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Abstract 

Synthesis and Biomodification Gold Nanoparticles for  

Multimodal Cancer Therapeutics 

by 

Adam Yuh Lin 

Gold nanoparticles (AuNPs) have potential for medical and biological 

applications due to their optical properties, including scattering and absorbance, and ease 

of surface modification. AuNPs can transfer energy from absorbed light into heat, which 

has been utilized for photothermal therapy (PTT). Hollow gold nanoshells (HGNs) are of 

particular interest because they are easy to synthesize by using a sacrificial template, and 

can be tuned to the desired plasmon wavelength by altering the thickness of the gold 

layer. Also, HGNs are normally synthesized in the 40-80 nm diameter ranges, which is 

the optimal size for cellular endocytosis and effective biodistribution in tumors. 

However, HGNs are difficult to track in vivo due to limited optical penetration depth with 

light.  

Therefore, we designed a novel HGN that incorporated several small iron oxide 

nanoparticles (IONP) as an improved contrast agent for T2 magnetic resonance imaging 

(MRI). Traditionally, gold-coated iron oxide complexes are either not tuned in the near 

infrared region for maximum optical penetration depth or are greater than 100 nm in 

diameter, which can hinder cellular and tumor retention. This design produces 

nanoparticles in the sub-100 nm range while still having an absorbance peak in the near 
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infrared range. Therefore, these magnetic HGNs have PTT capabilities and were able to 

debulk tumors and improve survival in a murine model.  

In addition, AuNPs are attractive as nanocarriers because they are inert, non-toxic, 

and can be readily endocytosed by dendritic cells and other phagocytic mononuclear cells 

enabling AuNPs for the delivery of cancer vaccines. For antigen-based delivery, we 

designed novel gold-based nanovaccines (AuNVs) using a simple self-assembling 

bottom-up conjugation method to generate high-peptide density delivery and effective 

immune responses with limited toxicity. AuNVs were synthesized using a self-

assembling conjugation method and optimized using DC-to-splenocyte interferon-γ 

enzyme-linked immunosorbent spot assays. The AuNV design has shown successful 

peptide conjugation with approximately 90% yield while remaining smaller than 80 nm 

in diameter. DCs took up AuNVs with minimal toxicity and were able to process the 

vaccine peptides on the particles to stimulate cytotoxic T lymphocytes (CTLs). These 

high-peptide density AuNVs stimulated CTLs better than free peptides and have great 

potential as carriers for various vaccine types. For vaccine adjuvant delivery, we 

conjugated a modified CpG oligodeoxynucleotide immune stimulant to gold 

nanoparticles using a simple and scalable self-assembled monolayer scheme that 

enhanced the functionality of CpG in vitro and in vivo. The use of a triethylene glycol 

(TEG) spacer on top of the traditional poly-thymidine spacer increased CpG macrophage 

stimulatory effects without sacrificing DNA content on the nanoparticle, which directly 

correlates to particle uptake. These TEG modified CpG-AuNP complexes induced 

macrophage and dendritic cell tumor infiltration, significantly inhibited tumor growth, 

and promoted survival in mice when compared to treatments with free CpG.  
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Apart from using AuNPs to deliver vaccines, we conjugated dendrimers onto 

small gold nanoparticles to condense DNA for plasmid delivery. Although EDC/sulfo-

NHS coupling methods have been previously used in several AuNP conjugates, in depth 

analysis of the conjugation scheme proved to be critical for maintaining particle stability 

and functionality of the dendrimer particularly for lower generations. Reaction time of 

the conjugation and carboxyl spacing were found to be major factors for synthesizing 

dendrimer-AuNP complexes. 

Other than immunotherapy agents or plasmids, AuNPs can also be used to deliver 

chemotherapy agents. Our design uses molecular beacons (MBs) that target mutated or 

over expressed mRNAs and use them as a molecular trigger for chemotherapy or drug 

release. This strategy is referred to as Molecular Activated Stealth Chemotherapy 

(MASC). Understanding the proper synthesis of MB-AuNPs is critical for the successful 

fabrication of the final MASC particles. We developed a model that successfully 

predicted the spacing and elevation effects on MB and its function while conjugated to 

AuNPs.  

In conclusion, we constructed multimodal theranostic magnetic hollow gold 

nanoshells for MRI contrast and PTT. Furthermore, we designed gold nanoparticles to 

deliver vaccines, plasmids, and chemotherapy, which were released by mRNA. The 

various designs can serve as platforms for cancer diagnostics, circulating tumor cells 

collection immunotherapy, viral or bacteria vaccination, gene therapy, and personalized 

medicine. Future work focuses on in depth analysis of these designs and combining them 

for more efficient nanocarriers designs.  
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and pmel-1 splenocyte IFN-γ ELISPOT with the OVA and gp100 AuNVs. 
Each particle responded to its corresponding splenocyte significantly more 
than the unmatched AuNV (double asterisk denotes p < 0.01). 

Figure 3-11. The DC-to-OT-I splenocyte IFN-γ ELISPOT results using 15-nm, 30-nm 
and 80-nm AuNPs as the starting cores. All three showed similar results. The 
number of IFN-γ secreting cells per 200,000 splenocytes for 15-nm AuNVs 
was not significantly lower than that for the 30-nm AuNVs. 

Figure 3-12. The DC-to-pmel-1 splenocyte IFN-γ ELISPOT using free and AuNV gp100 
peptide pools. The peptide pool AuNVs showed a very large standard error 
of mean (SEM), being ten-fold greater than the free-peptide pool’s SEM. 

Figure 3-13. Trp-2 AuNVs in PBS (left) and ethanol (right). Trp-2 peptides are very 
hydrophobic (78%). Trp-2 AuNVs do not dissolve in PBS and thus stick to 
the sides of the tube. However, Trp-2 AuNVs do resuspend in ethanol with 
0.2% Tween 20. 
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Figure 4-1. CpG AuNP conjugate design schematics. (a) Design 1, CpG-SH, directly has 
CpG (black lines) assembled on the AuNP surface. (b) Design 2, CpG-T11-
SH, incorporates a poly-T nucleotide spacer (light gray lines) to increase the 
spacing between CpGs (straight arrows). (c) Design 3, CpG-TEG-T11-SH, 
adds a triethylene glycol (dark gray dotted line) between the CpG sequence 
and the nucleotide spacer to allow rotation of the CpG segment (curved 
arrow). 

Figure 4-2. Absorbance spectra of CpG conjugated gold nanoparticle constructs (15 nm, 
30 nm and 80 nm) before and after assembly. 

Figure 4-3. DNA content characterization and functional TNFα assays of CpG AuNP 
conjugated constructs. (a) CpG AuNP conjugate designs and DNA content of 
each CpG design on the 15nm, 30nm and 80nm AuNPs (*p < 0.05). 80nm 
AuNP CpG-SH construct aggregated and thus the DNA content was not 
measured. (b) TNFα levels from macrophage stimulation by CpG conjugated 
AuNP designs for the three particle sizes (*p < 0.05; **p < 0.01). (c) TNFα 
levels normalized to amount of CpG presented by the nanoparticles  (*p < 
0.05; **p < 0.01). 

Figure 4-4. Cytokine and growth factor secretion following stimulation with free CpG, 
AuNPs coated with control tmCpG, or AuNPs coated with tmCpG for 15nm, 
30nm and 80nm core sizes. (a) TNFα secretion, (b) IL-6 secretion, and (c) G-
CSF secretion (pg/ml) (***p < 0.0001; **p < 0.01; *p < 0.05). 

Figure 4-5. TNFα levels in macrophages following incubation with modified CpG 
sequences and citrate particles of 15 nm, 30 nm, and 80 nm diameters. 

Figure 4-6. In vivo anti-tumor effect following intratumor injections on days 0, 4, and 7, 
as indicated (arrows), with PBS, free CpG or tmCpG- AuNP. (a) Tumor 
growth and (b) survival percentage after the first CpG injection (*p < 0.05). 

Figure 4-7. In vivo anti-tumor effect following a single intratumor injection of 30nm 
tmCpG-AuNPs compared to free CpG and PBS (* p = 0.0124). 

Figure 4-8. Percent tumor infiltration immune cells. (a) CD11b+ cells, (b) CD11c+, (c) 
CD8+ cells, (d) CD4+ cells, and (e) CD11b+Gr-1+ cells. 

Figure 5-1. Schematic of EDC/sulfo-NHS coupling scheme for AuPAMAM synthesis. 
Figure 5-2. Absorbance spectra of citrate coated AuNPs (blue), MUA-AuNPs (green), 

and AuG4 (red). 
Figure 5-3. pH 6 MES based AuPAMAM synthesis method. (A) Particle agglomeration 

of complexes after final wash. (B) DNA condensation assay using gel 
electrophoresis with varying DNA to nanoparticle ratios. Star denotes bands 
with visibly retention in comparison to the DNA only band. 

Figure 5-4. Schematic of the lollipop model used to estimate the amount of PAMAM 
bound per AuNP.  The effective radius for PAMAM packaging (R) is 
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dependent on the MUA length, radius of the AuNPs, and the radius of 
conjugated PAMAM dendrimer (r), which is generation dependent.   

Table 5-1.  Comparison of PAMAM to MUA-AuNP, primary amine to MUA-AuNPs, 
and amine to carboxyl ratios for generations 0 to 5. 

Figure 5-5. Normalized absorbance spectra of (A) pH4.7 MES based AuPAMAM 
constructs and MUOH spaced pH 6 MES based AuPAMAM complexes with 
(B) 1:3, (C) 1:9, and (D) 1:15 MUA:MUOH ratios. 

Figure 5-6. Image of AuPAMAM particles complexes suspended in water after the third 
wash. (A) AuG0-AuG5 using the pH 4.7 MES conjugation method. (B) 
AuG1 and AuG3 using MUOH spaced AuNPs at various ratios for the 
synthesis of AuPAMAM constructs. 

Figure 5-7. DNA condensation assay using gel electrophoresis for the functional 
evaluation of AuPAMAM synthesized with pH 6 based, pH 4.7 based, and 
MUOH spaced methods.  Star denotes bands with visibly retention in 
comparison to the DNA only band. 

Figure 6-1. MB design and function. (A) A schematic of MB binding to its target. When 
target DNA or RNA is present, MBs change from the loop form to the open 
form. (B) Schematic of the specificity of MBs for single nucleotide 
polymorphism (SNP) detection. (C) Fluorescence data correlating to the 
schematics in (B) for MB specificity. 

Figure 6-2. Schematic of MBs conjugated AuNPs. On the left, fluorescence is quenched 
due to proximity to gold surface. On the right, fluorescence is detected when 
target mRNA causes MBs to open. 

Figure 6-3. Schematic of Mao and colleagues' design of their AuNP-MB-biotin probe. 
Blockers (11-mercaptoundecanol) were used to space the MBs. After target 
DNA binds to the MB, biotin is exposed and thus available for streptavidin 
binding. 

Figure 6-4. Fluorescence intensities (left) and signal to noise ratios (right) of 15nm (blue) 
and 30nm (red) MB-AuNPs exposed to various concentrations of survivin 
target. 

Figure 6-5. Schematic of a MB modeled as a lollipop. R: packaging surface overall 
radius. Hexagonal packaging model is the most efficient 2D packaging 
system covering up to 91% of the overall space. 

Figure 6-6. Signal to noise ratio results for MBs with or without polyT sequence on the 
3’ end spaced with various concentrations of mercaptoundencanol. 

Figure 6-7. (A) 15nm and (B) 30nm MB-AuNP fluorescent peak values with zero or 
high (5µM) survivin target in various storage buffers. (C) SNRs were 
calculated from peak ratios. Error bars represent standard error of mean. 
CPS: counts per second. 
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Figure 6-8. Fluorescence levels of 15nm MB-AuNPs synthesized with 24 or 48 hrs 
incubation. 

Figure 6-9. Flow cytometry data of SKBR3 and MCF10 cells incubated with survivin 
MB (Cy3-quencher pair). 

Figure 6-10. Flow cytometry data of SKBR3 and MCF10 cells incubated with survivin 
MB-AuNPs (Cy5).
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Chapter 1: General Background 

1.1 Motivation: Cancer Statistics 

In 2013, the American Cancer Society estimated there were over 1.6 million new 

cancer cases and well over half a million deaths.1 Cancer is the second leading cause of 

death in the United States and is the leading cause of death from ages 60-79. Being 

diagnosed with cancer is a burden not only to the patient alone but also to their family 

and society as a whole. National cancer care expenditures were estimated to be 201 

billion dollars in 2008.1 For indirect costs, patients who die from cancer lost an estimated 

15.5 years of life and correlated to an astounding 124 billion dollars a year from loss of 

time and economic productivity.2  

Breast cancer alone is estimated to have over 235,000 new invasive cases and 

40,000 deaths in 2013.1 These patients will undergo surgery, chemotherapy, and/or 

radiation therapy. The cost and side effects of these treatments can be very significant. 

13.9 billon dollars expenditures were estimated for female breast cancer in 2006. Even 

though death rates decline, female breast cancer remains one of the most expensive 

cancer treatments with 5.3 billion for initial care, 5.5 billion for continuing care and 3.1 

billion used for the last year of life.2 

Current treatments include surgery, chemotherapy, small molecule therapy, 

radiation therapy, and immunotherapy. Surgery is mainly used for removal or debulking 

of solid tumors, which is very effective but costly and invasive. Complete resection of the 

entire tumor is also very difficult. Any remaining or satellite cancer sites will cause 

relapse.  In addition, systemic therapy has, in the past decade, been able to reduce cause-
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specific cancer mortality.3 However, each treatment option comes with significant 

adverse effects and drawbacks, limiting the dosage of the treatment. Doxorubicin, for 

example, causes cardiac dysfunction such as dilated cardiomyopathy and congestive heart 

failure.3 One percent of female patients receiving standard does of doxorubicin develop 

heart failure. Up to 36% of patients receiving higher doses develop cardiotoxicity.4 

Adjuvant chemotherapies can also increase the risk for secondary cancer formation. As 

the survival rate increases for cancer patients, maintenance and cost of these side effects 

can be overwhelming for the health care system. In this thesis, gold-based nanocarriers 

are evaluated for improving cancer diagnostics and treatment. 

1.2 Gold nanoparticles: It’s “Au”ll about the delivery 

 Gold nanoparticles (AuNPs) have great potential for medical and biological 

applications due to their outstanding optical properties and ease of surface modification 

(Figure 1-1A). The small size of AuNPs allows for localized surface plasmon resonance 

when interacting with light (Figure 1-1B). The extinction of the plasmon resonance of 

AuNPs depends on the scattering and absorbance factors. The excellent scattering 

properties of AuNPs are commonly used for imaging and diagnostics (Figure 1-2).5 

Silica-gold nanoshells have been used for cancer detection by dark field microscopy or 

reflectance confocal microscopy.6,7 However, there are several difficulties with tissue 

scattering for in vivo or full tissue imaging.8 Therefore, gold nanoparticle in combination 

with other imaging contrast agents, such as iron oxide nanoparticles for magnetic 

resonance imaging or quantum dots for fluorescent imaging, were explored to improve 

detection in the following chapter (Chapter 2). 
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Figure 1-1. Different biomedical applications of AuNPs. (A) Distribution of medical applications using gold 

nanoparticles. The majority of applications were for sensing which includes refractive index based sensing, 

aggregation based sensing and surface enhanced raman spectroscopy. (B) Local surface plasmon generated by 

movement of the electron clouds from alternating electrical fields.9,10  

Conversely, AuNPs can convert the energy from absorbed light into heat. The 

peak wavelength of the absorbance spectra depends on size, shape, surrounding refractive 

index, dielectric properties and particle design such as multilayer nanoparticles (Figure 1-

2).11,12 Commonly used gold nanoparticles for hyperthermal therapy are silica-gold 

nanoshells, hollow gold nanoshells, gold-gold sulfide, and gold nanorods.13 These 

particles are tuned to absorb light in the near infrared region (NIR). In this region of 

spectrum, water and hemoglobin absorbs light at a minimum, thus having the deepest 

light penetration depth in tissue and causing the least amount of unwanted heat damage to 

the tissue.14 Gold nanoshells and gold-gold sulfide nanoparticles can be tuned to the 

desired plasmon wavelength by altering the thickness of the gold layer and the core size 

while for gold nanorods plasmon depends on the aspect ratios.15  

Photo-thermal therapy (PTT) using gold nanoshells (AuNS) was tested 

extensively in vitro and in vivo. Carpin et al showed that HER-2 antibody coated silica 

gold nanoshells were able to target HER-2 positive SK-BR-3 breast cancer cells and were 

(A)$ (B)$
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able to cause cell death by hyperthermia in vitro.16 PTT using AuNS were able to 

eliminate melanoma (skin) and glioblastoma (brain) tumors in mouse models.17,18 In 

addition to the tumor debulking properties of PTT, Bear et al showed that the ablation of 

the primary tumor could cause immune effects on a distant tumor to decrease tumor 

growth. Also, combination of PTT and adoptive T cell therapy worked synergistically to 

improve the anti-tumor effects. Furthermore, AuNS are currently being investigated as 

effective treatment for head and neck, prostrate, and lung cancer in clinical trials 

(Nanospecta, TX).  

 

Figure 1-2. Optical properties of gold nanoparticles for different sizes: scattering (left) and absorbance (right).  

Scattering is light that is reflected off the nanoparticle surface. This increases as the particle size increases 

because there is more area for reflection. Scattering is often used for imaging and detection. The other property 

is absorbance. When light interacts with particles, they absorb certain wavelengths and as the size increases, the 

peak red shifts. This abs property is often used for photo-thermal therapy. 

Moreover, the surfaces of these gold particles can be easily modified with 

proteins, organic chemicals, oligonucleotides, or antibodies through strong and stable Au-

S dative bonds, thus allowing for medical/biological detection or treatment (Figure 1-3). 

DNA molecules with thiol modifications can self assemble onto gold nanoparticles for 

gene regulation or detection.19 Lee et al. designed a NIR light triggered release of 
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antisense DNA from gold nanorods to silence ErbB.20 In 2010, Davis et al. conducted the 

first clinical siRNA gold nanoparticle therapy trial to silence RRM2. RRM2 levels, 

upregulated in melanomas, were suppressed post nanoparticle treatment, showing great 

promise of using AuNP as delivery vectors in clinical settings.21 Not only have gold 

particles been used for short oligonucleotide delivery, but AuNPs also have successfully 

delivered plasmids in vitro. Positively charged AuNPs can bind to the negative phosphate 

backbones in a manner similar to cationic lipids such as lipofectamine. Releasing 

mechanisms of these AuNP-plasmid complexes depend on either pH, protonation of 

amines to dissociate the particle from the cationic polymers, or glutathione exchange.22,23 

Other than oligonucleotides, protein modifications are very popular for clinical 

applications. Loo et al. were one of the first to conjugate gold nanoshells with anti-HER2 

antibodies (Herceptin) to increase tumor accumulation specificity for thermal ablation.13 

Drug delivery has also been a growing field for AuNP modifications. Drug delivery 

systems mechanism of action can be categorized into two types: capsule-like or surface 

conjugates.24 AuNPs have very large surface areas due to their small size and are thus 

great carriers for drugs such as chemotherapy drugs.25–30 Therefore, the immune effects 

of AuNP PTT were intriguing and thus inspired us to use of using AuNPs to deliver 

immunotherapy agents (Chapter 3&4).   
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Figure 1-3. (A) Schematic of Au-S bind formation. 31 (B) Monodentate self assembled monolayer (SAM) of 
carboxyl and hydroxyl polyethylene glycol that is also terminated with thiols (PEG-SH).31 

1.3 Biodistribution of AuNPs 

 In light of the ease of AuNP modification and its potential for PTT, understanding 

biological distribution of AuNPs is crucial to the design of AuNP-based delivery of 

biomolecules or drugs. Biodistribution determines the location and amount of AuNPs 

each organ receives, which translates into the dose of drug delivered to each organ. Any 

unwanted accumulation can cause serious damage to that organ and cause side effects. In 

murine models, biodistribution was found to be size-dependent. Smaller particles, on the 

level of 2 nm, tend to collect in the kidney and bladder, and can be excreted by urine 

(Figure 1-4). The 2 nm colloids were small enough to cross the glomerulus membrane 

barrier.32  

 

Figure 1-4. An x-ray image of 1.9nm gold particle distribution after IV injection. The two left bright spots 
correspond to the kidneys and the right one corresponds the bladder.32 
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Figure 1-5. Distribution of gold particles is dependent on particle size and incubation time. Arrows point to an 
induced cancer xenograft. 33  

 As the size increased to 20nm-80nm, the particles shifted to higher accumulation 

in the reticulo-endothelial system (RES) (Figure 1-5).33 Larger (80nm) particles tend to 

accumulate in the liver and spleen more quickly and in higher amounts than 20nm 

particles. Also, larger particles showed increased accumulation in the spleen over the 

liver (Figure 1-6). The smaller (20nm) particles were able to accumulate in a larger 

variety of organs including a significant portion in the tumor. Kennedy et al showed that 

splenic accumulation of AuNPs is time dependent and has the most at 24hrs post tail vein 

injection.34 Due to the large quantity of RES accumulation, toxicities to the liver and 

spleen from AuNP-based drug delivery systems cannot be overlooked. However, when 

dealing with immunotherapy agents, the splenic accumulation can be seen as a positive 

effect, which strengthens the idea of using AuNPs to improve anti-tumor effects of 

immunotherapy.  
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Figure 1-6. Organ distribution of AuNPs depended on particle size.33  

1.4 Endocytosis of AuNPs 

On a smaller scale, cellular interactions of AuNPs are important for biomolecule 

delivery and function. Delivery of siRNA, for example, requires AuNPs not only to 

accumulate in tumor cells but also to enter the cytosol in order to interact with the RNA-

Induced Silencing Complex (RISC). In studies by Ghazani et al. and Zhang et al., cellular 

endocytosis and retention of AuNPs were found to be size dependent and tend to reach a 

maximum with particle diameter around 50nm (Figure 1-7).35,36 An optimal size for 

endocytosis depended on the amount of surface that limited the larger particles to enter 

the cell and cell surface bending by binding of the particles (Figure 1-8). Only when a 

cluster of smaller gold nanoparticles aggregated onto the cell surface, were they able to 

bend the surface enough to initiate the endocytosis process, thus limiting entry of smaller 

particles. Particle retention for 50nm colloids saturated after 6hrs. 
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Figure 1-7. Cellular endocytosis of gold nanoparticles retained dependent on paticle diameter.35 

 

Figure 1-8. Schematic of particle size limiting total amount of endocytosis by Chithrani et al.37 

Chithrani et al. showed that not only can the uptake of gold nanoparticles be 

receptor-mediated but they can also be clathrin-mediated.37 In Figure 1-9A, under lower 

temperatures and signal-blocking azide treatment, the particles showed decrease cellular 

uptake, which suggested that receptor-mediated endocytosis was the most likely 

mechanism of action. For Figure 1-9B, energy depriving (sucrose depleted) and 

potassium depleted scenarios both decreased the number of particles uptaken by cells. 

