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ABSTRACT 

Gold Nanoparticle Platforms for Antigen and Adjuvant Delivery in Cancer 

Immunotherapy 

by  

Joao Paulo Mattos Almeida 

Cancer immunotherapy is a growing treatment modality with the promise to yield 

systemic and targeted treatments for cancer. Major modalities such as radiation, chemotherapy, 

and surgery are limited in that they are either too localized--as is the case with radiation and 

surgery—and cannot be effective in metastatic disease, or they are not targeted-- as with 

chemotherapy--thus leading to severe toxicities. Immunotherapy aims to stimulate the body’s 

immune system against disease, allowing one to circumvent such challenges because the immune 

system can act systemically and can have specific activity against cancer cells expressing 

antigens of interest. The development of an effective cancer vaccine and subsequent immune 

response requires the delivery of an antigen for immune recognition and of an adjuvant for an 

inflammatory response. Gold nanoparticles (AuNPs) are promising vaccine carriers because they 

are generally non-toxic, can be synthesized in the optimal sizes for lymphatic drainage and cell 

uptake, and can be readily conjugated with antigens and adjuvants for delivery. This thesis 

project characterizes AuNP distribution in the immune system and details the development of 

AuNP mediated delivery of antigens and adjuvants for cancer immunotherapy. In our work, we 

have detailed AuNP distribution within immune cells of the spleen and the tumor 

microenvironment, thereby identifying that AuNPs associate with a range of immune 

populations, including B cells, dendritic cells, and macrophages, all of which can be potentially 
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targeted for immune modulation. Next we developed AuNP complexes capable of delivering the 

CpG oligonucleotide adjuvant, demonstrating that AuNP delivery promotes the therapeutic effect 

of CpG in vitro and in vivo. In addition, we studied AuNP mediated delivery of the ovalbumin 

(OVA) peptide antigen and showed that AuNP delivery enhances vaccination with the antigen in 

vivo, subsequently causing tumor inhibition and prolonged survival in both prophylactic and 

established tumor models. The thesis thus elucidates AuNP interactions with the immune system 

and demonstrates that the technology is an effective platform for delivery of immune modulatory 

agents.    
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Chapter 1. Introduction: Gold Nanoparticle Applications in Immunotherapya 

1.1 Introduction 
!

Cancer immunotherapy is a promising treatment modality that is a subject of ongoing and 

extensive study. The goal of this treatment approach is to stimulate the host immune system to 

detect and eradicate cancer cells, which have developed numerous mechanisms of evading 

immune recognition, through a process known as immunoediting. This process is described in 3 

stages: elimination, equilibrium, and escape.2, 3 In the elimination phase, immune cells are 

attracted to the tumor site as cancer cells release Damage Associated Molecular Patterns 

(DAMPs), promoting a pro-inflammatory environment at the tumor. Dendritic cells subsequently 

capture released cancer antigens and migrate to the draining lymph node to present the antigens 

to naïve T cells through class I and class II major histocompatibility complex (MHC). Cytotoxic 

T cells then undergo clonal expansion and mount a tumor specific immune response against 

antigen presenting tumor cells.2, 3 In the equilibrium phase, the immune system eliminates 

immunogenic cancer cells, thus selecting for non-immunogenic ones that do not present 

recognizable antigens. This phase eventually transitions into the escape phase, where tumors 

avoid detection by becoming immune tolerant and by attracting immunosuppressive cell types to 

the microenvironment. Tumor cells down-regulate expression of surface antigens and of co-

stimulatory molecules, thus reducing T cell recognition and stimulation. Tumor cells also secrete 

immunosuppressive cytokines such as IL-10 and TGFβ, creating an environment that is not 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Adapted and reprinted with permission from: 1. Almeida, J. P. M.; Figueroa, E. R.; Drezek, 

R. A., Gold nanoparticle mediated cancer immunotherapy. Nanomedicine-Nanotechnology 
Biology and Medicine 2014, 10, 503-514. 
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conducive to dendritic cell maturation. Finally, they are capable of producing factors such as 

TRAIL and FasL, which induce apoptosis in T cells.2, 3  

In addition to producing factors that directly inhibit immune response, tumors can attract 

a number of immune suppressive cell types to the tumor microenvironment. These cells include 

tumor associated macrophages (TAMs), regulatory T cells (Treg), and myeloid derived suppressor 

cells (MDSCs). TAMs have been shown to promote cancer progression through the release of 

cytokines that induce angiogenesis, metastasis, and cell growth and can produce anti-

inflammatory signals that suppress immune effectors such as natural killer cells and T cells.4-6 

Tregs can suppress various immune cells, including cytotoxic T cells and DCs; this suppression 

occurs through cell to cell contact and Treg expression of inhibitory molecules such as cytotoxic 

lymphocyte antigen 4 (CTLA-4) and programmed cell death ligand 1 (PD-L1).7 MDSCs 

originate from the bone marrow and are composed of immature myeloid cells and precursors of 

cells such as macrophages, granulocytes, and dendritic cells. This population is expanded in a 

number of tissues in tumor bearing mice, including the liver, lungs, spleen, peripheral blood, and 

the tumor microenvironment, and it can suppress T cell activity as well as promote the 

development of Tregs.
8-10 

Targeting these immune suppressive populations as well as stimulating immune effector 

cells against tumors is a major goal of cancer immunotherapy.11 As reviewed by Vanneman et 

al., combining immunotherapies with targeted molecular treatments is a particularly promising 

approach.11 Agents such as sunitinib (Sutent®), a small molecule receptor tyrosine kinsase 

inhibitor, and cetuximab (Erbitux®), a chimeric (mouse/human) monoclonal antibody that 

inhibits EGFR, induce immune anti-tumor responses that could be complemented with immune 

therapies such as cancer vaccines. For instance, cetuximab has been shown to promote dendritic 
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cell maturation and NK cell mediated tumor killing and is currently being tested in combination 

with a pancreatic cancer cell vaccine.11  

In turn, the delivery and efficacy of immunotherapeutic agents and molecular therapies 

can be enhanced through the use of nanotechnology. Nanoparticles are well suited for delivery of 

immune therapies such as vaccines or adjuvants because they preferentially accumulate within 

tissues and cells of the immune system.12-15 Moon et al. discuss a number of nanoparticle 

mediated immunotherapies that have been explored recently, demonstrating how nanoparticle 

delivery can improve therapeutic effect and reduce systemic toxicities.16 Various designs have 

been explored, including polymeric poly(lactic-co-glycolic acid)  (PLGA), liposomes, gelatin 

based nanoparticles, and AuNPs. For example, Kwong and colleagues showed that liposomes 

could deliver the immune stimulatory CpG oligonucleotide and anti-CD40 antibody, inducing an 

enhanced anti-tumor response without causing a systemic increase in inflammatory cytokines 

typically associated with these treatments.17 Gelatin nanoparticles have also been used to 

simultaneously deliver the ovalbumin antigen and the CpG adjuvant, demonstrating enhanced 

effect and reduced toxicity.18  

Recently, AuNPs have been applied in immunotherapies, including cancer antigen and 

immune adjuvant delivery.19-24 AuNPs are a promising carrier for immune therapies because, like 

other nanoparticles, they easily accumulate in the immune system.13, 14 In addition, AuNPs are 

bioinert, can be functionalized with drugs and other ligands, and can also be easily tuned to a 

desired size or shape. Importantly, however, AuNPs, have unique optical properties that can be 

exploited for immune therapies, particularly their applications in photothermal ablation and light 

triggered drug delivery.25-27 In this chapter, we discuss the most recent understanding of the 

biodistribution and immune interactions of AuNPs. In addition, we discuss their unique optical 
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properties and how photothermal therapies can be used for immune applications.  Finally, we 

review their recent use in immunotherapy, including drug and gene delivery studies. Overall, the 

multiple functionalities of AuNPs make them promising vehicles for immune therapies, 

particularly for combinatorial treatment approaches that target multiple immune pathways 

(Figure 1.1).  

!

!

Figure 1.1. Applications of gold nanoparticles in cancer immunotherapy. 

 

1.2 Biodistribution and immune response 

  
 The blood clearance and organ accumulation of AuNPs in vivo is affected by various 

factors such as particle size, shape, charge, and coating.13, 14, 28, 29 In general, smaller particles 
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circulate in the blood longer and distribute more widely than larger particles, and surface coating 

with polyethylene glycol (PEG) can reduce opsonization and uptake by the reticuloendothelial 

system. For instance, Zhang and colleagues have shown that 20 nm PEGylated AuNPs 

accumulate in the liver and spleen to a lesser extent than 80 nm particles and that a higher 

percent dose of the 20 nm particles reaches the targeted tumor site.30 The group postulates that 

smaller particles permit a more dense coating on the particle surface. Similarly, Perrault et al. 

have reported that AuNP blood half-life increases with decreasing particle size and increasing 

PEG molecular weight.31 Recently, however, Larson et al. have shown that the PEG on the 

AuNP surface can be displaced with cysteine and cystine present in the blood, thereby causing 

protein absorption and macrophage uptake. The group improved upon the typical PEG design by 

adding an alkyl linker between the PEG and the thiol that binds to the gold surface, thereby 

reducing PEG displacement and macrophage uptake.32 

 A number of groups have investigated the mechanisms of AuNP uptake by various cell 

types as well as the particle characteristics affecting such uptake. Recently, Liu and colleagues 

characterized the effect of particle charge on AuNP uptake in both phagocytic and non-

phagocytic cells.33 Positively charged particles were taken up to a much higher extent by non-

phagocytic cells than negatively charged ones. On the other hand, particle charge had little effect 

on uptake by phagocytic cells. The particles in non-phagocytic cells were localized to secondary 

lysosomes and formed small aggregates while the ones in phagocytic cells were found in 

phagosomes, indicating that non-phagocytic cells take up particles through clathrin-mediated 

endocytosis while the phagocytic ones take them up through phagocytosis.33 Franca et al. further 

elucidated phagocytic cell uptake by characterizing the uptake of AuNPs 30 nm and 150 nm in 

diameter.34 Both particle sizes could be phagocytosed, but the group found that clathrin mediated 
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pinocytosis could induce uptake of 30 nm particles but not 150 nm ones. Scavenger receptor 

mediated phagocytosis was a major factor in 150 nm AuNP uptake. Nevertheless, inhibition of 

clathrin and calveolin mediated pathways did not completely block AuNP uptake, indicating that 

there are other pathways involved, and elucidating such mechanisms merits further study.34  

Upon uptake, studies have shown that particles can retain in the body for extended 

periods of time. For instance, Sadauskas et al. observed gold retention within macrophage 

clusters in the liver over a 6 month period.35 Balasubramanian et al., in turn, observed high gold 

content in the liver and spleen of rats after 2 months.36 In general, smaller particles excrete more 

readily from the body than larger particles because the smaller size facilitates renal and hepato-

biliary clearance.28, 36, 37 Zhang et al. exploited this characteristic to develop glutathione (GSH) 

coated gold nanoclusters that demonstrated low retention in the liver and spleen and high renal 

excretion.38 As opposed to bovine serum albumin (BSA) coated nanoclusters that aggregated to a 

size between 40 and 80 nm and showed approximately 1% urine excretion, the GSH protected 

clusters remained between 5 and 30 nm in size and showed 36% urine excretion.38  

 Nevertheless, despite such design changes, AuNPs inevitably accumulate in high 

concentrations in the liver and spleen, and as such, it is important to understand how AuNPs 

interact with the immune system. Research on the immune effects of gold nanoparticles is still in 

its infancy, but a number of in vitro and in vivo reports are noteworthy. Yen et al. examined 

AuNP effects on macrophages in vitro and concluded that AuNPs can induce proinflammatory 

cytokine expression in a size dependent manner.39 Other groups, however, have found that 

AuNPs can inhibit IL-1β mediated inflammatory responses40 and toll like receptor 9 (TLR9) 

responses,41 also in a size dependent manner. These studies looked at particles in the 2 to 50 nm 

size range and found that the smallest particles (< 5 nm) had the highest impact on immune 
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response. Kim and colleagues observed that oligonucleotide conjugated 13 nm AuNPs increased 

expression of innate immunity genes associated with inflammatory and defense responses in 

human peripheral blood mononuclear cells.42 Interestingly, they did not obtain the same results 

when testing the AuNPs on the 293T cell line, suggesting that assessing immunological and toxic 

impacts of AuNPs on immortalized cell lines as opposed to primary cells may yield differing 

results.42 Moyano et al., in turn, analyzed how the immune system would react to 2 nm AuNPs of 

varying hydrophobicity, and the group determined that the more hydrophobic nanoparticles 

would induce higher expression of inflammatory cytokines by mouse splenocytes.43  

 Tsai et al. found that 13 nm AuNPs could bind to the immune suppressive TGF-β1 

protein secreted by murine bladder tumor 2 cells (MBT-2) in a time and dose dependent manner 

in vitro.44 The absorption of the cytokine to the nanoparticle surface also induced a 

conformational change that reduced the biological activity of TGF-β1, thereby reducing 

epithelial-mesenchymal transition of murine mammary gland cells in vitro. Finally, the group 

demonstrated that AuNPs could inhibit tumor growth when MBT-2 cells were implanted in mice 

in the presence of AuNPs, The particles were shown to reduce the systemic concentration of 

TGF-β1 as well as the concentration of the immune suppressive cytokine IL-10. In addition, 

tumors implanted in the presence of AuNPs showed higher infiltration of CD4+ and CD8+ T 

cells. Overall, their results demonstrate that AuNPs can attenuate TGF-β1 signaling and 

subsequently promote an anti-tumor immune response.44 Further studies on AuNP interactions 

with other immune modulating cytokines can potential yield new immune therapeutic 

applications for AuNPs. 
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Similarly, Niikura et al. recently explored the size and shape effects of gold nanoparticles 

on inflammatory responses in vitro and in vivo.24 Their study showed that antigen coated 40 nm 

spherical and cubic gold nanoparticles induced secretion of cytokines such as TNFα, IL-12, and 

IL-6 in bone marrow derived dendritic cells (BMDCs) while 20 nm spherical particles and 36x10 

nm gold nanorods did not.24 In addition, the 40 nm spherical AuNPs induced higher antigen 

specific antibody production after intraperitoneal injection in vivo than antigen alone or antigen 

coated particles of different designs (Figure 1.2). Overall, the group concluded that AuNPs can 

act as a vaccine adjuvant in a size and shape dependent manner.24 On the other hand, Chen et al. 

observed that 21 nm spherical gold nanoparticles inhibited TNFα expression in adipose tissue of 

mice after intraperitoneal injection, thereby indicating an anti-inflammatory effect of AuNPs.45 

The immune response to AuNPs may therefore be tissue dependent, as well as particle size and 

shape dependent, and future studies should expand upon these findings.  

!

