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  1.     Introduction 

 Adjuvants are considered to be key components that are 
capable of enhancing and/or shaping antigen-specifi c immune 
responses in vaccines. [ 1 ]  Currently, aluminum (alum) com-
pound, MPL (monophosphoryl lipid A) and MF59 are 
the most extensively used adjuvants approved in clinical 
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standing of cellular immune response and facilitate potential applications for 
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administration. [ 2,3 ]  However, these con-
ventional adjuvants have limited ability 
to promote suffi cient cellular immune 
responses against cancer and intracellular 
pathogens, such as viruses. [ 4–8 ]  Nanoma-
terials, on the other hand, are developed 
as potential vaccine carriers and adju-
vants and have been extensively proven to 
effectively stimulate humoral and cellular 
immunity. [ 9,10 ]  For example, α-Al 2 O 3  nano-
particles, compared to conventional alum 
adjuvant, effi ciently enhanced antigen 
cross-presentation and therefore improved 
the anticancer immune response; [ 9,11 ]  
polymeric nanoparticles effi ciently deliv-
ered antigen into pulmonary dendritic 
cells, and released the antigen after endo-
cytosis for optimal cross-presentation. [ 12 ]  
Fullerenol nanoparticles showed high 
loading capacity of HIV-1 DNA plasmid 
encoding the HIV-1 envelope protein 
gp145, and simultaneously stimulated 
strong cellular immune responses to the 
HIV DNA vaccine. [ 13 ]  These studies dem-
onstrated that nanomaterials can poten-

tially play a number of roles in vaccination, such as enabling 
effi cient antigen delivery and cross-presentation, reducing 
adjuvant dose, and translating the functionality of biologically 
derived materials to more robust platforms with improved 
shelf life and thermal stability. [ 12,14 ]  Although these tentative 
efforts encourage the development of nanoparticle-based adju-
vants, few studies on the clinic applications of nanomaterials as 
immune adjuvants are reported so far. 
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 Gold nanoparticles (AuNPs) have been widely used in bio-
medicine because of their good biocompatibility, biological 
inertness, and facile preparation. [ 15–17 ]  In addition, AuNPs 
have been reported to serve as vaccine carrier and adjuvant to 
deliver protein and DNA to induce potent humoral and cellular 
immune response without signifi cant cytotoxicity. [ 18–22 ]  Further-
more, naked spherical and cubic AuNPs could elicit dendritic 
cells to secrete TNF-α, IL-6, and IL-12 cytokines, which are cru-
cial for regulation of cytotoxic T cell immune response. [ 23 ]  How-
ever, AuNPs bind to antigens mainly through Au-S bond, which 
requires specifi c modifi cation of the antigen and generally 
comes with low affi nity, leading to insuffi cient antigen expo-
sure and presentation and, consequently, defi cient immune 
protection. Additionally, previous studies on using protein-
AuNPs conjugates as adjuvant mainly focused on the induction 
of humoral immunity but not on cellular immunity. Therefore, 
it is urgent to improve the antigen-delivery capability of AuNPs 
and to investigate the cellular immunity of AuNPs-based nano-
materials in order to use them in clinical applications. 

 Graphene oxide (GO) is known for its excellent biocompat-
ibility, high surface area, and extraordinary adsorbing ability, 
and thus it has attracted substantial attention in biomedical 
applications including drug, gene, and protein delivery. [ 24–27 ]  
Moreover, GO can be decorated with numerous inorganic nano-
materials, such as Au, Ag, Pd, Pt, MnO 2 , and Fe 3 O 4  nanoparti-
cles, to achieve specifi c functions for applications in catalysis, 
as surface enhanced Raman scattering substrates, for removal 
of water pollutants, in magnetic resonance imaging, etc. [ 28–30 ]  
Little attention, however, has been paid to explore the feasibility 
of GO-based nanocomposites in immunity. 

