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  1   .  Introduction 

 While conventional live vaccines provide an effective vaccina-
tion strategy devised since the beginning of the vaccinology 
era, [  1  ]  safety concerns may impede their clinical utility, neces-
sitating the development of safer vaccines. [  2  ]  In this regard, 
modern vaccines, such as protein antigen-based subunit vac-
cines, are becoming increasingly viable alternatives for immu-
notherapy. [  3  ]  These synthetic subunit vaccines offer potential 
benefi ts over live or attenuated vaccine vectors in some disease 
applications, including improved safety, ease of manufactur-
ability, reduced cost, and control over the antigen specifi city 
of the immune response. [  4  ]  General shortcomings, however, 
including rapid degradation in vivo by blood proteases, ineffi -
cient uptake by professional antigen presenting cells (APCs), as 
well as the typically weak and short-lived humoral and cellular 
immune responses still seriously limit their further develop-
ment as effective vaccines. [  5  ]  To improve the immunogenicity 

of subunit vaccines, immune adjuvants 
are often added to the formulation. [  6  ]  The 
discovery of Toll like receptor 9 (TLR9) 
ligands containing nonmethylated CpG 
motifs have provided a family of novel 
and relatively safe Th1-promoting adju-
vants. [  7  ]  CpG oligodeoxynucleotides (CpG 
ODNs) are able to mimic molecular 
signatures of pathogens and trigger an 
immunostimulatory cascade including 
maturation, differentiation, and prolif-
eration of multiple host immune cells 
through pattern recognition receptors, 
which can thus greatly enhance the 
potency of the vaccine. [  8  ]  While the usage 
of CpG has demonstrated an enhance-
ment of immunity, [  9  ]  recent studies have 
shown that antigens and CpG ODNs 

must be co-localized in the same APCs to generate the most 
potent therapeutic antigen-specifi c immune responses. [  10  ]  
Therefore, the close proximity of the protein antigen and CpG 
oligonucleotides adjuvant, especially, direct linkage of CpG 
ODNs to an antigen, ensuring that antigens and CpG ODNs 
can co-deliver to the same APCs, is critical to induce strong 
and long-term immunity. [  7  ] , [  10d  ]  New advances in materials 
sciences have created the possibility of delivering antigen 
and adjuvant on a single platform. To date, various carriers, 
including mesoporous silica nanoparticles, [  6  ]  gold nanoparti-
cles, [  11  ]  nanoliposomes, [  12  ]  pH-responsive polymers, [  13  ]  poly-
electrolyte multilayer capsules, [  14  ]  lanthanides-based core–shell 
nanoparticles, [  7  ]  PLGA microparticles, [  15  ]  DNA tetrahedron, [  10d  ]  
and nanolipoprotein particles, [  16  ]  have been introduced for 
effective co-delivery of CpG ODNs and antigens into APCs. 
Although great progress has been achieved in this fi eld, effec-
tive methods for facile synthesis of the simple yet effi cient vac-
cine delivery vehicles are still much in demand. 

 On the other hand, noble metal nanoclusters, which consist 
of only several to tens of metal atoms and possess sizes compa-
rable to the Fermi wavelength, have become a burgeoning area 
of scientifi c interest. [  17  ]  Among these metal clusters, the gold 
nanoclusters (AuNCs) have drawn particular attention owing to 
their unique features, including ease of generation, good water 
solubility, high biocompatibility, excellent stability, and strong 
fl uorescence. These advantages have led to the use of AuNCs 
in biochemical and analytical chemistry research. [  18  ]  Recently, 
biological templates, especially proteins, for the generation 
of AuNCs are increasingly employed. [  17a  ] , [  19  ]  Compared with 
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fascinating optical property also enables the OACs as a prom-
ising optical probe for fl uorescent imaging.   