Figure 1.2. AuNPs enhance antibody production in vivo when compared to antigen delivery alone. 
Spherical, 40 nm AuNPs were the most effective design. Reproduced with permission from Niikura et 
al.24 
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Bartneck and colleagues assessed the immune modulatory characteristics of AuNPs by 

characterizing their effect in a hepatitis disease model.46 The group determined that, depending 

on nanorod surface coating, the particles could polarize liver macrophages to an inflammatory or 

anti-inflammatory state. For instance, nanorods coated with PEG and linked to the RGD 

tripeptide induced an anti-inflammatory M2 polarization characterized by IL4 expression in 

hepatic macrophages, while nanorods coated with the GLF tripeptide promoted the inflammatory 

M1 polarization characterized by TNFα expression.46 Both nanorod designs ultimately worsened 

liver injury in an acute hepatitis model, emphasizing the importance of understanding immune 

reactions to gold nanoparticles when applied in a disease context.  

Overall, although the distribution and immune modulatory activity of gold nanoparticles 

in vivo can potentially induce inflammatory or anti-inflammatory side effects, these properties 

can also be manipulated for immune therapy applications, such as vaccine and immune adjuvant 

delivery. In the following sections we explore the unique characteristics of gold nanoparticles 

and how they have been used for immunotherapy and what future applications could be 

explored.  

1.3 Optically responsive AuNPs for immune applications 
!

 AuNPs have unique optical properties that can be manipulated for diagnostic and 

therapeutic applications.25, 27 Importantly, light can excite free electrons on the surface of the 

nanoparticle and induce surface plasmon resonance, or a collective oscillation of the electrons. 

For photothermal therapy (PTT), the nanoparticles can be tuned by varying size and shell 

thickness to absorb incident light in the near infrared range. Within this range, light can penetrate 

healthy tissue and be absorbed by the nanoparticles, which then heat up and destroy the nearby 
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cancer cells.27, 47 In addition to PTT, a number of thermal treatments and related therapies for 

cancer currently exist or are in development. These include radiofrequency ablation, 

cryoablation, photodynamic therapy and magnetic nanoparticle hyperthermia. Treatment with 

heat can induce death through different pathways, depending on temperature and duration. In 

general, heat treatments between 41 and 47 oC induce apoptosis in cancer cells while treatments 

above this range induce necrosis.48 Although heat treatments have generally focused on local 

tumors, studies have shown that these treatments can induce a tumor specific immune 

response.49-51 This response is mediated by the release of antigens and heat shock proteins from 

dying tumor cells, which are then captured by dendritic cells (DCs) and other antigen presenting 

cells (APCs). The immune system can subsequently mount a response against cancer cells in 

distal, untreated sites.  

A number of nanoparticles have been designed for PTT, including hollow gold 

nanoshells, gold silica nanoshells, and gold-gold sulfide nanoparticles, the characteristics of 

which have been previously reviewed.47, 52 The use of AuNPs for PTT was pioneered by the 

Halas and West groups, demonstrating that PTT could eradicate mouse tumors and enhance 

survival.26, 53 Although gold nanoparticle PTT is effective, it is limited to accessible sites and is 

not currently applicable in metastatic disease. Yet, the immune response following PTT has not 

been thoroughly studied and can potentially be enhanced to treat distant sites not accessible by 

PTT. A recent study on immune modulating properties of this treatment was tested in vitro.54 

Nguyen and colleagues found that tumor cell necrosis following gold nanoshell thermal 

treatment in vitro caused the release of damage associated molecular patterns (DAMPs) such as 

ATP and uric acid, but this release did not induce stimulation of macrophages.54 A related in vivo 

study used AuNPs as immunotherapy delivery vehicles but did not assess the effects of PTT. In 
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this study Visaria and colleagues used TNF conjugated gold nanoparticles to promote the anti-

tumor activity of hyperthermia.55 The group shows that TNF pre-treatment enhances the damage 

caused by hyperthermia, and they posit that TNF treatment induced inflammatory pathways that 

caused vascular damage at the tumor site.55 Although this method promoted tumor death at the 

local site, its efficacy in treating distant tumors was not demonstrated.  

As will be discussed in Chapter 5, Bear et al. assessed the systemic effects of PTT in a 

melanoma model, and observed that PTT can promote a tumor specific immune response against 

a distant, subcutaneous B16-ovalbumin (B16-OVA) tumor.56 This response was mediated by the 

infiltration of CD4+ helper T cells and CD8+ cytotoxic T cells (CTLs). However, the response 

was also marked by a significant increase in myeloid derived suppressor cells (MDSCs) at the 

distant site and at the spleen compared to mice that did not receive treatment. In addition, PTT 

was followed by a systemic increase in inflammatory cytokines such as IL-6 and IL-1β, as well 

as an increase in factors such as GM-CSF and G-CSF. Such findings suggest that PTT can 

produce immune stimulatory and immune inhibitory effects that could be exploited in the 

treatment of metastatic disease. In this study, Bear and colleagues combined PTT with adoptive 

T cell therapy and found that the combination therapy could inhibit metastatic tumor growth to a 

greater extent than either treatment alone.56 

 Other potential combination treatments include the use of PTT in conjunction with other 

immune modulatory agents such as drugs, oligonucleotides, or proteins. In delivering such 

agents, the optical properties of AuNPs could again be exploited. For instance, Dreaden et al. 

developed macrolide-coated, NIR tuned gold nanorods to target macrophages and stimulate their 

response against breast carcinoma cells in vitro.57 This nanorod design could potentially be used 

to better target tumors in vivo and as a combination therapy of PTT and immunotherapy.57 Gold 
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nanoparticles have also been used for thermally controlled release of DNA molecules and 

chemotherapy drugs.58-61 Yavuz and colleagues developed doxorubicin encapsulating gold 

nanocages coated with a thermally responsive polymer that would change conformation upon 

heating.61 The nanocages were tuned to absorb light in the NIR range and would heat up upon 

light exposure, thereby releasing the encapsulated drug.61 Similarly, You et al. employed 

doxorubicin loaded hollow gold nanoshells to apply a PTT and chemotherapy combination 

treatment in vivo, demonstrating that the combination was more effective than either treatment 

alone and that it reduced the systemic toxicity of doxoxrubicin.62 This combination therapy could 

potentially be applied in a metastatic disease model, as the effects of both the drug and the 

thermal treatment could induce a systemic immune response against distant, untreated sites. 

Doxorubicin has been shown to cause immunogenic cell death in cancer cells,63 an effect that 

could be exploited in favor of anti-tumor vaccines and other immunotherapies.64 Ultimately, the 

inflammatory response, antigen release, and immunogenic apoptosis caused by a combination of 

PTT and doxorubicin could prove to cause a potent immune response against metastatic cancer 

sites.  

 The ability to construct thermally responsive AuNPs that carry nucleic acids also opens a 

range of combination treatment possibilities. Lu et al. developed siRNA carrying hollow gold 

nanospheres that were tuned to absorb light in the NIR range.59 The group postulated that the 

siRNA was released due to the collapse of the particles upon heating and due to breaking of the 

thiol bond holding the siRNA to the particle (Figure 1.3). The siRNA was specific for the NF-

κB p65 subunit, and Lu et al. showed that this molecule could be specifically silenced only in 

tumors that were irradiated with NIR light. As such, nonspecific delivery of the siRNA to non-

irradiated organs such as the liver and spleen did not cause downregulation of the molecule.59 
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Still, the release of nucleic acids from AuNPs can be further refined, as demonstrated by Poon et 

al.58 In their work the group showed that double stranded DNA release from gold nanoshells 

could be tuned using laser power and conjugation strategies so as to release single stranded DNA 

by denaturation as opposed to double stranded DNA by breakage of the thiol bond.58  

 

!

Figure 1.3. Hollow gold nanoshells can be irradiated with NIR light to cause particle collapse and release 
of conjugated siRNA. Reproduced with permission from Lu et al.59 

The ability to release nucleic acids from AuNPs may be promising for immune therapies, 

as thermal ablation or light triggered release could be combined with delivery of nucleic acid 

immune adjuvants such as toll like receptor (TLR) agonists. For example, the CpG 

oligonucleotide adjuvant has been conjugated to gold nanoparticles, and it has been 

demonstrated that AuNPs enhance the effect of CpG in vitro and in vivo.19, 20, 23 Of course, 

optically triggered nanoparticles are not limited to these applications. For instance, Yeheskely-

Havon et al. recently utilized AuNPs targeted to both DCs and lymphoma cells in order to bring 

the cells together and then induce membrane fusion by irradiating the particles at their resonant 

frequency.65 A number of treatment modalities using AuNP-mediated delivery of 

immunotherapeutic agents have been devised, all of which could potentially be combined with 

the optical and thermal properties of these nanoparticles. The following sections will discuss 

recent advances in AuNP mediated delivery of immunotherapies and their potential implications 

for future studies.  
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1.4 Gold nanoparticle mediated adjuvant delivery  
!

AuNPs are regarded as efficient nanocarriers as they are inert, chemically robust and able 

to protect molecules like antigens (Ag) and cytokines from degradation.66 AuNPs can be 

functionalized with molecules that modulate dendritic cell (DC) and T-cell activation, or induce 

humoral responses.67, 68 Furthermore, AuNPs can be scaled to be less than 100 nm in diameter, 

allowing for efficient passive delivery of conjugated molecules to DCs residing in the lymph 

nodes (LNs).67 AuNP mediated immunotherapy includes a wide variety of treatments that 

stimulate different cellular pathways.  

In the normal biological environment, inflammatory cytokines or pathogens produce 

danger signals for immune cell activation. Vaccines, for example, mimic this behavior through 

the use of natural or synthetic adjuvants.66 The goal of adjuvants is to activate the immune 

system, often to prime it for a subsequent immunotherapy. As discussed above, AuNPs alone 

have been shown to stimulate the immune system and thus provide attractive candidates for 

adjuvant delivery. For example, Bastus et al. showed that 10 nm AuNPs conjugated with two 

peptides stimulated macrophage activation as evidenced by induction of TNF, IL-1β, IL-6 and 

NO, while the macrophages did not recognize the peptides or AuNP alone.69 Similarly, Fallarini 

and co-workers functionalized 2-5 nm AuNPs with disaccharides modeled after the Neisseria 

meningitides bacterium and found that these particles induced macrophage activation, T-cell 

proliferation and increased IL-2 production.68  

As aforementioned, several groups have investigated AuNP mediated CpG delivery. CpG 

molecules are short DNA sequences that mimic bacterial DNA and thus stimulate immune cells 
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via interaction with TLR9, found in the endolysosomal compartments of cells.70 AuNPs and CpG 

constructs highlight the benefits that nanoparticle delivery provides for immunotherapy since 

AuNPs are rapidly uptaken by endolysosomal compartments of phagocytic immune cells, where 

CpG is active. Wei et al. took 15 and 30 nm AuNPs and formed a self-assembled layer of 

thiolated CpG to investigate the immunostimulatory effects of AuNP-CpG particles. The group 

found that AuNP-CpG induced TNFalpha and IL-6 production, confirming that the bioactivity of 

CpG is not altered by the AuNP carrier. Furthermore, they found that the AuNP carrier makes 

the system much more efficient, with 15-fold more TNF secretion stimulated by 30-fold less 

CpG.23 Of note, Tsai et al. showed that when bare AuNPs were co-delivered with CpG-ODNs, 

the AuNP competed for high-mobility group box-1 binding, resulting in inhibited CpG-mediated 

TLR9 function.41 Therefore, by binding CpG to the surface of AuNPs, such competitive binding 

can be avoided, and the AuNPs can in turn facilitate access of CpG to TLR9.  

In another adjuvant delivery approach, cytokines like tumor necrosis factor (TNF) can be 

functionalized on AuNPs. Paciotti et al. conjugated thiolated polyethylene glycol (PEG-SH) and 

recombinant human TNF onto 33 nm AuNPs, and delivered the particles intravenously in human 

prostate tumor-bearing mice, where rapid uptake was shown within 4 hours in the MC-38 colon 

carcinoma tumors with minimal reticuloendothelial system (RES) uptake.71, 72 Paciotti and Myer 

showed that conjugating TNF onto the AuNP resulted in maximal antitumor responses with 

lower doses of TNF and decreased off-site toxicity compared to TNF alone. The biocompatibility 

of the particles was proposed to be due to PEG-SH, which allowed the particle to avoid detection 

and clearance by the RES, thus allowing accumulation in the solid tumor.71 Goel and co-workers 

continued this work, reaching phase 1 clinical trials in 2005 under the name CYT-6091 

(Aurimune™) for 29 enrolled patients with solid tumors that were not responsive to traditional 
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therapies. The therapy showed the highest reported systemically administered TNF dose in 

humans without adverse effects beyond controllable fever, more than 3 times the maximum 

tolerated dose previously reported. Phase 2 clinical trials will evaluate combination treatment 

with CYT-6091 and conventional chemotherapy for non-resectable tumors.73 CYT-6091 has also 

been used as a vascular disrupting agent in conjunction with cryosurgery or hyperthermia, and a 

synergistic antitumor response was shown that was greater than the sum of either treatment 

alone.72,74 

1.5 Gold nanoparticle cancer vaccines 
!

In addition to molecular adjuvants, vaccines are one of the major cancer immunotherapy 

approaches pursued due to their specific, strong and persistent immune response.24 However, one 

of the large drawbacks for cancer vaccines is the weak immune-stimulating capacity of tumor 

antigen to overcome tumor load and to induce potent humoral and cellular immunity.19 Several 

groups have investigated AuNP vaccines for their ability to deliver a large payload and for their 

size tunability.24, 75-77 Arnaiz et al. have used this approach recently in an HIV model. The group 

used 1.8 nm AuNPs functionalized with clusters of gp120, an HIV Ag. The clustering of various 

gp120 structural motifs on the AuNP surface served to mimic the presentation of 

oligomannosides by HIV to DCs, resulting in endocytosis by DCs and inhibition of HIV 

infection in T cells. Such a biomimicry approach could be implemented in a cancer 

immunotherapy application to improve DC targeting and uptake of AuNP vaccines by utilizing 

multivalent presentation of Ag.78 Lin and colleagues used 30 nm AuNPs functionalized with self-

assembling modified PEGs and tumor-associated antigen peptides as a cancer vaccine platform. 

The AuNP construct, termed gold nanovaccine (AuNV), was fabricated by a facile one-pot 

synthesis, with a final particle that was less than 80 nm in diameter and able to carry large doses 
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of peptides. The AuNV particles were tested in vitro for their ability to stimulate splenocytes as 

measured by an IFN-γ enzyme-linked immunosorbent spot assay (ELISPOT). The ELISPOT 

assay evaluated Ag-specific CD8+ CTL IFN-γ secretion, which highly correlates to anti-tumor 

immunogenicity. Lin et al. found that the AuNV particles were able to stimulate T cells at 

approximately four-fold efficiency compared to free antigen peptide.21 

Recent work in the delivery of cancer vaccines using AuNPs has investigated the use of 

sub-10 nm AuNPs for needle-less vaccination. Small AuNPs have been shown to be skin 

permeable with the ability to migrate into the deep layers. Huang and colleagues posit that this 

penetration of the skin barrier is facilitated by interaction with extracellular skin lipids that result 

in transient openings in the stratum corneum (Figure 1.4). 79 Huang utilized 5 nm AuNPs co-

administered with a protein Ag, OVA, and showed a robust immune response in mice as 

measured by anti-OVA IgG levels and compared to controls with free OVA protein administered 

topically and injected intramuscularly. Thus, future studies using small AuNPs functionalized or 

even simply co-delivered with tumor antigens or peptides may facilitate the use of topically 

administered vaccines.79  
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!