This signified that clathrin played a role in endocytosis of these gold particles, 

strengthening the theory that AuNP uptake is receptor-mediated. However, they coated 

their gold nanoparticles with transferrin, which was known to cause receptor-mediated 
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endocytosis. By tracing particle trafficking with dark field microscopy, Harush-Frenkel 

and colleagues looked at the distribution and quantity of gold nanoparticles within the 

cell and suggested that gold nanoparticles endocytosis was clathrin-dependent.38 

 

Figure 1-9. (A) AuNP cellular uptake in normal and blocked receptor-mediated endocytosis conditions. (B) 
AuNP cellular uptake in normal and blocked clathrin-mediated endocytosis conditions. Both spherical particles 
(14 and 50 nm in diameter) and nanorods (width x length) were used in these experiments.37 

Overall, understanding the nanoparticle and cellular interaction is important for 

proper particle design. In the following chapters, we focused on fabricating gold 

nanoparticle complexes that are sub-100nm in diameter for optimal cellular uptake. 

Furthermore, passively targeting phagocytic immune cells can allow large accumulation 

of nanoparticles, which would be useful for immunotherapy. 
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Chapter 2: Magnetic Hollow Gold Nanoshells1 

2.1 Introduction 

Noble metal nanostructures have been the focus of extensive research due to their 

unique medical and biological applications, such as immunoassay labeling, biological and 

chemical sensing, surface enhanced Raman spectroscopy, and medical clinical diagnosis 

and therapy.1–4 In particular, nanostructures derived from gold have generated strong 

interest, because of their unique and size-dependent electronic, physical, chemical, 

optical properties.5,6 The intense optical absorption, attributed to the surface plasmon 

phenomenon, serves as a heat source that can be utilized for photothermal therapy 

(PTT).7,8 This optical response of gold nanostructures is dependent of geometry, 

dimensionality, and composition1–4, which are important factors to consider when 

designing efficient PTT agents.  

Commonly used gold nanostructures for PTT include nanospheres, nanoshells, 

nanotubes, and nanorods.9–11 These particles are tuned to absorb light in the near infrared 

region (NIR), which has minimum water and hemoglobin absorption and, therefore, have 

the deepest optical tissue penetration depth.12 Among them, colloidal gold nanoshells 

(NS), which consist of a spherical dielectric nanoparticle core covered by a thin gold 

shell, have been studied intensively for cancer detection, PTT, and drug delivery. Most 

notably, the conventional silica-gold based nanoshells are currently in clinical trials for 

PTT of several cancer types. However, structural dimensions (140 to 150 nm in 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Adapted from: Lin AYa, Young JKa, Drezek RA. “Sub-100nm Hollow Gold Nanoshell 
Encapsulated Superparamagnetic Iron Oxide Nanoparticles for MRI Contrast and Guided 
Photothermal Therapy.” Manuscript in preparation. 
a Equal contribution 
All work presented in this chapter was done in full collaboration with Joseph Young.	  	  	  
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diameter), material composition, and difficult and time-consuming synthesis process of 

these NS serve as barriers for clinical applications.  

Conversely, hollow gold nanoshells (HGNs) serve as a viable alternative to the 

traditional nanoshell composites. HGNs are easy to synthesize by using a sacrificial 

template and can be tuned to the desired plasmon wavelength by altering the thickness of 

the gold layer.13 With a hollow or partially hollow interior, which decreases the optical 

dielectric in comparison to silica, HGNs can be synthesized in the 20-60 nm size regime 

while still tuned to the NIR region. This size regime is optimal for cellular retention and 

tumor accumulation of nanoparticles.14–17 Also, the smaller nanoparticle size allow for 

higher absorption effects and greater thermal transduction efficiencies in comparison to 

larger nanoparticles such as silica-gold NS. However, due to the limited optical 

penetration depth, monitoring the location of these particles is important for accurate 

placement of the laser fibers.18 Therefore, there is a need to design HGNs that can be 

detected in one of the currently available imaging modalities.   

Here, we propose to combine the optical and thermal properties of HGNs with 

magnetic resonance imaging (MRI) contrast agents, such as iron oxide nanoparticles. Iron 

oxide nanoparticles (IONPs) have been widely used for T2 magnetic resonance imaging 

(MRI) for several biological applications including cancer19–21, cardiovascular22, and 

neurological imaging23. IONP stability depends greatly on the surface coating, such as 

oleic acid or poly(ethylene glycol).24–26 Among the many surface modifications, coating 

the IONP with gold is one of the most promising designs.27–31 Gold improves the stability 

and biocompatibility of the IONP and creates a platform for easy modification. However, 

most of these complexes were not tuned to the NIR region and are not suitable for PTT. 
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In addition, Melancon et al. were able to synthesize IONP-silica-gold NS that has a broad 

absorbance range from 650-900nm while maintaining an average of 90 nm in particle 

diameter.18,32 However, this design includes a single 12nm IONP core surrounded by a 

thick silica layer and an incomplete gold shell, which exposes the potentially toxic 

underlying silica.33  

In this chapter, we developed a novel HGN complex design that incorporated 

several small IONPs (5 nm) in its interior core (Figure 2-1). Briefly, IONPs were 

conjugated onto silver cores using 3-mercaptopropyltrimethoxysilane (MPTMS). Then, a 

second layer of silver was formed over the IONPs. When gold salt was added to the silver 

complex, a thin gold layer was formed while etching away the silver in a similar fashion 

as traditional HGNs. This novel theranostic nanoparticle complex combined the optical 

and photothermal properties of HGNs with the magnetic properties of IONPs, for MRI 

contrast, while maintaining dimensions in the 40-80 nm size regime.  

 

Figure 2-5. Magnetic hollow gold nanoshells synthesis schematic. A silver template core was coated with 3-
mercaptopropyltrimethoxysilane (MPTMS) and conjugated with SPIONPs. A second layer of silver was reduced 
onto the complex with hydroxylamine. The silver was etched with the addition of gold salt and a gold shell was 
formed.  

2.2 Material and methods 

Reagents. Chemical reagents such as silver nitrate, sodium citrate, sodium 

borohydride were purchased from Sigma Aldrich (St. Louis, MO) or Fisher Scientific 

Ag Ag#Ag Ag Ag#Ag#Ag 

MPTMS 
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NH2OH 

AgNO3 HAuCl4 
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(Hampton, NH). Amicon ultra centrifuge filter 10,000 MWCO were purchased from 

Millipore (Billerica, MA). 5nm iron oxide nanoparticles were purchased from Sigma 

Aldrich. Thiolated polyethylene glycol was purchased from NanoCS (New York, NY). 

B16-F10 cells and cell culture media were purchased from ATCC (Manassas, VA).  

Silver core synthesis. 50 ml of 0.2 mM silver nitrate (AgNO3) and 0.5 mM 

sodium citrate were heated on a stir-plate for 30 min. 1 ml of 100 mM sodium 

borohydride was added to the solution for 2 hr to form silver seeds. The silver seeds were 

then cooled to room temperature prior to the addition of 1 ml of 200 mM hydroxylamine. 

The solution was stirred for 5 min and 100 µl of 0.1 M AgNO3 was added to the solution 

to form silver cores overnight (>18hrs). 

Synthesis of magHGN. For every 10 ml of silver cores, 1 ml of 5.5% Tween-20 

was added to the solution prior to adding 75 µl of 5mM 3-

mercaptopropyltrimethoxysilane (MPTMS). The solution was stirred for 4 hr and the 

cores were collected using 10,000 Da molecular weight cutoff centrifuge filters. The 

MPTPS-coated Ag cores were suspended in a 0.1% Tween 20 solution and 300 µl of 

washed IONPs was added. The MPTMS-Ag and IONP solution was incubated at 50°C 

for 18-20 hr. The particles were then washed with MQ water through centrifugation to 

remove excessive IONPs. 200 µl of 200 mM hydroxylamine was added 5 min prior to 

adding 10 µl of 0.1 M AgNO3 to form the second layer of silver. The solution was stirred 

for three days to form Ag-IO-Ag complexes. 25 mM Au salt (HAuCl4) was added to the 

complexes to form magHGNs.  

Iron oxide washing. 2 ml of IONP (1.5 x 1016 particle/ml) in toluene was diluted 

with ethanol to 10 ml. The particles were pulled down using a 1T magnet and washed 
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with 1 M tetramethylammonium hydroxide (TMAOH) three times and with ethanol for 

another two times. The IONPs were resuspended in 2 ml 0.1% water prior to addition to 

MTPMS-Ag cores. Particles were sonicated in between every washing step. 

PEG conjugation of magHGN. Freshly synthesized magHGNs were washed 

with MQ water through three centrifugation steps to remove excess reagents. The 

magHGNs were sonicated and resuspended in MQ water to the original volume. 100 µl of 

10 mM methyl-polyethylene glycol-thiol (mPEG-SH) of 5,000MW were added to every 

10 ml of magHGNs. The solution was mixed for 24 hr at room temperature. Then, the 

salt concentration of the solution was brought to 1x PBS with 0.1% Tween 20 and 

incubated for another 24-48 hr. PEGylated magHGNs were washed with PBS through 

three centrifugation steps to remove excess PEG. 

Agarose Phantoms. 4% w/v of agarose was dissolved in water. The solution was 

heated and was mixed with magHGNs suspended in water to form 2% agarose gels. The 

magHGNs concentration varied from 108 to 1011 particles/ml. The MR images and T2 

relaxation times of the phantoms were obtained with a 7 T MRI scanner (Bruker Pharma 

Scan) at Baylor College of Medicine’s Mouse Phenotyping Core Facility. 

MRI and PTT Mouse Studies. C57BL/6J mice (Jackson Laboratories, Bar 

Harbor, ME) were maintained in the pathogen-free mouse facility at Rice University. 

This study was approved by the Institutional Animal Care and Use Committees (IACUC) 

of Rice University (#A10020401). 500,000 B16-F10 melanoma cells were implanted on 

the right flank of 6-8 week old female albino C57BL/6 mice subcutaneously.  The tumor 

sizes were measured with a caliper every two days. The mice were randomly assigned to 

three groups; light only control, intravenous (IV) magHGNs and intratumor (IT) 
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magHGNs. For the IV magHGN group, 1012 particles in 100 µl were injected 

intravenously on day 11 and exposed to the NIR laser 24 hr after (day 12). For the IT 

magHGN group, 1011 particles in 10 µl were injected intratumoraly on day 12 and 

exposed to the NIR laser on the same day. Tumors in all groups were exposed to an 

808nm NIR laser at 4W/cm2 for 30 sec with some glycerol in between the tumors and the 

probe. Mice were sacrificed once the area of the tumor reached 1 cm2, per IACUC 

requirements. MR images of control mice and IV magHGN mice were performed with a 

7T MRI scanner (Bruker Pharma Scan) prior to photothermal ablation. The brightness of 

the MR images was standardized by normalizing the para-spinal muscle intensity of the 

IV magHGN treatment group to the untreated group.  

Statistical analysis. All statistical analyses were done using JMP Pro Software 

(SAS, Cary, NC). Significance was assigned at the α = 0.05 level. Differences in survival 

were assessed using the Log Rank test, tumor growth studies were assessed with one-way 

ANOVA with post-hoc Tukey’s HSD tests, and all other experiments were evaluated 

with one-way ANOVA with post-hoc t tests. 

2.3 Results and Discussion  

Design rationale. In order to add magnetic functionality to the nanoparticle 

complex, 5 nm superparamagnetic iron oxide nanoparticles (SPIONPs) in the form of 

Fe3O4 were used. SPIONPs offer several advantages over IONPs greater than 20 nm in 

diameter that are most commonly used in biomedical applications. IONPs under 10 nm in 

diameter offer a substantial increase in magnetic susceptibility when compared to 

particles greater than 10 nm. As a result, these smaller sub-10 nm SPIONs give rise to a 

dramatic shortening of the T2 relaxation times.  
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The increase in magnetic susceptibility from larger IONPs sizes to smaller IONPs 

can be attributed to several factors. As the IONPs decrease in size there is a resultant 

expansion in unit cell volume and a relative decrease in oxygen content of the sample that 

leads to lowering of the valence state of the cations. The increase in unit cell volume as 

the particle size decreases indicates an increase in Fe2+ content in the IONPs. Since the 

Fe2+ ions are responsible for the magnetic properties of SPIONs, an increase in Fe2+ 

results in an increase of magnetic susceptibility.  

In our nanoparticle complex design, we embedded several sub-10 nm IONPs 

within the hollow section of the HGNs. The hysteresis loop obtained for the nanoparticle 

complex measured at room temperature demonstrated superamagnetic properties (Figure 

2-2). The saturation magnetism was 59.45 emu/g with a coercivity value of 165Oe. We 

attribute the non-zero coercivity value of the magHGNs to SPIONP-SPIONP coupling 

and surface interactions. The data indicated that the magnetic properties of our 

nanoparticle complex are favorable for their use in biomedical applications such as MRI 

contrast agents.  

In addition to the MRI contrast properties of iron oxide, IONPs can be 

manipulated with external magnetic fields and be used for magnetic separation devices. 

Our magHGNs also exhibited magnetic properties. Magnets (1T) were able to pull the 

magHGNs and move them to the side of the cuvette (Figure 2-3). Therefore, they can be 

used with standard magnetic cell sorting devices such as MACS (Miltenyi Biotec, CA). 

This function added more potential applications of these magHGN theranostic agents. 
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Figure 2-6. Hysteresis loop of magHGNs obtained by a magnetometer measured at room temperature. The 
saturation magnetism was 59.45 emu/g with a coercively value of 165Oe. Mass magnetization and absence of 
magnetic behavior when not exposed to an external field indicate their suitability for use in biomedical 
applications. Data are presented for a representative sample. 

 

Figure 2-7. Magnetic properties of magHGNs. (a) PEGylated magHGNs suspended in PBS (b) MagHGNs in the 
presence of a magnet on the right side of the cuvette. (c) After the removal of the magnet, the particles were 
pulled toward the side where the magnet was (arrow). 

MPTMS-Ag Synthesis. Briefly, silver cores were synthesized following protocol 

adapted from Prevo et al.34 Silver seed particles were first synthesized and subsequently 

grown to larger cores sizes with the addition of hydroxylamine (NH2OH) and silver 

nitrate (AgNO3). The diameter of the silver cores measured by TEM to be approximately 

35nm (Figure 2-4a). MPTMS dissolved in water with 1% Tween 20 was injected into the 

(a)$ (b)$ (c)$
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solution. The MPTMS formed a self-assembled monolayer on the silver cores by Ag-S 

dative bonds.  

 

Figure 2-4. TEM images of the magHGN synthesis process. (a) Silver cores made with an average diameter of 35 
nm. (b) IONP coated silver cores. Red arrows point to darker spots on the silver surface, which correlates to 
IONPs. (c) Particles with the second layer of Ag. The honeycomb morphology seen in (b) is not seen on these 
particles. (d) magHGNs with a thin layer of gold surrounding the IONP-Ag core.  

The dose and conjugation time of the MPTMS were critical for the formation of a 

stable monolayer. MPTMS went through three distinct steps: (1) thiol binding to gold, (2) 

hydrolysis of methyl groups, and (3) linkage between MPTMS molecules.35 If 

insufficient MPTMS was used, silver particles became unstable and aggregate out of the 

solution, seen by the changes in absorbance spectra (Figure 2-5). However, excess 

MPTMS molecules in the solution can polymerize with the monolayer and form clumps 

on the metal surface.36 So, we optimized the synthesis process to use an effective end 

MPTMS concentration of 34 µM to form a simple monolayer without excessive 

polymerization, and therefore, was used for further studies.  
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Figure 2-5. Absorbance spectra of silver nanoparticles coated with various amounts of MPTMS. The volume 
represents the amount of MPTMS (5mM) added to 10 ml of silver cores. 

IO-Ag Synthesis. Once excess MPTMS was removed, bare SPIONPs of 5 nm to 

7 nm in diameter were added to the MPTMS-Ag core solution. The SPIONPs form stable 

covalent bonds to the silane groups on the MPTMS-Ag cores under heated conditions 

(50-55°C) for 24 hours (Figure 2-4b). From the TEM images, darker areas around and on 

the surface of the silver cores show successful IONP conjugation. Energy dispersive 

spectroscopy (EDS) was used in combination with TEM to show that there were Fe and 

O atoms as well as Si and S atoms. These results highly suggest formation of IONP-Ag 

core particles. 

Three important factors influence the conjugation of IONP on MPTMS-Ag cores: 

pre-washing and removal of the oleic acid coating the SPIONPs, the SPIONP 

concentration added to the MPTMS functionalized silver cores, and the duration of 

SPIONP-Ag conjugation. First, since SPIONPs were synthesized with an oleic acid 

protective layer in toluene, they were not suitable for conjugating onto MPTMS-Ag cores 

in aqueous environments. To make the SPIONPs water-soluble, they were washed with 

tetramethylammonium hydroxide (TMAOH), which underwent place exchange with the 
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hydrophobic oleic acid. Additionally, the excess TMAOH in the solution protected the 

SPIONPs from aggregation and prevented IONP conjugation to the silane groups. Silver 

cores conjugated with SPIONs without removing the oleic acid did not exhibit any 

magnetic properties. Therefore, washing off excess oleic acid to reveal bare iron oxide 

nanoparticles was critical for successful SPIONP-Ag complex conjugation.   

Second, the amount of SPIONP used during the conjugation is important for 

SPIONP-Ag complex stability. Although the concentration of SPIONPs was difficult to 

determine after multiple TMAOH washing steps, increasing volumes of washed 

SPIONPs used for the conjugation showed improved silver core stability (Figure 2-6). 

Without complete SPIONP coverage on the MPTMS-Ag cores, the exposed silane groups 

from one particle would bind to an accessible silane group on another silver particle, thus 

causing the particles to aggregate resulting in a broadened absorbance spectra.   

 

Figure 2-6. Absorbance spectra of IO-Ag complexes after 24 hrs of incubation at 50°C. The volume corresponds 
to the amount of TAMOH washed IONPs (maximum 1016 particles/ml) added to 10 ml of MPTMS coated silver 
cores. 
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Last, sufficient incubation time of the SPIONPs with MTPMs-Ag cores was 

needed for a complete coating of IONPs on the silver core. The duration of the 

conjugation varied from 2 hr to 20 hr. Although the absorbance spectra of these 

SPIONPs-Ag complexes were relatively similar, the absorbance of the complete 

nanoparticle complex, including gold shell, was different. The absorbance spectra 

showed improved nanoparticle complex spectra tuning to the NIR region with increasing 

incubation time suggesting a more complete layer of SPIONPs prior to gold addition 

(Figure 2-7). 

 

Figure 2-7. Absorbance of magnetic HGNs with varying IO-Ag complex synthesis times. All conditions used the 
same amount of second Ag layer and gold salt for the synthesis. 

Ag-IO-Ag synthesis. Next, the SPIONPs-Ag complexes were collected via 

centrifugation steps to separate excess SPIONPs from the complexes. NH2OH and 

AgNO3 were used to grow a second layer of silver around the SPIONPs; thus, 

encapsulating SPIONPs in a larger silver structure (Figure 2-4c). The thickness of the 

second layer silver can be altered by the amount of silver nitrate used for in the reaction. 

A range of 5-30 µl of 0.1 M silver nitrate was added to the SPIONP-Ag complexes to 

vary silver thickness and the overall complex size. With the addition of 40 µl of 
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chloroauric acid (HAuCl4), the peak of the magnetic hollow gold nanoshells (magHGNs) 

red shifted from 700 nm to 800 nm and then blue shifted back to 680 nm (Figure 2-8). 

The lowest energy peak came from magHGNs that were synthesized with 10µl silver 

nitrate. Therefore, 10 µl of silver nitrate was used to form the second layer of Ag in future 

studies. 

 

Figure 2-8. Absorbance spectra of magHGNs with varying second layer of silver. The volume corresponds to the 
amount of silver nitrate (0.1 M) added to 10 ml IO-Ag complexes. All magHGNs were synthesized using the 
same amount of gold salt.  

Addition of the second layer of silver requires a longer time than adding silver 

onto a normal silver core, which requires a minimum of 2 hours to overnight.34 

MagHGNs made from Ag-SPIONPs-Ag complexes with 24 hr second layer silver (peak 

λ = ~720 nm) incubation had a bluer (further left) peak than their 48 hr counterparts 

(peak λ = ~930 nm) (Figure 2-9). For future syntheses, the second layer of silver was 

aged for 3 days to allow complete reaction of the silver nitrate. 
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Figure 2-9. Absorbance spectra of magHGNs with varying incubation time for the formation of the second Ag 
layer.  

Formation of magHGNs with the addition of gold salt. After characterization 

of Ag-SPIONPs-Ag complexes, various amounts of gold salt (25mM) were added to the 

complexes to form magHGNs. Similar to normal HGN synthesis, galvanic exchange 

between gold and silver caused gold to be deposited while etching the silver onto the 

surface (Figure 2-4d). A titration of 10-70 µl of 25mM Au salt (HAuCl4) was added to 1 

ml of Ag-SPIONPs-Ag complexes, and the absorbance spectra of the particles were 

obtained with an UV-Vis spectrophotometer (Figure 2-10).  Increasing gold salt volume 

allowed formation of gold shells, similar to normal silver template HGNs. Increasing the 

amount of the gold on the surface shell caused the absorbance peak of the magHGNs to 

first red shift during the formation of the gold shell and then blue shift as the shells 

thickness increased. The TEM image of magHGNs (Figure 2-4d) showed formation of 

incomplete gold shells, which revealed the inner SPIONP-Ag template core. The space 

between the gold shell and the core suggested successful etching of the second layer of 

silver. The patchiness of the core implied that the etching reached the SPIONP layer. In 

comparison, the magHGNs with complete gold shells electronically screen the inner 
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template (Figure 2-11a). We speculate that the SPIONPs were partially released from the 

silver core and that some of the silver core remains within the magHGN complex. These 

magHGNs measure approximately 60 nm in diameter and peak absorbance at ~790nm 

(Figure 2-11b).  

 

Figure 2-10. Absorbance spectra of magHGNs synthesized with varying amounts of gold salt. 

 

Figure 2-11. Bulk synthesis of magHGNs for in vivo studies. (a) TEM images of PEGylated magHGNs. Scale bar 
= 20 nm. (b) Absorbance spectra of the PEGylated magHGNs.  