 Here, we report the in situ growth of gold nanoparticles on 
ultrasmall graphene oxide (usGO) sheets through direct reduc-
tion of chloroauric acid, and the further use of thus-prepared 
usGO-Au composites as a new adjuvant for improving humoral 

and cellular immune responses ( Scheme    1  ). In our strategy, 
excellent adsorbing capacity of graphene oxide can improve 
the binding capacity of usGO-supported AuNPs to OVA pro-
teins. We then examined in vitro and in vivo immune compe-
tence of usGO-Au@OVA. The in vitro experiments include the 
cytokines secretion by RAW264.7 incubated with usGO-Au@
OVA or OVA. For the in vivo experiments, the antibody gen-
eration and cytotoxic CD8 +  T cells proliferation against OVA 
protein was investigated in mice immunized with OVA, usGO-
Au@OVA or Alum@OVA, and the cytokines secretion in the 
mice serum was also investigated. This study provides methods 
for the rational design of nanomaterials as a versatile platform 
for cellular immunity.   

  2.     Results and Discussion 

  2.1.     Preparation of usGO, usGO-Au, usGO-Au@OVA, OVA-
FITC, and usGO-Au@OVA-FITC 

 The yellowish brown usGO sample was obtained with a produc-
tion yield as high as 60%, and is highly soluble in phosphate 
buffered saline (PBS) and cell culture medium. Transmission 
electron microscopy (TEM) images of usGO ( Figure    1  a) show 
that the size of usGO varies from 3 to 5 nm, which is much 
smaller than that of GO synthesized using modifi ed Hummer’s 
method. [ 27 ]  As Scheme  1 a shows, AuNPs were in situ grown 
on the surfaces of usGO sheets without any other reagents, 
and then loaded with OVA through physical adsorption and 
Au-S bond. [ 21,24 ]  AuNPs grown on usGO sheets, as character-
ized with TEM (Figure  1 b), exhibit spherical shape within size 
range of 5–10 nm, and show an absorption peak at 530–540 nm 
in UV-vis spectrum (Figure  1 c). usGO-Au@OVA possesses an 
absorption peak at 280 nm, suggesting the existence of aromatic 
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 Scheme 1.    Schematic illustration of a) preparation of usGO-Au@OVA vaccine and b) procedure for assessment of humoral and cellular immunity in vivo.
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groups from the OVA. According to UV-Vis results, the OVA-
loading capability of AuNPs is poor due to weak adsorption of 
the Au NPs to OVA, which was signifi cantly improved through 
the formation of usGO-Au composites. In addition, the cou-
pling of fl uorescein isothiocyanate (FITC) with OVA, and fur-
ther loading of OVA-FITC on usGO-Au are confi rmed by the 
strong absorption peak in the UV-vis spectrum (Figure  1 c) at 
around 488 nm, which corresponds to FITC.   

  2.2.     MTT Assay and Cellular Uptake of usGO-Au@OVA 

 The biocompatibility of usGO-Au@OVA is a prerequisite for its 
biomedical applications as an adjuvant. 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay ( Figure    2  a) 
indicates that no obvious toxicity in Hep G2 is observed after 
48 h of incubation with usGO-Au@OVA, even at a concentra-
tion as high as 80 µg mL −1  of OVA, suggesting the good bio-
compatibility of usGO-Au@OVA.  

 To stimulate immune response, exogenous antigen needs to 
be ingested by antigen-presenting cells (APC), then processed 
and presented on the APC cell surface for lymphocytes rec-
ognition. The uptake of APC to antigen is crucial for antigen-
presentation. [ 11,22 ]  Confocal fl uorescence microscopy was 
employed to monitor the cellular uptake effi ciency of usGO-
Au@OVA-FITC and OVA-FITC, after incubating the materials 
with RAW264.7 cells for 16 h. As shown in  Figure    3  , a strong 

fl uorescence in the cells incubated with usGO-Au@OVA-FITC, 
in contrast to weak fl uorescence in the cells with OVA-FITC 
(Figure  3 ), is observed, suggesting that usGO-Au facilitates the 
cellular uptake of OVA. These results are different to a report of 
Bastú s and co-workers, [ 31 ]  in which they found that a repetitive 
and homogenous antigens coated (rather than BSA-digested) 
AuNPs can be internalized by macrophages. Comparing with 
the report of Bastú s, our result suggested that usGO may play 
an important role for the usGO-Au@OVA internalization.   