Figure 1.4. AuNPs facilitate transcutaneous delivery of protein antigen. Reproduced with permission 
from Huang et al.79 

Co-delivery of adjuvants with vaccination has proven to be a highly effective and 

synergistic approach.80-83 The goal of dual vaccine-adjuvant therapy is to elicit a strong, antigen 

specific CTL response as well as induction of antibody responses to existing tumors. New 

approaches have explored the co-delivery of both adjuvant and vaccine molecules on one gold 

nanoparticle delivery vector. Lee and colleagues investigated a dual vaccine-adjuvant delivery 

system by conjugating 7 nm AuNPs with red fluorescent protein (RFP) as a model Ag and CpG 

1668 as the adjuvant (Figure 1.5). The particles were delivered three times at one-week intervals 

via footpad injection in B16F10 melanoma tumor-bearing mice. The particles accumulated in 

proximal lymph nodes where they interacted with DCs, resulting in significant antitumor activity 

and potent induction of Ab production through a Th1-mediated pathway. Of note, the vaccine 

was also shown to prevent lung metastasis due to the potent T cell response.19 The group 
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concluded, similar to Arnaiz et al.,78 that AuNP systems that mimic viral properties with respect 

to size, geometry and antigen presentation are attractive vaccine candidates due to their improved 

LN accumulation and interaction with APCs. Furthermore, the addition of an adjuvant can 

activate DCs and induce T-cell responses.19  

!

Figure 1.5. AuNPs coated to deliver protein antigen and CpG oligonucleotide adjuvant. Reproduced with 
permission from Lee et al.84 

Cruz et al. developed a targeted construct where a synthetic peptide-based vaccine for 

androgen-responsive prostate cancer was grafted onto the surface of 10-25 nm AuNPs and 

targeted specifically to the Fc receptor (FcR) of human DCs in vitro.66, 67 The peptide consisted 

of luteinizing hormone-releasing hormone (LHRH) in tandem with a T-helper epitope tetanus 

toxoid fragment (TT) and a C-terminal Cys residue to facilitate dative binding on the AuNP. The 

goal was to induce an “anti-self” immunity to LHRH by modifying the target molecule on a 

synthetic peptide immunogen, LHRH-TT. Their results showed a strong immune response 

compared to non-targeted AuNP-LHRH-TT constructs and naked antigen.66 The TT fragment 

was shown to be an important contributor to inducing a T-cell response,66 and DC targeting  was 

shown to prevent antigen dispersion in the bloodstream, thus increasing DC antigen uptake and 

nearly doubling CTL proliferation in vitro.67 In another dual vaccine-adjuvant approach, Brinas 

et al. conjugated 3-5 nm AuNP cores with tumor associated glycopeptide antigens, thiolated 
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spacers and a B cell activating protein adjuvant at different sites. The group found that mice 

immunized with these particles produced both IgM and IgG isotypes against each glycopeptide 

Ag, and that the vaccines with a carbohydrate Ag were more effective than those with 2 

contiguous disaccharides.85 This again highlights the utility of designing multivalent AuNP 

particles to accomplish multiple immune stimulating goals. 

In addition to the aforementioned studies, there exist many other AuNP mediated 

delivery approaches. One emerging example is the use of immune cells as a targeted delivery 

system, where cells like macrophages, T cells, or DCs are loaded with AuNPs. For instance, 

Choi et al. fed macrophages gold nanoshells composed of a 60 nm gold core and 27 nm silica 

shell, and found that the macrophages were able to deliver the nanoshells to the hypoxic center 

of tumor spheroids, resulting in more significant photoinduced tumor reduction.86 Kennedy and 

colleagues demonstrated that T cells can be expanded ex vivo and efficiently loaded with 45 nm 

AuNPs without affecting T cell function or viability, as measured by migration and cytokine 

production. The group showed the AuNP-loaded T cells were able to migrate to tumor sites in a 

human tumor xenograft mouse model and that the targeting improved 4-fold with the T cell 

delivery system. This approach of AuNP loaded immune cells has numerous applications in 

cancer immunotherapy such as PTT.87 

1.6 Gene therapy 
!

Gene therapy presents another method that can be tailored to cancer immunotherapies 

wherein genes are introduced to initiate tumor death or immune activation. There exist a wide 

range of genes and vectors that have been implemented in clinical trials with successful 

outcomes.88 AuNPs have been used successfully in many gene therapy applications, and are still 
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being actively investigated.89-98 For example, DNA vaccines can be designed to deliver genes 

encoding tumor-associated antigens, cytokines, or other molecules in order achieve adoptive 

immunity.99  

Many early DNA-based cancer vaccines were motivated by ballistic DNA delivery 

methods. Mahvi et al. used a plasmid encoding for a cytokine, granulocyte-macrophage colony-

stimulating factor (GM-CSF), to transfect resting tumor cells. They accomplished this by coating 

gold particles with DNA and using a gene gun to transfect tumor cells, followed by exposure to 

irradiated cancer cells. This method of vaccination resulted in 58% of mice being protected from 

tumor challenge compared to 2% of the controls.100 Cassaday et al. continued this work to create 

a complete DNA vaccine with one gene to induce expression of an immunogenic tumor 

associated Ag (TAA), and a second gene to stimulate APCs. They chose gp100 and GM-CSF, 

respectively. The results of this approach only yielded a modest immune response, and further 

studies will be taken to induce stronger anti-tumoral T cell immunity.101 DeLong et al. used a 

novel approach where nucleic acids were complexed with protamine and attached to gold 

particles for delivery by gene gun.  The particles were tested by delivering plasmid DNA 

encoding Hepatitis B core (cAg) and surface Ag (sAg). They demonstrated that Au-protamine-

DNA conjugates resisted physical and chemical degradation and retained DNA vaccine structure 

and function in mice, as determined by enzyme-linked immunosorbent assay (ELISA) analysis 

of several Ags, IFN-gamma, and IL-4.102 Furthermore, these particles illustrated chemotherapy 

functionality.   

Unfortunately, DNA-based vaccines are limited in potency due to their inability to spread 

in vivo.103 Several groups have explored different transfection routes to overcome this limitation. 

Hung and co-workers sought to addressed the issue by delivering a gold particle DNA vaccine 
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with a fusion of VP22, an HSV-1 protein that is known to increase intercellular transport, and a 

model Ag, HPV type 16 E7. DNA-coated AuNPs were injected to the abdominal region of mice 

once a week for 2 weeks for the vaccination. One week later, mice were challenged sub-

cutaneously with tumor cells in the right leg and monitored.103 By incorporating the VP22 

protein, Hung showed a 50-fold increase in Ag-specific CD8+ T cell precursors in vaccinated 

mice with E7-expressing tumors due to enhanced spreading and major histocompatibility 

complex (MHC) class I presentation of Ag and potent antitumor activity. Cheng and co-workers 

expanded upon this by evaluating a dual immunotherapy and antiangiogenesis gold particle DNA 

vaccine for the treatment of systemic tumors at multiple sites. In this approach, they developed a 

DNA vaccine encoding calreticulin (CRT) linked to HPV-16 E7 and determined that the N 

domain of CRT elicits the largest E7-specific antitumor immunity and antiangiogenic effects.104 

Cytokine based immunotherapy approaches were used by groups such as Wang et al., 

who utilized gold particle mediated gene transfer to transfect tumors directly with a plasmid 

encoding IL-12.105 In this study, the cytokine encoding DNA was delivered in conjunction with 

an oral melanoma vaccine and the authors found that oral mucosa is among the most suitable 

tissues for gene gun mediated transfection. The production of IL-12 by the tumor resulted in 

suppressed tumor growth and improved survival.105  

In contrast to the ballistic gene gun methods, Noh et al. showed that 1.4 nm cationic 

AuNPs resulted in enhanced intramuscular delivery and transfection with a plasmid encoding IL-

2 compared to polyethylineimine (PEI), and with less cytotoxicity.106 Similarly, Zhou and 

colleagues showed that 1.9 nm AuNP conjugated with chitosan were able to deliver a plasmid 

encoding Hep B Ag via intramuscular injection and successfully immunized mice against 
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challenge.107 Both of these examples highlight the ease with which existing AuNP vectors can be 

translated to cancer specific immunotherapy applications.  

1.7 Future Outlook 
!

 AuNPs have numerous functionalities that can be harnessed for effective cancer 

immunotherapy. The photothermal properties are particularly important and can be combined to 

enhance the effect of other treatments such as cytokine, vaccine, or adjuvant delivery. The 

physiological changes that result from thermal treatment warrant further investigation so that 

they can be exploited for combination treatments, as has been recently accomplished with 

chemotherapy108 and adoptive T cell therapy.56 The inflammatory response generated by PTT 

itself can be manipulated to enhance cell therapies and vaccine treatments, but the ability to 

enhance delivery of immune modulating agents following thermal pre-treatment is particularly 

promising. For instance, von Maltzahn et al. used gold nanorods to thermally treat tumors and 

induce a coagulation cascade. Subsequently, doxorubicin-loaded liposomes targeted to the 

coagulation transglutaminase FXIII honed into the local coagulation of the tumor, delivering a 40 

fold higher dose of doxorubicin than non-targeted controls.108 Similarly, Gormley et al. used heat 

to enhance the delivery of polymers to a tumor site by targeting them towards heat shock 

proteins which were overexpressed at the tumor following gold nanorod mediated thermal 

treatment. Untargeted polymers were eliminated from the tumor site while the targeted polymers 

were retained at the site for up to 12 hours.109 In a separate study, the group also determined that 

heat pre-treatment could increase the delivery of untargeted polymers by 1.5 fold, as the 

polymers could penetrate deeper into the tumor tissue.110   
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 Given these findings, AuNP mediated thermal therapy could be used to promote the 

delivery of targeted nanoparticle vehicles carrying a number of immune modulating agents such 

as cytokines or oligonucleotides.111 The enhanced delivery in addition to the inflammatory 

response to PTT can promote systemic immune effects for the treatment of metastatic disease as 

well as vaccination from future tumor recurrence. In fact, Jackaman and colleagues have shown 

that treatment of a primary tumor with a combination of IL-2 cytokine and CD40 agonist can 

induce an immune response against distant, untreated tumor sites.112 Similarly, Fransen et al. 

demonstrated that local slow release of anti-CD40 antibody at a primary tumor site induced a 

tumor specific CTL response against distant tumors.113 Such therapies and other immune 

modulatory agents have been formulated in nanoparticles,16, 17 which could be targeted to 

thermally treated tumors as was accomplished in the von Maltzahn and Gromley studies.108-110 

The physiological and inflammatory response to heat treatment could then potentially both 

promote delivery and enhance the immune response that results from the immune stimulatory 

agents.  

 No nanomaterial is without limitations, however, and AuNPs are no exception (Table 

1.1). Unlike some nanomaterials, AuNPs are non-biodegradable and non-porous and thus are not 

ideal for time released delivery of drugs and small molecules. Another consideration with the use 

of AuNP therapeutics is that imaging and PTT is hindered by penetration depth. More 

importantly, the pharmacokinetics and biocompatibility of AuNPs is altered upon surface 

modification with ligands and thus each variant of AuNP agent must be characterized in a 

clinically relevant oncology model. For instance, their effect on normal, malignant and immune-

modulating cells should be well studied during preclinical development.114 However, the benefits 
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of gold make AuNPs particularly well suited for cancer immunotherapies and there is no sign of 

waning interest in this versatile nanomaterial.115  

Table 1.1. Advantages and limitations of AuNPs as a cancer therapy platform. 

Future work should focus on combination strategies and on new nanoparticle designs that 

can facilitate the combination of drug delivery and photothermal therapy. Recently, for example, 

Nam et al. developed 10 nm AuNPs that respond to the acidic tumor microenvironment and are 

able to both release doxorubicin from the surface and aggregate to form AuNP clusters in a pH-

responsive manner. The AuNP clusters can then absorb light in the NIR range and be used for 

PTT.116 Such a nanoparticle, as well as the aforementioned polymer nanocage design developed 

by Yavuz et al.,61 could prove promising for AuNP mediated immunotherapies.   

1.8 Conclusion 
!
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 AuNPs are widely studied nanocarriers that have been tested for a number of cancer 

treatment applications, including drug and gene delivery and photothermal therapy. AuNP in 

vivo biodistribution has been thoroughly characterized, but the nanoparticles’ effect on the 

immune system has only recently been explored. Their applications in immunotherapy have 

great potential, and promising results in vaccine and adjuvant delivery have been reported in 

recent years. Furthermore, the optical properties of AuNPs create combination treatment 

possibilities that exploit the inflammatory and coagulation responses to thermal therapy. In the 

following chapters, we build upon the existing field of AuNP immunotherapy by characterizing 

AuNP distribution within immune cells and by developing platform technologies for the delivery 

of antigens and adjuvants for cancer immunotherapy. Finally, we propose future directions for 

combination therapies that employ the delivery and optical functionalities of AuNPs.  
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Chapter 2. In vivo immune cell distribution of gold nanoparticles in naïve and tumor 
bearing miceb 

2.1 Introduction  
As discussed in Chapter 1 AuNPs have been applied in a number of cancer treatment 

modalities including drug delivery, gene therapy, and photothermal ablation.47, 71, 117, 118 AuNPs  

can be easily synthesized and can be modified with a variety of materials including drugs,117 

polymers,119 targeting ligands,120 and nucleic acids.121 Recently, AuNPs have been used for 

cancer immunotherapy as delivery vehicles for cancer antigens and immune adjuvants,84, 122 but 

AuNP distribution and interactions with the immune system are still poorly understood. A 

systematic understanding of the cell types in which AuNPs accumulate is essential for the 

development of AuNP immunotherapy platforms.  

Yet, despite numerous studies focused on the biodistribution of gold nanoparticles, very 

little has been done to understand the cellular level distribution of nanoparticles in vivo, 

particularly within cells of the immune system. Biodistribution studies have focused on gold 

accumulation at the organ level, demonstrating that AuNPs show the highest accumulation in the 

liver and spleen.13, 14, 28, 123 Shah et al. observed that gold nanoparticles traversed from the red 

pulp to the white pulp of the spleen over time but did not identify the immune cells involved in 

particle uptake.124 In the liver, Bartneck and colleagues observed 30 fold higher accumulation of 

gold nanorods in immature macrophages as opposed to Kupffer cells; given that immature 

macrophages can cause inflammatory liver injury, their finding emphasizes the importance of 

identifying immune cell subsets that take up nanoparticles.46 Therefore, in this study, we sought 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
b! Adapted and reprinted with permission from: Joao Paulo Mattos Almeida, Adam Lin, 
Robert Langsner, Phillip Eckels, Aaron Foster, Rebekah Drezek. In vivo Immune Cell 
Distribution of Gold Nanoparticles in Naïve and Tumor Bearing Mice. Small 2014, 10, No. 
4, 812–819.!