For better solubility of the magHGNs and to protect the gold surface, thiolated 

methyl polyethylene glycol (PEG) chains (5000MW) were self-assembled onto the 

magHGN surface. One of the issues during this synthesis was removing excess IONPs 

after formation of gold shell. Most of the free IONPs were removed from the solution by 
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several centrifugation wash cycles. However, the residual IONPs had an affinity to the 

gold surface, and thus, made it difficult for centrifugation washes to remove them from 

the magHGNs. PEGylation of the magHGNs resolved this issue by taking up all the 

space on the gold surface thus displacing the SPIONPs.  After three centrifuge washes, no 

excess SPIONPs were visually observable via TEM or spectrally observable via UV-vis 

spectroscopy. The PEG-magHGNs were stable in PBS and were used for further in vivo 

studies.  

magHGNs reduced T2 relaxation time in tissue phantoms and in vivo 

melanoma tumors. The magHGNs were encapsulated in 2% agarose phantoms to 

examine efficacy of magHGNs as contrast agents. At higher magHGN concentrations 

(1011 particles/ml), the phantom MRI image had visible differences compared to lower 

concentrations (108 particles/ml) (Figure 2-12a). The T2 relaxation time of the higher 

particle concentration phantoms (10 ± 2.2 ms) had a 4.5 fold reduction compared to the 

lower particle concentration phantoms (45 ± 2.3 ms). A significant T2 decrease was still 

observable with only 5x109 particles/ml in comparison to the baseline (no particle) 

phantom (p = 0.01) (Figure 2-12b). These results suggest magHGNs have the potential to 

be utilized as MRI T2 contrast agents.  

To further investigate the usability of magHGNs as contrast agents, C57BL/6 

mice were first injected with magHGNs on the right flank and PBS on the left flank 

subcutaneously (Figure 2-13). The magHGN solution side showed strong reduction of T2 

signal compared to the PBS subcutaneous injection. Next, magHGNs were injected 

intravenously. As previously mentioned, gold nanoparticles injected intravenously mostly 
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accumulate in the spleen.15 Therefore, when magHGNs were injected intravenously in 

mice, the spleen lost its T2 signal in comparison to an untreated mouse (Figure 2-14). 

For a more clinically relevant model, mice were implanted subcutaneously with 

B16-F10 melanoma tumors and injected with or without magHGNs intravenously (IV) 

(1012 particles in 200 µl). The MRI image of the tumor bearing mice showed a visibly 

darker tumor when treated with magHGNs (Figure 2-12d). The T2 relaxation time of the 

magHGN untreated tumors was 53.5 ± 1.4 ms (R2 = 19 s-1) (Figure 2-12c), which was 

similar to values reported by Larson et al.24 Notably, Larson et al. found that 20 nm 

IONPs maintained similar R2 values as untreated groups, and thus, were not effective 

contrast agents. Conversely, the IV magHGNs treated tumors had a T2 relaxation time of 

29.4 ± 4.9 ms (R2 = 34 s-1), which was comparable to previously reported results with 40 

nm IONPs (R2 = ~30 s-1).24 Therefore, IV magHGNs can further be used as MRI T2 

contrast agents. 
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Figure 2-12. Evaluation of magHGNs as T2 contrast agents in vitro and in vivo. (a) T2 MRI image of agarose 
based tissue phantom mixed with magHGNs at two concentrations. (b) The relaxation times for varying 
magHGNs concentrations in tissue phantoms. (c) Relaxation times of melanoma (B16) tumors in a murine model 
with or without intravenous injection of magHGNs. (** p < 0.0012) (d) Coronal T2 MRI images melanoma (B16) 
tumors in a murine model with or without intravenous injection of magHGNs. 

 

Figure 2-13. Sagittal T2 MRI images of a mouse with subcutaneous injections of PBS or magHGNs.  
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Figure 2-14. Coronal T2 MRI images of a mouse with or without intravenous injection of magHGNs. The blue 
arrow pointed out the disappearance of the spleen contrast with the magHGNs. 

Photothermal therapy of melanoma using magHGNs. Next, we examined the 

photothermal properties of the magHGNs. B16-F10 melanoma tumors were again 

implanted on the right flank in C57BL/6 mice. The mice were randomly assigned to three 

different groups: (1) light only control, (2) intravenous (IV) injection of magHGNs, and 

(3) intratumor (IT) injection of magHGNS. All tumors were exposed to a continuous 

808nm laser at 4W/cm2 for 30 seconds. Tumor growth with the light only controls were 

not affected by the laser exposure while the IV magHGN group had stunted tumor 

growth, and the IT magHGN group had complete disruption of the tumor (Figure 2-15a).  

The tumor sizes in the IV magHGN PTT group was significantly lower than that of the 

control group on day 15. It is important to note that the tumor size was measured on a 

two dimensional plane, longitudinal and width.  While this method works well to 

estimate tumor volume in most situations, IV magHGN PTT treated tumors had cratered 

centers. The edges were the only region that continued to grow outwards. Although the 

tumor area measured kept increasing, the tumor depth did not increase proportionally, 

which was not reflected in the results in figure 2-15. Furthermore, the IV magHGN PTT 

treated group had significantly improved survival compared to the control group (p < 

spleen& spleen&

Control&PBS&injec1on& magHGN&IV&injec1on&

(a)& (b)&
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0.05) (Figure 2-15b). From this study, the magHGN particles can not only be used as 

MRI T2 contrast agents, but also as effective PTT agents.  

 

Figure 2-8.  PTT efficacy evaluation of magHGNs in a melanoma tumor murine model. (a) Tumor growth 
measured in days post implantation. The arrow denoted the PTT treatment with intravenous or intratumor 
injections of magHGNs. (* p < 0.05 in comparison to the control) (b) Survival percentage measured in days after 
PTT treatment.  

2.4 Conclusion 

PTT using gold-based nanomaterials are currently being evaluated in clinical 

trials for head and neck cancer and lung cancer patients. However, due to limited optical 

penetration depth of tissue, precise positioning of the optical fibers is critical for effective 

PTT. Scattering from tissue makes detecting nanoparticles with their natural scattering 

properties difficult to perform. To overcome this detection issue, we designed, fabricated 

and tested a novel magnetic hollow gold nanoshell (magHGN) that incorporates small 

iron oxide nanoparticles (IONPs) in the hollow interior of the nanoshells. This design has 

two advantages. First, it incorporated several smaller IONP instead using a single larger 

IONP. The collaborative effect of the smaller IONPs improved the overall magnetic 

properties of the design and thus improved the particle’s capability as a MRI contrast 

agent. Second, due to the hollow nature of the nanoshells, the overall magHGN complex 
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were synthesized in the range of 60-80 nm in diameter while still having a plasmonic 

peak in the near infrared (NIR) region of the spectrum. In this chapter, we optimized 

several factors in the magnetic HGN synthesis process and, overall, the magHGNs were 

able to perform well as MRI T2 contrast agents and were able debulk tumors and 

improve survival with PTT. 
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Chapter 3: Vaccine Peptide Delivery2 

3.1 Background 

Cancer immunotherapy is a promising new strategy that stimulates the patients’ 

immune systems to target and kill tumors. Various groups have investigated enhancing 

the induction of anti-tumor T cell responses through vaccines, including immunization 

with tumor-associated antigens (TAA) or TAA-derived peptides.1–4 In phase I trials, 

gp100 peptides, a melanocyte lineage-specific protein expressed in most melanomas, 

elicited strong anti-melanoma CD8+ cytotoxic lymphocytes (CTLs) (in 14% of patients) 

and CD4+ helper T cell effects (in 79% of patients).5,6 In phase III trials, gp100 

vaccination showed favorable progression-free survival for metastatic melanoma7. 

However, the overall response rate was only 2.6% with this peptide vaccine method, and 

the responses were transient.2 This low response could be attributed to peptide 

degradation and diffusion, limiting the amount of antigen delivered to the peripheral 

antigen-presenting cells (APCs), including lymph node-resident dendritic cells (DCs). 

To address these issues, several nanocarriers have been explored to improve the 

delivery of tumor antigens to DCs. The four main types of nanoparticles that have been 

explored in this capacity are liposomal, viral-based, polymer-based, and metallic 

particles.8 Commonly used polymeric and liposomal nanoparticles have two main 

limiting factors. First, liposomal and polymeric particles can be toxic under high doses 

due to membrane fusion and acidic monomers, respectively.8 Second, these particles are 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Adapted from: Lin AY, Lunsford J, Bear AS, Young, JK, Eckels P, Luo L, Foster AE, 
Drezek, RA. “High Density Sub-100nm Peptide-Gold Nanoparticle Complexes Improve 
Vaccine Presentation by Dendritic Cells In Vitro”; Nanoscale Research Letters. 2013; 
8:72  
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greater than 100 nm in diameter and stay at the injection site, requiring peripheral DCs to 

migrate to the lymph nodes for exposure to the vaccine antigens9, whereas smaller 

nanoparticles (approximately 45 nm) have been reported to drain into lymph nodes and 

are readily taken up by DCs following subcutaneous (s.c.) injections.9,10 These studies 

indicate that sub-100-nm rationale design of nanocarriers designs can facilitate antigen 

delivery to professional APCs in the lymph nodes. 

Gold nanoparticles (AuNPs) are inert, non-toxic, and can be readily endocytosed 

by DCs and other phagocytic mononuclear cells.11–13 In vitro studies have demonstrated 

that even non-phagocytic T cells can load up to 104 particles per cell.14 The capacity for 

AuNPs to be uptaken by cells may allow improved delivery of antigens and therefore 

improve the overall vaccine antigen dose delivered to APCs. Additionally, modifications 

of AuNPs are straightforward as molecules with free thiols can self-assemble into a 

monolayer on the gold surface by forming strong gold-sulfide dative bonds. This 

provides an efficient and cost-effective platform for antigen delivery. Although most 

vaccines use subcutaneous injections, gold nanoparticles tend to accumulate in the 

reticulo-endothelial system when injected intravenously (i.v.).15 For other AuNP-based 

drug delivery systems, this phenomenon is commonly viewed as potentially toxic or can 

result in adverse side effects. However, for vaccine delivery, particle accumulation in the 

spleen can be very advantageous because it is the largest immune organ in the body 

containing significant numbers of lymphocytes and APCs. Therefore, AuNVs can 

potentially improve the efficacy of both i.v. and s.c. vaccines.  

Most liposomal and polymer formulations use encapsulation methods to 

incorporate vaccine peptides. Making smaller particles using this method reduces the 
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peptide load delivered to innate immune cells. Conventionally, vaccine antigen AuNP 

complexes are assembled in two ways: (1) direct conjugation of the peptides onto the 

gold surface using the thiols on the cysteine residues or (2) electrostatic binding of the 

peptides onto modified or unmodified gold surfaces.8,16,17 However, these methods only 

allow one layer of peptides or form aggregates electrostatically on the gold surfaces. 

Thus, we devised a method to self-assemble large quantities of peptides on AuNPs using 

a simple 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and sulfo-N-

hydroxysuccinimide (sulfo-NHS) bottom-up conjugation strategy to layer peptides onto 

modified AuNPs (Figure 3-1). The tandem repeats of peptides, incorporated onto this 

gold nanovaccine (AuNV) design, have shown improved vaccination efficacy in non-

gold particle systems.18,19 Furthermore, the simple bottom-up conjugation design can 

allow effective delivery of large doses of vaccine peptides, and thus improve 

immunogenicity of the vaccine antigen peptides. Here, we evaluated the high-peptide 

density AuNVs through three steps: synthesis and characterization, AuNV uptake by 

dendritic cells, and functional in vitro immunologic assays.  

 

Figure 3-9. Schematic of gold-based nanovaccine design synthesis. The AuNPs were coated with self-assembled 
monolayers of 5000-MW PEG-SH. The AuNPs were subsequently conjugated with the desired peptides using 
EDC and sulfo-NHS as linkers.   
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3.2 Material and Methods 

Reagents. All of the polyethylene glycol (PEG) products were purchased from 

NanoCS (New York, NY, USA). The citrate-stabilized gold colloids were purchased 

from Ted Pella (Redding, CA, USA). All of the buffers and chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), Thermo Scientific (Waltham, MA, USA), 

and Invitrogen (Carlsbad, CA, USA). The peptides were purchased from Genemed 

Synthesis (San Antonio, TX, USA). The JAWS II cells and media were purchased from 

ATCC (Manassas, VA, USA). 

Two-step AuNV synthesis. First, carboxyl-PEG-thiols were added to a 30-nm 

gold colloid solution (2 × 1011 particles/ml) with an end concentration of 5 µM and 

incubated for 24 h. The solution was raised to 0.1 M NaCl, 10 mM sodium phosphate, 

and 0.1% Tween 20. The excessive PEG molecules were removed from the AuNP 

solution by three centrifugation-washing steps at 7,000×g for 20 min with phosphate-

buffered saline (PBS). The final particle pellet was diluted with d. EDC (4.25 mg) and 

sulfo-NHS linker (6.4 mg) were added to the particle-MES solution and incubated for 15 

min at room temperature. The excessive linkers were removed from the solution by 

centrifuging in a 10,000 molecular weight cutoff filter at 2,000×g for 15 min and diluting 

the particles with PBS. The peptides (50 µg) were then added to the particles per 

milliliter of solution, and the mixture was incubated for 30 min, 1 h, 2 h, and 24 h at 

room temperature. Varying the incubation time was for optimization of the conjugation 

scheme. Hydroxylamine (10 mM) was added to quench any unbound EDC/NHS for an 

additional hour. The peptide-coated particles were then centrifuged and washed three 

times with PBS. After the final PBS wash/centrifuge cycle, the supernatant was removed, 
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and the particle pellet was re-suspended in 200 µl of PBS. The sample was sonicated and 

stored at 4°C until used. 

One-step AuNV synthesis. After the carboxyl-PEG-AuNPs were suspended in 

MES buffer, 5 µl of 44 mM EDC and 5 µl of 59 mM sulfo-NHS linkers were added per 

milliliter of particle-MES solution and incubated for 15 min at room temperature. The 

peptides (50 µg) were then added to the particles per milliliter of solution, and the 

mixture was incubated for 1 h. Hydroxylamine (10 mM) was added to quench any 

unbound EDC/NHS for an additional hour. The collection process was the same as 

before. To assess gold nanoparticle core size on AuNV efficacy, 15-nm and 80-nm 

AuNPs were used to synthesize AuNVs. For the 15-nm and 80-nm AuNVs, the stock 

particle concentration started at 1.4 × 1012 and 1.1 × 1010 particles/ml, respectively, as 

provided by Ted Pella. The conjugation process was the same. 

Splenocyte harvest protocol. C57BL/6J, pmel-1, and OT-I mice (Jackson 

Laboratories, Bar Harbor, ME) were maintained in the pathogen-free mouse facility at 

Baylor College of Medicine. This study was approved by the Institutional Animal Care 

and Use Committees (IACUC) of Baylor College of Medicine (# A-3823-01). The 

spleens were harvested from pmel-1 mice and homogenizing the tissue through a cell 

strainer formed a single cell suspension. The cells were collected, and the red blood cells 

(RBCs) were lysed to yield a suspension of splenocytes (2 M/ml) and used within an hour 

of harvesting. The OT-I splenocytes were collected through the same method and were 

frozen until use in the enzyme-linked immunosorbent spot (ELISPOT) assays. 

Bone marrow-derived dendritic cell harvest and exposure protocol. The 

femur and tibia from both sides of a C57BL/6 mouse were harvested and flushed into a 
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petri dish. After lysing the RBCs, the cells were grown on a 10-cm dish for 48 h at 37°C 

in bone marrow-derived dendritic cell (BMDC) media supplemented with IL-4 and GM-

CSF. After 2 days, the media was aspirated, and fresh media was added to the dish for 

another 2 days. Then, BMDCs were collected by vigorously rinsing the dish and plated 

onto 12-well plates at 2 M cells per well. After 24 h, the AuNVs and other conditions 

were added to each well for another 24 h. The BMDCs were then washed with PBS to 

remove any free particles and diluted to 500,000 cells/ml. 

Interferon-γ ELISPOT. Splenocytes (200,000) were added to 96-well plates that 

were pre-coated with anti-interferon-γ (IFN-γ) antibodies. Free AuNVs or 50,000 loaded 

BMDCs were added to each well and incubated for 24 h at 37°C. The cells were 

decanted, and then the plate was washed with PBS/0.05% Tween 20 six times. 

Biotinylated anti-IFN-γ antibodies were added to the plate to form sandwich assays for 2 

h at 37°C. After washing excess antibodies off the plate, avidin-peroxidase complexes 

(Vectastain, Vector Laboratories, Burlingame, CA, USA) were added to the plates to bind 

to the biotin molecules. Spots were developed by adding 3-amino-9-ethylcarbazole 

(AEC) and hydrogen peroxide. The dried membrane was punched out of the plate, and 

spots were evaluated by ZellNet Consulting (Fort Lee, NJ, USA). 

Conjugation yield calculation. Trp-2 (1 µg/µl) peptides were diluted into 14 

different concentrations. The 280-nm absorbance values of the Trp-2 peptides were used 

to generate a concentration standard curve. The peak absorbance values in the visible 

range (400 to 800 nm) from the dilutions of the 30-nm gold colloid stock (2 × 1011 

particles/ml) were used to plot against the 280-nm absorbance values. The actual 280-nm 

absorbance of the Trp-2 peptides was measured by calculating the difference between the 
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Trp-2 peptide 280-nm absorbance values for the Trp-2 AuNVs and the standardized 280-

nm values from the 30-nm gold colloids. The peptide concentration was calculated by 

correlating the absorbance values to the Trp-2 standard curve.  

Toxicity test protocol. One-hundred microliters of JAWS II cells, a BMDC cell 

line, were added to a 96-well plate (500,000 cells/ml). Ovalbumin (OVA) or gp100 

AuNVs (1 to 10 µl of 1011particles/ml) were added to the cells for 24 h at 37°C. Ten 

microliters of alamarBlue was then added to each well and incubated for 2 h at 37°C. The 

fluorescent readings at 585 nm (excited at 570 nm) were measured with a Fluorolog-3 

plate reader. 

Lysate degradation study. From the one-step AuNV protocol, 25 µg of 

fluorescein isothiocyanate (FITC) fluorescent peptides were added to the solution prior to 

hydroxylamine. This step allows the fluorescent peptides to be on the outside layer of the 

AuNVs. JAWS II cells (500,000) were lysed in 1 ml CHAPS lysis buffer. The particles 

(1011) were added to either the CHAPS lysis buffer or to the JAWS II lysate for 24 h. The 

particles were removed by centrifuging at 7,000×g for 20 min. The supernatants were 

transferred to a 96-well plate, and the FITC fluorescence was measured at 520 nm 

(excitation at 485 nm). 

3.3 Results and Discussion 

Self-assembled AuNV particle synthesis. First, carboxyl-polyethylene glycol 

(PEG)-thiols were self-assembled onto citrate-stabilized 30-nm gold colloids to form a 

monolayer. PEG was chosen for its bio-inert and non-toxic properties and the ability to 

protect AuNPs during the conjugation process.20 Next, EDC and sulfo-NHS linkers in 2-
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(N-morpholino)ethanesulfonic acid (MES) buffer were added to the particle solution for 

carboxyl activation.  

Following the suggested protocol adapted from Grabarek and Gergely21, the 

majority of the excess linkers were then removed from the solution via a centrifuge filter. 

The particles were transferred to PBS buffer, and the vaccine peptides or hydroxylamine 

(control) were subsequently added. This two-step method is best known to allow 

coupling of the two proteins without strongly affecting the second protein’s carboxyls. 

Three MHC class I peptides were used: one from model antigen ovalbumin (OVA) 

(SIINFEKL), and two from melanoma antigens, gp100 (KVPRNQDWL) and Trp-2 

(SVYDFFVWL).22,23 

Peptide conjugation was verified by measuring the optical extinction spectra for 

preconjugated particles (PEG-coated 30-nm gold colloids), hydroxylamine (NH2OH) 

particles, and gp100 (KVPRNQDWL) AuNVs. The NH2OH particles (negative controls) 

underwent the same synthesis procedures as the gp100 AuNV particles, but NH2OH was 

added instead of peptides to quench the EDC reaction. This control particle accounted for 

any spectral changes due to the entire conjugation process. The AuNP peak absorbance 

red shifted from 523 to 527 nm when carboxyl-PEG-SH bound to the particle surface. 

When the gp100 peptides were conjugated to the AuNPs, the peak shifted further to 529 

nm, indicating successful peptide conjugation onto the nanoparticle surface. The 

hydroxylamine control particles’ extinction peak did not red shift, indicating that the red 

shift of the AuNV absorbance spectra is not a result of the conjugation process alone, but 

is caused by the peptide linkage (Figure 3-2A).  
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In figure 3-2B, the particles were dried prior to transmission electron microscopy 

(TEM) imaging, so the normally hydrated PEG molecules collapsed onto the AuNP 

surface, showing a uniform light rim around the border of the gold particle (Figure 2B). 

Post-peptide conjugation, the AuNV TEM images showed thickening and rough edges on 

the AuNP surface, which can be caused by peptide linkage to the PEG molecule and self-

polymerization.  

 

Figure 3-10. Characterization of AuNV conjugation process. (A) The absorbance spectra of the initial peptide 
AuNP conjugates. The full view shows the 400- to 800-nm range, and the zoom insert shows the peaks between 
510 nm and 545 nm. Preconjugate refers to the carboxyl-PEG-AuNPs. The NH2OH control refers to capping the 
active carboxyl groups on the particles with hydroxylamine. The preconjugates and NH2OH control particles 
had the same peak, verifying that the conjugation protocol does not alter the absorbance peak. The particles 
conjugated with peptides show a 2-nm red shift. (B) TEM images of a 30-nm AuNP coated with PEG and a 30-
nm gp100 AuNV. The surface of the peptide-coated AuNV appears rougher and thicker (red arrow) than the 
PEG-coated AuNP, indicating successful conjugation. (Scale bar = 10 nm). 

AuNV Characterization. Particle size is important for lymphatic drainage from 

the injection site, biodistribution, and cellular endocytosis. Dynamic light scattering 

measurements (DLS) showed that the OVA AuNVs were less than 80 nm in diameter, 

(B) 
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which is much smaller than other liposomal or polymeric formulations and, therefore, can 

potentially improve lymphatic drainage when injected subcutaneously. The zeta 

potentials correlate well with the free-peptide properties because the gold colloids and 

COOH-PEG-AuNPs were capped with either citrate or carboxyls; however, the OVA 

AuNVs show near-neutral potentials because the OVA peptides have no charge at 

physiologic pH (Table 3-1). 

Table 3-2. DLS results, polydispersity index, and zeta potentials of citrate-capped gold colloids, COOH-PEG -
coated AuNPs, and OVA AuNVs 

 

For conjugation yield approximation, Trp-2 peptides were used due to the high 

absorbance of the Y amino acid at 280 nm. The Trp-2 AuNVs were calculated to have 

24.6 µg of peptide per 1011 particles based on UV-vis absorbance measurements. After 

subtraction of the standard curves, the conjugation yield was calculated to be 

approximately 90%. 

Dendritic cell uptake of AuNVs. After characterization of the AuNVs, the next 

step was to evaluate their interaction with dendritic cells. Using dark-field imaging, the 

DCs loaded with AuNVs showed significantly more scattering due to the AuNPs 

compared to untreated DCs with the same imaging exposure (4 ms). The hyperspectral 

data showed that the loaded DCs had a spectral shift toward 550 nm, close to the 

!! Size%(nm)! PDI! Zeta%(mV)!

Colloids! 33.5!±!6.3! 0.124! +37.6!±!6.5!