  2   .  Results and Discussion 

 Detailed synthetic procedures were elaborated in the Supporting 
Information. In brief, sulfydryl-tagged CpG ODNs were fi rst 
covalently conjugated with OVA using 4-Maleimidobutyric acid 
N-hydroxysuccinimide ester (GMBS) as the cross-linking agent. 
PAGE was used for qualitative evaluation of the ratios of CpG 
ODNs:OVA. As can be seen in Figure S1 (Supporting Informa-
tion), a ladder was visible corresponding to increasing CpG 
ODNs:OVA ratios in the OVA-CpG conjugates. The average 
molar ratio of CpG ODNs:OVA was ≈2:1. After that, the OACs 
were prepared according to the method proposed by Ying and 
co-workers. [  17a  ]  Without the covalent linkage of CpG ODNs, the 
same procedure gave the control (OAs). The optical absorption 
(Figure S2, Supporting Information) and fl uorescence proper-
ties of the as-prepared OACs were fi rstly studied. As shown 
in  Figure    1  a, the OACs exhibited remarkably strong emission 
(ex = 490 nm/em = 595 nm), and were found to be stable for 
several months (data not shown). In addition, the zeta poten-
tials of the OAs and OACs were also characterized (Figure S3, 
Supporting Information). The zeta potentials of OVA, OAs and 
the OACs were –35.4 mV, –25.4 mV, and –29.5 mV, respectively. 
As robust pH stability was essential to bioapplications, [  21  ]  we 
thus further interrogated the pH stability of AuNCs. Notably, no 
obvious photobleaching was observed over a broad pH range of 
1–14, demonstrating the good fl uorescence stability of AuNCs 
in different acidic/basic media (Figure S4, Supporting Infor-
mation). Figure  1 b displayed a high-resolution transmission 
electron microscopy (HRTEM) image of the OACs. The size 
of the AuNCs was estimated to be 1.13 nm, indicating that a 
nanocluster contained approximately 44 Au atoms. [  19g  ]  In addi-
tion, we also estimated the number of OVA molecules bound 
to a single OVA-Au nanocluster. ICP-MS was used to estimate 
the amount of OVA in an OVA-Au nanocluster. On the basis 

of the ICP-MS results (Figure S5, Supporting 
Information), we estimated that there were 
approximately 3 OVA molecules bound to a 
single OVA-Au nanocluster. AFM was also 
recorded to confi rm that the average size of 
the as-prepared OACs was less than 1.5 nm, 
consistent with TEM results (Figure S6, Sup-
porting Information). In the following, veri-
fi cation of Au composition was provided by 
the energy-dispersive X-ray (EDS) spectrum 
of the OACs (Figure  1 c). In addition, XPS 
spectra (Figure  1 d) clearly showed two peaks 
centered at binding energies of 83.5 and 
87.3 eV, which correspond to the Au 4f7/2 
peak and Au 4f5/2 peak, respectively, further 
indicating the formation of the AuNCs. [  22  ]  
After that, the stability of the OACs against 
nuclease degradation was measured in bio-
logical media. In a typical experiment, we 
incubated the OACs with 50% fetal bovine 
serum (FBS). [  9d  ] , [  19d  ]  The result in Figure S7 

organic molecules protected AuNCs, the usage of proteins as a 
green chemical reducing and stabilizing agent is advantageous 
because of their favorable biocompatibility, excellent aqueous 
dispersibility, and robust pH-stability. [  17a  ] , [  19d  ]  More recently, 
the protein-protected AuNCs have been reported to retain their 
bioactivity. For example, Chou and co-workers showed the 
synthesis of the insulin-templated fl uorescent AuNCs, which 
maintained the insulin bioactivity. [  19d  ]  Additionally, lysozyme-
protected AuNCs were demonstrated to exhibit excellent anti-
microbial activity against the antibiotic-resistant bacteria by 
Chen and co-workers. [  19g  ]  Although signifi cant effort has been 
devoted to preparing AuNCs for biological applications, to 
the best of our knowledge, the AuNCs-based vaccines have 
not been explored until now. To fulfi ll the requirements of an 
effective and simple vaccine, here we report the facile one-pot 
synthesis of fl uorescent AuNCs by using ovalbumin (OVA) as 
a template, which can elicit specifi c immunological responses. 
OVA is often used as a model antigen due to its well estab-
lished antigenic properties and capacity to induce strong cel-
lular immunity via T lymphocytes as well as humoral immunity 
via B lymphocytes. [  20  ]  The resulting OVA-AuNCs (OAs) exhibit 
intense red fl uorescence, and more importantly, compared with 
OVA, the immunostimulatory activity of the as-prepared OAs 
can not only be retained, but also can be effectively enhanced. 
This represents the fi rst use of AuNCs to improve the antigen-
specifi c immune responses. Moreover, the CpG ODNs can 
further be covalently linked to OVA (OVA-CpG ODNs conju-
gates), which can also be used as a template for the synthesis 
of AuNCs (OVA-AuNCs-CpG conjugates, OACs). The OACs 
are able to effi ciently deliver the adjuvant CpG ODNs and 
the antigen OAs to the same antigen-presenting cells. Mean-
while, the capacity of preventing the degradation of the CpG 
ODNs and the antigen protein also endows the OACs with the 
ability to act as self-vaccines to assist in generation of enhanced 
immune response ( Scheme    1  ). Here, we also provide the fi rst 
evidence that the OACs can induce strong immune responses 
in vivo, highlighting the potential of OACs to serve as prom-
ising self-vaccines for immunotherapy. Signifi cantly, the 