!
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to characterize the distribution of gold nanoparticles within the major immune populations of the 

spleen, which is both the largest immune organ and one of the sites of highest AuNP 

accumulation.  

In the spleen, arteries enter the red pulp--a framework of collagen and reticular fibers 

containing fibroblasts, macrophages, and reticular cells-- and branch into smaller arterioles.125, 126 

The blood progresses into the venous sinuses, and most of it passes through the white pulp, 

which consists of the periarteriolar lymphoid sheath (PALS), the marginal zone, and the follicles. 

The PALS, also known as the T-cell zone, surrounds the arterioles and is composed of T 

lymphocytes that interact with dendritic cells and migrating B cells. The follicles are mainly 

composed of B cells but also contain follicular dendritic cells and T cells. Finally, the marginal 

zone is an efficient area of blood borne particulate capture, where marginal zone macrophages, 

dendritic cells, and B cells can act as antigen presenting cells (APCs) and migrate into the 

follicles to interact with T cells.125, 126  

Characterizing the distribution of AuNPs within the spleen is valuable for understanding 

nanoparticle immune effects and for developing nanoparticle mediated immunotherapies. For 

instance, Yen and colleagues have shown that AuNPs in the 2 nm to 40 nm size range can induce 

macrophage expression of inflammatory genes for TNFα and IL-6 in vitro.39 Sumbayev et al., in 

turn, show that AuNPs can suppress IL-1β dependent inflammatory responses in vitro and in 

vivo in a size dependent manner.40 Finally, Tsai and colleagues have demonstrated that treatment 

with particles in the 4 to 45 nm range can inhibit macrophage toll like receptor 9 responses to 

CpG, with smaller particles having a stronger effect than larger particles.127 AuNP mediated 

therapies have progressed into clinical trials,73 and thus it is important to further understand 

AuNP interactions with the immune system.  On the other hand, nanoparticle uptake by immune 
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cells could be exploited in the development of immunotherapies,16, 128 again illustrating the 

importance of characterizing such interactions. Here, we assessed the splenic distribution of gold 

nanoparticles in naïve and tumor bearing mice and showed that AuNPs distributed widely across 

splenic immune cells, including B cells, T cells, granulocytes, dendritic cells, myeloid derived 

suppressor cells, and macrophages.  

2.2 Results and Discussion  
!

2.2.1 Gold nanoparticle characterization  

50 nm gold nanoparticles coated with polyethylene glycol (PEG) were chosen as a design 

representative of particles that would be typically used in cancer applications. The size, shape, 

and surface coating can be optimized to prolong nanoparticle circulation so that the nanoparticles 

can reach the target tumor site.13, 14, 30 Hydrophilic methylated polyethylene glycol (mPEG) 

coating protects particles from opsonization and subsequent blood clearance, and Perrault and 

colleagues have shown that PEGylated particles with core sizes in the 20 to 50 nm range are 

optimal for increased blood half-life.31 Additionally, it has been shown that 50 nm is the optimal 

size for mammalian cell uptake of AuNPs.129 Finally, particles in this size range have been used 

in a number of applications including photothermal therapy,56 siRNA delivery,59 vaccine 

delivery,24 and drug delivery.62  

Therefore, 50 nm gold colloid nanoparticles conjugated with Cy5-terminated PEG-SH 

(5,000 MW) were used for our studies. Conjugation of the PEG on the gold surface was 

confirmed by observing a shift in absorbance when compared to the absorbance of citrate 

stabilized 50 nm gold colloids (Supplementary Figure 2.1). The spectrum and the red color of 

the solution also indicated that the particles did not aggregate. The hydrodynamic diameter and 

zeta potential of the Cy5-PEGylated particles were also comparable to that of normal mPEG 
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coated AuNPs, thus indicating that incorporating Cy5 onto PEG-AuNPs did not alter the particle 

characteristics (Supplementary Table 2.1). The PEG coating increased the diameter of the 

particle by ~ 30 nm compared to the citrate stabilized AuNPs.  

2.2.2 Particle injection does not alter splenic cell distribution  

Naïve C57BL/6J mice were injected with approximately 1.5 x 1011 particles in PBS, a dose 

in the range of previous studies.26, 29, 36, 130, 131 Mice that did not receive particle injections were 

used as controls. After 1, 6, and 24 hours, the spleens were harvested and stained for the 

following immune cell populations and markers: CD3+ (T cells), B220+ (B cells), CD11b+ 

(monocytes and macrophages), CD11b+Gr-1+ (myeloid derived suppressor cells), Gr-1+ 

(granulocytes), and CD11c+ (dendritic cells).  Although there is widespread expression of CD21 

and CD23 markers, CD21++CD23- populations are indicative of marginal zone B cells while 

CD21+CD23+ populations are indicative of follicular B cells (Table 2.1).132-134 The spleen is 

mainly composed of CD3+ T cells and B220+ B cells (Figure 2.1). The myeloid populations of 

CD11b+ monocytes and macrophages, CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs), 

Gr-1+ granulocytes, and CD11c+ dendritic cells each comprise less than 10% of splenocytes. We 

also noted that the nanoparticle injections caused no significant differences in the percentages of 

each population when compared to untreated controls. 
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Marker Immune population 

CD3 T cells 

B220 B cells 

CD21++CD23- Suggestive of marginal zone B 
cells 

CD21+CD23+ Suggestive of follicular B cells 

CD11b Monocytes and macrophages 

CD11b+Gr-1+ Myeloid-derived suppressor cells 

Gr-1 Granulocytes 

CD11c Dendritic cells 

       Table 2.1. Immune populations analyzed by flow cytometry.   

Figure 2.1. Percentage of immune populations in the spleens of mice that were untreated or harvested 1, 6 
or 24 hours after AuNP intravenous injection. 
!

2.2.3 Particles travel from the red pulp to the white pulp of the spleen over time 

  Histological samples of the spleen were stained with hematoxolin and eosin, and the gold 

nanoparticles were visualized by dark field microscopy, while their location was correlated with 
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bright field microscopy of the tissue (Figure 2.2). Untreated spleens displayed only normal 

tissue scattering and none of the characteristic scattering from nanoparticles. At 1 hour post-

injection, the particles appeared and localized mainly within the red pulp and marginal zone of 

the spleen (red circles) (Figure 2.2B). At 6 hours, the particles were still present in the marginal 

zone and red pulp, but they were also visible within the follicles (red arrows) (Figure 2.2C). 

Finally, at 24 hours, the particles were mainly located at the center of the follicles while 

remaining particles were still visible in the red pulp and marginal zone (Figure 2.2D). These 

observations indicated that most of the particles moved from the red pulp to the marginal zone 

and to the middle of the follicle, and were consistent with previous findings by Shah and 

colleagues.124 To further ensure that the presence of Cy5 does not affect the distribution of the 

particles, this experiment was repeated with AuNPs coated with unlabeled mPEG 

(Supplementary Figure 2.3). The particles showed the same pattern over time, with most of the 

particles appearing in the red pulp at 1 hour and progressing to the follicles by 24 hours. 

Therefore, the presence of Cy5 had negligible effect on the distribution.  
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Figure 2.2. H&E bright field and dark field images of murine spleens at middle and edges of the follicles. 
A) Untreated spleen. B) Spleen 1 hour following AuNP injection. C) Spleen 6 hours after AuNP injection. 

D) Spleen 24 hours after AuNP injection. Images are representative of 3 samples. (Scale bar = 100 µm) 
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2.2.4 Nanoparticle signal is widely distributed but mainly detected in B cells 

To identify the Cy5 positive cells in mice that received nanoparticle injections, gates for Cy5 

events were established in untreated mice. The percentage of marker+Cy5+ in the spleen (e.g., 

B220+Cy5+ divided by all events) was compared between treated and untreated mice for the 

immune populations mentioned in Table 2.1 and at all time points (Supplementary Figure 2.2). 

All percentages were significantly different than control (p < 0.01), showing that the Cy5+ events 

were from the injected nanoparticles. 

Next, we evaluated the distribution of Cy5 events within the immune cells, i.e. the percent of 

the nanoparticle dose that is in each immune population. For instance, the percent of dose 

detected within B220+ cells is given by B220+Cy5+ events divided by all Cy5+ events. The 

distribution of the nanoparticle Cy5 dose in the respective populations at 1, 6, and 24 hours post-

injection are shown in Figure 2.3. At 1 hour, the highest percent of Cy5 events was found within 

B220+ B cells (32%), and this percentage is significantly higher than that found in CD3+ T cells 

(12%, p < 0.0001), CD11b+ monocytes and macrophages (7.7%, p < 0.0001), Gr-1+ granulocytes 

(15.8%, p < 0.0001), CD11c+ dendritic cells (13.6%, p<0.0001), CD11b+Gr-1+ MDSCs (3%, p < 

0.0001), and CD21++CD23- cells (22.8%, p < 0.0001). This finding indicates that the 

nanoparticles were detected mainly in B cells 1 hour after injection. A detectable percentage of 

the events (13.6%) was present in dendritic cells despite the low percentage of CD11c+ cells in 

the spleen. A measureable percentage was also found in other low percentage populations such 

as Gr-1+ granulocytes and CD11b+Gr-1+ MDSCs, with 15.8% and 3% of the signal detected 

within these populations, respectively.   

At 6 hours, 58.5% of the Cy5 signal was detected in B220+ cells, and the percentage within 

this population was significantly higher than that found in all other populations (p < 0.0276) 
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(Figure 2.3B). The trend was similar at 24 hours with the highest percentages of Cy5 dose found 

within B220+, CD21++CD23-, CD21+CD23+, and CD11c+ cells (Figure 2.3C).  Interestingly, the 

percentage in B cells increased significantly from 1 hour to 6 hours, going from 32% to 58.5% (p 

= 0.0372) (Figure 2.3D). The percentage was then significantly decreased at 24 hours to 31.4% 

(p = 0.0415).  In turn, the dose in Gr-1+ cells significantly decreased from 15.8% at 1 hour to 

7.3% at 6 hours. The only other change over time was observed in CD21+CD23+ cells, where the 

percentage dropped from 36.6% at 6 hours to 17.7% at 24 hours (p=0.0065). The cause of these 

changes was not evident and may be the result of fluorescence differences over time or 

experimental variability.  

There were no other significant differences in Cy5 distribution within each population, and 

more importantly, the pattern of distribution remained the same across the different time points. 

The histology images showed that the particles traveled through the spleen over time, and given 

that the distribution pattern did not change in the 24 hour period, the particles were likely to have 

migrated with the cells instead of transferring from one cell population to another. The 

movement of the particles may result from cells such as marginal zone B cells and dendritic cells 

taking up nanoparticles and then migrating to the follicle.126 Of course, mechanisms of cellular 

transfer such as trogocytosis135 and exocytosis could also be at play, and these potential 

mechanisms merit further study. The presence of nanoparticles within the marginal zone is 

consistent with their association with MDSCs, as MDSCs have been shown to be localized 

within the marginal zone.136 The markers used here are not exclusive to one population, and 

there may be overlap within subsets of dendritic cells, B cells, and other immune populations, 

but the results illustrate that the nanoparticles were distributed across a range of major immune 

cells including CD3+ T cells, B220+ B cells, CD11c+ dendritic cells, CD11b+ monocytes and 
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macrophages, CD11b+Gr-1+ MDSCs, and Gr-1+ granulocytes. Cy5+ signal within CD21++CD23- 

cells may indicate involvement of marginal zone B cells while CD21+CD23+ cells may indicate 

follicular B cells;132, 133 however, uptake by those subsets needs to be further explored in future 

studies.   
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Figure 2.3. Distribution of AuNP associated Cy5 positive signal within immune populations at different 
time points. A) 1 hour, B) 6 hours, and C) 24 hours after AuNP intravenous injection. D) Distribution of 
Cy5 signal within immune populations at all time points. *, p<0.05. **, p<0.01. ***, p<0.0001.  
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Various biodistribution studies have shown that despite AuNP modifications aimed at 

avoiding spleen and liver uptake, such as PEG coating, targeting ligands, and size and charge 

variations, a substantial portion of the injected dose will inevitably be retained in the spleen.14 

Studies show a wide range of spleen accumulation, with reports varying between 10% to over 

60% of the injected dose reaching the spleen.30, 130, 137 The consequences of such accumulation 

are still unclear. A previous study in rats by Terentyuk and colleagues has shown that 50 nm 

PEGylated gold nanoparticles can cause blood congestion in the red pulp and damage to the 

white pulp.138 Balasubramanian et al. studied AuNP effects on gene expression in rat spleens and 

reported down-regulation of genes associated with healing and other defense responses.36 

Furthermore, as aforementioned, there is ongoing study into the effects of AuNPs on 

inflammatory responses in vitro and in vivo.39, 40, 127 In this study, the histology slides were 

reviewed by an independent pathologist, and the analysis showed that nanoparticle treatment 

caused no inflammation or signs of splenotoxicity such as apoptosis or atrophy. However, the 

particle treatment resulted in vascular congestion as well as red pulp expansion, indicated by an 

increased presence of histiocytes, lymphocytes, and megakaryocytes.  The results presented here 

elucidate which splenic immune populations interact with nanoparticles after intravenous 

injection as well as how the spleen reacts to a typically used nanoparticle design and thus can be 

used to inform future studies on AuNP immune effects.   

2.2.5 Percent of each immune population positive for Cy5 signal 

  Next, we examined the percentage of each cell population that was Cy5 positive (Figure 

2.4). At 1 hour post injection, approximately 2.9% of CD21++CD23- cells were positive for Cy5, 

significantly higher than the percentages within all other populations (p < 0.0086). This higher 

proportion as well as the localization of nanoparticles in the marginal zone (Figure 2.2) again 
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suggests that the particles are taken up by marginal zone B cells. The involvement of marginal 

zone B cells is likely, for this population in mice can uptake blood borne particulates that have 

been coated with opsonins.134 AuNPs are known to be opsonized once entering the blood 

stream13, 14 and may thus be recognized by marginal zone B cells in the spleen. 