COOH8PEG8
AuNPs! 61.5!±!6.2! 0.201! +27.6!±!12.2!

OVA%AuNVs! 77.9!±!9.5! 0.305! +0.7!±!6.7!
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absorbance peak at 529 nm of AuNVs in solution, suggesting that the enhanced scattering 

was caused by AuNPs (Figure 3-3). The shift in the peak plasmon resonance wavelength 

of AuNVs in cells compared to that in solution may be attributed to the higher refractive 

index within cells and clustering of AuNVs within endosomes or the cytosol.  

 

Figure 3-11. Image and hyperspectral analysis of BMDC loaded AuNVs. (A) Dark-field and hyperspectral 
images of DCs loaded with AuNVs or DCs only. Only DCs loaded with AuNVs appeared in the dark-field images 
with the same exposure time. The hyperspectral images show a spectral shift from purple blue to yellow green 
when the DCs were loaded with AuNVs (scale bars = 10 um). (B) The average spectral data for BMDCs with or 
without AuNVs, using each cell as regions of interest. The intensities were calibrated to the lamp spectra 
baseline. 

Nanocarrier toxicity has been a significant limitation for traditional formulations, 

such as liposomal or polymeric nanocarriers. To evaluate whether the AuNVs induced 

cytotoxicity in the DCs, we conducted alamarBlue (Life Technologies Corporation, 

Carlsbad, CA, USA) viability assays using a murine bone marrow-derived dendritic cell 

line (JAWS II) after incubation with OVA or gp100 AuNVs at various concentrations for 

24 hours. The fluorescence intensities indicate cellular health and were normalized to the 

cell control (media only). The viability did not decrease following the addition of AuNVs 
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(ranging from 127%-155%) when compared to the media-only control (100%) (Figure 3-

4). Interestingly, the fluorescence intensities for all of the particle-treated JAWS II 

conditions were significantly higher than the media only controls (p < 0.0015). 

alamarBlue measures cellular health by cleavage of the metabolite into fluorescent 

molecules. Improved metabolic activity may increase the amount of fluorescent by-

product. Hence, the results suggest that AuNVs may have caused dendritic cell activation 

by increasing cellular activity, which can also enhance anti-tumor immune responses. 

 

Figure 3-12. The alamarBlue fluorescence (viability) reading of JAWS II cells after a 24-hour incubation with 
AuNVs in comparison to the media only control. The particles added to the solutions were at 1011 particles/ml. 
All particle conditions were significantly higher than the media control (p < 0.0015). 

Functional evaluation and optimization of AuNVs using interferon-γ  (IFN-γ) 

ELISPOTs. The functional characterization of the AuNVs was performed in two parts: 

(1) simple splenocyte interferon-γ (IFN-γ) enzyme-linked immunosorbent spot 

(ELISPOT) assays for initial testing and (2) DC-to-splenocyte ELISPOTS for design 

optimization. Design optimization consisted of four sections: (1) conjugation method 

optimization, (2) linker optimization, (3) AuNP core size effects, and (4) peptide pool 

modifications. The ELISPOT assays indirectly measures antigen-specific CD8+ CTL 
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ability to secrete IFN-γ, which highly correlates to anti-tumor immunogenicity.6,24 Gp100 

AuNVs were used to stimulate gp100-specific T cells from pmel-1 transgenic mice while 

OVA AuNVs were used to stimulate transgenic OT-I mice T cells.25 

 At high particle concentrations (1011 particles/ml), gp100 AuNVs were more 

potent in stimulating pmel-1 splenocytes (567 IFN-γ spot-forming cells (SFC)) compared 

to mPEG-coated control AuNPs (322 SFC; p = 0.005), showing that the linked peptides 

conjugated on the AuNVs remained functional (Figure 3-5). At particle concentrations of 

1010/ml, the AuNVs still had 191 SFC while the control AuNPs dropped to only 8 SFC. 

As the particle concentration decreases, the AuNVs still showed an effect up to 109 

particles/ml while at 108 particles/ml the effects were non-significant relative to the 

negative controls (media only) (Figure 3-6). The AuNV responses were consistently 

significantly higher (p<0.05) than the responses of the PEG-AuNPs, thus showing that 

the AuNVs effects were not solely caused by the PEG or the AuNPs but due to the 

peptides conjugated onto the particles (Figure 3-5). At higher particle concentrations, 

CTLs may be over-loaded with particles, which in turn caused the elevated IFN-γ levels 

for PEG-AuNPs control groups.  
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Figure 3-13. IFN-γ ELISPOT results from gp100 AuNV induction of pmel-1 splenocytes. At 1011 particles/ml or 
25 µg/ml, AuNVs stimulated threefold more IFN-γ secreting cells compared to the free-peptide control. At 1010 
particles/ml or 2.5 µg/ml maximum dose, the gp100 AuNVs exhibited similar effects as the free-peptide control 
(10 µg/ml) with no significant difference (p = 0.4). 

 

Figure 3-14. IFN-γ  release ELISPOT results from gp100 AuNV induction with Pmel-1 splenocytes. Particle 
concentrations were in particles/ml. Media only condition served as a negative control while free peptides 
condition used 10µg gp100 peptides/ml. 

For comparative analysis of the efficacy of AuNVs to free peptides, the maximum 

dose was calculated by multiplying the amount of peptide used to synthesize each particle 

to the number of particles used. The maximum dose calculation allows a practical 

evaluation of the cost and benefit of the AuNV design. It would not be overall beneficial 
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if the design required more raw materials than the improvement of the efficacy compared 

to free peptides. For 1010 particles/ml, the maximum dose is calculated to be 2.5 µg/ml. 

At this particle concentration, the gp100 AuNVs (191 SFC) exhibit similar effects as the 

free-peptide control (172 SFC) (10 µg/ml) with no significant difference. From this 

study, we concluded that the AuNVs were able to induce strong IFN-γ release from pmel-

1 T cells at approximately fourfold efficiency of the free peptides.  

Optimization of AuNV designs with DC-to-splenocyte IFN-γ  ELISPOTs. In 

vivo, antigens (or AuNVs) are uptaken by professional APCs (i.e., DCs), and the TAA-

derived peptides are subsequently loaded onto major histocompatibility complexes 

(MHCs) for stimulation of CD8+ CTLs and CD4+ helper T cells 26. Previous ELISPOT 

assays exposed AuNVs directly to splenocytes, which was a rudimentary way to evaluate 

the effects of AuNVs. Although there are some antigen-presenting cells in the splenocyte 

mixture, the result would be occasionally inconclusive.  

Thus, to mimic physiological conditions, the AuNVs were incubated with 

dendritic cells prior to exposure to the splenocytes, eliminating any AuNV direct 

influence on the splenocytes. The BMDCs were cultured with AuNVs for 24h. Then, they 

were washed to remove excess AuNVs and were used as stimulator cells for antigen-

specific splenocytes on IFN-γ ELISPOT plates. The DC-to-splenocyte ELISPOT assay 

can then be used to determine whether the peptides conjugated onto AuNPs can be free 

for MHC loading  

Using this model, we evaluated two important factors for improved peptide 

conjugation onto AuNVs: conjugation duration and scheme. The optimization of 

conjugation duration is critical for sufficient peptide polymerization while minimizing 
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unwanted crosslinking between the peptide side chains. For conjugation efficiency, we 

compared the efficacy of AuNVs with varying durations from 30 min to 24 h. Figure 3-

7A shows that AuNVs with 1-h conjugation duration provided the highest IFN-γ 

secretion (52 SFC). The AuNVs cross-linked for 2 h (24 SFC) were significantly lower 

than the 1-h particles, while the 30-min AuNVs (47 SFC) were not significantly different 

from the 1-h AuNVs.  

 

Figure 3-15. gp100 AuNVs ELISPOT results for conjugation time optimization and comparison of the two-step 
and one-step methods. (A) The DC-to-pmel-1 splenocyte ELISPOT results for the gp100 AuNVs at different 
conjugation times. The 1-h method AuNVs gave the most optimal stimulation results between the various 
incubation times (single asterisk denotes p < 0.05). (B) The DC-to-pmel-1 splenocyte ELISPOT results for a 
comparison of the two-step and one-step method AuNV (double asterisk denotes p < 0.01). 

To compare the hydrodynamic particle size of the particles, the dynamic light 

scattering (DLS) data showed that the one-hour conjugation time formed the largest 

peptide-conjugated AuNVs (approximately 70 nm), which was still much smaller than 

most liposomal and polymeric formulations (Figure 3-8) 8,9. This advantage can 

potentially improve lymphatic drainage of the AuNVs. The two-hour AuNVs showed a 
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smaller particle size that supports the hypothesis that synthesis time can cause excessive 

cross-linkage from the side groups on the peptides and fold on top of the particle. 

 

Figure 3-16. Dynamic light scattering (DLS) size reading of AuNPs only functionalized with PEG-COOH or 
additionally functionalized with peptide through EDC/NHS chemistry for various crosslinking times.  Time 
points (30mins, 1 hr, and 2 hrs) refer to crosslinking times of the peptide and EDC/NHS activated particles 
before addition of hydroxylamine to quench the reaction. Both 30mins (*) and 1hr (**) incubation time particles 
have a significantly different size than the preconjugate 30nm-PEG-COOH particles. *: p < 0.05, **: p < 0.01 

The scheme used for EDC/sulfo-NHS conjugation is another important factor. As 

previously mentioned, the conventional two-step conjugation method was designed to 

minimize affecting the second protein’s carboxyls. However, in our situation, enhanced 

activation of peptide carboxyl groups will be useful for allowing the peptides to link 

together.  Therefore, we designed a new one-step conjugation scheme. The one- step 

method used lower amounts of EDC/NHS and the excess linkers were not washed away. 

In this scenario, the process remained in the MES buffer at pH 6. We hypothesized that 

the one-step method would be more effective at forming chained peptides and 

experimental results support that claim. Using the DC-to-splenocyte IFN-γ assay, the 

one-step MES buffer method (231 SFC) was significantly more effective in inducing 

IFN-γ secretion than the two-step design (182 SFC; p = 0.004) (Figure 3-7B). Therefore, 

the following experiments used the one-step conjugation scheme.  
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Comparing efficacies of DNA linker and PEG linker AuNVs. Since PEG is 

non-degradable, using PEG as linkers raises concern of whether the peptides were 

released from the AuNPs, which is critical for MHC class I and II loading. To address 

how peptides are released from the AuNVs following conjugation with the PEG linkers, 

we examined the degradation of FITC-labeled AuNVs by cell proteases from the JAWS 

II lysate, an immortalized BMDC cell line. The FITC-labeled AuNVs were incubated 

with the cell lysate for 24 hrs. Then, the mixture was centrifuged to remove all the 

particles and large cell debris. The peptides that came off the particle would then be in 

the supernatant. Both the OVA and gp100 AuNV showed a twofold increase in the FITC 

fluorescent levels in the supernatant post-lysate exposure supporting the hypothesis that 

cell proteases contained in DCs could remove antigenic peptides from the surface of 

AuNPs (Figure 3-9). 

 

Figure 3-17. Fluorescence intensities of fluorescent OVA and gp100 AuNVs with or without JAWS II cell lysate 
incubation for 24 hrs. The lysates increased the fluorescence intensity by two-fold for the OVA and gp100 
AuNVs. 

By replacing the non-degradable PEG linkers with poly-T DNA spacers, DNases 

in the cells would be expected to degrade the spacer and release the peptides from the 

particle surface. This release mechanism should improve the immunogenicity of the 
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AuNVs. The DNA spacer (11 nt) had a thiol modification on the 5’ end and a primary 

amine on the 3’ end. The thiol forms dative bonds with AuNPs in a manner similar to that 

of PEG-SH. DNA spacers presented amines on the AuNP surface instead of carboxyl 

groups. Thus, the carboxyl activation step was removed because there were no longer any 

carboxyl groups on the particles. This change, however, did decrease the peptide 

conjugation yield.  

As previously mentioned, the BMDCs were incubated with the AuNVs to 

minimize non-specific IFN-γ secretion, Then, the loaded BMDCs were exposed to 

antigen-specific splenocytes, i.e., OT-I for OVA peptides and pmel-1 for gp100 peptides. 

When the AuNV-loaded DCs were exposed to OT-I splenocytes, the AuNVs (134 SFC), 

maximum dose of 10 µg/ml, showed significant improvement in IFN-γ secretion 

compared to the free-peptide control (10 µg/ml) (103 SFC) (Figure 3-10A). Although the 

improvement of the OVA AuNVs compared to the OVA free peptides was not as large 

relative to the gp100 AuNV samples, both tested AuNVs showed a significant 

improvement in the splenocyte response compared to the free peptides (p < 0.01) (Figure 

3-10B).  
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Figure 3-18. ELISPOT results comparing efficacies of AuNVs using the modified DC-to-splenocyte assays. (A) 
The DC-to-OT-I splenocyte IFN-γ ELISPOT data comparing the efficacies of the OVA AuNVs and the free 
peptides. The AuNVs (max dose 10 µg/ml) were able to induce a significantly stronger response than the free 
peptides (10 µg/ml) (double asterisk denotes p < 0.01). (B) The DC-to-OT-I and pmel-1 splenocyte IFN-γ 
ELISPOT data comparing the PEG linker AuNVs and the DNA spacer AuNVs for OVA and gp100 (double 
asterisk denotes p < 0.01; n.s, not significant). (C) The DC-to-OT-I and pmel-1 splenocyte IFN-γ ELISPOT with 
the OVA and gp100 AuNVs. Each particle responded to its corresponding splenocyte significantly more than the 
unmatched AuNV (double asterisk denotes p < 0.01). 

To visualize the effects of AuNVs, we standardized the ELISPOT spot count with 

the amount of peptide used. The ELISPOT results in Figure 3-10B show that the DNA 

spacers (8 SFC/µg) do not work as well as the PEG linker (14 SFC/µg) for OVA on the 

AuNVs because their effects were similar to those of free peptides (10 SFC/µg). 

However, the DNA spacer (17 SFC/µg) and PEG linker AuNVs (19 SFC/µg) for gp100 

showed significant improvement in CTL stimulation.  

To verify that the splenocyte IFN-γ induction is specific to the correct peptides, 

we exposed the OVA and gp100 AuNVs to BMDCs and then exposed them to OT-I 

splenocytes and pmel-1 splenocytes (Figure 3-10C). From the ELISPOT results, the OT-I 
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splenocytes responded significantly more to the OVA AuNVs (135 SFC) than the gp100 

AuNVs (96 SFC) and vice versa for pmel-1 (OVA 36 SFC; gp100 289 SFC). Therefore, 

in addition to being simple, versatile, and cost-effective, our AuNV design is highly 

specific and non-toxic. 

AuNVs evaluation with various particle core sizes. As noted above, the 

hydrodynamic particle size of the AuNV can be important for particle migration to lymph 

nodes. The AuNV size can be controlled by the size of the core AuNP. We used DC-to-

OT-I splenocyte ELISPOTs to measure the size effects from 15-, 30-, and 80-nm OVA 

AuNVs. This assay cannot test the subcutaneous draining abilities of the AuNV particles 

and would require an in vivo study to select the best core size. However, the results 

suggest that particle size does not significantly alter the IFN-γ efficacy using in vitro 

assays (Figure 3-11). All three particles size conditions had a maximum peptide dose of 

10µg/ml, which correlates to 7 x 1011 particles/ml for 15-nm cores, 1011 particles/ml for 

30nm cores, and 5.5 x 109 for 80nm cores.  

 

Figure 3-19. The DC-to-OT-I splenocyte IFN-γ ELISPOT results using 15-nm, 30-nm and 80-nm AuNPs as the 
starting cores. All three showed similar results. The number of IFN-γ secreting cells per 200,000 splenocytes for 
15-nm AuNVs was not significantly lower than that for the 30-nm AuNVs. 

Peptide Pool AuNVs. To this point, the AuNV designs have been focused on 

using MHC class I peptides. Although most vaccine work has been focused on specific 
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CD8+ T cells epitopes, individual epitopes for all HLA types for MHC I and II have not 

been identified. However, peptide pools are segments with overlapping amino acid (aa) 

sequences that incorporate an entire antigen sequence. 

The versatility of the AuNV design allows for conjugation of longer peptides or 

mixtures of peptides (i.e., peptides pools) from different tumor antigens onto AuNPs. The 

gp100 peptide pool, for example, has peptides that are 15 aa in length with 11 aa 

overlaps. Including the entire antigen sequence has three extra advantages: (1) the natural 

cleavage sites are present to facilitate peptide release from the particles, (2) both the 

MHC class I and II epitopes are included, and (3) peptide pools are easily synthesized 

and can replace expensive and time consuming recombinant whole-protein isolation.  

The gp100 peptide pool AuNVs were used in the DC-to-pmel-1 splenocytes 

ELISPOTs, and the results show that the average number of spots for the peptide pool 

AuNVs was higher than that for the free-peptide pool (Figure 3-12). However, the 

peptide pool AuNVs exhibited a much larger standard error and had a non-significant 

difference between the AuNVs and the free peptides (p = 0.34). This is because the assay 

only evaluated one specific MHC class I epitope by using pmel-1 splenocytes. Peptide-

pool AuNVs may have several other benefits that were not tested here, such as helper T 

cell responses and facilitating peptide separation from the particles due to preserved 

natural cleavage sites. These effects may be very useful in in vivo settings. 
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Figure 3-20. The DC-to-pmel-1 splenocyte IFN-γ  ELISPOT using free and AuNV gp100 peptide pools. The 
peptide pool AuNVs showed a very large standard error of mean (SEM), being ten-fold greater than the free-
peptide pool’s SEM. 

Discussion. Gold nanoparticles are unique nanomaterial that are easy to 

synthesize and modify. AuNPs have excellent optical properties that can be exploited for 

detection or photothermal applications.  In addition, AuNPs accumulate in phagocytic 

cells such as macrophages and dendritic cells, making them ideal vehicles for vaccine 

delivery. Here, we demonstrated a method to synthesize high-peptide density gold 

nanovaccines using a simple self-assembling bottom-up strategy. Changes in the 

absorbance spectra and TEM images show successful peptide conjugation onto 

PEGylated AuNPs. Calculating from the conjugation yield of 90%, each particle can 

carry up to 1,300 peptides. Moon et al. reported liposomal formulations to have an 

encapsulation efficiency of 200 to 350 µg OVA/mg of particles and poly(lactic-co-

glycolic acid) formulations to have 50 µg OVA/mg of particles27, while AuNVs correlate 

to roughly 500 µg of OVA peptide per milligram of AuNVs. Considering that gold also 

has a higher density than liposomal or polymeric formulations, the amount of peptide 

carried by AuNVs is much higher than that by other nanomaterials.  
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Not only does AuNVs have high peptide density, we also observed that AuNV 

behavior in solution depends on the properties of the peptides that were used for 

conjugation. The OT-I peptides from the antigen OVA are neutral in charge with an 

isoelectric point near physiological pH (6.34). Thus, OVA AuNVs were easily suspended 

in PBS. Ninety-four percent of the OVA AuNVs were recovered throughout the multiple 

centrifugation and washing steps with PBS. In comparison, the Trp-2 peptides are 78% 

hydrophobic. The Trp-2 AuNVs adhered to the hydrophobic polypropylene tube after 

peptide conjugation was completed and did not detach during centrifugation or probe 

sonication. However, the Trp-2 AuNVs remained in solution when ethanol (0.2% v/v 

Tween 20) was added to the tubes due to the decrease in polarity of the solvent and the 

addition of surfactants (Figure 3-13). Thus, AuNV particle behavior in solution is 

dependent on the peptide properties.  

 

Figure 3-21. Trp-2 AuNVs in PBS (left) and ethanol (right). Trp-2 peptides are very hydrophobic (78%). Trp-2 
AuNVs do not dissolve in PBS and thus stick to the sides of the tube. However, Trp-2 AuNVs do resuspend in 
ethanol with 0.2% Tween 20. 

Having high peptide density on AuNVs is important for vaccine function because 

the peptide-coated nanocarriers collect in the endosomes and can mimic the size of 

pathogens, stimulating DC maturation. The induction of DCs to mature and to present 

tumor antigens is crucial for engineering a successful vaccine. This stimulation by 
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nanomaterials has been shown by Moon et al. to cause DCs to induce large amounts of 

cross-presentation for a stronger and sustained anti-tumor immune responses.27 Cross-

presentation is very important for CTL stimulation because it is required to allow 

peptides to enter the MHC class I (cytosolic) pathway from the MHC class II 

(endosomal) pathway. By using MHC class I peptides, DC-to-splenocyte ELISPOTs can 

be used to evaluate the extent of cross-presentation. Additionally, the assay itself is of 

interest because it can screen large numbers of nanovaccines in vitro simulating the 

process of antigen presentation and preventing extensive use of animals. 

Once the AuNVs enter the endosomes, it is critical that the peptides can come off 

the particles and enter the MHC class I pathway. Therefore, the conjugation optimization 

of conjugation duration and schemes is a key for an effective AuNV.  From the 

optimization results, we concluded that the one-hour conjugation time was most 

effective. We hypothesize that the peptides link linearly during the one-hour of 

conjugation, but will begin to crosslink transversely via peptide side groups by two hours.  

The non-linear crosslinking could disrupt the peptide sequence or presentability, thus 

lowering the efficacy and size of those AuNVs. 

As for the method optimization, the buffers used for the conjugation process 

cause significant impact on the AuNV efficacy. MES buffer has a pKa of 6.15, which is 

within the range for EDC coupling to carboxyl groups generating O-acylisourea.28,29 

Sulfo-NHS was then added to replace the O-acylisourea to form semi-stable amine 

reactive NHS esters. Amine binding to the NHS esters reacts better at neutral to higher 

pH.29 Thus, switching to PBS at pH 7.4 prevents excessive self cross-linkage. 

Furthermore, the one-step (MES) method allows better carboxyl activation and a higher 
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chance of extra linkages or cross-linkage, but it can also cause excessive cross-linkages 

from the side changes of the peptides, which can lower the efficacy of the vaccine 

peptides. Conversely, the two-step method (MES-PBS) allows less side chain linkage but 

lowers overall peptide linkage. From the results, the one-step method AuNVs were 

significantly better at stimulating CTLs than the two-step method. Additionally, the one-

step method is more time- and cost-efficient because it requires fewer reagents and less 

processing for improved overall yield of particle collection.  

After optimizing the conjugation time and method, we investigated effects of 

different linkers such as DNA, which should be degraded intracellularly and allow 

peptide layers to be released from the gold surface. However, the results show that PEG-

linker based AuNVs were significantly more effective at stimulating CTLs. The decrease 

in efficacy for the DNA-linked OVA AuNVs is probably due to two factors. First, the 

lack of activated carboxyl groups (i.e., PEG linker AuNVs) results in the deficiency to 

form polymerization points. Therefore, insufficient peptide polymerization is caused by 

excessive peptide self-polymerization off the AuNPs to form small peptide clumps in the 

solution. Second, there is a reduced amount of linkers on the AuNPs because the DNA 

spacer requires more foot space than the PEG linker.30,31 Overall, the data here suggests 

that the PEG linker design provides the best AuNVs for both peptide types.  