       Scheme 1.  General scheme for the synthesis of the OVA-AuNCs-CpG conjugates to induce 
immune response. 
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an indication of the cellular uptake effi ciency. Figure  2 c–e 
showed the photoluminescence images of RAW264.7 cells 
after incubation with the FITC-labeled CpG ODNs, the OACs 
or the OACs with FITC-modifi ed CpG ODNs. No fl uores-
cence signal was detected in cells incubated with FITC-labeled 
CpG ODNs alone (Figure  2 c), which was consistent with the 
facts that naked ODNs had diffi culty passing the cytoplasmic 
membrane and were also prone to degradation by nucle-
ases. [  25  ]  Remarkably, the cells gave out an extremely intense, 
red fl uorescence after incubated with the OACs (Figure  2 d), 
strongly suggesting that the AuNCs could act as a promising 
optical label for cell imaging. Overlays of the luminescence 
and bright-fi eld images demonstrated that the luminescence 
was evident in the intracellular region, indicating that AuNCs 
could facilitate the intracellular delivery of the OACs. Further-
more, the co-localization of green/red fl uorescence signals in 
Figure  2 e supported the idea that both the antigens OAs and 
CpG ODNs were internalized in the same RAW264.7 cells, 
which would result in higher immunostimulatory activity 
as compared to the free OAs or CpG ODNs alone. All these 
results confi rmed that the AuNCs could facilitate effective 
presentation of the antigen OVA and adjuvant CpG ODNs 
into the same TLR9-positive cells, which might signifi cantly 
enhance immune activity. 

 The maturation of APCs was associated with the secretion 
of immunostimulatory cytokines such as TNF- α  and IL-6. [  26  ]  As 
APCs activation was critical for immune responses, the effect of 

showed good stability, revealing that the AuNCs exhibited sig-
nifi cant positive effects on the biological stability of the OACs.  

 Prior to the application of the OACs in cells or tissues, the 
potential cytotoxicity of the nanoplatform was fi rst evaluated 
by a conventional methyl thiazolyl tetrazolium (MTT) assay 
( Figure    2  a), which measured the mitochondrial activity of 
viable cells. [  23  ]  The viability of RAW264.7 cells was measured 
in the presence of the OAs and OACs at various concentra-
tions (5–100  μ g mL −1 ). No apparent cellular toxicity of the OAs 
and OACs could be observed, even at the highest concentra-
tion (100  μ g mL −1 ). After that, the biocompatibilities of the 
OAs and OACs were also investigated by the lactate dehydro-
genase (LDH) assay. Release of LDH was an indicator of cell 
membrane damage, which led to cell necrosis. [  24  ]  The results 
in Figure  2 b similarly showed that cell viabilities of RAW264.7 
exposed to the OAs and OACs were not affected. In addition, 
the cellular toxicity of OAs and OACs toward NIH 3T3 mouse 
embryonic fi broblast cells was also determined by means of a 
standard MTT cell assay (Figure S8, Supporting Information). 
It could be seen that OAs and OACs showed no signifi cant 
cytotoxic effect on the NIH 3T3 cells in a wide range of concen-
tration (5–100  μ g mL −1 ). All these assays demonstrated that the 
OAs and OACs exhibited extremely low cytotoxicity, revealing 
that they had high biocompatibility.  

