylene glycol 

(PEG)-conjugated gold nanoshells and the PEGylated gold nanoshells without A11 showed that 

both types of nanoshells were around 200 nm in size with polydispersity indices being 0.14 and 

0.21, respectively (Table 3.1). Direct observation of these nanoshell preparations under TEM 

confirmed these dynamic light scattering results, revealing spherical gold particles with various 

diameters up to 200 nm (Figure 3.2). The smaller sized gold nanoshells in the images can be 

attributed to smaller sized K60L20 vesicles and even K60L20 micelles. In our extrusion process, 

these smaller entities cannot be filtered out. A potential solution would be to use dialysis to 

remove some of the smaller self-assembled structures. The TEM images also show some 

possible aggregates, but these are most likely formed during the drying stages of the sample prior 

to imaging [86]. Furthermore, the extinction profiles demonstrated that the targeted and non-

targeted gold nanoshells maintained the strong surface plasmon resonance in the near infrared 

region (Figure 3.3). Characterization of the gold nanoshells after conjugation showed that the 

particles were relatively monodisperse and within the size range for passive targeting of solid 

tumors, such as prostate cancer tumors. Passive targeting, which is possible due to the enhanced 

permeability and retention effect of solid tumors, has been demonstrated for particles within the 

size range of 60-400 nm in diameter due to the leaky vasculature and poor lymphatic drainage at 

the tumor site [87]. Additionally, the extinction profile of the gold nanoshells indicated that they 

would be responsive to near infrared irradiation. 
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Table 3.1. Characterization of A11 minibody-conjugated and PEGylated polypeptide-based 

gold nanoshells and PEGylated polypeptide-based gold nanoshells without the A11 minibody. 
The range of values correspond to standard deviations from 3 measurements of the sample. 

K60L20 Vesicles Size (nm) Polydispersity Index (PDI) 

Gold-coated 148 + 3 0.11 + 0.01 
PEGylated and Gold-coated 183 + 4 0.14 + 0.03 
A11 Minibody-conjugated, 

PEGylated, and Gold-coated 
200 + 5 0.21 + 0.01 

 

 

 

 

 

Figure 3.2. TEM images of (A) A11minibody-conjugated and PEGylated polypeptide-based gold 

nanoshells and (B) PEGylated polypeptide-based gold nanoshells without the A11 minibody. Scale 

bar is 200 nm. 
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Figure 3. 3. Extinction profiles of (A) A11 minibody-conjugated and PEGylated polypeptide-

based gold nanoshells and (B) PEGylated polypeptide-based gold nanoshells without the A11 

minibody. 

 

 

3.3.3 Mathematical Model for Heat Transfer of A11 Minibody-Conjugated Gold 

Nanoshells 

To gain a better understanding of our A11 minibody-conjugated gold nanoshells in the 

context of photothermal therapy. We improved the mathematical model for heat transfer that was 

previously developed by our research group for heat generation of gold nanoshells [76]. The 

mathematical model was solved numerically using finite difference equations and the method of 
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lines, which were coded in the MATLAB programming language. The temperature increase as a 

function of time for the gold nanoshells was predicted using the mathematical model, and the 

predictions were compared with our experimental measurements of temperature. Our revised 

model was able to reasonably predict the rise of the temperature, especially near the beginning of 

the experiment (Figure 3.4). It is important to include the temperature dependence of the 

parameters affecting the evaporation rate and the heat transfer coefficient as the temperatures are 

relatively lower at the beginning of the heat generation experiment. 

 

 

 
Figure 3.4. Comparison of our mathematical model predictions (orange circle) with our 

measured temperatures (blue circle) for A11 Minibody-conjugated and PEGylated gold 

nanoshells in water with exposure to an 808-nm laser diode (200 mW). The error bars on the 

experimental data correspond to standard deviations from triplicate measurements. 
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3.3.4 PSCA-Targeted Photothermal Therapy Using Polypeptide-Based Gold 

Nanoshells 

To determine if the temperature increase could cause cellular toxicity, we incubated the 

targeted and non-targeted gold nanoshells in the presence of PSCA-expressing prostate cancer 

cells in vitro. Upon laser irradiation, significant and localized cell death occurred within the 

irradiated region for the A11-conjugated gold nanoshells, while little to no cell death was 

observed for the non-targeted gold nanoshells (Figure 3.5). These results indicate that the A11 

minibody enhances the cellular binding and association of gold nanoshells, which results in 

greater efficacy of the therapy. 

 

 

Figure 3.5. Laser-induced cytotoxicity for (A, B) targeted A11-conjugated and PEGylated gold 

nanoshells and (C, D) non-targeted PEGylated gold nanoshells. Live cells are shown in green 

(calcein AM stain) and dead cells are shown in red (ethidium homodimer stain). Scale bar = 1 mm. 

(Extinction at 808 nm = 0.4 a.u.). 
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3.4 Conclusion 

This work represents the first successful development of an A11 minibody-conjugated 

near infrared-responsive gold nanoshell for photothermal therapeutic treatment of prostate 

cancer. We combined an engineered prostate cancer-specific targeting ligand, the A11 minibody, 

which has been shown to have a high affinity for prostate-specific membrane-bound antigens 

such as PSCA, with a novel photothermal therapy agent, polypeptide-based gold nanoshells that 

generate heat in response to near infrared light. This technology has potential for minimally-

invasive treatment of prostate cancer, since healthy tissue does not significantly absorb near 

infrared light. In addition, we have demonstrated the ability to create A11-conjugated gold 

nanoshells with the appropriate size and heat generation properties for photothermal treatment of 

prostate cancer. We also improved a model that we had previously derived by allowing the rate 

of mass to evaporation, the convective heat transfer coefficient of air, and their associated 

parameters to be functions of temperature.  The revised model reasonably predicted the increase 

in temperature due to our gold nanoshells when comparing to our experimental data. 

Furthermore, the PSCA-targeted polypeptide-based gold nanoshells showed promise by 

exhibiting greater efficacy as a photothermal therapy agent compared to non-targeted gold 

nanoshells. 
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