3.4 Conclusions 

In conclusion, improving vaccine delivery using nanocarriers can stimulate a 

sustained anti-tumor response while inducing activation and maturation of DCs. Here, we 

designed AuNVs by self-assembling modified PEGs and tumor-associated antigen 

peptides on gold nanoparticle surfaces. AuNVs carry large doses of peptides by using a 
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simple bottom-up conjugation strategy to layer peptides onto the PEG-modified AuNPs. 

We showed that the simple AuNV design improved in vitro immune cell stimulation 

while maintaining a sub-100-nm diameter size to allow effective delivery and improve 

immunogenicity of vaccine antigen peptides such as ovalbumin and gp100.  
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Chapter 4: Adjuvant Delivery3 

4.1 Introduction 

Synthetic oligodeoxynucleotides (ODNs) containing the unmethylated cytosine-

phosphate-guanine (CpG) motif are potent stimulants of the innate immune system. 

These sequences bind to Toll-like receptor 9 (TLR9) in the endosome of antigen 

presenting cells (APCs), thus promoting the expression of co-stimulatory molecules, the 

secretion of inflammatory cytokines, and the development of CD8+ T cell responses.1,2 

As a result, CpG ODNs have shown great promise as a monotherapy and as a vaccine 

adjuvant for the treatment of cancer.3-5 Although many studies have focused on the 

effects that CpG ODNs have on B cells and plasmacytoid dendritic cells (pDCs), these 

sequences also have important effects on macrophages and myeloid derived suppressor 

cells (MDSCs). For instance, the antitumor effects of CpG immunotherapy in weakly 

immunogenic tumors are mainly mediated by macrophages as opposed to T cells.6 CpG 

ODNs can directly inhibit the immunosuppressive functions of MDSCs and cause them 

to differentiate into macrophages with antitumor activity.7 CpG ODNs can also suppress 

MDSC activity by indirectly stimulating pDCs to produce interferon-α (IFNα) which in 

turn promotes MDSC differentiation.8 Thus, targeting these immune cells in the tumor 

microenvironment is clinically relevant. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 Adopted from: Lin AYa, Mattos Almeida JPa, Bear AS, Liu N, Luo L, Foster AE, 
Drezek RA. “Gold Nanoparticle Delivery of Modified CpG Stimulates Macrophages and 
Inhibits Tumor Growth for Enhanced Immunotherapy.” PLOS ONE. (2013)  
a Equal contribution 
All	  work	  presented	  in	  this	  chapter	  was	  done	  in	  full	  collaboration	  with	  Joao	  Paulo	  
Mattos	  Almeida.	  
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As nanoparticles are naturally cleared by macrophages, dendritic cells (DCs), and 

other APCs9-11, they are excellent carriers for CpG delivery to innate immune cells. 

Liposomal nanoparticle encapsulation methods enhanced the immune stimulatory effect 

of CpG and promoted antitumor activity when combined with ovalbumin 

immunization.12 Bourqin and colleagues also demonstrated that ovalbumin immunization 

combined with CpG encapsulating gelatin nanoparticles produced significantly higher 

activation of CD8+ T cells than when combined with free CpG oligos.13 In addition, the 

encapsulation of CpG reduced the systemic release of pro-inflammatory cytokines and 

attenuated systemic side effects such as lymphoid follicle destruction and 

splenomegaly.13 Similarly, Kwong et al. found that CpG and anti-CD40 monoclonal 

antibody encapsulated in liposomes were more effective than free CpG and induced 

significantly lower levels of IL-6 and TNFα in the serum.14 Currently, however, the use 

of nanocarrier delivered CpG has not been tested as a monotherapy against cancer. Also, 

these encapsulation methods generate particles ranging from 100-200 nm in diameter, far 

from the optimal 50-60 nm size range for maximum particle uptake.15 

Gold nanoparticles (AuNPs) can be easily functionalized with thiol-modified 

synthetic oligonucleotides to form a self-assembled monolayer16, making them useful 

platforms for the delivery of CpG ODN. AuNPs are also desirable vehicles because they 

are inert, biocompatible, and possess optical properties tunable for diagnostic and 

photothermal applications17,  In addition, DNA strands that are conjugated on AuNPs are 

more resistant to nuclease degradation.18 Most importantly, AuNPs are readily taken up 

by immune cells11,19 and collect in endosomes15,20,21, thereby facilitating access to TLR9 

within antigen presenting cells. Given these characteristics, we hypothesize that CpG-
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coated AuNPs can enhance delivery of CpG to the target TLR9 receptor, thus enhancing 

the therapeutic effect of the oligonucleotide.  

We developed a modified CpG ODN conjugated gold nanoparticle design to 

target innate immune cells in vitro and in vivo in order to mount an anti-tumor immune 

response. The design is optimized to maintain DNA content on the particle and to 

promote cellular uptake. We show that CpG conjugated AuNPs significantly enhance 

macrophage stimulation in vitro and inhibit tumor growth in vivo when compared to 

treatments with the equivalent dose of free CpG. The antitumor effect of the CpG-AuNP 

particles is potent and does not require combination treatment, suggesting that these 

complexes are clinically applicable and can be used for CpG monotherapy.  

4.2 Material and Methods  
Cell culture. The macrophage cell line J774.A1 (ATCC) was maintained in 

Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% Fetal Bovine 

Serum (FBS) and 1% penicillin/streptomycin. The B16-OVA cell line was kindly 

provided by Dr. Xiao-Tong Song  (Baylor College of Medicine)22 and cultured in 

Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% FBS, 2 mM 

Glutamax (Invitrogen, Carlsbad, CA), and 0.5 mg/ml Geneticin (Invitrogen).  The cells 

were maintained at 37°C and 5% CO2.   

Particle Synthesis. Citrate stabilized gold nanoparticles (15 nm, 30 nm, and 80 

nm) were purchased from Ted Pella. Modified CpG 1826 designs were purchased from 

Integrated DNA Technology (IDT). All reagents were purchased from Sigma Aldrich 

unless specified otherwise. All DNA types were uncapped by incubation with 100 mM 

dithiothreitol in sodium phosphate solution, pH 8.5, and eluted though Illustra NAP-5 

columns (GE Healthcare) with sodium phosphate solution, pH 6.5, after 1hr incubation at 
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25°C. Uncapped CpG sequences (0.5 µM end concentration) were added to citrate 

stabilized gold nanoparticles for 24 hrs. The solution was brought to 1x phosphate 

buffered saline (PBS) and 0.1% Tween 20 and placed on a nutator for another 24 hrs. The 

particles were then collected and washed with PBS through three centrifugation steps. 15 

nm particles were spun at 13,200 g for 20 min, 30 nm particles were spun at 7,000 g for 

20 min, and 80 nm particles were spun at 1,000 g for 20 min. 

CpG 1826 Sequences. Three different designs were conjugated on gold 

nanoparticles. Design 1: 5’- HS-C6-TCCATGACGTTCCTGACGTT-3’. Design 2: 5’- 

HS-C6-TTTTTTTTTTT-TCCATGACGTTCCTGACGTT-3’. Design 3 (tmCpG): 5’- 

HS-C6-TTTTTTTTTTT-(CH2CH2O)3-TCCATGACGTTCCTGACGTT-3’. 

CpG content on AuNP measurements. The particle concentration of 15 nm or 

30nm AuNPs conjugated with CpG of varying designs were calculated by comparing the 

optical density of the solution with that of the purchased AuNP stock solution. The 

particles were then incubated with 1.4 mM mercaptoethanol for 48 hours. After 

incubation, the particles were spun at 16,000 g for 10 minutes. Using the absorbance of 

the supernatants at 260 nm and the extinction coefficients of each DNA, as provided by 

IDT, we calculated the concentration of DNA in the supernatants. The CpG concentration 

and gold nanoparticle concentration ratio gave the number of DNA per AuNP.  

Stimulation with CpG ODN and AuNP CpG particles. J774.A1 macrophage 

cells were seeded at 1x105 cells/ml in 12 well plates and cultured for 2 days. The cells 

were then exposed to their respective treatment conditions in triplicate and incubated for 

24 hours. After incubation, the cell supernatants were collected and stored at -80oC prior 

to analysis. The concentration of nanoparticles added was standardized by total surface 
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area to deliver the same dose of CpG. For 15 nm particles, 4x1011 particles/ml were used, 

for 30 nm 1011 particles/ml were used, and for 80 nm 1.4x1010 particles/ml were used.  

Cytokine concentration measurement. The supernatants were analyzed for 

TNFα using an enzyme linked immunosorbent assay (ELISA) kit (R&D Systems), 

following the manufacturer’s instructions. IL-6 and G-CSF were analyzed using a 32-

plex murine cytokine/chemokine array (Millipore).  

Mice and tumor model. C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 

were maintained in the pathogen-free mouse facility at Rice University. This study was 

approved by the Institutional Animal Care and Use Committees (IACUC) of Rice 

University (#A12041201). B16-OVA tumors were formed in the flank of mice through 

subcutaneous injection of 5x105 cells. The length and width of tumors were subsequently 

measured 3 to 4 times a week using a digital caliper. Once the tumors reached 

approximately 15 mm2 in size, the CpG treatments were applied. The mice received 

either intratumor injections of PBS (PBS condition), 6.4 µg CpG 1826 (Free CpG 

condition), or 1013 tmCpG-AuNP particles (tmCpG-AuNP condition). The doses were 

repeated on days 4 and 7 after the first dose. Mice were sacrificed once the area of the 

tumor reached 1 cm2, per IACUC requirements. CpG sequences used in in vivo 

applications had phosphorothioate modifications to minimize degradation.  

Tumor immune infiltration analysis. As with the tumor growth study, mice 

were implanted with 5x105 B16-OVA cells in the flank. The mice received 3 injections of 

PBS (n=4), free CpG (n=5), free tmCpG (n=4), or tmCpG-AuNP (n=5) once the tumors 

reached an area of 15 mm2. After 24 hours, the mice were euthanized and the tumors 

were harvested and passed through 70 µm cell strainers (BD Falcon). The cells were 
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stained with antibodies against CD8, CD4, CD11b, CD11c, and Gr-1 (BD Biosciences) 

and analyzed using a BD FACSCanto II flow cytometer.    

Statistics. All statistical analyses were done using JMP Pro Software. 

Significance was assigned at the α=0.05 level. The comparisons between the cytokine 

secretions caused by the different designs and nanoparticle sizes were done using 

Tukey’s HSD test. Comparisons among the conditions inducing immune cell infiltration 

were also done using Tukey’s HSD test. A student’s t test was done to calculate the 

differences in tumor growth. Differences in survival were assessed using the Log Rank 

test.  

5.3 Results 
Rationale for CpG conjugated AuNP designs. DNA coated gold nanoparticles 

have been heavily studied and often utilize self-assembling properties of the natural 

formation of thiol-gold dative bonds.18,23,24 These studies show that modification of the 

functional DNA on the gold nanoparticles can maximize its function. Therefore, we 

examine three different CpG designs to extrapolate the optimal construct (Figure 4-1). In 

the following sections, a common CpG (1826) was used (5’-

TCCATGACGTTCCTGACGTT-3’) for ease of comparison. 
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Figure 4-22. CpG AuNP conjugate design schematics. (a) Design 1, CpG-SH, directly has CpG (black lines) 
assembled on the AuNP surface. (b) Design 2, CpG-T11-SH, incorporates a poly-T nucleotide spacer (light gray 
lines) to increase the spacing between CpGs (straight arrows). (c) Design 3, CpG-TEG-T11-SH, adds a 
triethylene glycol (dark gray dotted line) between the CpG sequence and the nucleotide spacer to allow rotation 
of the CpG segment (curved arrow). 

The first design is the most simple of the three. It incorporates a thiol group 

modification on the 5’ end of the CpG sequence (CpG-SH), allowing CpGs to form a 

self-assembled monolayer directly on the AuNP surface. The main disadvantage of this 

design is that the space between the CpGs may be too small for efficient TLR9 binding. 

Therefore, to improve the spacing between the DNAs, 11 thymidine (poly-T) nucleotides 

are inserted between the thiol modification and the CpG sequence (CpG-T11-SH). This 

second design has been used and optimized in several DNA-DNA or DNA-RNA binding 

constructs for detection or silencing. However, for the case of CpGs, we are examining 

DNA-receptor binding interactions. The rigidity of the DNA strands may hinder the 

binding of the CpGs to TLR9s. Thus, for the third design, a triethylene glycol (TEG) 

spacer is included between the poly-T and the CpG sequence (CpG-TEG-T11-SH) with 

the expectation that the TEG modification would allow free rotation and further improve 

binding to TLR9.   

Characterization of CpG conjugated AuNP designs. Prior to assessing the 

functional efficacy of the designs, the stability and DNA content of the three CpG 

Au Au Au 

(a) (b) (c) 
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conjugated AuNP constructs were evaluated using three different AuNP sizes: 15 nm, 30 

nm, and 80 nm in diameter. For the different core sizes, salting the particles during the 

assembling process is important for a successful DNA coating.25 Since AuNPs greater 

than 20 nm benefit from raising the salt concentration gradually26, the salt concentration 

of the 30 nm and 80 nm CpG conjugated AuNP constructs were increased slowly over 

one and a half hour, while the 15 nm constructs were salted all at once.  

 The stability of the particle constructs were compared to the citrate stabilized 

nanoparticles by analyzing the absorbance spectra (Figure 4-2). The spectra of the DNA 

coated AuNP constructs red shifted 4-5 nm for all core sizes except for the CpG-80nm 

AuNP. The CpG-80nm AuNP aggregated and no peak was detected. Therefore, the CpG-

80nm AuNPs were excluded from further experiments. The shifts, however, suggests 

successful conjugation of the DNA onto AuNPs. There was no broadening of the peaks, 

which suggests no aggregation of these particles.  

 

Figure 4-23. Absorbance spectra of CpG conjugated gold nanoparticle constructs (15 nm, 30 nm and 80 nm) 
before and after assembly. 

 
Furthermore, to determine the amount of DNA conjugated on AuNPs of each 

design, the CpG strands were removed from the particle surface through place exchange 
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by mercaptoethanol. The concentration of DNA in the solution was calculated by 

measuring the absorbance values at 260 nm after removal of the particles (Figure 4-3a). 

There was no significant difference of CpG content per AuNP between the CpG-T11-SH 

design and the design containing the TEG modification (CpG-TEG-T11-SH) for all core 

sizes. This shows that the TEG modification did not alter the DNA assembling process on 

the gold nanoparticles. Conversely, the design with CpG-SH (132 DNA/15nm-AuNP and 

528 DNA/30nm-AuNP) showed significantly higher loading on AuNPs compared to the 

other two designs for both 15nm and 30nm core AuNPs (p = 0.02; p = 0.04). The CpG-

T11-SH design contained 82 DNA/15nm-AuNP and 447 DNA/30nm-AuNP, and the 

CpG-TEG-T11-SH design contained 76 DNA/AuNP and 445 DNA/30nm-AuNP. These 

numbers are consistent with previous reports by Demers et al. describing the surface 

density of DNA on AuNPs with and without nucleotide spacers.25,27 

 

Figure 4-24. DNA content characterization and functional TNFα assays of CpG AuNP conjugated constructs. (a) 
CpG AuNP conjugate designs and DNA content of each CpG design on the 15nm, 30nm and 80nm AuNPs (*p < 

0 
20 
40 
60 
80 

100 
120 
140 
160 

CpG
-S

H 

CpG
-T

11
-S

H 

CpG
-T

EG-T
11

-S
H 

D
N

A
/A

uN
P

 

15nm 

0 

100 

200 

300 

400 

500 

600 

CpG
-S

H 

CpG
-T

11
-S

H 

CpG
-T

EG-T
11

-S
H 

D
N

A
/A

uN
P

 

30nm 

0 

500 

1000 

1500 

2000 

CpG
-S

H 

CpG
-T

11
-S

H 

CpG
-T

EG-T
11

-S
H 

D
N

A
/A

uN
P

 

80nm 

NA 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

15nm 30nm 80nm 

TN
Fα

 (p
g/

m
l) 

Untreated CpG-AuNP CpG-T11-AuNP tmCpG-AuNP 

0 

5 

10 

15 

20 

25 

30 

35 

15nm 30nm 80nm 

TN
Fα

 /C
pG

 (p
g/

pm
ol

) 

CpG-AuNP CpG-T11-AuNP tmCpG-AuNP 

NA NA 

(a) 

(b) (c) 

* 

** ** 

** 

** 

* 

* 

* 



77 
	  

0.05). 80nm AuNP CpG-SH construct aggregated and thus the DNA content was not measured. (b) TNFα levels 
from macrophage stimulation by CpG conjugated AuNP designs for the three particle sizes (*p < 0.05; **p < 
0.01). (c) TNFα levels normalized to amount of CpG presented by the nanoparticles  (*p < 0.05; **p < 0.01). 

 
Functional evaluation of CpG-AuNPs designs in vitro. The efficacies of the 

different designs were evaluated by their ability to stimulate murine macrophages to 

secrete tumor necrosis factor-α (TNFα) in vitro. TNFα is a cytokine secreted by activated 

macrophages and is an important component of the anti-tumor activity of macrophages.6 

The CpG-conjugated nanoparticles for all constructs were incubated with the 

macrophages overnight and the TNFα levels in the media supernatant were measured 

using enzyme-linked immunosorbent assays (ELISA).  The particles concentration was 

standardized by overall surface area in order to normalize the total amount of CpG 

delivered to the macrophages. The CpG-TEG-T11-AuNP design, or TEG modified CpG 

AuNPs, (hereby referred to as tmCpG-AuNPs) showed significantly higher macrophage 

stimulation compared to the other two designs at almost 1,400 pg/ml for 15 nm constructs 

(p < 0.0001), 480 pg/ml for 30nm constructs (p < 0.0001), and 90 pg/ml for 80nm 

constructs (p = 0.004) (Figure 4-3b). From these results, we can conclude that the tmCpG 

design is the most effective construct independent of core size.  

It is interesting that the CpG-AuNP design (800 pg/ml) caused higher stimulation 

than the CpG-T11-AuNP design (420 pg/ml) for 15nm constructs (p < 0.0001). A similar 

trend was noticed by Wei and colleagues between the CpG-T11-AuNP and CpG-AuNP 

designs.28 However, 30nm constructs did not share the same trend (p = 0.84). This 

outcome can be explained by the previous DNA content results (Figure 4-3a). For the 15-

nm constructs, the CpG-AuNP design had more DNA per particle than the CpG-T11-

AuNP design. Therefore, when comparing the amount (pg) of TNFα secreted per pmol of 
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CpG delivered, one finds no significant functional difference between the CpG-AuNP 

and CpG-T11-AuNP designs, which also holds true for 30-nm constructs. The tmCpG-

AuNPs, however, caused significantly higher stimulation and TNFα secretion, 

approximately three times higher, compared to the other two designs (p < 0.0005), again 

indicating that the particles containing the TEG modification were the most effective and 

displayed the highest functionality (Figure 4-3c). In addition to confirming that the 

tmCpG was the most effective design, the TNFα results demonstrated that tmCpG-15nm 

AuNPs were significantly better than the 30nm and 80nm constructs (Figure 4-3b&c). 

However, since the experiments prior were done separately, a combined TNFα 

stimulatory experiment was performed using 15 nm, 30 nm and 80 nm tmCpG-AuNP 

constructs. To ensure that the 15 nm core size supremacy was not specific to TNFα, 

multiplex ELISAs were used to investigate the core size effects on other cytokines. 

Furthermore, to ensure that the stimulatory effect is specific and not caused just by the 

presence of DNA on the particles, control CpG sequences were conjugated on gold 

nanoparticles and used for stimulation experiments. These sequences were identical 

except that the cytosine and guanine bases were in reverse order (5’-

TCCATGAGCTTCCTGAGCTT-3’). 

The tmCpG-AuNPs of all sizes still cause significantly higher TNFα release than 

the equivalent concentration of free CpG (Figure 4-4a). This concentration of free CpG is 

the end concentration of CpG expected based on the total amount of CpG added to the 

particles during the conjugation process. Finally, the 15 nm particles proved to be the 

optimal size for CpG delivery, demonstrating significantly higher stimulation than 30 nm 

and 80 nm particles. A similar effect was observed when measuring the concentration of 
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IL-6, an inflammatory cytokine known to be up-regulated in macrophages following CpG 

stimulation (Figure 4-4b).29,30 AuNP delivery also promoted the expression of 

granulocyte-colony stimulating factor (G-CSF), a growth factor that promotes 

hematopoietic progenitor cell circulation and that has been shown to be up-regulated by 

CpG in vivo (Figure 4-4c).31 The control sequence nanoparticles, conversely, did not 

cause a significant increase in TNFα secretion compared to untreated controls, 

demonstrating that there was not non-specific stimulation caused by DNA on AuNPs. 
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Figure 4-25. Cytokine and growth factor secretion following stimulation with free CpG, AuNPs coated with 
control tmCpG, or AuNPs coated with tmCpG for 15nm, 30nm and 80nm core sizes. (a) TNFα secretion, (b) IL-
6 secretion, and (c) G-CSF secretion (pg/ml) (***p < 0.0001; **p < 0.01; *p < 0.05). 
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secretion (Figure 4-5). Given these in vitro results, the 15 nm tmCpG-AuNP design was 

chosen for the following in vivo experiments. 

 

Figure 4-26. TNFα levels in macrophages following incubation with modified CpG sequences and citrate 
particles of 15 nm, 30 nm, and 80 nm diameters. 
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to free CpG (p = 0.0306) (Figure 4-6a). Both the free CpG treatment and the tmCpG-

AuNP treatment induced significant tumor inhibition when compared to the PBS 

treatment (p<0.0001). The difference between free CpG treatment and AuNP treatment 

remained significant throughout the study (p = 0.043 on day 19 after first injection). We 

also found that a single intratumor injection of 30 nm tmCpG-AuNP significantly 

inhibited tumor growth when compared to PBS treated mice (p = 0.0124) (Figure 4-7).  

 

Figure 4-27. In vivo anti-tumor effect following intratumor injections on days 0, 4, and 7, as indicated (arrows), 
with PBS, free CpG or tmCpG- AuNP. (a) Tumor growth and (b) survival percentage after the first CpG 
injection (*p < 0.05). 
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Figure 4-28. In vivo anti-tumor effect following a single intratumor injection of 30nm tmCpG-AuNPs compared 
to free CpG and PBS (* p = 0.0124). 