By 24 hours, about 2.5% of CD11c+ dendritic cells, 3.1% of Gr-1+ granulocytes, and 

1.4% of MDSCs were positive for Cy5. Interestingly, these percentages were comparable to the 

percentage of B220+ B cells positive for Cy5, even though the percentage of B cells in the spleen 

is significantly higher. There were no significant differences in the percentages of cells 

associated with Cy5 over time, again suggesting that the nanoparticles did not transfer from one 

cell population to another but instead remained within respective populations that migrate over 

time.  Overall, the distribution of the nanoparticle dose and the percentage of each cell 

population involved indicate that nanoparticles primarily interact with B cells, T cells, 

granulocytes, and dendritic cells in the spleen. Importantly, a measureable percentage of the 

nanoparticle Cy5 signal is detected within MDSCs. Given the comparable percentage of cells 

positive for Cy5 between myeloid cells and B220+ B cells, the myeloid populations may be more 

efficient at capturing nanoparticles and could potentially be targets for nanoparticle mediated 

drug delivery.    
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Figure 2.4. Percent of each immune population associated with AuNP Cy5 signal A) 1 hour, B) 6 hours, 
and C) 24 hours after AuNP injection. D) Percent of each immune population associated with AuNP Cy5 
signal at all time points. *, p<0.05. **, p<0.01. ***, p<0.0001.  
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2.2.6 Nanoparticle distribution is unaffected in a B16F10 melanoma model 

  To assess whether these distribution patterns would be the same in a disease model, we 

tested the nanoparticles in mice bearing a B16F10 melanoma tumor. C57BL/6J mice were 

implanted with subcutaneous B16F10 tumors and injected with the same dose of particles once 

the tumors reached approximately 1 cm2 in size. The spleens were harvested after 24 hours and 

analyzed as before. The distribution of splenic populations showed a significant drop in CD3+ T 

cells when compared to non-tumor bearing mice (p=0.0324) (Figure 2.5A). Interestingly, there 

was no significant difference in either Cy5 events distribution or the percent of cells positive for 

Cy5 when compared to naïve mice examined 24 hours after nanoparticle injection (Figures 2.5B 

and 2.5C). Therefore, the nanoparticle distribution within major immune cells does not change 

in tumor bearing mice.  

It is worth noting that approximately 22% of Cy5 events were found in CD11c+ dendritic 

cells, with 15% in Gr-1+ granulocytes and 4.8% in CD11b+Gr-1+ MDSCs of tumor bearing mice. 

Importantly, the nanoparticles reach these populations by passive targeting, without the aid of 

ligands or antibodies specific for these cells. The involvement of these populations indicates that 

they could be potential targets for nanoparticle mediated immunotherapy. The particles’ high 

association with dendritic cells makes them promising vehicles for delivery of immune antigens 

and adjuvants.16, 139 In addition, Niikura and colleagues recently reported that 40 nm spherical 

AuNPs can act as adjuvants for vaccines, for they can induce antigen specific antibody 

production in vivo and bone marrow derived dendritic cell inflammatory responses in vitro.24 The 

involvement of granulocytes and myeloid derived suppressor cells is also important because 

granulocytic and myeloid progenitor populations in the spleen have been shown to provide 

cancer sites with tumor associated macrophages and neutrophils that promote tumor growth.140 
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In addition, it has been well established that MDSCs are recruited to the tumor 

microenvironment and suppress anti-tumor immune responses by inhibiting T cell activity and 

promoting antigen tolerance.136, 141 Targeting MDSCs for immune modulation is a promising 

immune therapy approach that is a subject of ongoing work.142, 143 Given the association of 

MDSCs with nanoparticle signal, this population could potentially be targeted with AuNP 

mediated delivery of drugs that have been shown to suppress MDSC activity, such as sunitinib144 

or CpG.143, 145   

 



! 43!

 

Figure 2.5. Comparison of particle distribution in the spleen between tumor free and tumor bearing mice. 
A) Percent of each immune population in the spleens of tumor free and tumor bearing mice. B) 
Distribution of Cy5 signal within each immune population 24 hours after AuNP injection in tumor free 
and tumor bearing mice. C) Percent of each immune population associated with Cy5 signal 24 hours after 
AuNP injection in tumor free and tumor bearing mice. *, p<0.05. 
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We also assessed particle distribution in the immune cells of the tumor 

microenvironment, characterizing Cy5 events within CD8+ cytotoxic T cells, CD4+ helper T 

cells, CD11c+ dendritic cells, CD11b+ monocytes and macrophages, and CD11b+Gr-1+ MDSCs. 

To ensure that Cy5 events were accurately captured, the percent of Marker+Cy5+ cells in the 

entire tumor was calculated in untreated mice and in mice treated with AuNPs, as was done in 

the spleen. The percentage of CD11c+Cy5+ cells was significantly higher than in untreated 

controls (p=0.0376), indicating that the Cy5 events were due to the particle injection (Figure 

2.6). This difference was not significant in the other immune populations, and, as such, we could 

only detect the nanoparticle Cy5 signal within CD11c+ dendritic cells. Approximately 1.8% of 

the tumor microenvironment was composed of CD11c+ dendritic cells, and about 0.01% of all 

cells in the microenvironment were CD11c+Cy5+. However, 36 +/- 10% of all Cy5 events 

detected were found within CD11c+ cells, indicating that a large portion of the AuNP dose that 

reaches the tumor resides within dendritic cells. Additionally, 0.7 +/- 0.2% of CD11c+ cells were 

positive for Cy5. We could not account for the remaining Cy5 signal, but the tumor 

microenvironment is a complex milieu of inflammatory cells, fibroblasts, blood vessels, and 

tumor cells,146, 147 and the distribution of AuNPs within the various cell types merits further 

work.  Overall, nanoparticles reach dendritic cells both in the spleen and the tumor, again 

illustrating their potential for targeting this population.  
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Figure 2.6. Percentage of CD11c positive and particle positive cells (CD11c+Cy5+) in the tumor 
microenvironment. *, p < 0.05. 

2.3 Conclusions 
!

This study elucidates the immune cell distribution of 50 nm PEG coated gold nanoparticles 

in the spleen, showing that the nanoparticles associate with a range of immune populations. The 

signal from the particles is most highly present in B cells, granulocytes, dendritic cells, and T 

cells, and it appears that the signal remains associated with these populations in the 1 hour to 24 

hour range examined in this study. The particles show high association with CD21++CD23- cells, 

indicating uptake by marginal zone B cells, but these observations need to be further explored. 

The anatomical location of the particles vary with time, with AuNPs mainly localizing to the red 

pulp and marginal zone at 1 hour and appearing in the marginal zone and follicle between 6 and 

24 hours after injection. The consistent particle distribution over time observed using flow 

cytometry suggests that the particles may migrate with the immune cells as they traverse the 

spleen. It is possible that marginal zone B cells and dendritic cells take up particles and migrate 

into the follicle following uptake. Finally, the distribution patterns observed did not vary 

between tumor bearing and non-tumor bearing mice, and a detectable percentage of Cy5 signal 

was present in dendritic cells, granulocytes, and MDSCs of the spleens of tumor bearing mice. In 
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addition, AuNPs can be detected in the dendritic cells of the tumor microenvironment. These 

populations and others could potentially be targeted for cancer immunotherapy, and the 

distribution characterized here could prove informative for future nanoparticle toxicity studies.  

2.4 Materials and Methods  
!

Nanoparticle conjugation: 50 nm citrate stabilized gold nanoparticles (Ted Pella) were 

conjugated with 5,000 MW polyethylene glycol terminated with Cy5 purchased from NanoCS, 

MA. Absorbance was measured using the Cary 60 UV-Vis (Agilent Technologies), 

hydrodynamic diameter was measured using a 90 Plus Particle Size Analyzer (Brookhaven), and 

the zeta potential was measured with a Zen 3600 Zetasizer (Malvern Instruments). 

Animal studies and tumor model: C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 

were kept in the Animal Resource Facility of Rice University, and the study was approved by the 

Institutional Animal Care and Use Committee. The particles were suspended in PBS and injected 

intravenously at a concentration of 1.5x1011 particles per injection. After 1 (n=6), 6 (n=6), or 24 

hours (n=5), the mice were euthanized, and the spleens were harvested by passing through a 70 

mm cell strainer. The cell suspension underwent red blood cell lysis (Sigma) prior to staining 

with antibodies. The following antibodies were obtained from BD Biosciences and used for flow 

cytometry analysis: anti-CD11c PE, anti-B220 PE, anti-CD3 FITC, anti-CD11b PE, anti-Gr-1 

FITC, anti-CD23 PE, and anti-CD21 FITC. The stained samples were then analyzed using a BD 

FACSCantoII flow cytometer.  

 For the tumor study, mice were injected subcutaneously with 5x105 B16-F10 melanoma 

cells in PBS (n=7). Once the tumors reached approximately 1 cm2 in size, the mice received an 

intravenous injection of nanoparticles. Tumor bearing mice that did not receive particle 

injections were used as controls (n=4). The spleens were harvested after 24 hours and analyzed 
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as previously described. The tumors were also harvested, passed through a cell strainer, and 

treated with red blood cell lysis buffer. The following antibodies were used for flow cytometry: 

anti-CD8 PE, anti-CD3 FITC, anti-CD11c PE, anti-CD11b PE, and anti-GR-1 FITC (BD 

Biosciences).  The B16F10 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin. The cells 

were kept at 37oC and 5% CO2. 

Histological images: Spleen tissue was formalin fixed and dehydrated in ethanol prior to 

sectioning. The sections were prepared as 3 µm paraffin-embedded slides stained with 

hematoxylin and eosin (H&E) at the Baylor College of Medicine Pathology Core. Brightfield 

images were taken with a Zeiss Axioskop 2 Plus microscope, and darkfield images were taken 

with a Cytoviva enhanced darkfield microscope.  

Statistics: All comparisons were done using a significance level of α=0.05, and the 

Tukey’s HSD test on JMP Pro Software.  
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2.5  Supplementary Figures.  

!

Supplementary Table 2.1. Hydrodynamic diameter and zeta potential of 50 nm colloid, 50 nm particles 
coated with 5,000 MW PEG, and 50 nm PEG-Cy5 particles.  

 

 

 

Supplementary Figure 2.1. Absorbance spectrum of 50 nm colloid particles and 50 nm PEG-Cy5 coated 
particles. 
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Supplementary Figure 2.2. %Marker+Cy5+ cells in the spleen of untreated mice and of mice at 1 hour, 6 
hours, and 24 hours after particle injections.  
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Supplementary Figure 2.3. H&E bright field and dark field images of murine spleens at middle and 
edges of the follicles after treatment with AuNPs coated with unlabeled mPEG. A) Untreated spleen. B) 
Spleen 1 hour following AuNP injection. C) Spleen 6 hours after AuNP injection. D) Spleen 24 hours 
after AuNP injection. Images are representative of 1 sample per condition. (Scale bar = 100 µm) 
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Chapter 3. Gold nanoparticle mediated adjuvant deliveryc  
!

3.1 Introduction 
!

In Chapter 2, we demonstrated that AuNPs interact with a number of immune populations 

relevant for immune modulation and cancer immunotherapy, including B cells, macrophages, 

dendritic cells, and MDSCs. To leverage this favorable distribution, we aimed to develop 

nanoparticles capable of delivering immune agents necessary for cancer vaccination, specifically 

adjuvants and antigens. In this chapter we discuss the development of AuNP complexes for 

delivery of the CpG adjuvant. This adjuvant is a synthetic oligodeoxynucleotide (ODNs) 

containing the unmethylated cytosine-phosphate-guanine (CpG) motif, and it is a potent 

stimulant 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.148, 149 As a result, CpG ODNs have shown great promise as a monotherapy and as 

a vaccine adjuvant for the treatment of cancer.150-152 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 MDSCs. For instance, the antitumor effects of 

CpG immunotherapy in weakly immunogenic tumors are mainly mediated by macrophages as 

opposed to T cells.153 CpG ODNs can directly inhibit the immunosuppressive functions of 

MDSCs and cause them to differentiate into macrophages with antitumor activity.143 CpG ODNs 

can also suppress MDSC activity by indirectly stimulating pDCs to produce interferon-α (IFNα) 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

c! Adapted and reprinted with open access from: Joao Paulo Mattos Almeida, Adam Lin, 
Adham Bear, Nathan Liu, Laureen Luo, Aaron Foster, Rebekah Drezek. (2013) Gold 
Nanoparticle Delivery of Modified CpG Stimulates Macrophages and Inhibits Tumor Growth 
for Enhanced Immunotherapy. PLoS ONE 8(5): e63550. doi:10.1371/journal.pone.0063550.!!

!
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which in turn promotes MDSC differentiation.145 Thus, targeting these immune cells in the tumor 

microenvironment is clinically relevant. 

As nanoparticles are naturally cleared by macrophages, dendritic cells (DCs), and other 

APCs,12, 13, 154 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.155 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.18 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.18 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.17 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 100-200nm in diameter, far from the 

optimal 50-60 nm size range for maximum particle uptake.129 

AuNPs can be easily functionalized with thiol-modified synthetic oligonucleotides to 

form a self-assembled monolayer,156 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 applications,27.  In addition, DNA 

strands that are conjugated on AuNPs are more resistant to nuclease degradation.157 Most 

importantly, AuNPs are readily taken up by immune cells13, 14 and collect in endosomes,34, 129, 158 

thereby facilitating access to TLR9 within antigen presenting cells. Given these characteristics, 
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we hypothesize that CpG-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.  

3.2 Results 
!

3.2.1 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.118, 157, 159 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 3.1). In the following sections, a common CpG (1826) was used (5’-

TCCATGACGTTCCTGACGTT-3’) for ease of comparison. 
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Figure 3.1. 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). 
 

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.   

3.2.2 Characterization of CpG conjugated AuNP designs 
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Prior to assessing the functional efficacy of the designs, the stability and DNA content of 

the three CpG conjugated AuNP constructs were evaluated using three different AuNP sizes: 

15nm, 30nm, and 80nm in diameter. For the different core sizes, salting the particles during the 

assembling process is important for a successful DNA coating.121 Since AuNPs greater than 

20nm benefit from raising the salt concentration gradually,160 the salt concentration of the 30nm 

and 80nm CpG conjugated AuNP constructs were increased slowly over one and a half hour, 

while the 15nm constructs were salted all at once.  

 The stability of the particle constructs were compared to the citrate stabilized 

nanoparticles by analyzing the absorbance spectra (Supplementary Figure 3.1). 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.  

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 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 3.2a). 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 
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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.121, 161  

 
 
 

Figure 3.2. 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). 

 

3.2.3 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 
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activated macrophages and is an important component of the anti-tumor activity of 

macrophages.153 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 15nm constructs (p < 0.0001), 480 pg/ml for 

30nm constructs (p < 0.0001), and 90 pg/ml for 80nm constructs (p = 0.004) (Figure 3.2b). 

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.122 

However, 30nm constructs did not share the same trend (p = 0.84). This outcome can be 

explained by the previous DNA content results (Figure 3.2a). For the 15nm 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 CpG delivered, one finds no 

significant functional difference between the CpG-AuNP and CpG-T11-AuNP designs, which 

also holds true for 30nm 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 3.2c). In addition to 
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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 

3.2b/c). However, since the experiments prior were done separately, a combined TNFα 

stimulatory experiment was performed using 15nm, 30nm and 80nm tmCpG-AuNP constructs. 