 Motivated by the fascinating fl uorescent properties and low 
cytotoxicity of the OACs, we then made attempts to explore 
the potential of the OACs for cell imaging, which provided 

      Figure 1.  a) The excitation and emission fl uorescence spectra of the as-prepared OVA-AuNCs-CpG conjugates. The insert photograph displays the 
luminescence of the AuNCs under a UV lamp. b) HRTEM image of the OVA-AuNCs-CpG conjugates. Scale bar: 10 nm. Insert: size distribution 
histogram of the OVA-AuNCs-CpG conjugates. The total number of clusters counted for the histogram was 100. c) EDS and d) XPS spectra of the 
as-synthesized OVA-AuNCs-CpG conjugates. 
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 Figure    3  a, the amount of the secreted TNF- α  stimulated by OAs 
was more than 2-fold higher than that of free OVA. We used 
circular dichroism (CD) to investigate the effect of AuNCs on 
OVA secondary structure. As shown in Figure S9 (Supporting 

nanovaccines on the activation of APCs was investigated by ana-
lyzing cytokine secretion levels. Samples were incubated with 
RAW264.7 cells and the levels of TNF- α  and IL-6 secreted were 
recorded as a measure of immunostimulation. As can be seen in 

      Figure 2.  Cytotoxicity testing results of the OVA-AuNCs and the OVA-AuNCs-CpG conjugates against RAW264.7 cells by a) MTT and b) LDH assays. 
The concentration of the OVA was adopted to confi rm the concentration of the OVA-AuNCs and the OVA-AuNCs-CpG conjugates in the following 
experiments. The values represent percentage cell viability (means ± SD,  n  = 3); ns = no signifi cant difference ( P  > 0.05). Fluorescence images of 
RAW264.7 cells treated with c) FITC-labeled CpG ODNs (2  μ  M ), d) the OVA-AuNCs-CpG conjugates (50  μ g mL −1 ) or e) the OVA-AuNCs-CpG conjugates 
with FITC-modifi ed CpG ODNs (50  μ g mL −1 ). Scale bar: 20  μ m. 

      Figure 3.  Cytokine release from RAW264.7 cells stimulated by the OVA-AuNCs-CpG conjugates. Comparison of a) TNF- α  and b) IL-6 release stimulated 
by CpG ODNs (200 n M ), OVA (5  μ g mL −1 ), OVA-AuNCs (5  μ g mL −1 ), OVA-AuNCs (5  μ g mL −1 ) + CpG ODNs (200 n M ), OVA-CpG ODNs + AuNCs 
(5  μ g mL −1 ) and the OVA-AuNCs-CpG conjugates (5  μ g mL −1 ). Error bars represent standard deviation of three independent measurements. 
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no specifi c antibody response and were similar to the unim-
munized control mice group tested. In contrast, the amount 
of anti-OVA IgG vaccinated with OAs was about 2 fold more 
than that of the free OVA, demonstrating that, compared 
with OVA, the immunostimulatory activity of the OAs can 
be effectively enhanced. We reasoned the enhanced immu-
nostimulatory effects were due to the fact that more OVA 
protein was protected from degradation before internal-
ized by APCs. Notably, vaccination with the OACs resulted 
in much higher number of anti-OVA IgG compared to that 
of OAs mixed with free CpG ODNs. These data implied that 
covalent linkage of the TLR agonist, such as CpG, together 
with the antigen could serve as a promising strategy to 
induce potent antigen-specifi c cellular immunity. Next, to 
determine whether there were deleterious side effects asso-
ciated with injection of the OACs, tissues from the organs 
were harvested from two mice for each group at the time of 
necropsy. Tissues including injection site, heart, liver, spleen, 
lung, and kidney were examined (Figure  4 b). [  20  ]  Hemotoxylin 
and eosin staining of fi xed tissues showed that there were 
no discernible morphological differences in the tissue at the 
site of injection in mice receiving the OACs compared to the 
unimmunized controls. Similarly, no morphological changes 
could be detected between all organs derived from animals 
in the unimmunized control group compared to the treat-
ment groups receiving subcutaneous injections of OACs, 
which indicated that the self-vaccines OACs presented high 
biocompatibility and showed more promising for further 
immunotherapy.   

