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Abstract

Gold nanoparticles (AuNPs) are promising vehicles for cancer immunotherapy, with demonstrated 

efficacy in immune delivery and innate cell stimulation. Nevertheless, their potential has yet to be 

assessed in the in vivo application of peptide cancer vaccines. In this study, we hypothesized that 

the immune distribution and adjuvant qualities of AuNPs could be leveraged to facilitate delivery 

of the ovalbumin (OVA) peptide antigen and the CpG adjuvant and enhance their therapeutic 

effect in a B16-OVA tumor model. AuNP delivery of OVA (AuNP-OVA) and of CpG (AuNP-

CpG) enhanced the efficacy of both agents and induced strong antigen-specific responses. In 

addition, we found that AuNP-OVA delivery alone, without CpG, was sufficient to promote 

significant antigen-specific responses, leading to subsequent anti-tumor activity and prolonged 

survival in both prophylactic and therapeutic in vivo tumor models. This enhanced therapeutic 

efficacy was likely due to the adjuvant effect of peptide coated AuNPs, as they induced 

inflammatory cytokine release when cultured with bone marrow dendritic cells. Overall, we 

demonstrate that AuNP mediated OVA peptide delivery can produce significant therapeutic 

benefit without the need of adjuvant, indicating that AuNPs are effective peptide vaccine carriers 

with the potential to permit the use of lower and safer adjuvant doses during vaccination.
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1. Introduction

Nanotechnology can promote the efficacy of various facets of cancer immunotherapy, from 

adoptive T cell therapy to vaccine delivery.[1–4] 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 
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epitopes, and efficacy at promoting T cell stimulation.[5,6] However, peptide vaccines have 

shown low clinical effect in trials because they can be quickly degraded in the body, 

producing only transient responses.[6] 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.[7,8] Gold nanoparticles (AuNPs), however, are particularly well-

suited for this application, for they can be tuned in size to optimize delivery to the immune 

system, can be functionalized with the relevant molecules for immune modulation,[9] and 

have been shown to produce adjuvant effects in vaccination.[2] By leveraging these 

characteristics, AuNPs can be used to both overcome the delivery limitations of peptides and 

to promote their therapeutic benefit.

The biodistribution of nanoparticles has been well characterized, with the majority of 

nanoparticle doses accumulating in the spleen and liver.[10–14] Recent studies, however, 

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.[8] Similarly, our 

group has found that 50 nm AuNPs accumulate in dendritic cells, B cells, and MDSCs of the 

spleen after intravenous injection.[15] Although further study is needed to fully characterize 

AuNP distribution within the immune system, various groups have begun exploring the 

application of AuNPs in immunotherapy, particularly in the delivery of antigens and 

adjuvants. 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.[16] Lee et al., in turn, used 7 nm AuNPs to deliver red fluorescent protein 

(RFP) and demonstrated that these constructs can inhibit tumor growth in an RFP-B16F10 

tumor model.[17] Tao and colleagues utilized gold nanoclusters for antigen and adjuvant 

delivery, demonstrating enhanced efficacy in stimulating antigen presenting cells in vitro, as 

well as enhanced antibody production in vivo.[18] Similarly, Ahn et al. developed antigen-

carrying AuNPs capable of inducing an inflammatory response in vitro and an anti-tumor 

response in vivo without the need of an external adjuvant.[19] Finally, our group has 

previously developed AuNPs capable of carrying self and non-self peptides that induce an 

antigen specific response in vitro.[20]

Numerous groups have also explored methods by which to optimize AuNP mediated 

delivery of CpG, a synthetic oligodeoxynucleotide that binds to toll-like receptor 9 (TLR9) 

in the endosomes of antigen presenting cells, resulting in an inflammatory response.[21–23] 

AuNP delivery facilitates uptake into endosomes, thereby enhancing the stimulatory activity 

of CpG and producing a strong immune response with anti-tumor activity.[21,22] 

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 
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coating of the peptide.[24] 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.[25]

Cumulatively, AuNPs have been shown to facilitate delivery to the immune system, to 

promote the therapeutic effect of antigens and adjuvants, and to have an adjuvant effect on 

their own. 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.[26,27]

2. Results and Discussion

2. 1 AuNP-OVA and AuNP-CpG promote antigen specific immune responses

AuNP-OVA and AuNP-CpG particles were prepared as previously described.[20,21] 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.[20] The AuNP-CpG particles were 

prepared by coating 30 nm AuNPs with CpG1826 via an Au-thiol dative bond.[21] A spectral 

shift in the UV-Vis absorbance spectrum of the particles was indicative of successful 

conjugation (Supplemental Figure 1). Both AuNP-OVA and AuNP-CpG particles remained 

under 100 nm in diameter (Supplementary Table 1), the size range that is optimal for 

lymphatic drainage and immune uptake.[7,8,28]