  2.3.     Cytokine Secretion from RAW264.7 Cells 

 Tumor necrosis factor-α (TNF-α), a pro-infl ammatory cytokine 
mainly produced by macrophages and Th1 subset of CD4 +  T 
cells, is one of the most important cytokines in cellular immu-
nity. It can induce fever, cell apoptosis, and infl ammation, and 
also inhibits tumorigenesis and viral replication. Previous study 
showed that unmethylated CpG motifs, which promoted potent 
cellular immune responses, induced the TNF-α secretion 
of RAW264.7 in vitro. [ 32 ]  More importantly, CpG-conjugated 
AuNPs strongly enhanced the secretion of TNF- α  after incuba-
tion with RAW264.7 cells. [ 22 ]  To evaluate the capability of usGO-
Au@OVA in promoting the cellular immunity, we tested the 
TNF-α level secreted by RAW264.7 cells after treatments with 
OVA-based materials at 10 or 1 µg mL −1  of OVA, respectively. 
We fi nd that both OVA and usGO-Au@OVA can induce the 
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 Figure 1.    TEM images of a) usGO and b) usGO-Au@OVA. c) UV-vis spectra of OVA labled with FITC, OVA and OVA-FITC loaded on usGO-Au, 
respectively.

 Figure 2.    a) Cytotoxicity of usGO-Au@OVA to HepG2 and b) the TNF-α secretion by RAW264.7 incubated with usGO-Au@OVA and OVA. HepG2 
cells were treated with usGO-Au@OVA at different concentrations for 48 h. The toxicity of usGO-Au@OVA to HepG2 was analyzed using MTT assay. 
RAW264.7 cells were treated with different materials for 8 h at the indicated concentrations. The concentrations of TNF-α in culture media were meas-
ured using an ELISA kit. The results were expressed as mean ± SD ( n  = 3). * p  < 0.05 versus the cells treated with OVA or control.
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secretion of TNF-α in a dose-dependent manner (Figure  2 b). 
Signifi cantly, the amount of TNF-α stimulated by usGO-Au@
OVA is approximately four-fold higher than that of naked OVA, 
suggesting that usGO-Au is critical for the immunostimula-
tory activity. Bastú s et al. reported that AuNPs conjugated with 
repetitive and homogenous peptide antigens, but not with 
normal protein, induced an exacerbated TNF-α production. [ 31 ]  
Our results, however, demonstrated that nanocomposites of 
usGO-AuNPs and normal protein antigen can induce TNF-α 
secretion.  

  2.4.     Antibody Titer 

 We further investigated whether usGO-Au@OVA could stimu-
late mouse antigen-specifi c humoral immune response. The 
mice were immunized with antigen via subcutaneous injec-
tion, and the serum was harvested at different time point 
post immunization. The anti-OVA antibody titer was meas-
ured using ELISA. For comparison, Alum@OVA was used 
as a positive control. One week after the last immunization, 
OVA-specifi c IgG is observed in all groups immunized with 
OVA-based materials (OVA, usGO-Au@OVA, and Alum@
OVA). As  Figure    4  a shows, the anti-OVA antibody titer 
increases signifi cantly in the usGO-Au@OVA (nearly 8 times, 

titer-1:30 000) and Alum@OVA groups 
(nearly 7 times, titer-1:60 000). Although the 
antibody titer induced by usGO-Au@OVA 
equals to Alum@OVA, the amount of AuNPs 
(5.85 µg) needed for suffi cient OVA-loading 
(50 µg OVA) is much less than that of alum 
(285 µg). Furthermore, high levels of OVA-
specifi c IgG are also observed on day 28 and 
40 in mice immunized with usGO-Au@OVA 
(Figure  4 b,c), and the antibody titer decreases 
with the time extension, as Figure  4  shows. 
All these results suggested that usGO-Au@
OVA can promote potent humoral immune 
responses in mice.   

  2.5.     Lymphocyte Viability and Proliferation 
Assay 

 The most important role of a vaccine is 
to facilitate the immune response of the 
organism occurring rapidly and strongly 
upon a second exposure to the same path-
ogen. We investigated the capability of T 
cell proliferation to understand the immune 
states of the organism indirectly. In this 
study, cell viability and proliferation were 
investigated using WST-1 assay. As shown 
in  Figure    5  a. OVA-based materials induce a 
dose-dependent proliferation, and higher cell 
viability compared with the negative control 
(saline). Moreover, the group immunized 
with usGO-Au@OVA exhibites the highest 
antigen-specifi c lymphocyte proliferation 

than the other groups. The CFSE staining was also employed 
for lymphocyte proliferation analysis. As shown in Figure  5 b, 
the fl uorescence intensity of CFSE in lymphocytes of groups 
immunized with OVA, Alum@OVA, and usGO-Au@OVA 
decreases compared to the negative control. The percentage of 
p3 area for OVA, Alum@OVA and usGO-Au@OVA are 31.2%, 
40.5% and 47%, respectively, indicating a more effi cient prolif-
eration of lymphocyte in usGO-Au@OVA group than the other 
groups. These results suggested that usGO-Au@OVA can facil-
itate lymphocytes proliferation and maintain cells viability in an 
antigen-specifi c manner.   