  3   .  Conclusion 

 In summary, we have demonstrated, for the fi rst time, that 
the antigen protein OVA can be covalently linked to the adju-
vant CpG ODNs, which is able to be used as a template to 
produce highly fl uorescent AuNCs. Through dual-delivery of 
protein antigen and CpG ODNs on AuNCs, the as-prepared 
OACs can act as smart self-vaccines to assist in generation of 
high immunostimulatory activity while simultaneously act as 
an imaging agent. To the best of our knowledge, the AuNCs-
based vaccines have not been reported until now, making our 
platform the fi rst example of the usage of AuNCs as effective 
vaccines. The introduction of the OACs brings about sev-
eral unprecedented advantages. Firstly, the AuNCs are easy 
to synthesize, and have minimal cytotoxicity, which make 
them a kind of biocompatible nanomaterial for biomedical 
applications. Secondly, and more importantly, the OACs can 
simultaneously deliver antigens and CpG ODNs to the same 
APCs, thus can effi ciently cause the activation of APCs along 
with effective antigen presentation. Both in vitro and in vivo 
experiments demonstrate that these engineered vaccines pos-
sess high immunogenicity. Finally, without the need of fl uoro-
phore labeling, the OACs with fascinating optical properties 
can also simultaneously serve as a promising optical probe 
for bioimaging. Collectively, taken together, these fi ndings 
suggest the OACs may be utilized as safe and effi cient immu-
nostimulatory agents that are able to prevent and/or treat a 
variety of ailments.  

Information), the encapsulation of AuNCs in OVA molecules 
had little effect on the structure of the OVA scaffolds, which pro-
vided the opportunity to preserve the bioactivity of the natural 
OVA. Besides, compared with OVA, the OAs offered additional 
benefi ts, such as higher cellular uptake effi ciency and good sta-
bility, which thus can signifi cantly increase the immunostimula-
tory effi cacy. Notably, when comparing the OACs to a mere mix-
ture of OAs and free CpG ODNs, the huge increase was noted 
on the level of TNF- α , clearly refl ecting that concomitant delivery 
of antigens and CpG ODNs to the same APCs was indeed ben-
efi cial for the enhanced cellular immunity. Similarly, compared 
with the OVA and CpG control, the level of the other cytokine 
IL-6 (Figure  3 b) induced by the OACs was also greatly increased. 
The high immunostimulatory activity of OACs could be attrib-
uted to the co-localized delivery of adjuvants and antigens to the 
same APCs. Other factors, such as enhanced cell uptake effi -
ciency and increased stability of CpG ODNs and antigens, might 
also contribute to the increased immunostimulatory activity of 
OACs. Thus, these results demonstrated that, without the need 
of vaccine carriers, the OACs could act as self-vaccines to help in 
the generation of enhanced immunostimulatory activity.  

 As a result of the excellent immunostimulatory activity, 
we then moved one step further toward in vivo testing. To 
investigate the synergistic effects arising from the co-delivery 
of antigen and immunostimulatory agent to the same APCs 
in vivo, balb/c mice were vaccinated subcutaneously with 
samples described in the experimental section and the anti-
OVA specifi c total serum IgG titres were measured. As 
shown in  Figure    4  a, mice receiving CpG ODNs only showed 

      Figure 4.  a) ELISA results of anti-OVA IgG titers elicited by different 
stimulus. b) Histopathological studies of tissue organs from a mouse 
injected with the OVA-AuNCs-CpG conjugates (top panel) and a non-
immunized control animal (bottom panel). These organs are stained with 
haematoxylin and eosin (H&E) and observed under a light microscope. 
Tissues were harvested from injection site, heart, spleen, liver, lung, as 
well as kidney. 
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  4   .  Experimental Section 
  Materials and Instrumentation : Purifi ed anti-mouse TNF- α , biotin 

conjugated anti-mouse TNF- α  cocktail, TNF- α  standard, anti-mouse 
IL-6, biotin anti-mouse IL-6 and IL-6 standard were purchased from 
eBioscience. OPD (o-phenylenediamine) substrate was purchased from 
DingGuo. Thiazolyl blue tetrazolium bromide (MTT) and ovalbumin 
(OVA) were purchased from Sigma-Aldrich (USA). Dulbecco’s modifi ed 
Eagle’s medium (DMEM) and fetal Bovine Serum (FBS) were purchased 
from Invitrogen. The mouse leukemic monocyte macrophage cell line 
(RAW264.7 cell line) was purchased from Cell Bank of Chinese Academy 
of Sciences (Shanghai). HAuCl 4  and all other reagents were of analytical 
reagent grade, and used as received. Nanopure water (18.2 M Ω ; 
Millpore Co., USA) was used in all experiments and to prepare all 
buffers. Sulfydryl-tagged CpG ODNs (5′-TCC ATG ACG TTC CTG ACG 
TT-SH-3′) were synthesized by Sangon Biotechnology Inc. (Shanghai, 
China). 