To ensure that the 15nm 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 3.3a). 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 IL-6, an inflammatory cytokine 

known to be up-regulated in macrophages following CpG stimulation162, 163 (Figure 3.3b). 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 vivo164 (Figure 3.3c). 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 3.3. 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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Additionally, we assessed the effect of the three CpG sequence designs in solution, 

without being conjugated to the nanoparticles, to ensure that modifications themselves did not 

induce macrophage stimulation. None of the modifications on the CpG sequences caused TNFα 

secretion. Finally, we incubated citrate particles of all three sizes with the macrophages and 

found that the particles alone did not induce TNFα secretion (Supplementary Figure 3.2). 

Given these in vitro results, the 15 nm tmCpG-AuNP design was chosen for the following in vivo 

experiments. 

3.2.4 AuNP-CpG inhibits tumor growth and promotes survival in mice bearing B16-OVA 

tumors  

C57BL/6 mice were implanted with 5x105 B16-ovalbumin (B16-OVA) tumor cells 

subcutaneously. Once the tumors reached a size of ~15 mm2, we injected approximately 1013 

particles into the tumor, equivalent to a dose of about 6.4 µg CpG. We administered the CpG 

treatment via intratumor injections because this route has been shown to be superior to 

intravenous or subcutaneous injections.165, 166 Subsequent doses were injected on days 4 and 7 

after the first dose, as was done in a previous intratumor study.166 Mice receiving equivalent 

doses of free CpG or receiving injections of PBS were used as controls. Starting on day 11 after 

the first dose (day 17 overall), the tmCpG-AuNP treatment induced significant inhibition of 

tumor growth when compared to free CpG (p=0.0306) (Figure 3.4a). 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) (Supplementary Figure 3.3).  
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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 3.4b). 

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).  

 

Figure 3.4. 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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3.2.5 CpG treatment induces immune cell infiltration of the tumor  

To elucidate the immune mechanism of tumor growth inhibition, we analyzed the 

infiltration of immune cells at the tumor site using flow cytometry. Mice were again implanted 

with B16-OVA tumors and received the same 3 dose treatment regimen of PBS (n=4), free CpG 

(n=5), free tmCpG, or tmCpG-AuNP (n=5) once the tumors reached a size of approximately 15 

mm2. As was done in vitro, the free tmCpG condition was included to ensure that the 

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 3.5). 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 3.5. Percent tumor infiltration immune cells. (a) CD11b+ cells, (b) CD11c+, (c) CD8+ cells, 
(d) CD4+ cells, and (e) CD11b+Gr-1+ cells.  
 

3.3 Discussion and Conclusions 
!

The immune response following CpG treatment has been characterized in a variety of 

tumor models, and a number of immune populations have been implicated in antitumor activity. 

Treatment of murine colon adenocarcinoma was shown to be mainly mediated by CD8+ T cells 

with partial effect from innate effector cells,167 while the antitumor response against large B16 

melanoma tumors was dominated by macrophages.153 Most recently, it has been shown that CpG 

treatment can also inhibit the suppressive activity of myeloid derived suppressor cells (MDSCs), 
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a population that inhibits T cell activity.143, 145 However, effective CpG treatment in mice 

commonly requires high doses given repeatedly, raising concerns of possible systemic 

toxicity.168 Consequently, a 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 nanoparticles,18 liposomes,17, 169 DNA origami 

structures,170 and most recently, gold nanoparticles,84 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.84 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 
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nucleotide spacer reduces “steric crowding” of the DNA strands, thus making the target sequence 

more accessible to binding.121, 161 Nucleotide spacers have been used widely to improve 

functionality of DNA on AuNPs for various applications such as antisense gene modulation.157 

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.161 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%.157 Wei and colleagues used a T20/A20 duplex spacer linked to CpGs to improve its 

functionality in vitro when compared to a T20 spacer;122 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 surfaces171 and reduces the uptake of nanoparticles by approximately 50%.22 Giljohann et 

al. noted that higher DNA densities on AuNPs caused increased cellular uptake.172 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 of the extended CpG strand. Having free 

moving CpGs can improve binding to TLR9, which is confined in the endosomal membrane. 
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 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.122, 173 

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 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 
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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.145 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 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.   

In conclusion, CpG oligonucleotides are immune stimulatory agents that have shown 

clinical promise as single treatments and as vaccine adjuvants.151, 152 However, CpG treatment 

can be limited by the need for high doses and by non-specific toxicity,168  such as systemic 

cytokine increase and coagulation inhibition.152 Nanotechnology can address such concerns by 
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enhancing delivery of CpG to antigen presenting cells, and a number of nanocarriers have been 

explored for this purpose.17, 18, 84, 169, 170 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.  

3.4 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)174 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 oC and 5% CO2.   

Particle Synthesis. Citrate stabilized gold nanoparticles (15nm, 30nm, and 80nm) 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 25°C. Uncapped CpG sequences (0.5 µM end 

concentration) were added to citrate stabilized gold nanoparticles for 24hrs. The solution was 
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brought to 1x phosphate buffered saline (PBS) and 0.1% Tween 20 and placed on a nutator for 

another 24hrs. 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 area to deliver the same dose of CpG. For 
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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 stained with antibodies against CD8, 
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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.  

3.5 Supplementary Figures 
 

 

Supplementary Figure 3.1. Absorbance spectra of CpG conjugated gold nanoparticle constructs 
(15nm, 30nm and 80nm) before and after assembly.  
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Supplementary Figure 3.2. TNFα levels in macrophages following incubation with modified 
CpG sequences and citrate particles of 15 nm, 30 nm, and 80 nm diameters.  
 

 

 Supplementary Figure 3.3. In vivo anti-tumor effect following a single intratumor injection of 
30nm tmCpG-AuNPs compared to free CpG and PBS (* p = 0.0124). 
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Chapter 4:  Gold nanoparticle antigen deliveryd 
!

4.1 Introduction 
!

In chapter 2 we detailed the distribution of AuNPs in the immune system and found that 

AuNPs readily interact with innate immune cells that could be targeted with stimulatory 

adjuvants. To that end, we developed CpG coated AuNPs and demonstrated their enhanced 

inflammatory and therapeutic efficacy in Chapter 3. Nevertheless, as shown, delivery of the CpG 

adjuvant alone has limited effect as a monotherapy and is normally applied in combination with 

a vaccine. Therefore, we sought to develop AuNPs capable of carrying antigens for vaccination. 

In this chapter, we discuss the development of antigen coated particles and their immunological 

and anti-tumor effects alone or in combination with CpG coated AuNPs. As aforementioned, 

nanotechnology can promote the efficacy of various facets of cancer immunotherapy, from 

adoptive T cell therapy to vaccine delivery.1, 16, 56, 130 Nanotechnology is particularly beneficial 

for peptide vaccination, an avenue that has shown clinical promise but important limitations. 

Peptides present a number of advantages for treatment, including safety, stability, defined 

epitopes, and efficacy at promoting T cell stimulation.175, 176 However, peptide vaccines have 

shown low clinical effect in trials because they can be quickly degraded in the body, producing 

only transient responses.176 Nanotechnology can protect peptides from degradation and facilitate 

delivery to the immune system, but conventional carriers such as liposomes are of limited benefit 

due to large sizes that are inappropriate for lymphatic drainage and cell uptake.177, 178 AuNPs, 

however, are particularly well-suited for this application, for they can be tuned in size to 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
d Adapted from: Joao Paulo Mattos Almeida, Adam Lin, Elizabeth Figueroa, Aaron Foster, 
Rebekah Drezek. In vivo gold nanoparticle delivery of peptide vaccine induces anti-tumor 
response in prophylactic and therapeutic tumor models. In submission. 2014. 

!
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optimize delivery to the immune system, can be functionalized with the relevant molecules for 

immune modulation,117 and have been shown to produce adjuvant effects in vaccination.1 By 

leveraging these characteristics, AuNPs can be used to both overcome the delivery limitations of 

peptides and to promote their therapeutic benefit. 

As discussed in Chapter 2, our group has found that 50 nm AuNPs accumulate in 

dendritic cells, B cells, and MDSCs of the spleen after intravenous injection.179 Recent studies on 

other nanoparticles have observed similar patterns and have shown that this distribution could be 

applied in immunotherapy. Reddy and colleagues, for example, assessed the lymphatic uptake of 

poly(propylene sulfide) nanoparticles of varying sizes and determined that they accumulated in 

about 50% of lymph node dendritic cells, with particles in the 20-45 nm range showing the 

highest retention.178 In a separate study, the group also demonstrated that these particles can 

accumulate in myeloid derived suppressive cells (MDSCs) of the spleen and lymph nodes after 

intradermal injection, suggesting the potential to target suppressive cells for the purpose of 

polarizing them to an inflammatory phenotype.180 The ability to design nanoparticles that can 

passively or actively target immune populations in vivo illustrates their potential use for vaccines 

and other immune modulating therapies.   

Although further study is needed to fully characterize AuNP distribution within the 

immune system, various groups have begun exploring the application of AuNPs in vaccination, 

for they have been shown to have adjuvant and immune stimulatory effects. For instance, 

Niikura and colleagues tested AuNPs of varying sizes and shapes for vaccination against West 

Nile virus and demonstrated that 40 nm spheres were optimal for antibody production and 

inflammatory response. The group observed that AuNPs have a direct adjuvant effect, evidenced 

by the release of inflammatory cytokines in cultured dendritic cells.24 Lee et al., in turn, used 7 
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nm AuNPs to deliver red fluorescent protein (RFP) and demonstrated that these constructs can 

inhibit tumor growth in an RFP-B16F10 tumor model.84 Interestingly, peptide coated AuNPs can 

also induce stimulation of innate immune cells, and the mechanisms behind this effect are under 

study. Bastus et al., for instance, observed that AuNPs homogenously coated with peptides 

caused macrophages to produce pro-inflammatory cytokines, and they posit that this effect is due 

to the ordered and repetitive coating of the peptide.181 Yang et al. also assessed the inflammatory 

response to peptide coated AuNPs and found that cytokine release is mainly dependent on the 

amino acid composition of the peptide, with aromatic amino acids causing the strongest 

stimulatory effect.182  

Despite these advances, little work has been done to explore the utility of AuNPs in the 

delivery of peptide vaccines for cancer immunotherapy. Therefore, we hypothesized that one 

could leverage the immune distribution and adjuvant effect of AuNPs to develop AuNP-peptide 

vaccines that could produce systemic immune responses against tumors. To that end, we used 

AuNPs coated with the ovalbumin peptide antigen (AuNP-OVA) alone or in combination with 

AuNPs coated with the CpG adjuvant (AuNP-CpG) for cancer immunotherapy. AuNP-OVA 

treatments induced a significantly stronger antigen specific immune response than delivery of 

free OVA and did not require the addition of adjuvant. Furthermore, this response resulted in 

significant tumor inhibition in both a prophylactic and therapeutic setting.  This anti-tumor effect 

in turn led to significant survival extension, demonstrating that AuNPs can be an effective carrier 

of peptide cancer antigens and adjuvants for cancer treatment. In addition, delivery with AuNPs 

may reduce the need for high doses of adjuvants, thereby reducing possible toxicities such as 

spleen enlargement and systemic cytokine release.17, 18  



! 76!

4. 2 Results and Discussion 
!

4.2.1 AuNP-OVA and AuNP-CpG promote antigen specific immune responses.  

AuNP-OVA and AuNP-CpG particles were prepared as previously described.20, 139 

Briefly, 30 nm AuNPs were first coated with carboxyl-terminated polyethylene glycol (PEG), 

then conjugated with OVA peptide using EDC/Sulfo-NHS chemistry to bind the amine groups of 

the peptide to the activated carboxyl groups of the PEG.139 The AuNP-CpG particles were 

prepared by coating 30 nm AuNPs with CpG1826 via an Au-thiol dative bond.20 A spectral shift 

in the UV-Vis absorbance spectrum of the particles was indicative of successful conjugation 

(Supplemental Figure 4.1).  Both AuNP-OVA and AuNP-CpG particles remained under 100 

nm in diameter (Supplementary Table 4.1), the size range that is optimal for lymphatic 

drainage and immune uptake.129, 177, 178  

To analyze the antigen-specific response induced by treatment, the particles were injected 

subcutaneously in both flanks of mice for a total dose of 2x1011 AuNP-OVA and 1012 AuNP-

CpG, or the equivalent of at most 50 µg OVA and approximately 4.7 µg CpG. A booster 

injection was given 10 days later, and the mice were euthanized after an additional 7 days and 

the spleens were harvested for Enzyme Linked ImmunoSpot (ELISPOT) analysis. The 

conditions tested were: Free OVA, Free OVA+ Free CpG, Free OVA+ AuNP-CpG, AuNP-

OVA, AuNP-OVA+ Free CpG, AuNP-OVA+ AuNP-CpG (Figure 4.1). The injection of free 

OVA with or without free CpG induced no OVA-specific immune response, while the 

application of Free OVA+ AuNP-CpG caused a measureable response by ELISPOT. Therefore, 

AuNP mediated delivery of CpG enhanced the adjuvant’s immune stimulation, and this 

enhancement consequently promoted vaccination with free OVA. The strongest responses were 
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observed in the AuNP-OVA conditions (p<0.02), with approximately 1.5% of CD8+ T cells 

specific for OVA (Supplementary Figure 4.2). This strong response illustrates that AuNPs 

enhance antigen specific activity, likely due to facilitated delivery and through an adjuvant effect 

of AuNPs. In fact, when cultured in vitro with bone marrow derived dendritic cells (BMDCs), 

AuNP-OVA induced significantly higher release of the inflammatory cytokine IL-6 than free 

OVA or unconjugated, PEGylated AuNPs (Supplementary Figure 4.3a). AuNP-CpG particles 

also caused IL-6 release, as expected. Interestingly, AuNP-PEG particles also had an 

inflammatory effect, but to a lesser extent than AuNP-OVA and AuNP-CpG particles. This 

effect may be mediated by the carboxyl groups on the nanoparticle surface, as this surface 

modification has been previously shown to induce inflammatory cytokine release.183 When 

cultured with the J774.A1 monocyte and macrophage cell line, however, the AuNP-PEG and 

AuNP-OVA treatments showed no stimulatory effect, whereas the AuNP-CpG particles did 

(Supplementary Figure 4.3b). This finding suggests that the AuNP-OVA adjuvant effect may 

be specific to dendritic cells.   

The AuNP-OVA inflammatory response is consistent with previous work describing the 

adjuvant effect of AuNPs coated with proteins or with peptides. Niikura and colleagues found 

that spherical AuNPs in the 40 nm range coated with West Nile Virus Envelope protein induced 

the highest release of TNFα and IL-6 in bone marrow dendritic cells when compared to particles 

of different shapes and sizes.24 As aforementioned, Bastus et al. attributed macrophage pro-

inflammatory response against peptide-coated AuNPs to the repetitive coating on the particle 

surface,181 while Yang and colleagues concluded that the presence of aromatic amino acids in 

peptide coated AuNPs induced inflammation.182 In this study, the main contribution to the 

cytokine production may stem from the foreign OVA antigen or from the presence of the 
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aromatic amino acid phenylalanine in the peptide, but further work is needed to determine the 

role of the core particle, the peptide structure, and the choice of antigen in inflammatory 

responses.  

