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R
ecent efforts to make effective and
safe vaccines have focused on the
development of subunit vaccines in

which an antigen alone is linked to a strong
immunogen, such as keyhole limpet hemo-
cyanin (KLH) proteins.1�3 However, issues
remain regarding the use KLH as a vaccine
platform. The antigen-KLH conjugate in-
duces antibodies specific for both anti-
gens and KLH,makingmultiple vaccinations

inefficient due to the exclusion by KLH-
specific antibodies.4�6 In order to avoid
antibody production against the platform
materials, inorganic nanoparticles, in parti-
cular, gold, are strong candidates. In fact,
gold nanoparticles (AuNPs) have already
been used as antigen carriers for subunit
vaccines without the production of anti-
AuNP antibodies.6 AuNPs have attracted
attention as a nanomaterial in the biomedical
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ABSTRACT This paper demonstrates how the shape and size of gold

nanoparticles (AuNPs) affect immunological responses in vivo and in vitro

for the production of antibodies for West Nile virus (WNV). We prepared

spherical (20 and 40 nm in diameter), rod (40 � 10 nm), and cubic

(40 � 40 � 40 nm) AuNPs as adjuvants and coated them with WNV

envelope (E) protein. We measured anti-WNVE antibodies after inocula-

tion of these WNVE-coated AuNPs (AuNP-Es) into mice. The 40 nm

spherical AuNP-Es (Sphere40-Es) induced the highest level of WNVE-

specific antibodies, while rod AuNP-Es (Rod-Es) induced only 50% of that

of Sphere40-E. To examine the mechanisms of the shape-dependent

WNVE antibody production, we next measured the efficiency of cellular

uptake of AuNP-Es into RAW264.7 macrophage cells and bone-marrow-derived dendritic cells (BMDCs) and the subsequent cytokine secretion from BMDCs.

The uptake of Rod-Es into the cells proceeded more efficiently than those of Sphere-Es or cubic WNVE-coated AuNPs (Cube-Es), suggesting that antibody

production was not dependent on the uptake efficiency of the different AuNP-Es. Cytokine production from BMDCs treated with the AuNP-Es revealed that

only Rod-E-treated cells produced significant levels of interleukin-1β (IL-1β) and interleukin-18 (IL-18), indicating that Rod-Es activated inflammasome-

dependent cytokine secretion. Meanwhile, Sphere40-Es and Cube-Es both significantly induced inflammatory cytokine production, including tumor necrosis

factor-R (TNF-R), IL-6, IL-12, and granulocyte macrophage colony-stimulating factor (GM-CSF). These results suggested that AuNPs are effective vaccine

adjuvants and enhance the immune response via different cytokine pathways depending on their sizes and shapes.
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field due to their unique characteristics,7�11 such as
their biocompatibility10 and easy fabrication in terms
of size and shape.12,13 Tohyama et al. first reported the
production of antibodies in mice using glutamate-
immobilized AuNPs.14 Subsequently, the usefulness
of AuNPs as an antigen carrier has been demonstrated
for antigens derived from various viruses including
influenza15 and foot-and-mouth disease.6,15 In these
studies, conventional adjuvants, such as complete
Freund's adjuvant or alum, which are used for en-
hanced induction of immunity, were coadministered
with nanoparticle (NP) vaccines.
Recently, there have been a few reports that NPs

alone can induce immunological responses, such
as antibody and cytokine secretion.16�18 Antigen-
presenting cells (APCs), such as dendritic cells andmacro-
phages, phagocytose external molecules/materials
and stimulate lymphocytes and other immune cells
by releasing chemical mediators, called cytokines, that
initiate an adaptive immune response.19,20 Hence, an
understanding of the effects of nanoparticles on cyto-
kine release is essential for their further application to
vaccine adjuvants.21 Tsai et al. reported that the ex-
pression levels of cytokines from macrophages after
incubation with gold and silver nanoparticles were
affected by the nanoparticle diameter.22 Plebanski
et al. reported that the size of antigen-immobilized
polystyrene beads affected the type-1/type-2 cytokine
balance.17 These data suggest that nanoparticles of a
suitable size could provide an effective adjuvant be-
yond their use as an antigen carrier.
Compared to effect of size, there are few reports on