To analyze the antigen-specific response induced by treatment, the particles were injected 

subcutaneously in both flanks of mice for a total dose of 2×1011 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 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 observed in the AuNP-OVA conditions (p<0.02), with approximately 1.5% 

of CD8+ T cells specific for OVA (Supplementary Figure 2). This strong response illustrates 
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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 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.[29] 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 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.[16] As aforementioned, Bastus et al. 

attributed macrophage pro-inflammatory response against peptide-coated AuNPs to the 

repetitive coating on the particle surface,[24] while Yang and colleagues concluded that the 

presence of aromatic amino acids in peptide coated AuNPs induced inflammation.[25] In this 

study, the main contribution to the cytokine production may stem from the foreign OVA 

antigen or from the presence of the 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.

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 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 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 2b).

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 5×105 B16-OVA cells, and the tumors were allowed to grow for 5 days to a 
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size of 5 mm2 prior to treatment (Figure 3). 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. 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,[30,31] and the use 

of separate particles may not result in uptake by the same cell populations.

Finally, we explored the effect of these treatments on a larger tumor, as advanced tumors are 

more immunosuppressive and more difficult to treat (Figure 4).[32–34] 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. In this case, 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.[35,36] 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.[26] 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.[37] 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.[38] 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 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.[17] 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 
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the inflammatory impact of AuNPs.[16][39–41] in vitro Finally, Ahn et al. observed antigen 

specific responses and an anti-tumor response in vivo with delivery of OVA coated AuNPs 

alone, without the need for adjuvant, consistent with the findings here.[19] The results 

discussed here indicate that AuNPs can significantly promote vaccination with the OVA 

antigen, but future studies need to assess their efficacy in delivery of less immunogenic, 

endogenous antigens. In addition, 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.[29,41,42] 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.

3. Conclusion

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 AuNPOVA 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. Experimental Section

Cell culture

B16-OVA cells were kindly provided by Dr. Xiao-Tong Song (Baylor College of 

Medicine).[43] They were maintained at 37 °C 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.[20] Briefly, 10 ml of 30 nm 

gold colloid (Ted Pella, Inc.) at 2×1011 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 °C until use.

AuNP-CpG conjugation

AuNP-CpG particles were prepared as previously published.[21] 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 4°C until use.

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 2×1011 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. We thus compared AuNP-OVA 

injections with the total amount of OVA added during the conjugation process, which was 

50 μg per 2×1011 AuNP particles. AuNP-OVA in mice, we compared that treatment 

Therefore, as we injected 2x1011 with 50 μg of free OVA. This is a conservative estimate, as 
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not all 50μg 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.[3] Spleens were passed 

through a 70 μ m cell strainer (BD Falcon), and red blood cells were removed using red 

blood cell lysis buffer (Sigma). 3×105 splenocytes were cultured in 96 well plates pre-coated 

with anti-Interferon γ antibodies. The spot forming cells )SFC) were quantified at ZellNet.

Dextramer staining

The harvested splenocytes were also stained with anti-CD8 PerCP-Cy5.5 antibodies 

(Biolegend) and SIINFEKL Dextramer PE (Immundex) and analyzed using a LSR2 flow 

cytometer and FACSDiva Software (BD).

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 37°C and 5% CO2 in media supplemented with IL-4 

and GM-CSF. Cells were cultured with 50 μg OVA, 2×1011 AuNP-PEG, 2×1011 AuNP-

OVA, or 2×1011 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 1×105 

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 5×105 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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 

2×1011 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.
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Figure 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 

2×1011 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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Figure 3. 
A) Tumor growth in an established B16-OVA 5 mm2 tumor model following treatment with 

various conditions. Mice were implanted with 5×105 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 2×1011 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. B) Survival following treatment. N=5 for all 

conditions. *, p<0.02.
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Figure 4. 
A) Tumor growth in an established B16-OVA 10 mm2 tumor model following treatment 

with various conditions. Mice were implanted with 5×105 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 2×1011 AuNP-OVA and 1012 AuNP-CpG, or the 

equivalent of at most 50 μg OVA and approximately 4.7 μgμg CpG. The dose was repeated 

7 days later. B) Survival following treatment. N=5 for all conditions. *, p<0.03.
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