 
In the control group (n=5), the first PBS treated mouse reached the pre-defined 1 

cm2 tumor limit on day 15 of the study, and the remainder reached the limit on day 17 

(Figure 4-6b). In the free CpG group (n=10), the percentage of mice under the limit 

dropped to 70% on day 25. The remaining mice reached the tumor limit by day 39. In 

contrast, the percentage of mice under the limit in the AuNP condition (n=9) remained 

higher than the free CpG condition throughout the study. Two mice (22%) showed no 

measurable tumor growth after treatment and remained under the limit until the end of the 

study on day 47. Overall, the AuNP treatment promoted significantly higher survival than 

the free CpG treatment (p = 0.0164).  
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modifications on the CpG sequence were not the cause of any immune response. The 

tumors were harvested 24 hours after the last treatment injection, and the cells were then 

re-suspended and stained for CD8 (cytotoxic T cells), CD4 (helper T cells), CD11c 

(dendritic cells), and CD11b (macrophage) expression, as well as CD11b and Gr-1 co-

expression (myeloid derived suppressor cells).  

Although tmCpG-AuNP treatment shows no significant difference in immune cell 

infiltration when compared to free CpG, it shows significantly higher infiltration of 

CD11b+ (p=0.0377), CD11c+ (p=0.0323), and CD11b+/Gr-1+ cells when compared to the 

PBS treated condition (Figure 4-8). The free CpG condition showed significantly higher 

infiltration of CD8+ T cells (p=0.0414) and CD11b+/Gr-1+ cells (p=0.0168) when 

compared to the PBS control. The free tmCpG showed no significant infiltration of any 

immune cells when compared to the PBS treated mice. 
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Figure 4-29. Percent tumor infiltration immune cells. (a) CD11b+ cells, (b) CD11c+, (c) CD8+ cells, (d) CD4+ 
cells, and (e) CD11b+Gr-1+ cells. 
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number of studies have focused on the use of nanoparticles to promote delivery of CpG 

to APCs, thereby enhancing its stimulatory effect. The nanoparticle formulations 

explored include gelatin nanoparticles13, liposomes14,36, DNA origami structures37, and 

most recently, gold nanoparticles38, but these were only explored in the context of 

combination treatments.  

The stronger anti-tumor response of CpG bound to gold nanoparticles compared 

to free oligonucleotides illustrates the utility of gold nanoparticles for delivery of CpG 

and, potentially, other immune stimulatory agents. Lee and colleagues assessed gold 

nanoparticle delivery of red fluorescent protein and CpG on the same particle in vivo and 

found encouraging results. However, in their study the addition of CpG on the antigen 

AuNPs showed only a modest improvement of the anti-tumor response at a single time 

point. Furthermore, adding CpG on the particle had no effect compared to antigen only 

particles when the mice were immunized and then challenged with tumor cells.38 Finally, 

the effectiveness of the CpG-AuNP complexes alone was not evaluated. We posit that the 

therapeutic efficacy of CpG-AuNP particles can be improved and optimized through 

simple design alterations. Here, we assessed CpG-AuNP complexes’ effectiveness by 

comparing its anti-tumor effects to equivalent doses of free CpG. We demonstrated that 

the oligonucleotide structure and particle size can be designed so as to make CpG-AuNP 

complexes effective for monotherapy. The design considerations discussed here show 

that gold nanoparticles can be optimized for immune stimulant delivery.  

For DNA-receptor interactions, spacing between the CpG strands can be crucial 

for maximum efficacy, especially since TLR9 is an endosome membrane receptor. Using 

a nucleotide spacer reduces “steric crowding” of the DNA strands, thus making the target 
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sequence more accessible to binding.25,27 Nucleotide spacers have been used widely to 

improve functionality of DNA on AuNPs for various applications such as antisense gene 

modulation.18 The choice of nucleotide spacer is important; poly-adenine (poly-A) 

spacers yield lower nanoparticle surface coverage than poly-thymidine (poly-T) spacers. 

This effect is due to adenine’s stronger affinity to gold, which causes poly-A spacers to 

lie down on the particle and restrict oligonucleotide access to the surface.27  Efforts to 

further improve binding efficacy come at a cost of reducing the amount of DNA on the 

particle. Rosi et al. show that using tetrathiol-modified DNA with nucleotide spacers 

further improves the functionality of antisense oligonucleotides while sacrificing the 

number of strands delivered per particle by roughly 50% 18. Wei and colleagues used a 

T20/A20 duplex spacer linked to CpGs to improve its functionality in vitro when compared 

to a T20 spacer 28; however, the use of double strand (0.11 DNA/nm2) as opposed to a 

single strand DNA (0.19 DNA/nm2) reduces the surface density on gold surfaces 39 and 

reduces the uptake of nanoparticles by approximately 50% 40. Giljohann et al. noted that 

higher DNA densities on AuNPs caused increased cellular uptake 41.  Therefore, 

designing a CpG modified AuNP to improve CpG functionality of the poly-T modified 

CpG without sacrificing the amount of DNA per particle is critical for maximum 

efficacy. We incorporated a short triethylene glycol (TEG) spacer in between the poly-T 

and the CpG sequence in the tmCpG design to address that issue. This design proved to 

be the most effective, generating the highest secretion of cytokines per pmol of CpG 

delivered. The large difference between efficacies of the poly-T spacer alone CpG design 

versus the incorporation of TEG could be caused by the increased rotation and mobility 
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of the extended CpG strand. Having free moving CpGs can improve binding to TLR9, 

which is confined in the endosomal membrane. 

 As mentioned above, particle size can dramatically affect particle uptake and thus 

affect CpG delivery and functional efficacy.  The macrophage stimulatory effect of 

tmCpG-AuNPs is improved by using 15 nm particles, likely because these particles are 

more easily taken up 28,42. In addition, smaller particles have greater curvature and thus 

provide more space for binding between the DNA strands. Overall, the use of gold 

nanoparticles for immune modulation is clinically valuable not only because of the 

enhanced therapeutic effects, but also because of the facile synthesis and tuning of the 

complex. AuNPs can be easily functionalized and tuned to the desired size, making our 

design reproducible and scalable.  

The optimal 15 nm TEG modified design proved to be effective in vivo, 

significantly inhibiting tumor growth and promoting survival when compared to free 

CpG. Tuning of the oligonucleotide sequence and particle size permits the successful 

application of CpG-AuNP complexes as a monotherapy. The ability to enhance 

therapeutic activity through simple design alterations shows that gold nanoparticles are 

powerful carriers and that the design of AuNP-oligonucleotide complexes needs to be 

carefully considered for optimal therapeutic effect. In this study the significant anti-tumor 

activity observed in the free CpG condition when compared to PBS controls was 

unexpected given the low dose of CpG applied. However, the presence of the foreign 

ovalbumin antigen is likely to promote a strong response compared to what has been 

observed in other cancer models. Nevertheless, our results indicate that conjugation to 

AuNP enhances the anti-tumor effect of intratumor CpG injections. We also observed 



89 
	  

that the free CpG treated tumors were visually similar in shape and height (spherical) 

compared to the untreated tumors, while the tmCpG-AuNP treated tumors lacked 

structure or were flattened.  

The tmCpG-AuNP treatment caused significantly higher infiltration of 

macrophages (CD11b+ cells) and dendritic cells (CD11c+) when compared to PBS treated 

mice. The treatment showed a trend towards higher infiltration of CD8+ T cells as well, 

but the finding was not significant (p=0.0591). Interestingly, the tmCpG-AuNP and free 

CpG condition caused significant infiltration of CD11b+/Gr-1+ myeloid derived 

suppressor cells (MDSCs), an immune suppressive population that is known to promote 

tumor growth. However, as aforementioned, CpG treatment has been shown to reduce the 

suppressive activity of MDSCs. Therefore, even though the inflammatory response 

induced by CpG may attract infiltration of MDSCs, the treatment may be inhibiting the 

immune suppressive activity of these cells. For instance, Zoglmeier et al. report that CpG 

treatment does not reduce the percentage of splenic MDSCs in tumor bearing mice but 

does inhibit their ability to suppress T cell proliferation 8. Future studies isolating tumor 

and splenic MDSCs following free CpG and tmCpG-AuNP injections can elucidate 

whether the treatments used here can inhibit MDSC activity.  

Overall, the anti-tumor activity of the tmCpG-AuNP treatment appears to be 

mediated by the significant infiltration of macrophages and dendritic cells to the tumor 

site. We did not observe significant differences in infiltration between the free CpG and 

the tmCpG-AuNP conditions and thus cannot ascertain the immunological differences 

that may have made the tmCpG-AuNP treatment more effective in vivo. The increased 

efficacy of the tmCpG-AuNP may result from its effect on immune suppressive 
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populations such as MDSCs or regulatory T cells; characterizing whether AuNPs can 

enhance the inhibitory effect that CpG has on MDSC activity merits further work.   

4.5 Conclusion 

In conclusion, CpG oligonucleotides are immune stimulatory agents that have 

shown clinical promise as single treatments and as vaccine adjuvants 4,5. However, CpG 

treatment can be limited by the need for high doses and by non-specific toxicity 35,  such 

as systemic cytokine increase and coagulation inhibition 5. Nanotechnology can address 

such concerns by enhancing delivery of CpG to antigen presenting cells, and a number of 

nanocarriers have been explored for this purpose 13,14,36-38. Here we show that gold 

nanoparticles are an effective CpG carrier, enhancing the effect of CpG treatment both in 

vitro and in vivo. We developed a new design utilizing a poly-T and TEG spacer that 

enhances CpG functionality without lowering DNA content on the gold nanoparticle. In 

addition, we demonstrate that a monotherapy of AuNP-delivered CpG can inhibit tumor 

growth and promote survival when compared to the equivalent dose of free CpG. Future 

studies will explore AuNP delivered CpG in combination treatments and in metastatic 

disease models.  

4.6 References 
 

1. Askew D, Chu RS, Krieg AM, Harding CV. CpG DNA induces maturation of 
dendritic cells with distinct effects on nascent and recycling MHC-II antigen-processing 
mechanisms. Journal of Immunology. // 2000;165(12):6889-6895. 
2. Behboudi S, Chao D, Klenerman P, Austyn J. The effects of DNA containing 
CpG motif on dendritic cells. Immunology. // 2000;99(3):361-366. 
3. Krieg AM. Toll-like receptor 9 (TLR9) agonists in the treatment of cancer. 
Oncogene. 2008;27(2):161-167. 
4. Bode C, Zhao G, Steinhagen F, Kinjo T, Klinman DM. CpG DNA as a vaccine 
adjuvant. Expert Review of Vaccines. 2011;10(4):499-511. 



91 
	  

5. Murad YM, Clay TM. CpG oligodeoxynucleotides as TLR9 agonists: Therapeutic 
applications in cancer. BioDrugs. 2009;23(6):361-375. 

6. Buhtoiarov IN, Sondel PM, Eickhoff JC, Rakhmilevich AL. Macrophages are 
essential for antitumour effects against weakly immunogenic murine tumours induced by 
class B CpG-oligodeoxynucleotides. Immunology. 2007;120(3):412-423. 
7. Shirota Y, Shirota H, Klinman DM. Intratumoral injection of CpG 
oligonucleotides induces the differentiation and reduces the immunosuppressive activity 
of myeloid-derived suppressor cells. Journal of Immunology. 2012;188(4):1592-1599. 

8. Zoglmeier C, Bauer H, Nörenberg D, et al. CpG blocks immunosuppression by 
myeloid-derived suppressor cells in tumor-bearing mice. Clinical Cancer Research. 
2011;17(7):1765-1775. 
9. Jewell CM, Bustamante Loṕez SC, Irvine DJ. In situ engineering of the lymph 
node microenvironment via intranodal injection of adjuvant-releasing polymer particles. 
Proceedings of the National Academy of Sciences of the United States of America. 
2011;108(38):15745-15750. 
10. Cubillos-Ruiz JR, Engle X, Scarlett UK, et al. Polyethylenimine-based siRNA 
nanocomplexes reprogram tumor-associated dendritic cells via TLR5 to elicit therapeutic 
antitumor immunity. Journal of Clinical Investigation. 2009;119(8):2231-2244. 

11. Khlebtsov N, Dykman L. Biodistribution and toxicity of engineered gold 
nanoparticles: a review of in vitro and in vivo studies. Chemical Society Reviews. 2011. 

12. De Jong S, Chikh G, Sekirov L, et al. Encapsulation in liposomal nanoparticles 
enhances the immunostimulatory, adjuvant and anti-tumor activity of subcutaneously 
administered CpG ODN. Cancer Immunology, Immunotherapy. // 2007;56(8):1251-1264. 
13. Bourquin C, Anz D, Zwiorek K, et al. Targeting CpG oligonucleotides to the 
lymph node by nanoparticles elicits efficient antitumoral immunity. Journal of 
Immunology. 2008;181(5):2990-2998. 

14. Kwong B, Liu H, Irvine DJ. Induction of potent anti-tumor responses while 
eliminating systemic side effects via liposome-anchored combinatorial immunotherapy. 
Biomaterials. 2011;32(22):5134-5147. 
15. Chithrani BD, Ghazani AA, Chan WCW. Determining the size and shape 
dependence of gold nanoparticle uptake into mammalian cells. Nano Letters. 
2006;6(4):662-668. 

16. Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM. Self-assembled 
monolayers of thiolates on metals as a form of nanotechnology. Chemical Reviews. 
2005;105(4):1103-1169. 
17. Huang XH, Jain PK, El-Sayed IH, El-Sayed MA. Gold nanoparticles: interesting 
optical properties and recent applications in cancer diagnostic and therapy. 
Nanomedicine. Oct 2007;2(5):681-693. 

18. Rosi NL, Giljohann DA, Thaxton CS, Lytton-Jean AKR, Han MS, Mirkin CA. 
Oligonucleotide-modified gold nanoparticles for infracellular gene regulation. Science. 
2006;312(5776):1027-1030. 



92 
	  

19. Almeida JPM, Chen AL, Foster A, Drezek R. In vivo biodistribution of 
nanoparticles. Nanomedicine. 2011;6(5):815-835. 

20. França A, Aggarwal P, Barsov E, Kozlov S, Dobrovolskaia M, González-
Fernández A. Macrophage scavenger receptor A mediates the uptake of gold colloids by 
macrophages in vitro. Nanomedicine (Lond). 2011. 
21. Arnida, Janát-Amsbury MM, Ray A, Peterson CM, Ghandehari H. Geometry and 
surface characteristics of gold nanoparticles influence their biodistribution and uptake by 
macrophages. European Journal of Pharmaceutics and Biopharmaceutics.In Press, 
Corrected Proof. 
22. Song XT, Kabler KE, Shen L, Rollins L, Huang XF, Chen SY. A20 is an antigen 
presentation attenuator, and its inhibition overcomes regulatory T cell-mediated 
suppression. Nature Medicine. // 2008;14(3):258-265. 

23. Mao X, Xu H, Zeng Q, Zeng L, Liu G. Molecular beacon-functionalized gold 
nanoparticles as probes in dry-reagent strip biosensor for DNA analysis. Chemical 
Communications. // 2009(21):3065-3067. 
24. Qiao G, Zhuo L, Gao Y, Yu L, Li N, Tang B. A tumor mRNA-dependent gold 
nanoparticle-molecular beacon carrier for controlled drug release and intracellular 
imaging. Chemical Communications. // 2011;47(26):7458-7460. 

25. Hurst SJ, Lytton-Jean AKR, Mirkin CA. Maximizing DNA loading on a range of 
gold nanoparticle sizes. Analytical Chemistry. 2006;78(24):8313-8318. 

26. Taton TA. Preparation of gold nanoparticle-DNA conjugates. Current protocols 
in nucleic acid chemistry / edited by Serge L. Beaucage ... [et al.]. // 2002;Chapter 12. 

27. Demers LM, Mirkin CA, Mucic RC, et al. A fluorescence-based method for 
determining the surface coverage and hybridization efficiency of thiol-capped 
oligonucleotides bound to gold thin films and nanoparticles. Analytical Chemistry. 
2000;72(22):5535-5541. 

28. Wei M, Chen N, Li J, et al. Polyvalent immunostimulatory nanoagents with self-
assembled CpG oligonucleotide-conjugated gold nanoparticles. Angewandte Chemie - 
International Edition. 2012;51(5):1202-1206. 
29. Weiner GJ. The immunobiology and clinical potential of immunostimulatory CpG 
oligodeoxynucleotides. Journal of Leukocyte Biology. // 2000;68(4):455-463. 
30. Chen HC, Sun B, Tran KK, Shen H. Effects of particle size on toll-like receptor 
9-mediated cytokine profiles. Biomaterials. // 2011;32(6):1731-1737. 
31. Nardini E, Morelli D, Aiello P, et al. CpG-oligodeoxynucleotides induce 
mobilization of hematopoietic progenitor cells into peripheral blood in association with 
mouse KC (IL-8) production. Journal of Cellular Physiology. // 2005;204(3):889-895. 

32. Nierkens S, den Brok MH, Roelofsen T, et al. Route of administration of the 
TLR9 agonist CpG critically determines the efficacy of cancer immunotherapy in mice. 
PloS one. 2009;4(12). 



93 
	  

33. Lou Y, Liu C, Lizée G, et al. Antitumor activity mediated by CpG: The route of 
administration is critical. Journal of Immunotherapy. 2011;34(3):279-288. 

34. Heckelsmiller K, Rall K, Beck S, et al. Peritumoral CpG DNA elicits a 
coordinated response of CD8 T cells and innate effectors to cure established tumors in a 
murine colon carcinoma model. Journal of Immunology. 2002;169(7):3892-3899. 
35. Heikenwalder M, Polymenidou M, Junt T, et al. Lymphoid follicle destruction 
and immunosuppression after repeated CpG oligodeoxynucleotide administration. Nature 
Medicine. 2004;10(2):187-192. 

36. Wilson KD, Raney SG, Sekirov L, et al. Effects of intravenous and subcutaneous 
administration on the pharmacokinetics, biodistribution, cellular uptake and 
immunostimulatory activity of CpG ODN encapsulated in liposomal nanoparticles. 
International Immunopharmacology. 2007;7(8):1064-1075. 

37. Schüller VJ, Heidegger S, Sandholzer N, et al. Cellular immunostimulation by 
CpG-sequence-coated DNA origami structures. ACS Nano. 2011;5(12):9696-9702. 

38. Lee IH, Kwon HK, An S, et al. Imageable antigen-presenting gold nanoparticle 
vaccines for effective cancer immunotherapy in vivo. Angewandte Chemie - International 
Edition. // 2012;51(35):8800-8805. 
39. Yao L, Sullivan J, Hower J, He Y, Jiang S. Packing structures of single-stranded 
DNA and double-stranded DNA thiolates on Au(111): A molecular simulation study. 
Journal of Chemical Physics. // 2007;127(19). 

40. Massich MD, Giljohann DA, Schmucker AL, Patel PC, Mirkin CA. Cellular 
response of polyvalent oligonucleotide - Gold nanoparticle conjugates. ACS Nano. // 
2010;4(10):5641-5646. 
41. Giljohann DA, Seferos DS, Patel PC, Millstone JE, Rosi NL, Mirkin CA. 
Oligonucleotide loading determines cellular uptake of DNA-modified gold nanoparticles. 
Nano Letters. // 2007;7(12):3818-3821. 

42. Gao H, Shi W, Freund LB. Mechanics of receptor-mediated endocytosis. 
Proceedings of the National Academy of Sciences of the United States of America. // 
2005;102(27):9469-9474. 
 
 
  



94 
	  

Chapter 5: Plasmid Delivery4 

5.1 Introduction 

An improved understanding of the genes involved in the development of cancer in 

recent years has led to the expansion of gene therapy approaches.1 Although gene therapy 

represents an attractive alternative for cancer therapy, the development of effective and 

safe delivery platforms remains the bottleneck of implementing therapeutic plasmids in 

the clinic.2 All vectors must overcome multiple cellular hurdles for effective transfection 

including cellular uptake, endosomal escape, cytoplasmic trafficking, DNA release, and 

nuclear uptake.3 While viral vectors have traditionally been effective DNA delivery 

vehicles, they present issues of immunogenicity, oncogenicity, small DNA carry load, 

expensive production procedure, and complexity of producing recombinant viruses.1,4 As 

such, recent research has focused on the development of non-viral vectors for gene 

delivery. 

Cationic polymers are one of the main classes of non-viral vectors, and they boast 

benefits such as low immunogenicity and ease of chemical modification. 

Poly(ethyleneimine) (PEI) is one of the most common and widely studied cationic 

polymers and has been used as a gold standard for in vitro gene delivery experiments. 

However, due to its highly cationic nature and non-biodegradable structure, PEI’s 

toxicity has limited its in vivo applications.1,5 Alternatively, dendrimers are a 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 Lin AYa, Figueroa Ea, Yan S, Luo L, Drezek RA. “Optimization and Evaluation of 
EDC/sulfo-NHS based PAMAM-Gold Nanoparticle Conjugation for Gene Therapy.” 
Manuscript in preparation.  
a Equal contribution 
All	  work	  presented	  in	  this	  chapter	  was	  done	  in	  full	  collaboration	  with	  Elizabeth	  
Figueroa.	  
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commercially available class of cationic, branched polymers that are increasingly being 

investigated for delivery applications.6,7 The degree of branching in a dendrimer is 

referred to as its ‘generation’, with size increasing linearly and terminal groups increasing 

exponentially as a function of the generation. Polyamido(amine) (PAMAM) dendrimers 

are among the most commonly studied class of dendrimers due to their high transfection 

efficiency in vitro with generations 6 or 7.4 However, transfection at high generations (> 

6) results in cytotoxic effects due to their highly cationic nature.1 

 In comparison, gold nanoparticles (AuNPs) provide particularly attractive 

scaffolds for the development of non-viral vectors due to their size tunability, ease of 

functionalization, and biocompatibility.8–10 Several groups have used gold nanoparticles 

for not only in vitro oligonucleotide transfection but also in vivo oligo delivery for gene 

regulation.11 Additionally, Chen et al. combined dendrimers, polypropylenimine, with 

AuNPs using simple electrostatic attraction to form efficient transfection vectors.12 The 

ability to exploit the properties of both nanoparticles and dendrimers is intriguing for 

applications in gene delivery. Furthermore, this approach has the potential to alleviate 

issues of dendrimer cytotoxicity. However, electrostatic binding of the dendrimer and 

AuNP may not be strong enough to withstand biological environments and fall apart prior 

to reaching the cells of interest.   

Therefore, we designed a facile bottom-up conjugation method to generate 

PAMAM conjugated gold nanoparticles (AuPAMAM).  In short, PAMAM dendrimers 

were conjugated to AuNPs (5 nm) with a self-assembled monolayer (SAM) of 11-

mercaptoundecanoic acid (MUA) using crosslinking agents 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxy 
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sulfosuccinimide (sulfo-NHS) in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. 

EDC, a carbodiimide, catalyzes the formation of amide bonds between the MUA 

carboxyl and PAMAM amine groups, while sulfo-NHS stabilizes the coupling reaction 

via formation of amine reactive esters on the carboxylate. EDC and sulfo-NHS coupling 

to bind amine-containing molecules onto carboxylated gold nanoparticles has been used 

in several occasions.13–16 Although preparation of AuPAMAM particles can be conducted 

in less than 6 hours including washing steps and is not chemically tedious, the use of 

EDC and sulfo-NHS in the coupling of PAMAM to carboxylic-terminated AuNPs 

presents new challenges to form effective and stable vectors. In this study, a number of 

synthetic parameters were explored, and the AuPAMAM particles were evaluated in a 

human breast adenocarcinoma (SkBr3) cell line for their potential as gene therapy 

vectors.  