the effect of NP shape on the immunological response.
Interestingly, Maysinger et al. reported the AuNP shape
dependency of the inflammatory response in micro-
glial cells.23 For instance, the nanourchins increased
interleukin-1R production, which is an inflammatory
cytokine, but spherical and rod particles did not. These
differences in cytokine production in response to
nanoparticles of different shapes suggest a desirable
alteration in immune response in accordance with
changes in the shape of the nanoparticles used.
In this paper, we focused on the NP shape depen-

dency of the immune response in vivo aswell as in vitro.
We prepared spherical (20 and 40 nm in diameter), rod
(40 � 10 nm), and cubic (40 � 40 � 40 nm) nanopar-
ticles. The nanoparticles were coated with West Nile
virus envelope (WNVE) protein to produce 20 and
40 nm spherical (Sphere40-E, Sphere20-E), rod (Rod-E),
and cubic (Cube-E) AuNP-Es. West Nile virus (WNV) is
distributed over a wide geographical range including
North America, Africa, Europe, and the Middle East;
however, no practical vaccines for West Nile virus
have been developed.24 We chose these sizes because,
in general, for mammalian cells, nanoparticles of
40�60 nm in diameter are known to bewell-internalized
into cells via the endocytotic pathway.25�27 Further,

the size of native WNV is also around 40 nm in
diameter.28 The levels of anti-WNVE antibody produc-
tion in mice after vaccination with these particles were
compared. We found that antibody production is sig-
nificantly dependent on nanoparticle shape. In order to
clarify the shape dependence in vivo, the cellular
uptake of nanoparticles and subsequent cytokine pro-
duction using RAW264.7 macrophages and murine
bone-marrow-derived dendritic cells (BMDCs) were
investigated. The correlations between antibody pro-
duction, uptake level and cytokine production were
discussed in regard to “nanoparticle shape”.

RESULTS AND DISCUSSION

Characterization of WNVE-Coated AuNPs (AuNP-Es). Spherical,
cubic, and rod AuNPs coated with cetyltrimethylammo-
nium bromide (CTAB) were synthesized via a seeding
growth method from chloroauric acid as reported pre-
viously with slight modifications.13,29 Spherical AuNPs
were synthesized in two sizes (20 and 40 nm in diameter;
Figure 1A,B). The prepared AuNPs were then coated
by an anionic polymer, poly(4-styrenesulfonic acid-co-
maleic acid) (PSS-MA),30 which can electrostatically at-
tach theWNVE in the same orientation31 as the envelope
proteins of the native virus. Importantly, CTAB-originated
cytotoxicity was drastically reduced by the PSS-MA coat-
ing (data not shown). WNVE, as an antigen, was con-
jugated with PSS-MA-coated AuNPs via an electrostatic
interaction, and the resultant AuNP-E complexes were
characterized as described below.

The physical characteristics of AuNP-E complexes
are shown in Table 1. The shape and size of the syn-
thesized AuNPs were confirmed by scanning transmis-
sion electron microscopy (STEM) and UV�vis absorption
(Figure 1 and Supporting Information Figures S1 and S2).
The diameters of the spherical AuNPs (Sphere20s and
Sphere40s) were determined to be 19 ( 1.9 and 43 (
3.3 nm, respectively (Figure 1A,B). The cubic AuNPs
(Cubes) had an edge length of 41 ( 4.8 nm (Figure 1C).
The rod AuNPs (Rods) were 36 ( 3.6 nm long and 10 (
1.2 nm wide (aspect ratio = 3.6, Figure 1D). Surface
modifications in each step were confirmed by changes
of ζ-potential (Figure 1E). The ζ-potentials for all AuNPs
changed from positive to negative (�65 to �22 mV)
after PSS-MA coating and were slightly negative (�10
to �24 mV) after WNVE conjugation (Figure 1E). Each
AuNP showed the same trend, and Rod showed the
highest ζ-potential of �10 ( 0.3 mV.

In order to quantify the number of protein mol-
ecules on a single AuNP surface, WNVE molecules
attached on the AuNPs were peeled off using sodium
dodecyl sulfate (SDS) and the number of protein mo-
lecules was estimated by Western blotting (Table 1).
The number of immobilizedWNVEproteins per particle
was 74( 4, 52( 6, and 46( 2 for Sphere40-Es, Cube-Es,
and Rod-Es, respectively, so no large differences were
observed between these similarly sized (∼40 nm)
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particles. For Sphere20-Es, 9.7 ( 3 proteins were
immobilized on the surface of a single nanoparticle.
Immobilized WNVE molecules were not exchanged
with serum protein during incubation for 2 h in a cell
growth medium containing 10% fetal bovine serum
(FBS) due to the slow exchange reaction rate of WNVE
and serum protein (data not shown).