 Atomic-force microscopy (AFM) measurements were performed 
using Nanoscope V multimode atomic force microscope (Veeco 
Instruments, USA). Tapping mode was used to acquire the images 
under ambient conditions. Transmission electron microscopy (TEM) 
images were recorded using a FEI TECNAI G2 20 high-resolution 
transmission electron microscope operating at 200 kV. Fluorescence 
measurements were carried out on Jasco-FP-6500 spectra fl uorometer 
(Jasco International Co. LTD. Tokyo, Japan). EDS was carried out using a 
HITACHI S-4500 instrument. Fluorescence images were captured using 
an Olympus BX-51 optical equiped with a CCD camera. 

  Synthesis of the OVA-CpG ODNs Conjugates : Ovalbumin was 
activated with a 20-fold molar excess of 4-maleimidobutyric acid 
n-hydroxysuccinimide ester (GMBS) at room temperature for 1 h. This 
modifi ed the amino side chains of L-lysine residues by the addition of 
maleimide groups. Residual reagents were removed by chromatography 
on a G-25 desalting column. Then the sulfydryl-tagged CpG ODNs were 
reduced with 200 m M  Tris-(2-carboxyethyl) phosphine (TCEP; Pierce) 
at room temperature for 1 h, and residual reagents were removed by 
chromatography on a G-25 desalting column. The resulting sulfydryl-
tagged CpG ODNs were mixed with the modifi ed OVA at a 5:1 molar 
ratio (CpG ODNs : OVA) and incubated overnight at room temperature. 
The concentration of the OVA was adopted to confi rm the concentration 
of the OVA-CpG ODNs conjugates in the following experiments. 

  Synthesis of the OVA-AuNCs-CpG Conjugates : HAuCl 4  (10 m M , 1 mL) 
was vigorously stirred with the OVA-CpG ODNs conjugates (50 mg mL −1 , 
1 mL) for 5 min initially, followed by the addition of NaOH (1  M , 100  μ L) 
to adjust the pH of the solution to approximately pH 12. The mixture 
was then continually reacted under vigorous stirring at 37 °C for 24 h. 
The concentration of the OVA was adopted to confi rm the concentration 
of the OVA-AuNCs-CpG conjugates in the following experiments. 

  Synthesis of the OVA-AuNCs : HAuCl 4  (10 m M , 1 mL) was vigorously 
stirred with the OVA (50 mg mL −1 , 1 mL) for 5 min initially, followed by 
the addition of NaOH (1  M , 100  μ L) to adjust the pH of the solution to 
approximately pH 12. The mixture was then continually reacted under 
vigorous stirring at 37 °C for 24 h. The concentration of the OVA was 
adopted to confi rm the concentration of the OVA-AuNCs in the following 
experiments. 

  Cell Culture : The murine macrophage-like RAW264.7 cells were grown 
at 37 °C in an atmosphere of 5 v/v% CO 2  in air, in Dulbecco’s modifi ed 
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated FBS, 
1.5 g L −1  NaHCO 3 , 100 units mL −1  penicillin, 100 mg mL −1  streptomycin, 
4.5 g L −1  glucose and 4 m M  glutamine. The media was changed every 
three days, and the cells were digested by trypsin and resuspended in 
fresh complete medium before plating. 

  Cytotoxicity Assays : MTT assays were used to probe cellular viability. 
RAW264.7 cells were seeded at a density of 5000 cells well −1  (100  μ L 
total volume well −1 ) in 96-well assay plates. After 24 h incubation, the 
as-prepared OVA-AuNCs and OVA-AuNCs-CpG conjugates, at the 
indicated concentrations, were added for further incubation of 48 h. 
To determine toxicity, 10  μ L of MTT solution (BBI) was added to each 
well of the microtiter plate and the plate was incubated in the CO 2  

incubator for an additional 4 h. Then the cells were lysed by the addition 
of 100  μ L of DMSO. Absorbance values of formazan were determined 
with Bio-Rad model-680 microplate reader at 490 nm (corrected for 
background absorbance at 630 nm). Three replicates were done for each 
treatment group. 