  2.6.     OVA-Specifi c CD4 +  T and CD8 +  T Cell Activation 

 The cell-mediated immunity can recognize and eliminate non-
normal cells such as tumor cells or virus-infected cells. The 
activation of antigen specifi c CD4 +  T and CD8 +  CTLs (cytotoxic 
T lymphocytes) is a major feature of cell-mediated immune 
response. The activated CD4 +  T cells secrete many nonoverlap-
ping sets of cytokines to mediate CTL and B cell functions. [ 33 ]  
CD8 +  CTLs have antigen-specifi c cytotoxic activity. They can 
eliminate foreign cells and alter self-cells by mounting a cyto-
toxic reaction that lyses their targets including allogeneic cells, 
malignant cells, and virus-infected cells. [ 34 ]  In this experiment, 
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 Figure 3.    The cellular uptake of usGO-Au@OVA. Confocal fl uorescence images of RAW264.7 
cells incubated with usGO-Au@OVA-FITC and OVA-FITC for 16 h at 37 °C, respectively.
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we tested whether the OVA-based vaccines could induce the 
activation of antigen-specifi c CD4 +  T and CD8 +  CTLs. Lympho-
cytes were isolated from spleens after three times of immuni-
zation, and then incubated with 10 µg mL −1  of OVA for 60 h. 
These cells were then stained with anti-CD3e-PE and anti-CD4-
FITC or anti-CD8a-FITC antibodies. The cells were analyzed 
using FACS analysis. As shown in  Figure    6  , usGO-Au@OVA 
containing 25 µg OVA can stimulate CD4 +  T and CD8 +  CTLs 
proliferation, of which the level equals to that of naked OVA at 
50 µg. Importantly, the amount of CD4 +  T cells and CD8 +  CTLs 
increases signifi cantly in mice group immunized with usGO-
Au@OVA (50 µg in terms of OVA) ( Figure    7  ) compared with 
the group immunized with Alum@OVA (50 µg OVA), indi-
cating that the CD4 +  T cells could proliferate to regulate the B 
cell and CTL activity after immunization with usGO-Au@OVA. 
Meanwhile, the CD8 +  T cells could also proliferate rapidly to 
eliminate the non-normal cells when the mice encountered the 
pathogen again.    

  2.7.     IFN-γ, TNF-α, and IL-12 Secretion 

 IFN-γ plays a central role in many immunoregulatory pro-
cesses, including the activation of mononuclear phagocytes 
and promoting the differentiation of fully CTLs from CD8 T 
cell precursors. [ 35 ]  IFN-γ was mainly secreted by Th1 subset 
of CD4 +  T cells and CD8 +  CTLs to make the Th1 subset par-
ticularly suit to respond to viral infections and intracellular 
antigens such as tumor cells. In order to measure the level of 
IFN-γ in mouse serum, mice were immunized with normal 

saline, 50 µg OVA or 50 µg usGO-Au@OVA three times. The 
mice were sacrifi ced, and the serum was collected on day 40 
after the fi rst time immunization. The level of IFN-γ in serum 
was measured using ELISA. As shown in  Figure    8  b, the group 
immunized with usGO-Au@OVA shows notable increase of 
IFN-γ secretion in serum, while the group immunized with 
OVA exhibits a weak secretion of IFN-γ, which is slightly lower 
than that of the mice immunized with normal saline. These 
results demonstrate that naked protein antigen fail to stimulate 
a high level of IFN-γ secretion, in consistent with that reported 
by Lee et al. [ 21 ]  Meanwhile, the immunization with usGO-Au@
OVA leads to signifi cant increase in the secretion of TNF-α, 
in good agreement with the in vitro experiments (Figure  2 b 
and  8 a). Furthermore, the levels of IL-12 were also determined 
in the serum of mice immunized with usGO-Au@OVA, OVA 
and normal saline, respectively, showing no detectable changes 
in these groups (Figure  8 c). Our experiments demonstrate that 
usGO-Au exhibits ideal adjuvant activities to enhance cellular 
and humoral immunity.    