5.2 Material and Methods 

Materials. All chemicals were purchased from Sigma Aldrich (St. Lewis, MO) or 

Fisher Scientific (Waltham, MA) unless otherwise stated. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Thermo Scientific 

(Waltham, MA). 5 nm citrate stabilized colloidal gold nanoparticles (AuNPs) were 

purchased from Ted Pella (Redding, CA). AlamarBlue was purchased from Invitrogen 

(Carlsbad, CA). Plasmid DNA with cytomegalovirus (CMV) promoter and enhanced 

green fluorescent protein (eGFP) as the reporter gene (pCMV-eGFP, 4.7 kb) were 

obtained from Clark Needham at Rice University.17 SK-BR-3 cells, cell culture medium 

and phosphate buffered saline (PBS) were purchased from ATCC (Manassas, VA). 
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AuPAMAM Synthesis. 11-mercaptoundecanoic acid (MUA) were added to 5 nm 

AuNPs (5 x 1013 particles/ml) to a final concentration of 83.33 µM in 12 ml. After 24 hr, 

the solution was raised to 0.1 M NaCl, 100 mM sodium phosphate, and 0.1% v/v Tween 

20 and incubated for another 24 hrs. Next, excessive MUA was removed by using a 

centrifuge filter (10,000 MWCO) at 2,500 g for 20 mins and washed 3x with PBS. After 

the last centrifugation, the MUA-AuNPs were resuspended in pH 6 MES buffer. EDC 

and Sulfo-NHS linkers were added to a final concentration of 0.44 mM and 0.59 mM for 

15mins. Then, the particles were added to 4 ml of ethylene diamine core PAMAM 

dendrimers (G0-G5) in PBS. After 1 hr, 2 ml of 50 mM hydroxylamine (pH 7) in PBS 

was added to the solution for another hour to backfill any unbound Sulfo-NHS esters. 

Last, the solution was washed 3x using a centrifuge filter (50,000 MWCO) with sterile 

DNase free deionized water. The AuPAMAM was resuspended in DI water and stored at 

4°C until further use. To estimate the amount of dendrimer needed for the conjugation, a 

surface packing model was used. A ten time excess concentration of the maximal 

dendrimer binding number was used for the conjugation process. The following 

alterations were made for the pH 4.7 AuPAMAM synthesis protocol: the MUA-AuNPs 

were resuspended in pH 4.5-4.7 MES buffer, the PAMAM conjugation time was 

extended to 2hrs, and the hydroxylamine backfilling duration was extended to 24hrs. The 

following alterations were made for the sMUA-AuPAMAM synthesis protocol: various 

ratios of MUA and MUOH were added during the MUA-AuNP self-assembling process, 

and the sMUA-AuNPs were resuspended in pH 6 MES buffer.  
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Gel Electropheresis. AuPAMAM/DNA complexes were freshly prepared in 

water by mixing equal volumes of GFP plasmid (4 nM) and AuPAMAM in DI water at 

molar ratios of 1:5, 1:15, 1:30, 1:50, 1:100, and 1:250. Following incubation for 20 

minutes at room temperature, the complexes were loaded into wells in a 1% agarose gel. 

Gel electrophoresis was carried out in 1x TBE buffer at 80 V. The gels were visualized 

with a Bio-Rad UV transilluminator. 

Cell Transfection Experiment. SK-BR3 cells were cultured in a humidified 

incubator (5% CO2, 37 °C). The cells were suspended in McCoy’s 5A medium and 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin, with 

the exception of transfection experiments where cells were grown in complete media 

without antibiotics. For transfection assays, 75,000 cells/well was added to 24 well plates 

and grown overnight.  Complexes were first prepared at room temperature as follows: 50 

µl solutions of AuPAMAM at various concentrations and GFP plasmid (0.8 ug) were 

prepared in DI water separately. The vectors and plasmids were mixed and incubated for 

20 minutes. The resulting complexes were added directly into wells. Six hours later, wells 

were rinsed with PBS and complete media was added and 48 hours later the medium was 

changed. At 48 hours, GFP expression of all conditions was visualized using a Zeiss Axio 

Observer inverted microscope. Transfection efficacy was measured using flow cytometry 

(BD FACSCanto II).   

alamarBlue Toxicity Assay. All cytotoxicity experiments were conducted in 

clear bottom black 96 well plates. For toxicity assays, 15,000 cells/well were added to 96 

well plates and grown overnight. Complexes were first prepared at room temperature as 

follows: 10 µl solutions of AuPAMAM at various concentrations and plasmid (0.16 µg) 
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were prepared in water separately. The vectors and plasmids were mixed and incubated 

for 20 minutes. The resulting complexes were added directly into wells. Six hours later, 

wells were rinsed with PBS and complete media was added, and 48 hours later the 

medium was changed. At 48 hours, cells were treated with 20µl of alamarBlue and after 

2hrs, fluorescence was measured on a Fluorolog-3 micromax plate reader (emission at 

585 nm, excitation at 570 nm).  

Statistical Analysis. All data are expressed as mean +/- standard error of the 

mean. Statistical differences were evaluated using ANOVA and Tukey’s HSD and 

considered significant at p < 0.05. All figures shown were obtained from three 

independent experiments. Any images shown are representative of the entire experiment. 

5.3 Results and Discussion 

AuPAMAM synthesis with pH 6 MES buffer. The AuPAMAM synthesis 

process (Figure 5-1) was modified from the original EDC/sulfo-NHS coupling protocol 

described by Garabarek and Gergely (1990). Briefly, MUA was self-assembled onto 5 

nm citrate stabilized AuNPs in sterile water. The solution was brought to 1x phosphate 

buffered saline (PBS) and 0.1% Tween 20 with sodium chloride and sodium phosphate. 

Excessive MUA were removed by multiple washes using a 10 k MWCO centrifuge filter. 

EDC and Sulfo-NHS were then added to the particles in MES buffer at pH 6.18 After 

15mins, PAMAM dendrimers (G0-G5) were added to the solution and incubated for one 

hour. Then, the reaction was quenched by the addition of hydroxylamine for one hour. 

The particles were collected via several centrifuge steps and washes with sterile water.  
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Figure 5-30. Schematic of EDC/sulfo-NHS coupling scheme for AuPAMAM synthesis.  

Successful conjugation of PAMAM onto MUA-AuNPs was confirmed by 

measuring the absorbance spectra (Figure 5-2). As the refractive index of the immediate 

environment surrounding the AuNP changes, the peak absorbance of these complexes red 

shifts towards longer wavelengths. The peak absorbance of MUA-AuNPs shifted from 

512 to 520 nm compared to citrate stabilized AuNPs. AuPAMAM generation 0 (AuG0) 

to AuG5 shifted an average of 16.5 nm compared to MUA-AuNPs. The shifts verified 

that the pH 6 MES buffer based EDC/sulfo-NHS coupling method successfully formed 

AuPAMAM conjugates. 

 

Figure 5-31. Absorbance spectra of citrate coated AuNPs (blue), MUA-AuNPs (green), and AuG4 (red).  

Although the conjugation processes were the same for all PAMAM generations, 

agglomeration of AuPAMAM occurred with G0 to G3 but not for G4 and G5 (Figure 5-
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3A). This phenomenon was likely influenced by the generation-dependent flexibility of 

the PAMAM dendrimer.19,20 Generations 3 and below are known to be more flexible and 

posses an extended confirmation compared to generation 4 and 5, which are known to be 

slightly more rigid and possess a spherical structure. However, the flexibility of 

dendrimers alone did not seem enough to explain the dramatic differences in 

agglomeration between AuG3 and AuG4. 

 

Figure 5-32. pH 6 MES based AuPAMAM synthesis method. (A) Particle agglomeration of complexes after final 
wash. (B) DNA condensation assay using gel electrophoresis with varying DNA to nanoparticle ratios. Star 
denotes bands with visibly retention in comparison to the DNA only band. 

Another potential factor is the EDC/sulfo-NHS conjugation scheme. When one of 

the amines on a dendrimer couples with a MUA molecule on the AuNP, its neighboring 

amines can compete with free dendrimers for binding to an adjacent carboxyl groups. If 
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the dendrimer is flexible (G0-G3), these amines have a proximity advantage to bind the 

carboxyls, which can not only lower number of dendrimers bound per AuNP, but can also 

decreases the total charge of the AuPAMAM complexes by reducing the number of 

primary amines. The decrease in primary amines and overall charge of the AuPAMAM 

can cause the complexes to agglomerate. Conversely, since G4 and G5 PAMAM are 

stiffer, a bound PAMAM cannot bind multiple carboxyls, and therefore the complexes 

maintain positively charged and do not agglomerate.   

Changes in charge and stability can alter the ability of these AuPAMAM 

constructs to condense DNA, a critical step for effective plasmid delivery.  Green 

fluorescent protein (GFP) plasmids were incubated with the AuPAMAM constructs at 

varying ratios (1:5-1:250 DNA:AuPAMAM) and the efficacy of the AuPAMAM 

particles to condense DNA was evaluated by gel electrophoresis (Figure 5-3B). AuG0 

and AuG1 particles were not able to successfully retain the plasmid at the well even at 

high DNA to nanoparticle ratios. However, they did seem to be able to bind to DNA, 

evidenced by visible faint red particle smears as the complexes were dragged through the 

gel (data not shown). AuG3 constructs were able to cause smearing of the plasmid band 

at 1:100 while 1:250 caused complete retention of the complexes in the well. In 

comparison, AuG4 and AuG5 were able to condense DNA at much lower ratios (1:15 

and 1:5, respectively). Therefore, the pH 6 AuPAMAM particle stability and their DNA 

condensation ability improved with higher generations. 

Optimization Rationale. To further evaluate agglomeration issues, we examined 

two variables: the reaction rate of the conjugation and carboxyl to amine ratio. As 

mentioned previously, the rapid conjugation of amines to carboyxls may favor the 
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binding of proximal amines from already bound dendrimers. Therefore, in the first 

approach, by decreasing the conjugation rate, free dendrimers have more time to diffuse 

toward the activated carboyxls and compete with amines on bound dendrimers. 

Activation of carboxyls happened during the 15min incubation of the crosslinking agents 

with the MUA-AuNPs as the carboxyl groups are converted to Sulfo-NHS ester groups. 

This process is preferred at lower pH because NHS groups are more stable.21 At higher 

pH, the NHS ester groups are more reactive but also more likely to be hydrolyzed by 

water. Thus, to slow the reaction rate, pH 4.5-4.7 MES buffer replaced pH 6 MES buffer 

in the conjugation process.21 The conjugation time was increased to reflect the decreased 

conjugation rate. 

 

Figure 5-33. Schematic of the lollipop model used to estimate the amount of PAMAM bound per AuNP.  The 
effective radius for PAMAM packaging (R) is dependent on the MUA length, radius of the AuNPs, and the 
radius of conjugated PAMAM dendrimer (r), which is generation dependent.   
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binding area for PAMAM was dependent on the AuNP diameter (5 nm) and the height of 

MUA, which was estimated to be 1.5nm.23 Therefore, the total PAMAM binding surface 

area was calculated to be 201 nm2. Assuming the dendrimers are spheres, the effective 

area for maximal hexagonal packaging was approximately 91% of the overall binding 

area. The ratio of the effective binding area and the cross-sectional area of the dendrimers 

results in the maximum number of dendrimers per MUA-AuNP, which ranged from 22 to 

146 depending on the generation (Table 5-1). The amine to carboxyl ratio was greater 

than 1 for all generations, suggesting that all MUA can be occupied by amines from the 

PAMAM dendrimers if neglecting steric effects. The ratio increased with the PAMAM 

generation as did the stability of the AuPAMAM constructs. Therefore, to increase amine 

to carboxyl ratios, 11-mercaptoundecanol (MUOH) molecules were used to space out the 

MUA on the AuNP surface. The spacing of the carboxyl groups created a more favorable 

environment for free dendrimers to bind. Various MUA to MUOH ratios were used to 

test the effects of spacing. For these constructs, pH 6 MES buffer and the original 

conjugation scheme were used to specifically isolate the effects of this method. It is 

worth noting that the limitation of using the MUOH spacer is that it decreases the amount 

of secondary amines from hydroxylamine, which are also involved in DNA binding and 

condensation.24 

Table 5-3.  Comparison of PAMAM to MUA-AuNP, primary amine to MUA-AuNPs, and amine to carboxyl 
ratios for generations 0 to 5.  

 

Genera&on( PAMAM/MUA.AuNP( Amines/MUA.AuNPs( Amine(to(carboxyl(ra&o(
0" 146" 584" 2.61"
1" 78" 626" 2.79"
2" 51" 823" 3.67"
3" 38" 1209" 5.40"
4" 28" 1798" 8.02"
5" 22" 2869" 12.81"
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Figure 5-34. Normalized absorbance spectra of (A) pH4.7 MES based AuPAMAM constructs and MUOH 
spaced pH 6 MES based AuPAMAM complexes with (B) 1:3, (C) 1:9, and (D) 1:15 MUA:MUOH ratios.  

Characterization of pH 4.7 based AuPAMAM constructs. As with the pH 6 

based AuPAMAM constructs, successful conjugation using the pH 4.7 and MUOH 

spacer methods were evaluated for peak shifts in their absorbance spectra. The pH 4.7 

AuG0-AuG5 particles had an average red shift of 10.5 nm, verifying the successful 

conjugation of PAMAM (Figure 5-5). Most importantly, the stability of the pH 4.7 

particles improved for lower generations compared to the pH 6 method (Figure 5-6). The 

pH 4.7 AuG3 particles were comparable to the pH 6 AuG4 and AuG5 particles. The 

higher generations of pH 4.7 AuPAMAM (AuG4 and AuG5) did not exhibit differences 

compared to the pH 6 method. These results support the theory that slowing the reaction 

rate of the conjugation helps improve particle stability. 
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Figure 5-35. Image of AuPAMAM particles complexes suspended in water after the third wash. (A) AuG0-AuG5 
using the pH 4.7 MES conjugation method. (B) AuG1 and AuG3 using MUOH spaced AuNPs at various ratios 
for the synthesis of AuPAMAM constructs. 

In addition, pH 4.7 based AuPAMAM constructs out performed their pH 6 

counterparts in condensing DNA (Figure 5-7). While, AuG0 particles synthesized by 

both methods still did not condense DNA, pH 4.7 AuG1 showed a slightly fainter band at 

a 1:250 DNA to NP ratio, and pH 4.7 AuG2 had earlier band smearing (1:100) compared 

to the pH 6 method. However, the pH 4.7 AuG3 constructs were able to condense DNA 

at a 1:30 ratio in comparison to 1:100 for the pH 6 method. The pH 4.7 method did not 

visibly alter the condensability of the AuG4 and AuG5 constructs, which paralleled the 

stability results.  
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Figure 5-36. DNA condensation assay using gel electrophoresis for the functional evaluation of AuPAMAM 
synthesized with pH 6 based, pH 4.7 based, and MUOH spaced methods.  Star denotes bands with visibly 
retention in comparison to the DNA only band. 

Characterization of MUOH spaced AuPAMAM constructs. MUOH spaced 

AuPAMAM constructs also showed improved stability compared to the pH 6 synthesis 
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method. For initial testing, AuG1 and AuG3 were synthesized with MUA:MUOH molar 

ratios varying from 1:1-1:19 (Figure 5-6B). Increasing the amine to carboxyl ratio with 

MUOH spacers decreased the agglomeration of the AuPAMAM complexes. As expected, 

a higher ratio was needed for AuG1 (1:5) for improved stability in contrast to AuG3 

(1:3). This was because the amine to carboxyl ratio of AuG1 was lower than AuG3. It is 

important to note that with increasing MUOH spacing, the charge of the spaced MUA 

(sMUA) AuNPs decreased. The conjugation yield of 1:19 sMUA-AuPAMAM was 

significantly lower than the lower MUA:MUOH ratios. Thus, ratios of 1:3, 1:9 and 1:15 

were chosen for further experiments. The absorbance peak of 1:3, 1:9, and 1:15 sMUA-

AuPAMAM constructs shifted an average of 14.8, 5.2, and 5.7 nm respectively (Figure 5-

5B,C&D). The shifts suggested successful conjugation of the PAMAM onto the sMUA-

AuNPs. The resulting stability of the sMUA-AuPAMAM supported the theory that the 

amine to carboxyl ratio influenced complex behavior for the lower generation 

dendrimers.  

Similar to the pH 4.7 AuPAMAM constructs, the sMUA-AuPAMAM constructs 

condensed DNA more efficiently than the pH 6 AuPAMAM constructs (Figure 5-7). 

While there was not significant improvement for the lower generations (G0 and G1), the 

DNA bands appeared fainter as the DNA:AuPAMAM molar ratio increased. However, 

the gel electrophoresis results for G3 sMUA-AuPAMAM showed visible improvement 

compared to the pH 6 G3 AuPAMAM, especially at a 1:9 MUA:MUOH. Analogous to 

the stability results, G4 and G5 sMUA-AuPAMAM performed similarly to pH 4.7 and 

pH 6 AuPAMAM.  
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5.4 Conclusion 

From these results, we discovered a correlation between particle stability and 

DNA condensation. AuG3 constructs showed the largest variability in particle stability 

and the most efficient DNA condensation with the pH 4.7 and sMUA methods, as 

expected based on the physical structural differences between G3 and G4 PAMAM. 

Therefore, the improvements from slowing the reaction rate and decreasing the amine to 

carboxyl ratio supported our hypothesis that the flexibility of PAMAM was a major 

factor in the stability and effectiveness. In addition, these findings show the importance 

of pH and amine-carboxyl spacing control for EDC/sulfo-NHS conjugation and should be 

considered for all AuNP designs that utilize this coupling method. For future directions, 

the pH 4.7 and MUOH spaced AuPAMAM complexes will be used to transfect cells with 

the GFP plasmid. The transfection efficacy and toxicity will be compared to PEI to show 

the full potential of using this polymer-nanoparticle system.   
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Chapter 6: Molecular Activated Stealth Chemotherapy5 

6.1 Introduction 

In the past decade, chemotherapy has been able to reduce cause-specific breast 

cancer mortality. However, systemic therapy comes with significant adverse effects and 

drawbacks, limiting the maximum dosage that can be given to a patient. A long term side 

effect of doxorubicin (dox) is cardiac dysfunction including dilated cardiomyopathy and 

congestive heart failure.1 One percent of women who have a standard cumulative dose 

between 240 to 300 mg/m3 develop heart failure.2 These side effects often cause patients 

to cease treatment even if the drugs are still effective. With increasing cancer diagnosis 

rate, maintenance cost of these side effects can be difficult for the health care system to 

handle. 

Using biomaterial carriers can increase drug delivery efficacy to cancer sites by 

extending circulation half-life and absorption to selective tissues,3 thus dramatically 

lowering the risk of off site toxicity and costs associated with the treatment of these side 

effects. Traditional carriers such as liposomes and polymers have shown to be effective, 

but they have toxicity issues, relatively large sizes (100 nm to 1 µm), and are difficult to 

synthesize and manufacture. Conversely, gold nanoparticles (AuNPs) are easy to 

synthesize and conjugate and they have a large surface to volume ratio for maximum 

drug loading and delivery. AuNPs are generally considered to be biocompatible and non-

toxic; however, they accumulate heavily in the liver and spleen.4 As a result, using 

AuNPs to deliver toxic drugs may causes long term damage to the reticuloendothelial 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 Lin AY, Luo L, Kim J, Drezek RA. “Designs to enhance Molecular Beacon Function on 
Gold Nanoparticles.” Manuscript in preparation. 
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system (RES), leading to complicated and undesired side effects, which defeats the 

purpose of using such a carrier.  

To overcome this issue, stimuli-induced release of drugs has been explored and 

implemented into carrier designs. Most common designs include pH-sensitive and 

temperature-sensitive releasing mechanisms.5 pH sensitive designs are added on gold 

nanoparticles via hydrazone bonds.6,7 These designs allow drug release when the particles 

enter endosomes, thus lowering the half maximal inhibitory concentration (IC50) of dox 

required to induce cellular apoptosis. Thermo-sensitive designs have been commonly 

used for polymers or liposomes but are new to AuNPs. Strong et al. demonstrated that 

burst dox delivery follows near infrared (NIR) irradiation in mixtures of dox-

poly(NIPAAm), a thermo-sensitive polymer, and subsequent heating of dox loaded 

poly(NIPAAm)-gold nanoshell composites. By using a light triggered mechanism, the 

location of drug release is localized and cannot be used for treating metastasis.8 However, 

neither of the aforementioned methods address the accumulation concerns in the RES. 

Kupffer cells in the liver may still be damaged via pH sensitive release when they take up 

the drug-AuNP complexes.  

Innovation. To address the issue of protecting non-malignant tissue from drug 

exposure, we propose a molecular activated chemotherapy delivery system. The design 

incorporates molecular beacons that target mutated or over expressed mRNAs and use 

them as a molecular trigger for chemotherapy or drug delivery. Molecular beacons (MB) 

are hairpin shaped oligonucleotides that are designed to detect specific mRNA sequences 

(Figure 6-1).  Beacons consist of a loop segment, a stem segment, and a 

fluorophore/quencher pair.  When a desired target oligonucleotide sequence is present, 
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the loop binds to the target and opens the stem, which extends the distance between the 

fluorophore and quencher.  The increased distance between the two allows emission of 

fluorescence by the fluorophore.  By varying the binding energy of the stem, it is possible 

to design beacons to be specific enough to detect single nucleotide polymorphisms.9 This 

allows for an extremely sensitive platform for molecular detection that does not require 

polymerase chain reaction or unwanted binding seen in microarrays. 

 

Figure 6-37. MB design and function. (A) A schematic of MB binding to its target. When target DNA or RNA is 
present, MBs change from the loop form to the open form. (B) Schematic of the specificity of MBs for single 
nucleotide polymorphism (SNP) detection. (C) Fluorescence data correlating to the schematics in (B) for MB 
specificity.10 

Previous studies have used molecular beacons for many cancer diagnostic 

applications. Peng et al. described a dual molecular beacon based setup for cancer 

monitoring.11 They designed and tested MBs for survivin and cyclin D1 to monitor 

cancer cell response to growth factors and chemotheraputic agents. Vijayanathan et al. 

designed a molecular beacon that targeted HER2 (Human Epidermal growth factor 

Receptor) mRNA.12 The loop of the MB was bound to the AUG translational segment of 

the mRNA, causing interruption of HER2 protein synthesis. However, one of the main 
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challenges in implementing MB for clinical use is the delivery MBs into the cytosol of 

desired cells. Nitin et al. used cell-penetrating peptides (CPPs) to direct MBs into 

cells.13,14 CPP linked MBs do not target tumors or provide degradation protection. 