 

Figure 4.1. IFN-gamma producing splenocytes in ELISPOT assay after treatment with various 
conditions. Mice were injected subcutaneously on both flanks on day 0 with a total dose of 2x1011 AuNP-
OVA and 1012 AuNP-CpG, or the equivalent of at most 50 µg OVA and approximately 4.7 µg CpG. The 
dose was repeated on day 10, and the spleens were harvested on day 17. *, p<0.02.  

4.2.2 AuNP treatment promotes immunity against tumor challenge.  

To assess whether the antigen-specific response then translated to an anti-tumor effect, 

we applied the nanoparticles in a tumor challenge model. The treatments were again given at the 

same doses 10 days apart, followed by tumor challenge 7 days later with 105 B16-OVA cells 

subcutaneously (Figure 4.2a). Tumors grew in PBS treated mice (n=5) and mice treated with 

free OVA (n=5), consistent with the lack of antigen specific response observed in Figure 1. Mice 
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treated with free OVA+ AuNP-CpG (n=5) displayed a significant delay in tumor growth 

(p<0.02) starting on day 13, but the tumors eventually grew. Nevertheless, the addition of AuNP-

CpG enhanced the vaccination and significantly prolonged survival when compared to Free 

OVA alone (p=0.0082). Mice treated with AuNP-OVA (n=5) and AuNP-OVA+ AuNP-CpG 

(n=5) showed no tumor growth at all in any of the mice, indicating that the antigen specific 

response provided protection against tumor growth. These anti-tumor effects ultimately resulted 

in significantly prolonged survival (p<0.0001), with 100% of the AuNP-OVA and AuNP-OVA+ 

AuNP-CpG mice surviving throughout the 50 day duration of the study (Figure 4.2b).  
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Figure 4.2. A) Tumor growth following challenge with B16-OVA on mice treated with various 
conditions. Mice were injected subcutaneously on both flanks on day 0 with a total dose of 2x1011 AuNP-
OVA and 1012 AuNP-CpG, or the equivalent of at most 50 µg OVA and approximately 4.7 µg CpG. The 
dose was repeated on day 10, and the mice were then challenged with 105 B16-OVA cells subcutaneously 
on day 17. B) Survival following challenge with B16-OVA. N=5 for all conditions. *, p<0.02.  
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4.2.3 AuNP treatment inhibits tumor growth in established tumor models.  

Next, we assessed the benefit of these treatments in a therapeutic setting. Here, mice were 

implanted with 5x105 B16-OVA cells, and the tumors were allowed to grow for 5 days to a size 

of 5 mm2 prior to treatment. The mice were then given the same doses, with a priming injection 

on day 5 and a booster injection on day 12 after tumor implantation (Figure 4.3). In this model, 

the free OVA and free OVA+AuNP-CpG condition had no effect on tumor growth when 

compared to PBS treated mice. Yet, the conditions with AuNP-OVA showed a significant 

inhibition of tumor growth (p<0.02), which also resulted in significantly prolonged survival 

when compared to PBS, Free OVA, and Free OVA+AuNP-OVA (p<0.003). In addition, 40% of 

mice in the AuNP-OVA condition showed no palpable tumor by the end of the 50-day study. 

Interestingly, the addition of AuNP-CpG had no effect when combined with free OVA or AuNP-

OVA. Perhaps the tumor was too advanced to be affected by CpG alone or by the weak immune 

response produced by injections of free OVA+ AuNP-CpG. Furthermore, the addition of AuNP-

CpG to AuNP-OVA may not add benefit because the antigen and adjuvant are on separate 

particles. Immune stimulation of antigen and adjuvant is indeed more potent when the two agents 

are co-localized,184, 185 and the use of separate particles may not result in uptake by the same cell 

populations.  
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Figure 4.3. A) Tumor growth in an established B16-OVA 5 mm2 tumor model following treatment with 
various conditions. Mice were implanted with 5x105 B16-OVA tumor cells subcutaneously, and the 
tumors were allowed to grow for 5 days to a size of about 5 mm2. The first treatment dose was then 
administered on both flanks subcutaneously, for a total dose of 2x1011 AuNP-OVA and 1012 AuNP-CpG, 
or the equivalent of at most 50 µg OVA and approximately 4.7 µg CpG. The dose was repeated 7 days 
later. B) Survival following treatment. N=5 for all conditions. *, p<0.02.  
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Finally, we explored the effect of these treatments on a larger tumor, as more advanced 

tumors are more immunosuppressive and more difficult to treat.8, 10, 186 In this case, we allowed 

the B16-OVA tumors to grow for 11 days, reaching an average size of 10 mm2, or double the 

size used in the previous experiment (Figure 4.4). The free OVA condition was again 

ineffective, but the free OVA+ AuNP-CpG condition caused a significant inhibition of tumor 

growth (p<0.03) and a modest, significant increase in survival (p=0.0027). This finding was 

unexpected and may be a result of the tumor stage. More advanced tumors have higher 

infiltration of MDSCs, and the application of CpG at this stage may be inhibiting the MDSC 

suppressive activity.143, 145 In agreement with previous experiments, the AuNP-OVA conditions 

caused the most significant inhibition in tumor growth (p<0.03), leading to significantly 

enhanced survival when compared to free OVA (p<0.005).  

Once again, the AuNP-OVA treatment was strong enough to promote an anti-tumor 

effect without the inclusion of adjuvant. The efficacy of AuNP-OVA alone is particularly 

striking given that similar studies of nanoparticle-delivered OVA require the presence of an 

adjuvant for anti-tumor activity. Bourquin et al., for example, delivered OVA in gelatin 

nanoparticles, but the immunization was only effective against tumor challenge when the 

particles were complexed with 100 µg CpG.18 Similarly, in a study by de Titta and colleagues, 

OVA delivery with small polymeric particles required co-delivery with CpG in order to induce 

immune protection against tumor challenge.187 Finally, with liposomal delivery, van Broekhoven 

et al. observed that particles delivering OVA needed to be encapsulated with danger signals such 

as LPS or interferon to provide anti-tumor immunity.188 Thus, the efficacy of AuNP-OVA alone 

shown here suggests the potential for AuNPs to deliver peptide antigens with reduced adjuvant 

doses. In fact, our findings are consistent with those of Lee et al., who also observed that AuNP 
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delivery of red fluorescent protein (RFP) antigen alone, without CpG, induced protection against 

tumor challenge. In a therapeutic model AuNP-RFP delivery was again effective on its own, but 

in this case the addition of CpG led to a modest improvement in tumor inhibition.84 In their 

work, Niikura and colleagues delivered West Nile virus envelope protein without adjuvants and 

observed significant inflammatory response and antibody production, consistent with previous 

observations of the inflammatory impact of AuNPs.39, 42, 43 More research is needed to elucidate 

the mechanisms behind the stimulatory effect of AuNPs, as they may be mediated by a variety of 

factors such as shape, size, hydrophobicity, and coating.43, 46, 183 Further understanding may then 

allow researchers to leverage these characteristics for improved vaccine delivery. Here, we 

expanded upon the findings that AuNPs can serve as adjuvants and can promote inflammation 

when coated with peptides to demonstrate that AuNP delivery of antigen alone causes anti-

cancer activity without co-delivery of danger signals. The ability to induce an anti-tumor 

immune response without adjuvants positions AuNPs as promising immunotherapy carriers, with 

the potential to limit toxicities normally associated with high adjuvant doses.  
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Figure 4.4. A) Tumor growth in an established B16-OVA 10 mm2 tumor model following treatment with 
various conditions. Mice were implanted with 5x105 B16-OVA tumor cells subcutaneously, and the 
tumors were allowed to grow for 11 days to a size of about 10 mm2. As with the small tumor, the first 
treatment dose was then injected on both flanks subcutaneously, for a total dose of 2x1011 AuNP-OVA 
and 1012 AuNP-CpG, or the equivalent of at most 50 µg OVA and approximately 4.7 µg CpG. The dose 
was repeated 7 days later. B) Survival following treatment. N=5 for all conditions. *, p<0.03.  
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4.3 Conclusions 
!

AuNP mediated delivery of OVA and CpG induced systemic antigen-specific immune 

responses that resulted in anti-tumor effect in a prophylactic model and in small and large 

established tumor models. The addition of AuNP-CpG was beneficial when combined with 

delivery of free OVA, indicating that AuNP delivered adjuvant can boost the efficacy of free 

antigen to a higher extent than free adjuvant. However, the addition of AuNP-CpG had no effect 

when administered with AuNP-OVA in vivo, likely because the effect of AuNP-OVA was strong 

enough on its own and because the different particle treatments did not distribute to the same 

cellular populations.  In fact, AuNP-OVA demonstrated higher inflammatory effects in vitro than 

PEGylated particles and free OVA. Cumulatively, the findings indicate that AuNP-OVA alone 

can induce a strong, therapeutic response because of the adjuvant effect of peptide coated 

AuNPs. AuNPs therefore can serve as effective carriers for peptide vaccines, promoting their 

anti-tumor effect and potentially reducing the need for high doses of other adjuvants. Further 

studies will focus on the delivery of other tumor antigens and on the design of particles capable 

of delivering antigen and adjuvant simultaneously.  

4.4 Materials and Methods 
!

Cell culture. B16-OVA cells were kindly provided by Dr. Xiao-Tong Song (Baylor 

College of Medicine)174. They were maintained at 37 oC and 5% CO2 and cultured with 

Dulbecco’s Modified Eagle Medium (DMEM) (ATCC), supplemented with 0.5 mg/ml geneticin 

(Invitrogen), 2 mM Glutamax (Invitrogen), and 10% FBS (ATCC). The J774.A1 macrophage 

line (ATCC) was maintained in DMEM with 10% FBS and 1% penicillin/streptomycin.  
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AuNP-OVA conjugation. AuNP-OVA particles were prepared as previously described.139 

Briefly, 10 ml of 30 nm gold colloid (Ted Pella, Inc.) at 2x1011 AuNPs/ml was incubated with 

0.5 mM carboxyl-terminated 5,000 MW PEG overnight. The solution was then raised to 10 mM 

sodium phosphate, 0.1 M sodium chloride, and 0.1% tween 20 w/v% and incubated overnight. 

Next, the particles were spun and pelleted at 7,500 g for 20 minutes and re-suspended in 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (Thermo Scientific). 4.5 mg of EDC and 6.4 mg 

Sulfo-NHS (Thermo Scientific) were added to the solution and incubated for 15 minutes. After 

incubation, the solution was washed two times at 7,500 g for 20 minutes, and the pellet was re-

suspended in 10 ml PBS. Then, the solution was incubated with 50 µg/ml of the SIINFEKL 

OVA peptide (Genemed Synthesis) for 1 hour. The reaction was terminated with 10 mM NH2OH 

and incubated for 1 hour. Finally, the solution was washed three times at 7,500 g for 20 minutes, 

and the particles were re-suspended in PBS and stored at 4 oC until use.  

AuNP-CpG conjugation. AuNP-CpG particles were prepared as previously published.20 

CpG 1826 sequences with the modifications previously described were purchased from 

Integrated DNA Technologies. The sequence is: 5’-HS-C6-TTTTTTTTTTT-(CH2CH2O)3-

TCCATGACGTTCCTGACGTT-3’.  The thiol modification was reduced by incubating for 1 

hour in 100 mM dithiothreitol (Thermo Scientific) in HPCE buffer solution, pH 8.5 (Fluka 

Analytics). Next, the solution was eluted through NAP-5 columns (GE Healthcare) in HPCE 

buffer at pH 6.5. After elution, 10 ml of 30 nm gold colloid was incubated with 0.5 µM 

uncapped CpG overnight. The solution was then raised to 10 mM sodium phosphate, 0.1 M 

sodium chloride, and 0.1% tween 20 w/v% and incubated overnight. The particles were then 

washed three times at 7,500 g for 20 minutes, re-suspended PBS, and stored at 4oC until use.  
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Particle characterization. UV-VIS absorbance was measured using a Cary 60 UV-Vis 

(Agilent Technologies), and the particle size was measured using a 90-Plus Particle Size 

Analyzer (Brookhaven).  

Enzyme Linked Immunospot (ELISPOT) Animal studies. Albino C57BL/6J mice were 

purchased from Jackson Laboratories and kept in the pathogen free mouse facility at Rice 

University. All studies were approved and done in accordance with the Institutional Animal Care 

and Use Committee at Rice University. Particle treatments were given subcutaneously at both 

flanks for a total dose of 2x1011 AuNP-OVA particles and 1012 AuNP-CpG particles. Free OVA 

was injected at a total dose of 50 µg, and free CpG was injected at a dose of 4.7 µg. As the OVA 

peptide does not absorb in the 260-280 nm range, we could not use UV-Vis absorbance to 

measure the OVA content found on the particles, as we did with the AuNP-CpG particles.20 We 

thus compared AuNP-OVA injections with the total amount of OVA added during the 

conjugation process, which was 50 µg per 2x1011 AuNP particles. Therefore, as we injected 

2x1011 AuNP-OVA in mice, we compared that treatment with 50 µg of free OVA. This is a 

conservative estimate, as not all 50 µg of OVA will successfully be conjugated onto the surface 

of the PEGylated AuNPs. 

In ELISPOT studies, mice were injected with a priming dose, followed by a booster dose 

10 days later. After 7 additional days, the mice were euthanized, and the spleen was harvested 

for the ELISPOT assay, as previously described by Bear et al.56 Spleens were passed through a 

70 mm cell strainer (BD Falcon), and red blood cells were removed using red blood cell lysis 

buffer (Sigma). 3x105 splenocytes were cultured in 96 well plates pre-coated with anti-Interferon 

g antibodies. The spot forming cells (SFC) were quantified at ZellNet.   
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Inflammatory cytokine release studies. BMDCs were harvested from the tibia and femur 

of mice. Red blood cells were lysed and the cells were grown for 48 hours at 37oC and 5% CO2 

in media supplemented with IL-4 and GM-CSF. Cells were cultured with 50 µg OVA, 2x1011 

AuNP-PEG, 2x1011 AuNP-OVA, or 2x1011 AuNP-CpG. After overnight incubation, the 

supernatant was collected and analyzed using an IL-6 ELISA kit (eBioscience). The experiment 

was repeated in the J774.A1 monocyte/macrophage cell line. 

Tumor studies. In challenge studies, the mice were treated as described, and then 

challenged with 1x105 B16-OVA cells. Tumor area was measured by digital caliper and mice 

were euthanized once the tumor area exceeded 1 cm2.  

In therapeutic studies, mice were implanted with 5x105 B16-OVA cells, and the tumors 

were allowed to grow for 5 days to a size of ~5 mm2 in the small tumor model and for 11 days to 

~10 mm2 in the large tumor model. Then the mice were treated with the previously described 

doses 7 days apart. Again, the tumor size was measured using digital calipers, and mice were 

euthanized once tumors exceeded an area of 1 cm2. 