  3.     Conclusion 

 We have developed usGO-Au nanocomposites as a new vac-
cine adjuvant to enhance humoral and cellular immune 
response. We fi nd that usGO-Au@OVA can effi ciently pro-
mote RAW264.7 cells to secrete TNF-α. In vivo study shows 
that usGO-Au@OVA can induce robust OVA specifi c antibody 
response, CD4 +  T and CD8 +  T cells proliferation, and the secre-
tion of TNF-α and IFN-γ. The current work demonstrates that 
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 Figure 4.    The anti-OVA antibody titer in mice serum immunized with 50 µg OVA based materials per mouse or normal saline. The mice were immu-
nized three times at one week intervals (days 0, 7, 14) and sacrifi ced on days a) 21, b) 28, and c) 40 following the fi rst immunization. The OVA antibody 
intensity in mice serum was measured using ELISA. * p  < 0.05 versus the groups immunized with OVA or normal saline.
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the combination of usGO-Au with protein signifi cantly improve 
humoral and cellular immune response, suggesting usGO-Au 
to be a good adjuvant candidate for cancer and viral vaccine.  

  4.     Experimental Section 
  Materials and Instrumentation : Native graphite fl ake and FITC were 

purchased from Alfa Aesar and Sigma, respectively. OVA was obtained 
from Bio. Basic Inc. Other reagents were purchased from China National 
Medicine Corporation and used as received.   UsGO and usGO-Au@OVA 
were characterized with a Tecnai G2 F20 S-Twin TEM and SHIMADZU 
UV-2550 spectrometer (UV-Vis spectrum). Fluorescence microscope 
images were captured on a laser confocal microscope (Nikon A1R). 

Cell lines were maintained in a water-jacketed CO 2  incubator (Thermo 
3111). Results of MTT assay, WST-1 assay and ELISA were read out from 
a PerkinElmer 2030 multilabel reader. Data of lymphocyte proliferation, 
OVA-specifi c CD4 +  T and CD8 +  T cell activation were analyzed on BD 
FACSAria II fl ow cytometer. 

  Preparation of usGO : A yellowish black solution of usGO was 
obtained through a modifi ed oxidative cutting method reported in 
previous reports. [ 36 ]  In brief, graphite powder was cut into usGO in an 
oxidative mixture of H 2 SO 4  and HNO 3  (V:V = 3:1) at 120 °C, following 
by neutralization of the mixture and further dialysis against deionized 
water. The concentration of fi nal usGO solution was determined through 
measuring UV-vis absorbance at 230 nm. 

  Preparation of usGO-Au : HAuCl 4  (1.5 mg) was added into usGO 
(3 mg in 30 mL water), and the solution was stirred for 45 min at 
room temperature. The product was purifi ed through dialysis against 
water overnight and then concentrated using a rotary evaporator. The 
concentration of usGO-Au was measured by UV-vis absorbance at 
230 nm. 

  Preparation of OVA-FITC : OVA (10 mg) dissolved in sodium carbonate 
buffer (pH 9.8, 10 mL × 25 mM) was mixed with FITC (200 µL × 
1mg mL −1 ), and stirred at 4 °C overnight. The product was spin-dialyzed 
through 30 kDa cut-off fi lter (Millipore), and washed three times with 
25 mM sodium carbonate and two times with water. The fi nal solution 
was stored at −20 °C for future use. 

  Preparation of usGO-Au@OVA and usGO-Au@OVA-FITC : A mixture 
of usGO-Au (8 mg) with OVA or OVA-FITC (3 mg) was stirred at 
room temperature, collected by centrifugation (4000 rpm, 10 min), 
and washed (14000 rpm, 10 min) two times with water. After that, the 
precipitation was re-suspended in water, then sterilized using 0.22 µm 
membranes and stored at 4 °C for future use. The fi nal product OVA-
loaded usGO-Au was confi rmed by UV-vis spectrum. The loading ratio 
of OVA on usGO-Au was determined using Bradford assay. 