Conversely, DNA coated AuNPs can cross cell membranes and escape the endosome 

while protecting DNA from degredation.15 Rosi et al. demonstrated that antisense-coated 

AuNPs can cross cell membranes and silence enhanced green fluorescent protein (EGFP) 

production in vitro.15 Jayagopal et al. conjugated hairpin DNA on gold nanoparticles to 

monitor viral mRNA levels inside living cells (Figure 6-2).16 Both of these examples 

show that AuNPs can enter the cytosol without any traditional cell penetrating vectors. 

More importantly, AuNPs have enhanced permeability and retention (EPR) effect and 

can accumulate at tumor sites.  

 

Figure 6-38. Schematic of MBs conjugated AuNPs. On the left, fluorescence is quenched due to proximity to gold 
surface. On the right, fluorescence is detected when target mRNA causes MBs to open.16 

Another design by Mao et al. used non-fluorescent MB-AuNPs in a dry strip for 

ex vivo DNA detection.17 The MBs had biotin conjugated on the 3’ end and thiol 

modification on the 5’ end. The biotin stayed in a concealed state due to the secondary 

structure of MBs until target activation. This design was able to detect as low as 50 pM of 

target in 15 min (Figure 6-3). These results inspired us to combine MB’s specificity with 

AuNP’s EPR effects to hide/protect drugs for mRNA-activated treatments. This strategy 

will be referred to as Molecular Activated Stealth Chemotherapy (MASC) in the rest 
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of the chapter. The MASC design can potentially protect the liver and spleen from drugs 

even if the particles are endocytosed.  

 

Figure 6-39. Schematic of Mao and colleagues' design of their AuNP-MB-biotin probe. Blockers (11-
mercaptoundecanol) were used to space the MBs. After target DNA binds to the MB, biotin is exposed and thus 
available for streptavidin binding.17 

6.2 Material and Methods 

Materials. MBs were purchased with a Cy5 on the 5’ end and a thiol modifier on 

the 3’ end with or without a poly-T spacer sequence from Integrated DNA Technologies, 

IA. All AuNPs were purchased from Ted Pella, CA.  

MB-AuNPs Synthesis. In brief, bare citrate-stabilized AuNPs were incubated 

with uncapped thiolated MBs for 4 hours and then aged with sodium chloride and sodium 

phosphate to reach 1X PBS and 0.1% Tween 20. Salt concentrations were gradually 

increased to 3M NaCl and collected through a series of centrifugation and washing steps. 

Size comparison: 15nm and 30nm AuNPs were conjugated with Cy5-MBs. Fluorescence 

readings with and without survivin targets were measured, and signal to noise ratios 

(SNRs) were calculated by dividing signal with target over signal without target. 

Incubation time alteration: Particles were incubated 24 or 48 hrs post aging to alter the 

total amount of DNA bound per particle. Buffer effects: SNR of MB-AuNPs were 

measured in various buffers such as PBS with 2mM MgCl2, PBS, and saline-sodium 

citrate. MB spacing effects: MB spacing can affect function and thus the SNR. The 

effects on SNR of the distance between MB and the gold surface were evaluated by using 
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MBs with and without poly-T on the 3’ end. Mercaptoundecanol was used as a spacer to 

study the effect of differences in inter-MB distance on the SNR.  

MB-AuNP cell interaction experiments. 200,000 breast cancer SK-BR-3 cells 

(high survivin) and control MCF-10A cells were plated in 12 well plates for 24hrs. Then, 

survivin MB-AuNPs (1011 particles/ml) were added to the culture media and incubated 

for 4-6 hrs. The cells were collected, washed with PBS, and fixed. Fluorescence levels of 

the MBs were measured by flow cytometry.  

6.3 Results and Discussion 

MB-AuNP conjugation/function is a main component of MASC that needs to 

be assessed and optimized. In these studies, we focused on MB-AuNP synthesis using 

15 nm and 30 nm gold colloids. The particle sizes were chosen because MBs have been 

successfully conjugated to 15nm AuNPs in previous work by Mao et al. and Jayagopal et 

al.16,17; however, 30nm colloids conjugated with MBs result in an overall size that is 

closer to the optimal endocytosis size of 50nm.18 Survivin was chosen as the initial MB-

AuNP target due to its overexpression in several cancer types.11,19–21 Overexpression of 

survivin is known to cause drug resistance, and thus, has become a new target for 

diagnosis and treatment.22–27 The survivin MB sequence used in this study (5’-Cy5-

TGGTC CTTGAGAAAGGGC GACCA TTTTTTTTTT-SH-3’) has been validated by 

several groups.11,20 

When the beacon is in the closed form, gold quenches the fluorophore due to the 

close proximity, although there will still be some residual background fluorescence.28,29 

When the beacon opens upon binding to its target sequence, the fluorophore moves away 

from the gold surface and fluorescence is readily emitted. The ratio between MB open 
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signal and MB closed background is defined as the signal to noise ratio (SNR). It is 

important for the MASC particles to have very low background fluorescence and high 

SNR, to gauge to the effectiveness of hiding drugs by the MASC design.  

SNR of the elevated survivin MB-AuNP was dependent on the core particle 

size. Adapting from the conjugation protocol by Jayagopal et al., the survivin MB used 

had poly-T (10 nt) added on the 3’ end.17 The elevation increased inter-MB spacing for 

proper folding. Incubating the MB-AuNP with various target concentrations, 15nm MB-

AuNPs reached a high SNR of 10.7 under high target concentrations and showed a 

moderate SNR of 5.77 while under low target conditions. Conversely, 30 nm MB-AuNPs 

did not perform as well compared to the 15 nm counterparts (Figure 6-4).  

From the fluorescence results, we noticed that 30nm MB-AuNPs had higher 

overall intensities for all of the conditions with survivin targets compared to the 15nm 

complexes. However, the SNRs of the 15nm MB-AuNPs were significantly better than 

30nm complexes SNR at all survivin target concentrations. Further examination of the 

data suggest that the main cause of the SNR differences between the two sizes was due to 

higher background fluorescence levels (no target condition) for the 30 nm MB-AuNPs 

(1582 CPS) compared to the 15 nm MB-AuNPs (431 CPS). One possible reason was that 

the greater curvature of smaller nanoparticles (15 nm) provided more space for MBs to 

fold correctly, resulting in lower background fluorescence.  
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Figure 6-4. Fluorescence intensities (left) and signal to noise ratios (right) of 15nm (blue) and 30nm (red) MB-
AuNPs exposed to various concentrations of survivin target.  

Lollipop model can explain the background fluorescence differences between 

15 nm and 30 nm MB-AuNPs. To further explore our hypothesis that the differences in 

surface coverage of MBs on 15nm and 30nm AuNPs lead to greater background 

fluorescence in 30nm MB-AuNPs, we developed a lollipop model to estimate potential 

MB surface coverage on the AuNP (Figure 6-5). The ball portion of the model 

corresponded to the loop of MBs, while the stick portion corresponded to the stem and 

the poly-T sequence. The overall radius (R) equaled the sum of the AuNP radius and the 

stick length (6.61 nm). For a 15 nm gold colloid, R equaled 14.11 nm. Using the 

hexagonal packaging model, the effective area for the lollipops to fill was 91% of the 

total surface area (4πR2). The maximum amount MBs per AuNP was calculated by 

dividing the effective surface area (3.91πR2) by the MB loop cross-sectional area (πr2). 

To compare our MB estimates to single stranded DNA densities, we used 

previously reported numbers to calculate the expected amount of ssDNA bound per 

particle (35 pmol/cm2).30 The maximum amount of lollipops or MBs that can bind to a 15 

nm AuNP was estimated to be 115 per particle while the maximum ssDNA density for 15 

nm AuNPs was reported to be 149 per particle. Conversely, the maximum number of MB 
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bound for 30nm AuNPs was calculated to be 270 per particle, while ssDNA density for 

30nm AuNPs was reported in literature to be 596 per particle. The difference for MB and 

ssDNA densities was much greater for 30nm AuNPs (0.45 ratio) compared to 15nm 

AuNPs (0.77 ratio). Since the thiol-gold dative bond is very strong, the MBs can lose 

their secondary structure to allow more thiolated MBs to bind to the AuNP. This 

difference suggested that excessive MBs binding and insufficient spacing between MBs 

could be the main reasons for 30nm AuNP’s higher background fluorescence signal than 

15nm AuNP’s.  

 

Figure 6-5. Schematic of a MB modeled as a lollipop. R: packaging surface overall radius. Hexagonal packaging 
model is the most efficient 2D packaging system covering up to 91% of the overall space.  

Lollipop model can predict the amount of spacers needed to improve SNR of 

non-elevated MBs. Previous studies by Du et al. and Mao et al. have shown that use of 

spacers improved MB function of non-elevated MBs.17,31 To mimic their protocol, we 

used mercaptoundecanol (MUOH) to space out the non-elevated MBs on 15 nm AuNPs. 

Similar to results by Mao et al, a 1:8 ratio of MB to MUOH provided the best SNR 

results while the SNR of the elevated MBs with poly-T did not change with various 

MUOH concentrations (Figure 6-6). As mentioned before, the poly-T sequence elevated 

the MB from the gold nanoparticle surface and thus allowed more space between the 
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MBs for improved folding. Also, for 15 nm AuNPs, the lollipop model calculated similar 

MB density in comparison to ssDNA density (0.77 MB/ssDNA ratio). However, without 

the poly-T sequence, the lollipop model calculated the MB density to be roughly only 70 

per 15nm particle, which correlated to a MB/ssDNA ratio of 0.47. For a 1:8 

DNA:MUOH ratio, the total foot space of one ssDNA (4.74 nm2) and eight MUOH (0.35 

nm2) was 7.54 nm2, which calculated to 93.7 DNA/MUOH group per 15nm AuNP. The 

ratio of the predicted MBs and DNA/MUOH groups (0.75) was much similar to the 

elevated MBs to ssDNA ratio (0.77), as were the SNR levels. These results show that the 

lollipop model can be used to estimate the appropriate spacing of MB for maximum 

SNR. 

 

Figure 6-6. Signal to noise ratio results for MBs with or without polyT sequence on the 3’ end spaced with 
various concentrations of mercaptoundencanol.   

Magnesium improved the SNR of MB-AuNPs. The results show that using 

MgCl2 buffers had the highest SNR (~10) when exposed to excess target for 15nm MB-

AuNPs (Figure 6-7). Even though PBS buffer had a much higher signal for 15nm MB-

AuNPs, the background signal was higher as well, thus lowering the SNR. 30nm MB-

AuNPs generally have low (2-4) SNRs. From these results, 15nm MB-AuNPs in MgCl2 
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storage buffers had best SNR and will be the main particle type for future studies. 

However, due to issues with DNase activity, 15nm MB-AuNPs in MgCl2 buffer will be 

monitored for shelf half-life.  

 

 

Figure 40-7. (A) 15nm and (B) 30nm MB-AuNP fluorescent peak values with zero or high (5µM) survivin target 
in various storage buffers. (C) SNRs were calculated from peak ratios. Error bars represent standard error of 
mean. CPS: counts per second. 

Two-day synthesis procedure had maximum DNA surface density while 

retaining high SNR. The original MB-AuNP synthesis process developed took one day. 

When extending MB conjugation time to two days, SNRs did not change from previous 

results. However, overall fluorescence levels increased to 2x the original value, which 

was the result of an increase in MBs binding to the AuNP surface (Figure 6-8). From 

these results, we believe that using 15nm AuNP and the two-day MB-AuNP synthesis 
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process in PBS-MgCl2 storage buffer are the most effective combination to continue into 

cellular studies. 

 

Figure 6-8. Fluorescence levels of 15nm MB-AuNPs synthesized with 24 or 48 hrs incubation.  

MB-AuNP functional evaluation with normal and breast cancer cell lines in 

vitro. For in vitro tests, two breast cell lines were used: SKBR3 and MCF10A. SKBR3 

cells, from a mammary gland adenocarcinoma, has high survivin expression while 

MCF10A cells, from non-cancerous mammary gland epithelium, express very low levels 

of survivin.11 Therefore, MB-AuNPs should emit fluorescence in SKBR3 cells while 

remain quenched in MCF10A cells, and the fluorescence ratio between the two cells 

types should correspond to the SNR in previous in vitro experiments.  

First, to evaluate the functionality of the survivin MB (SMB) sequence, free 

SMBs were incubated with both cell lines and transfected using lipofectamine. The 

SKBR3 cells had a twofold increase in percentage of fluorescent positive cells compared 

to MCF10A and had a higher mean fluorescent intensity (MFI) (Figure 6-9). These 

results suggest that the SMB sequence was functional in this two-cell type model. 

However, 28% of MCF10A cells still had moderate fluorescence signal, which suggest 

that some MBs were still opening inside these cells. This background fluorescence could 
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be caused by the mild expression of survivin in the MCF10A cells, DNA degradation of 

the MBs, or MB structure changes from harsh endosomal environments. The latter two 

possible causes can be improved by using AuNPs as beacon carriers. 

 

Figure 6-9. Flow cytometry data of SKBR3 and MCF10 cells incubated with survivin MB (Cy3-quencher pair). 

Interestingly, when conjugated SMB-AuNPs were used with these two cell lines, 

the percentage of fluorescent positive cells and the MFI were elevated in both cell lines. 

In some cases, the MCF10A may have had a higher MB signal than SKBR3 (Figure 6-

10). This result suggest that either the MBs were unfolding after entering the cell or the 

MBs were released from the AuNP. In light of the issue, several important factors were 

examined to identify the cause of these results.  

Cy3$(RFU)$

Cy3$(RFU)$

SKBR3$$

MCF10A$

$
Int$mean:$
$
$
$
3320$

1856$

45.9%$$$$

28.1%$$$$



125 
	  

 

Figure 6-10. Flow cytometry data of SKBR3 and MCF10 cells incubated with survivin MB-AuNPs (Cy5). 

First, we looked at incubation times between the MB-AuNPs and the cells. If the 

MBs were degraded in the cell over time, limiting the incubation time may resolve the 

issue. Nanoparticles can start being endocytosed by cells within 20 min of exposure, but 

the exact mechanism and time frame of endosomal escape of DNA coated AuNPs were 

still unknown, making it difficult to identify the optimal time frame to understand cell 

and MB-AuNP interactions. Adapting protocols from other AuNP uptake 

experiments15,16, we tested incubation times between 4 and 24 hrs. However, the 

differences in incubation times did not affect the high MFI seen in both cell types.  

To eliminate the issue of background fluorescence in MCF10A caused by low 

expression of survivin, we switched the cell types used to fibroblasts that do not naturally 

synthesize survivin, and survivin-expressing fibroblasts previously transfected with 

survivin plasmids. This method would also eliminate the particle uptake differences 

between MCF10A and SKBR3. However, switching cell lines did not alter the flow 
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cytometry data. The survivin negative fibroblasts showed elevated fluorescent signals 

equal to the levels in the survivin positive fibroblasts when exposed to MB-AuNPs.  

In another experiment, we switched to MBs that target luciferase mRNA instead 

of survivin mRNA. Survivin is an endogenous protein, and thus using MB-AuNP to bind 

to its mRNA may alter how the cell processes the complexes. By introducing exogenous 

proteins such as luciferases, we can have greater control of target mRNA for direct 

evaluation of MB-AuNPs function. Also, luciferase quantities can be easily measured 

using luminescence in comparison to survivin, which will require western blotting.  

However, changing the targets did not change the elevated fluorescent signal in negative 

cell lines.  

In addition, we tried various particle concentrations to determine if the cells were 

overwhelmed by the amount of nanoparticles introduced, thereby altering MB-AuNP 

processing. Lowering particle concentrations did drop the MFI values of the negative cell 

lines but the positive cell lines MFI decreased as well. This result showed that the high 

background signal is not concentration dependent. 

Lastly, we tested various ways to fix the cells to ensure post-exposure processing 

wasn't altering our results. Since formaldehyde solutions crosslink proteins and DNA, 

fixing MB-AuNP exposed cells may have caused the MBs to open. We compared live 

cells (unfixed) and cells that were fixed with 2% or 4% formaldehyde solutions. 

However, the flow cytometry results did not change with the various fixing methods, 

which suggested that the post-processing of the cells was not the main factor.   

Unfortunately, varying these parameters did not improve the specificity of the 

MB-AuNPs, as negative cell lines continued to have elevated fluorescence signals. 
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Nonetheless, from these experiments, we eliminated several possible causes of the 

background signal. It is possible in the process of particle entering the cell that the DNA 

lost its secondary structure. It is also possible that once the particle complex escapes the 

endosome and enters the cytosol, glutathione or other thiolated molecules can replace the 

DNA on the gold nanoparticle surface, which is known as “place exchange.” If this were 

the case, the fluorophore would not be quenched regardless of its structure. Thus, the 

results point toward a particle stability issue. However, other groups have shown success 

with MB-AuNPs in cells, which suggests that the MASC design is feasible with 

additional optimization.16,32 

6.4 Conclusion 

 Systemic delivery of chemotherapy agents often causes unwanted side effects. To 

limit these side effects, nanocarriers emerged to concentrate drug delivery to cancer 

tissue. However, most carriers do not address potential concern of particle accumulation 

in the liver and spleen. In this chapter, we evaluated the synthesis and function of our 

molecular activated stealth chemotherapy (MASC) design. Although cellular experiments 

with MB-AuNPs were not successful, we found that spacing of MBs on the surface of 

AuNPs was a significant factor for MB function. To predict the amount of space needed 

for proper MB folding, we developed a lollipop model that can estimate the amount of 

elevation or spacer required to maximum SNR. The model can be used for any MB-

AuNP designs in the future to minimize experimental time for optimization. 
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Chapter 7: Conclusion 

In 2010, the American Cancer Society estimated there were over 1.5 million new 

cancer cases and over half a million deaths.1 Though cancer is currently the second 

leading cause of death in the United States1, current  common cancer treatments such are 

surgical removal/debulking, chemotherapy, and radiation therapy are invasive and prone 

to severe side effects. Newer treatment options including small molecule therapy and 

immunotherapy have targeted effects and decreased side effects. However, delivery of 

these agents to the target tissue has been a bottleneck in the overall efficacy and 

specificity of the treatments. Out of the many nanocarriers, gold nanoparticles have great 

potential for medical and biological applications due to their exceptional optical 

properties, ease of surface modification, and biocompatibility. In addition, AuNPs can be 

synthesized in the size regime (40-60 nm in diameter) that is optimal for cellular retention 

and tumor accumulation.2,3 

AuNPs have two distinctive optical properties: scattering and absorbance. 

Scattering properties are often used for detection and diagnostics. Furthermore, AuNPs 

are able to absorb light and transfer that energy into heat, which can be utilized for 

photothermal therapies (PTT). , However, due to the limited optical penetration depth of 

tissue, precise positioning of the optical fibers is critical for effective PTT. To overcome 

this positioning issue, we designed, fabricated and tested a novel magnetic hollow gold 

nanoshell (magHGN) that incorporates small iron oxide nanoparticles (IONPs) in the 

hollow center of the nanoshell (Chapter 2). This design permits detection of the AuNPs 

using MRI technologies as IONPs are known T2 contrast agents. Also, due to the hollow 

nature of the nanoshells, the overall magHGN complexes were synthesized in the range 
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of 60-80 nm in diameter while still having a plasmonic peak in the near infrared (NIR) 

region of the spectrum. As mentioned before, sub-100 nm particles have the advantage of 

improved cellular uptake and tumor accumulation. In this chapter, we evaluated and 

optimized several factors including reagent concentrations and synthesis durations to 

fabricate these magHGNs. We found that these magHGNs were able to function as a T2 

contrast agent, be manipulated by magnetic fields, and respond to NIR lasers for in vivo 

photothermal therapies.  

In addition to the optical properties of AuNPs, the surfaces of these gold particles 

can be modified with proteins, organic chemicals, oligonucleotides, or antibodies, which 

allows for medical or biological detection or treatment.  The modifications are very stable 

as the biological components are covalently bonded to gold with a strong Au-S bond.  

When oligos, for example, are attached to AuNPs, they are less susceptible to degradation 

by nucleases.  This allows a much longer half-life for systemic delivery compared to 

naked DNA or RNA.  Consequently, AuNPs are exceptional carriers that can protect 

biomolecules from premature enzymatic degradation prior to reaching its target site.  

In chapter 3 and 4, we used AuNPs to carry large doses of vaccine peptide antigen 

and CpG adjuvants to induce a more substantial immune response in comparison to the 

free components of the vaccine individually. Our gold nanovaccine (AuNV) design used 

a simple bottom-up conjugation scheme to form chained peptides on the particle surface, 

thus enabling the particles to carry large amounts of peptides on the surface while 

maintaining sub-100 nm in diameter. Importantly, the AuNV design can be assembled 

with multiple epitopes or even antigens to accommodate natural variations between 

patients. The design is not restricted for cancer vaccines and can be used for any type of 
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vaccine antigen such as viral or bacterial. In addition, we designed a novel triethylene 

glycol modified CpG (tmCpG) coated AuNPs for enhanced adjuvant function. The 

tmCpG design outperformed traditional DNA AuNP constructs at stimulating 

macrophages per CpG delivered and decreased tumor growth and increased survival in 

comparison to free CpG.  

In chapter 5, we designed and optimized EDC/sulfo-NHS coupled PAMAM 

dendrimer conjugated AuNPs for plasmid delivery. We found that the flexibility of the 

lower generation PAMAM played a major factor in AuPAMAM complex stability and 

functionality. To solve agglomeration issues, we found that both lowering the pH in order 

to slow the reaction rate and the spacing of carboxyl groups were effective means to 

improve particle stability. This finding shows the importance of controlling conjugation 

environments that are often overlooked in previous EDC/sulfo-NHS reaction schemes. In 

chapter 6, we evaluated molecular beacon coated AuNP (MB-AuNPs) complexes for 

molecular activated stealth chemotherapy. MB-AuNPs been used for mRNA detection 

via fluorescence or scattering. Issues with MB folding were found in several of these 

designs and were solved by either elevating the MB with poly-T sequences or spacing the 

MBs with molecules. However, determining the appropriate the length of poly-T or MB 

to spacer ratio requires optimization. Here, we described a lollipop model to predict the 

number of nucleotides or spacer molecules necessary to provide optimal space between 

MBs for proper folding and function. The model can be implemented in additional  MB-

AuNP systems for drug delivery or detection without trial and error. 

In this thesis, we designed a novel magnetic hollow gold nanoshell complex that 

functions as both a PTT and MRI contrast agent. We also used AuNPs as nanocarriers for 
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vaccine antigen peptides, adjuvants, PAMAM dendrimers, and molecular beacons. Each 

system was designed to fit its specific delivery requirements and the synthesis process 

was evaluated in depth. Each system also plays a role in the fight against cancer. The 

theronostic magHGNs can help detect tumors for precise positioning of laser fibers for 

effective tumor ablation. Gold nanovaccines and CpG-AuNPs can improve response rates 

of anti-tumor immunotherapy. PAMAM conjugated AuNPs can transfect dendritic cells 

or macrophages to secret specific cytokines to improve anti-tumor immune responses. 

Although these platforms are preliminary designs, future improvements can help bringing 

these systems from bench top to bedside. 
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