Colloidal Stability of AuNP-Es in a Biological Medium. As the
proteins present in biological media interact with
nanoparticles and form protein coronas around
them,32,33 shape of nanoparticles could affect protein
corona formation so that the colloidal stability of
nanoparticles in biological media could be the key
feature in the immune response.34�36 Therefore, the
stability of each AuNP-Es in a serum medium (DMEM
containing 10% FBS) was examined using dynam-
ic light scattering (DLS) and UV�vis spectrometry
(Figure 2). For Sphere40-Es, Sphere20-Es, and Cube-Es,
20�30 nm increases in the hydrodynamic diameter
were observed during the initial 6 h of incubation, after
which little further change was observed. In contrast,
the hydrodynamic diameter, which corresponds to
corona formation, was constant for Rod-Es during the
initial 6 h period; however, the size suddenly increased
after 6 h and reached a size 5 times larger than
the original after incubation in serum for 24 h. The

aggregation state of nanoparticles can be qualitatively
evaluated by red shifts in the plasmon peak. While
small shifts (2�6 nm) in the plasmon peak were
observed for Sphere40-Es, Sphere20-Es, and Cube-Es
during 24 h incubation in serum medium, a large shift
(∼20 nm) in the plasmon peak was observed for
Rod-Es, supporting the aggregation of Rod-Es indi-
cated by DLS. This means that, for Sphere40-Es,
Sphere20-Es, and Cube-Es, incubation in serum in-
duces the formation of a soft corona layer of serum
proteins, affording colloidal stability to these AuNP-Es.
In contrast, for Rod-Es, incubation in serum for 24 h
resulted in only a small aggregation (less than 100 nm)
of nanoparticles.

Antibody Responses in Mice Induced by AuNP-E Nanoparticles
of Different Sizes and Shapes. The immunogenicity of the
AuNP-E nanoparticles was examined in mouse experi-
ments. Groups of 10 mice were intraperitoneally in-
jected twicewith 100 ng protein/animal/dose of AuNP-
Es, WNVE protein that was not conjugated to AuNPs, or
PBS as a negative control. WNVE-specific IgG titers in
mice were determined by ELISA usingWNVE protein as
a coating antigen (Figure 3). The IgG specific to WNVE
increased inmice immunizedwith all of the AuNP-Es. In
particular, Sphere40-E showed the highest antibody
induction of the four different AuNPs. However, WNVE
protein without AuNPs induced almost no anti-WNVE
IgG antibodies, similar to the PBS control. These results
indicate that AuNPs can enhance antibody induction
to the conjugated antigen, suggesting the AuNPs have
an adjuvant effect. In addition, the adjuvant effects of
AuNPs varied depending on their size and shape.
Kojima et al. reported that West Nile virus-like particles
of two different sizes, 20 and 40 nm, showed different
levels of immunogenicity.37 The larger virus-like parti-
cles induced a stronger immunological response than

TABLE 1. Physical Characteristics of AuNP-E

diameter

(nm)a

λmax

(nm)

ζ-potential

(mV)

number of

protein/particle

Sphere20-E 19 ( 1.9 522 �24 ( 3 9.7 ( 3
Sphere40-E 43 ( 3.3 525 �23 ( 1 74 ( 4
Cube-E 41 ( 4.8 539 �11 ( 0.5 52 ( 6
Rod-E (36 ( 3.6) � (10 ( 1.2) 516, 780 �9.9 ( 0.3 46 ( 2

a Determined from TEM images (means ( SD of 200 AuNPs).

Figure 1. TEM images of as-prepared (A) Sphere20, (B) Sphere40, (C) Cube, and (D) Rod AuNPs. Scale bar represents 40 nm.
(E) Zeta-potential (ζ) of AuNPs at each step of surface modification.
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did the smaller ones in the same manner as our results
for Sphere40-Es and Sphere20-Es. Notably, there were
significant differences in antibody production between
spherical, rod, and cubic NPs. The Sphere40-Es induced
the highest level of WNVE-specific antibodies, while
Rod-Es induced only 50% that of the Sphere40-Es.To
explain the shape dependency of antibody production,
we carried out in vitro studies using APCs based on the
following two hypotheses. The first is that differences in
the level of uptake of these NPs resulted in differences
in the amount of antigen internalized into the APCs. The
second is that cytokine production by the APCs is
affected by the shape of the nanoparticles.