  LDH Assay : The cell membrane integrity can be determined by lactate 
dehydrogenase (LDH) leakage assay. RAW264.7 cells were seeded at 
a density of 20 000 cells/well in 96-well plates and allowed to settle 
overnight. Next, cells were incubated with the OVA-AuNCs and OVA-
AuNCs-CpG conjugates at 0, 5, 10, 20, 30, 50, 80, and 100  μ g mL −1 . After 
48 h, an LDH assay was performed according to the manufacturer’s 
protocol (Beyotime institute of biotechnology, China). Untreated cells 
were assayed as a negative control. 

  Fluorescent Microscopic Imaging : For the cell imaging test, the 
concentration of RAW264.7 cells was fi xed at a density of 10 5  cells well −1  
in 24-well assay plates. Then the FITC-labeled CpG ODNs, the OVA-
AuNCs-CpG conjugates and the OVA-AuNCs-CpG conjugates with FITC-
modifi ed CpG ODNs were separately added to the cells and incubated at 
37 °C for 6 h. The cells were then washed several times with PBS. Finally 
the imagings were captured using an Olympus BX-51 optical equipped 
with a CCD camera. 

  Cytokine Assays : RAW264.7 cells were seeded on 6-well culture plates 
at a density of 5 × 10 5  cells/well. After 24 h incubation, cells were 
washed with 0.5 ml PBS before treatment with indicated conditions for 
8 h (TNF- α ) or 24 h (IL-6). The supernatants were collected and stored 
at –80 °C until use. The levels of TNF- α , and IL-6 in the supernatants 
were determined by enzymelinked immunosorbent assay (ELISA) 
using antibody pairs specifi c to these cytokines following protocols 
recommended by the manufacturer. 

  Immunogenicity Study : Balb/C mice of 4–6 weeks were purchased 
from Medical Experimental Animal Center of Jilin University (Changchun, 
China). Female Balb/C mice were divided into different groups with 
four mice in each group. Mice were immunized with various equivalent 
dose samples through subcutaneous injection. The amount of the OVA-
AuNCs-CpG conjugates is 200  μ g mL −1  (100  μ L) at each time point. The 
dose of OVA, OVA-AuNCs, and OVA-AuNCs + CpG ODNs was the same 
as that of the OVA-AuNCs-CpG conjugates and the amount of CpG 
ODNs is 8  μ  M  (100  μ L) at each time point. The concentration of OVA 
was adopted to confi rm the concentration of OVA-AuNCs, OVA-AuNCs 
+ CpG ODNs, and the OVA-AuNCs-CpG conjugates. Mice were injected 
on days 0, 14, and 28, and sera were collected on day 42. All animal 
procedures were in accord with the guidelines of the Institutional Animal 
Care and Use Committee. 

  Titer Measurements : Micro titer plates (Nunc, Roskilde, Denmark) 
were coated with OVA by incubation of 100  μ L 20  μ g mL −1  OVA 
in coating buffer (PBS, pH 7.2) for 24 h at 4 °C. To reduce aspecifi c 
binding, wells were blocked with 200  μ L 1 w/v% BSA in PBST (0.05% 
Tween-20) for 1 h at 37 °C. After extensive washing with PBST, 
20 dilutions of serum were added. After incubation for 1.5 h at 37 °C 
and washed three times, the second antibody of Anti-Mouse IgG (whole 
molecule)-Peroxidase antibody produced in goat was diluted to 1/2000 
and incubated (100  μ L per well) for 1 h at 37 °C. After washed four 
times, 0.4 mg mL -1  o-phenylenediamine (4 mg o-phenylenediamine was 
dissolved in a buffer containing 4.86 mL 0.1  M  critic acid and 5.14 mL 0.2 
 M  Na 2 HPO 4 ) with 30% H 2 O 2  (0.5  μ L mL −1 ) was added to wells (100  μ L 
per well) as substrate. After 30 min incubation at room temperature, 
the color development was stopped by adding 50  μ L of Stop Solution 
(2  M  H 2 SO 4 ) and optical absorption was measured at 490 nm. 

  Statistical Analysis : All data were expressed in this article as mean 
result ± standard deviation (SD). All fi gures shown in this article were 
obtained from three independent experiments with similar results. The 
statistical analysis was performed by using Origin 8.0 software.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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