Statistical analysis. Significance was set at α=0.05, and multiple comparisons were done 

using Tukey’s HSD. Survival analysis was done using the log-rank test, accounting for multiple 

comparisons with the Bonferroni correction. All analysis was done in JMP Pro Software.  

 

 

 

 
!



! 90!

 

4.5 Supplementary Figures 
!

!

!

!

Supplementary Figure 4.1. Absorbance spectra of A) AuNP-PEG and AuNP-OVA particles. B) AuNP-
PEG and AuNP-CpG particles. 
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Particle! Mean!hydrodynamic!diameter!! Polydispersity!

AuNPPPEG! 60.3!+/P!0.2! 0.232!

AuNPPOVA! 84.3!+/P!0.9! 0.285!

AuNPPCpG! 83.3!+/P!0.4! 0.292!

*

Supplementary Table 4.1. Size and polydispersity of nanoparticles.  

!

!

Supplemental Figure 4.2. Dextramer analysis of CD8+ T cells positive for OVA in naïve and AuNP-
OVA treated mice. 

!

!

!
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!

!

Supplementary Figure 4.3. IL-6 production in A) Bone Marrow Dendritic Cells (BMDCs) or B) 
J774.A1 monocyte/macrophage cell line exposed to PBS, 50 µg OVA, 2x1011 AuNP-PEG particles per 
ml, 2x1011 AuNP-OVA particles per ml, or 2x1011 AuNP-CpG per ml. *, p<0.008. **, p<0.0001.  
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Chapter 5. Future outlook: Developing Combination Therapies of Ablative Treatments and 
Nanoparticle Mediated Immunotherapye,f 

!

The applications described thus far demonstrated the ability of AuNPs to distribute within 

target cells of the immune system, to enhance the therapeutic efficacy of adjuvants, and to 

promote antigen specific vaccination through the inflammatory effect of peptide coated AuNPs. 

Future studies need to further explore the potential of AuNPs as an immunotherapy platform, 

particularly given its utility in photothermal therapy (PTT). The combination of PTT with AuNP 

mediated antigen or adjuvant delivery could prove synergistic, thus permitting local ablative 

therapy to be useful for metastatic cancer. Although PTT is a promising modality with efficacy 

in primary disease, it remains limited in that it can only be applied to superficial, accessible 

tumors.47, 56 However, PTT and a number of primary treatment modalities have been shown to 

induce an anti-tumor immune response. One can thus envision a treatment strategy where 

ablation of a primary tumor in combination with immunotherapy can be used to modulate the 

immune response and direct it against metastatic sites. Therefore, we posit that local cancer 

treatments can be combined with nanoparticle-delivered immune therapies to generate systemic 

immune responses and treat metastatic disease.  

 Ablative treatments such as photodynamic therapy (PDT), radiofrequency ablation 

(RFA), hyperthermia, and gold nanoparticle (AuNP) meditated photothermal therapy (PTT) have 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
e Adapted from: Joao Paulo Mattos Almeida, Rebekah Drezek, Aaron Foster. Controlling 
melanoma at the local and systemic levels: Is ablative therapy in combination with 
immunotherapy the way forward? Immunotherapy (2014) 6(2), 109–111.  

 
f Adapted from: Bear AS, Kennedy LC, Young JK, Perna SK, Mattos Almeida JP, et 
al. (2013) Elimination of Metastatic Melanoma Using Gold Nanoshell-Enabled Photothermal 
Therapy and Adoptive T Cell Transfer. PLoS ONE 8(7): e69073. doi: 
10.1371/journal.pone.0069073. 

!
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been shown to cause tumor-specific immune responses.49 In general, the immune response is 

generated by cancer cell death and the release of Damage Associated Molecular Patterns 

(DAMPs) and tumor antigens, which are then captured by dendritic cells (DCs) and 

macrophages.49, 51 The treatments also induce a strong inflammatory response, characterized by 

the release of cytokines such as TNFα, IL-6, and IL-1β. Upon antigen capture the immune 

system mounts an antigen specific immune response against distant sites, thus making normally 

local treatments that depend on tumor accessibility applicable to metastatic disease.49, 51  

A number of studies have explored how to harness this response by testing combination 

immunotherapies. For instance, Castano et al. applied PDT in combination with low dose 

cyclophosphamide in a reticulum cell sarcoma model. The addition of low dose of 

cyclophosphamide depleted immune suppressive regulatory T cells (Treg), thereby enhancing the 

immune response following PDT and promoting long-term survival in 70% of mice.189 Gameiro 

et al. in turn, combined RFA with a poxviral vaccine against the carcioembryonic antigen (CEA) 

for treatment in a colon carcinoma tumor model. The group observed significantly higher 

proliferation of CEA-specific T cells with the combination therapy when compared to the 

individual treatments alone.190 Similarly, Liu and colleagues combined RFA with heat shocked 

tumor cell lysate pulsed DCs to promote immunity against tumor recurrence.191 In another 

strategy, Chen and colleagues applied granulocyte-macrophage colony stimulating factor (GM-

CSF) administration and cytotoxic T lymphocyte associated antigen-4 (CTLA-4) blockade in 

conjunction with hyperthermia.192 Although the immune mechanisms were not explored, the 

addition of GM-CSF is intended to promote DC recruitment and maturation while the CTLA-4 

blockade is aimed at inhibiting Treg activity. The combination induced a tumor-specific immune 

response mediated by natural killer (NK) cells, CD8+, and CD4+ T cells, and it inhibited tumor 
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growth at distant established sites. The CTLA-4 blockade has also been applied in combination 

with cryoablation, again causing CD8+ and CD4+ T cell infiltration at secondary tumors and 

increasing the ratio of cytotoxic T cells to regulatory T cells at those sites.193  

Importantly, Li et al. have applied these combination concepts in a clinical study, 

combining photothermal therapy with the imiquimod immune adjuvant for in situ 

photoimmunotherapy (ISPI) of metastatic melanoma.194 The treatment induced a complete 

response in six out of eleven patients and resulted in a 12-month survival probability of 70%. 

The clinical application of local ablation to induce systemic immune response is thus viable, but 

further research into the exact immune mechanisms and the methods by which to modulate them 

is still necessary.  

 In our group, we characterized the immune effects of AuNP mediated PTT.56 Our lab has 

demonstrated that PTT can promote a tumor specific immune response against a distant, 

subcutaneous B16-ovalbumin (B16-OVA) tumor (Figure 5.1),56 and flow cytometry analysis of 

the tumor showed that the response was caused by infiltrating CD4+ helper T cells and CD8+ 

cytotoxic T cells. Importantly, however, the site also displayed a significantly higher percentage 

of MDSCs when compared to PBS treated mice (Figure 5.2). This growth appeared to be 

induced by an inflammatory response to PTT, as demonstrated by increased levels of 

inflammatory cytokines and stem cell differentiation factors such as IL-6, IL-1β, and GM-CSF 

(Figure 5.3).  



! 96!

!

Figure 5.1. Tumor growth in primary and contralateral B16-OVA tumors after PTT, compared to 
mice that did not receive treatment. (*, p<0.05). Reproduced from Bear et al.56 
!

!

Figure 5.2. Percent MDSCs at contralateral tumor site in PTT mice compared to untreated mice. (*, 
p<0.05). Reproduced from Bear et al.56 
!
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!

Figure 5.3. Serum concentrations of a) inflammatory cytokines and b) stem cell differentiation factors in 
PTT treated mice (black bar) or untreated mice (gray bar). (*, p<0.05), (**, p<0.01), (***, p<0.001). 
Reproduced from Bear et al.56 
!

 Overall, the immune response to PTT induces a systemic inflammatory response that can 

promote dendritic cell maturation and T cell activity but that may also promote MDSC 

expansion. As was aforementioned, MDSCs are immune suppressive cell populations that have 

been shown to expand in tumor bearing mice.8, 10, 195 For instance, Ilkovitch and colleagues 

showed that mice in various tumor models display MDSC expansion in both the liver and 

spleen.196 In addition, they show that these MDSCs are suppressive against T cells and that they 

induce liver macrophages to secrete PD-L1, a molecule that causes T cell apoptosis.196 Youn et 

al. also demonstrate a significant increase in splenic MDSC in various tumor models. For 

example, in mice bearing B16 melanoma tumors, approximately 10 to 15% of splenocytes were 
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MDSCs, compared to less than 5% in naïve mice.186 Younos and colleagues, in turn, report that 

mice bearing 4T1 tumors show a 3-fold increase in MDSC frequency in the lungs, a 4 fold 

increase in the liver, and a 9-fold increase in the spleen compared to naïve mice.10  

Ilkovitch and coworkers report that the MDSC expansion occurred through the release of 

various factors such as G-CSF, GM-CSF, and vascular endothelial growth factor A (VEGF-

A).196 These results are consistent with the literature, which implicates these factors and others 

such as IL-6 and IL-1β.8 Both the inherent expansion of MDSCs in tumor bearing animals and 

their growth response to inflammatory cytokines are relevant to the use of thermal ablative 

therapies for cancer treatment. Because PTT causes a systemic increase in inflammatory 

cytokines and growth factors, we hypothesized that it could promote the systemic expansion of 

MDSCs, particularly in the spleen, where MDSC populations are already expanded in tumor 

bearing mice.  In fact, PTT caused significant expansion of MDSC populations in the spleen 

when compared to control, untreated mice (Figure 5.4A).56 This population was then isolated 

and cultured with splenocytes that were activated with CD3/CD28 beads. The MDSCs inhibited 

splenocytes proliferation in both control and PTT conditions (Figure 5.4C), while only the PTT 

condition inhibited splenocyte expression of the inflammatory cytokine IFN-γ (Figure 5.4D). 

Overall, PTT promoted MDSC expansion, as well as the immune suppressive phenotype of the 

population.56 
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Figure 5.4. A) Flow cytometry populations of CD11b+/Ly6G/C+ MDSCs in control and PTT 
treated mice. B) Percent of splenocytes that are MDSCs in control and PTT treated mice. C) Splenocyte 
proliferation after co-culture at various ratios with MDSCs. D) Splenocyte IFN-γ expression after co-
culture at various ratiors with MDSCs. *, p<0.05. **, p<0.05. Reproduced from Bear et al.56 

Therefore, AuNP mediated PTT is an ablative treatment with a balance of immunological 

consequences. One on hand, the inflammatory response and antigen release can promote a 

systemic response against distant tumors, but on the other, the inflammation can promote MDSC 

expansion that can exacerbate tumor growth. As such, nanotechnology can potentially be applied 
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to promote the immune stimulatory side of the response while inhibiting the immune suppressive 

aspects. In future studies, the previously discussed antigen and adjuvant AuNP complexes could 

be applied to boost dendritic cell maturation and antigen-specific response mediated by DCs and 

macrophages infiltrating the PTT treated area.  

 Our distribution studies also indicate that AuNPs can accumulate in immune suppressive 

cells such as MDSCs, illustrating their potential for modulating these populations as well. 

Further research into the nanoparticle characteristics that influence distribution within immune 

cells will permit better targeting of specific populations. Sacchetti et al., for example, have 

developed single walled carbon nanotubes (SWCNT) targeted toward the glucocorticoid-induced 

TNFR-related receptor (GITR) in Tregs. Their work showed that the SWCNT could be 

specifically targeted to Tregs in the tumor as opposed to non-regulatory T cells or Tregs in the 

spleen.197 Similarly, Zhu and colleagues developed polymer nanoparticles capable of targeting 

the mannose receptor in tumor associated macrophages (TAMs).198 Their design also 

incorporated pH-sensitive PEG that could shed from the particle at the acidic pH of the tumor 

microenvironment. As such, the particles could accumulate preferentially in TAMs while 

avoiding normal macrophages in neutral pH because the PEG didn’t dissociate and protected the 

particle from uptake.198 This level of targeting to such suppressive populations then paves the 

way for delivery of agents that can polarize the cells’ activity.  

 The ablative treatment of primary sites can generate strong anti-tumor immune responses, 

yielding an opportunity to not only eliminate an accessible tumor but also treat distant 

metastases. There are numerous treatment modalities that can be exploited for this purpose, but 

future studies should characterize the immune responses to each treatment. In general, the 

immune system responds to cancerous cell death and the subsequent release of DAMPs and 
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cancer antigens. Further characterization will elucidate the immune populations driving the 

systemic response, including any suppressive mechanisms that may be involved. Researchers can 

then develop combination strategies aimed at promoting the immune stimulatory cells and at 

inhibiting the suppressive ones, and nanotechnologies can be useful tools in developing 

combinatorial opportunities. A number of materials are non-toxic and have been shown to 

accumulate in immune cells in the spleen and lymphatic system. Nanoparticles can be easily 

synthesized and functionalized with targeting ligands and immune modulating agents, and they 

have been shown to enhance the activity of such agents. Therefore, the fields of nanotechnology 

and immunology would benefit from closer collaboration, allowing researchers to develop 

materials that can deliver cargo to specific immune populations. The ensuing nanoparticle 

mediated immunotherapies can then be applied in combination with local therapies for the 

treatment of metastatic disease. 

Chapter 6. Conclusions 
!

 Gold nanoparticles (AuNPs) are a multifunctional platform with growing applications in 

cancer immunotherapy. AuNPs naturally accumulate in a range of immune populations, 

including dendritic cells, macrophages, B cells, and myeloid derived suppressor cells. As such, 

they provide opportunities for passive or active targeting of immune cells for the purpose of 

vaccination or immune modulation. AuNPs can be stably functionalized with the CpG adjuvant, 

thereby promoting delivery to its target receptor and enhancing its therapeutic impact both in 

vitro and in vivo. Furthermore, the ability to deliver a lower therapeutic dose reduces the risk of 

systemic toxicities to the adjuvant. In addition, AuNPs are effective carriers of peptide vaccines, 

inducing systemic antigen-specific responses in vivo, thus leading to anti-tumor activity in both 
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prophylactic and established small and large tumor models. The AuNPs provide the additional 

benefit of serving as an adjuvant itself, thus allowing vaccine delivery without administration of 

an additional potentially toxic adjuvant. Future studies should elucidate the mechanisms by 

which AuNPs induce adjuvant responses and characterize any potential toxicities that may ensue. 

The design of vaccine and adjuvant carriers can also be further refined so as to permit co-

delivery and co-localization of both agents. The platform also should be tested with a variety of 

tumor antigens and models. Finally, future work should focus on applying the optical 

functionalities of AuNPs to vaccine delivery. Initial findings have shown that AuNP mediated 

PTT of a primary tumor, for instance, can induce a systemic immune response with both 

stimulatory and suppressive consequences. The combination of antigen or adjuvant delivery with 

PTT can be utilized to further promote the stimulatory response. In addition, AuNP complexes 

should be developed to leverage the natural distribution of AuNPs to MDSCs and thereby deliver 

agents that can modulate their activity to an immune stimulatory phenotype. Such a 

combinatorial approach can then potentially serve as an effective option that both eradicates a 

primary tumor and promotes therapy against metastatic disease.  
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