  Cell Culture : The hepatocellular carcinoma cell line Hep G2 cells and 
mouse leukemic monocyte macrophage cell line RAW264.7 cells were 
purchased from Shanghai Institutes for Biological Sciences, Chinese 
Academy of Sciences and cultured at 37 °C in a 5% CO 2  atmosphere 
incubator in Dulbecco’s modifi ed Eagle’s medium complemented with 
10% fetal bovine serum (FBS, Hyclone) and 1% penicillin-streptomycin. 
For RAW264.7 cells culture, the FBS needs to be inactivated through 
heating at 56 °C for 30 min. 

  Cellular Uptake of usGO-Au@OVA-FITC and OVA-FITC : RAW264.7 
cells were seeded into 36 mm cell dish at a density of 2 × 10 4  cells 
per well and maintained for 24 h. Then the cells were incubated with 
usGO-Au@OVA-FITC or OVA-FITC for 16 h. After that, the cells were 
washed twice with PBS to remove the residual materials, and fi xed with 
4% paraformaldehyde. Confocal fl uorescence microscope was employed 
to probe the cellular uptake of usGO-Au@OVA-FITC or OVA-FITC. 

  Cytotoxicity Analysis : Cytotoxicity of usGO-Au@OVA was estimated 
using MTT assay. Hep G2 cells were seeded into 96-well plates at a 
density of 5 × 10 3  cells per well and maintained for 24 h. Next, the cells 
were incubated with usGO-Au@OVA at various concentrations for 48 h 
in DMEM containing 10% FBS. Relative cell viability was measured by 
standard MTT assay. 

  Cytokine Secretion of RAW264.7 Cells : RAW264.7 cells were seeded 
into 48-well plates at a density of 1.25 × 10 5  cells per well. After 
24 h incubation, the cells were washed twice with 0.5 mL PBS and then 
incubated with usGO-Au@OVA or OVA at the concentration of 10 and 
1µg mL −1  respectively for 8 h. The medium was collected and centrifuged 
at 2000 rpm for 10 min at 4 °C. The level of TNF-α secreted by RAW264.7 
cells in medium was measured with a sandwich ELISA (enzyme-linked 
immunosorbent assay) method using a protocol recommended by the 
manufacturer (Boster, China). 

  Immunization : All animal experiments were conducted under 
protocols approved by the Soochow University Laboratory Animal 
Center. Healthy female C57BL/6 mice (Suzhou Industrial Park Animal 
Technology Co., Ltd.) at an average age of 6–7 weeks (18–22g) were 
housed in HEPA-fi ltered air and a constant climate (room temperature 
23 ± 2 °C and relative humidity 40–70%) with a 12 h light/dark cycle with 

Adv. Funct. Mater. 2014, 24, 6963–6971

www.afm-journal.de
www.MaterialsViews.com

 Figure 5.    Lymphocytes viability and proliferation assay. a) The total lym-
phocytes were harvested from mouse spleens immunized with normal 
saline, 50 µg mL −1  OVA, Alum@OVA and usGO-Au@OVA respectively. 
Cells were then incubated with OVA for 48 h at 37 °C at different concen-
trations. The lymphocytes viability was analyzed using WST-1 assay. b) The 
lymphocytes proliferation capability was measured using fl ow cytometric 
analysis (FACS) analysis after incubated with 10 µg mL −1  OVA for 60 h.
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free access to food and water. C57BL/6 mice were 
immunized with normal saline, OVA, OVA mixed 
with Alum (Alum@OVA), or usGO-Au@OVA 
three times on days 0, 7 and 14 by subcutaneous 
injection. 

  Lymphocyte Viability Assay : After two weeks 
following the fi nal immunization, mice were 
sacrifi ced and the lymphocyte viability was 
evaluated using WST-1 assay. For WST-1 assay, 
lymphocytes were harvested from spleens of the 
various treatment groups mice immunized with 
normal saline, 50 µg OVA, 50 µg Alum@OVA 
(in terms of OVA), or 50 µg usGO-Au@OVA and 
then seeded into 96-well plates at a density of 1 × 
10 6  cells/well. Then the cells were incubated with 
OVA at concentrations of 1, 10 and 50 µg mL −1  
for 48 h, respectively. The lymphocyte viability was 
evaluated using WST-1 assay. 

  Lymphocyte Proliferation Assay : Lymphocyte 
proliferation was evaluated using CFDA SE staining. 
For CFSE staining, lymphocytes (1 × 10 6  cells) 
were isolated from groups of mice immunized 
with normal saline, 50 µg OVA, 50 µg Alum-OVA 
(in terms of OVA), or 50 µg usGO-Au@OVA 
after two weeks following the fi nal immunization, 
and stained with CFDA SE for 10 min at 37 °C 
according to the protocol of the CFDA SE Cell 
Proliferation Assay and Tracking Kit (Beyotime 
Institute of Biotechnology). The cells were then 
washed twice with RPMI 1640 medium containing 
10% FBS and seeded into 48-well plates before they 
were incubated with OVA at a concentration of 10 
µg mL −1  for 60 h at 37 °C. The intensity of CFSE in 
the cells was analyzed using FACS. 

  Activation of CD4 +  T and CD8 +  T Cell : After 
two weeks following the fi nal immunization, the 

 Figure 6.    FACS analysis of a) CD4 +  and b) CD8 +  T cell populations after immunized with normal saline, 50 µg OVA, and 25 µg usGO-Au@OVA. The 
total lymphocytes were purifi ed from immunized mouse spleens and then incubated with 10 µg mL −1  OVA for 60 h at 37 °C. The cells were then stained 
using anti-CD3e and anti-CD4 or anti-CD8a antibody.

 Figure 7.    Comparison of the adjuvant effect between usGO-Au@OVA and Alum@OVA. 
The mice were immunized with usGO-Au@OVA and Alum@OVA. The percentage of 
a) CD3 +  CD4 +  and b) CD3 +  CD8 +  double positive cells were detected by FACS analysis.
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mice were sacrifi ced. Lymphocytes were harvested from the mice 
spleens and seeded into 48-well plates at a density of 1 × 10 6  cells/
well before they were incubated with OVA (10 µg mL −1 ) for 66 h. The 
cells were then stained with antibodies for surface markers, including 
anti-CD3e-PE, anti-CD8a-FITC and anti-CD4-FITC (BD) antibodies (all 
from BD Biosciences).The stained cells were analyzed using FACS 
analysis. 

  Levels of Anti-OVA Antibody, TNF-α, IFN-γ and IL-12 : To evaluate the 
levels of anti-OVA antibody in the serum of mice from different groups, 
the mice were immunized on days 0, 7 and 14 and sacrifi ced on day 21, 
28 and 40, respectively. The serum was collected. The levels of anti-OVA 
antibody in serum were determined using ELISA. To evaluate the levels 
of TNF-α, IFN-γ and IL-12 in mice serum, C57BL/6 mice were sacrifi ced 
on day 40. The levels of TNF-α, IFN-γ and IL-12 in serum were quantifi ed 
using ELISA kit according to the protocol of the Mouse cytokine kit 
(Boster, China). 

  ELISA Measurement for the Titer of Anti-OVA Antibody : A 96-well ELISA 
plate was coated with 100 µL of 10 µg mL −1  OVA antigen in carbonate 
buffer (pH 9.6) at 4 °C overnight and then blocked with blocking buffer 
(TBS containing 1% BSA and 0.1% tween-20, pH 7.4) at 37 °C for 
2 h. After washing with TBST (TBS containing 0.1% tween-20, pH 7.4), 
serially diluted mouse serum in buffer (TBS containing 0.1% BSA and 
0.1% tween-20, pH 7.4) was added into wells and then incubated for 2 h 
at 37 °C. After washing with TBST, HRP-labeled anti-mouse IgG antibody 
(Beyotime Institute of Biotechnology) was added, and then incubated for 
another 1 h at 37 °C. The antibodies bound to OVA were detected using 
TMB substrate. To detect the anti-OVA antibody level in serum of mice 
sacrifi ced on day 21 and 40 after the fi rst immunization, the ELISA plate 
was incubated with TMB for 10 min. For the serum of mice sacrifi ced 
on day 28, the incubation time is 5 min. The reaction was terminated by 
adding 2 M H 2 SO 4 , and then the absorbance at 450 nm was recorded 
using a multi-label reader. 

  Statistical Analysis : Data for cell viability, antibody and cytokines 
secretion assay were presented as mean ± SD and were statistically 
analyzed using the two-tailed Student’s t test.  p  < 0.05 was considered 
to be signifi cant.  
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