Comparison of the Cellular Uptakes of Sphere20-E, Sphere40-
E, Cube-E, and Rod-E NPs into RAW264.7 Macrophages. At first,

we examined the uptake level of the AuNP-Es to
validate the first hypothesis using RAW264.7 cells,
which are often used as a model for primary macro-
phages.38 RAW264.7 cells were incubated with each
AuNP-E at a concentration of 5 � 1010 NPs/mL in
DMEM. The cytotoxicity of the AuNP-Es was evaluated
using a cell-counting kit 8 (CCK-8) assay (Figure S3).
None of the AuNP-Es led to obvious cell toxicity com-
pared to the control cells at this concentration. The
intracellular distributions of the AuNP-Es after incuba-
tion for 1.5 h were observed by confocal laser micro-
scopy (CLMS) (Figure S4). In this experiment, proteins
were labeled with Alexa Fluor 647 for their visualization.
CLMS data demonstrate that all AuNP-Es were interna-
lized into cells andwere distributed outside the nucleus.

Figure 2. Red shift in absorbance spectra for (A) Sphere20, (B) Sphere40, (C) Cube, and (D) Rod nanoparticles on the addition
of cell growthmedium containing 10% FBS. Blue, red, and green lines indicate 0, 6, and 24 h after the addition of medium to
the AuNP-Es, respectively. (E) Time-course change in hydrodynamic diameters determined by dynamic light scattering (DLS)
after the addition of the medium to Sphere20-Es (blue), Sphere40-Es (red), Cube-Es (green), and Rod-Es (orange).
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The level of cellular uptake of the AuNP-Es was
detected by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) (Figure 4 and Figure S5).
ICP-AES data indicate that the number of NPs in a
single cell was 25, 7.1, 4.1, and 1.1 � 104 NPs/cell for
Rod-Es, Sphere20-Es, Sphere40-Es, and Cube-Es, re-
spectively (Figure 4A). Rod-shaped AuNPs were the
most efficiently internalized among the tested parti-
cles, with 20% of the total NPs in the medium inter-
nalized within 1.5 h. On the contrary, the cubic AuNPs
were internalized least efficiently, with only 1.3% of the
added NPs entering the cells. The physicochemical
properties of NPs, such as surface charge and surface
area, are known to influence the cellular uptake of the
NPs by macrophages.39�41 The surface area of rods is
similar to that of Sphere20s, and the surface charge of
rods is similar to that of cubes. Thismeans that the level
of cellular uptake does not simply depend on surface
area or charge, rather that shape is another important
factor in determining the level of uptake. We also
confirmed that AuNPs without a layer of WNVE pro-
teins entered cells in a similar manner to WNVE-coated
AuNPs (Figure S5). Frenkel et al. reported the effect of
the shape of nanoparticles on passive endocytosis
using MD simulations and found that the efficiency
of endocytosis of spherocylindrical particles (similar in
shape to our rods) was higher than that of spherical
particles.42 Ghandehari et al. compared the level of
cellular uptake of PEGylated rod (10 � 45 nm) and
spherical nanoparticles (50 nm in diameter) by RAW
264.7 macrophages.41 They reported that the nano-
rods were taken up to a lesser extent than were the
spherical nanoparticles based on the “weight of nano-
particles” in cells. These results seem to be inconsistent
with our data. However, as each Sphere40 is 15-fold
heavier than each rod, Figure 4A shows that the
Sphere40s were more efficiently internalized into cells
than rods when compared in terms of the weight of

nanoparticles in a single cell. However, it should be
noted that the number of internalized rods was 6 times
higher than that of Sphere40s, meaning that Rod-Es
can deliverWNVE antigensmore efficiently intomacro-
phages. Since Sphere40-Es induced the highest level of
antibodies, the trend in antibody production shown in
Figure 3 cannot be explained by the number of inter-
nalized AuNP-Es. This implies that there is another
factor beyond the amount of antigen internalized.

Inflammasome Activation: Intracellular Distribution of AuNP-
Es in RAW264.7 Cells. Next, we tested the second hypoth-
esis that differences in the shape of the NPs induced
differences in the level of cytokine production by APCs.
First, we focused on the immunological response via

inflammasomes, which are cytosolic molecular com-
plexes that activate inflammatory caspase, cytokine
IL-1β and IL-18, which promote inflammatory
responses.43,44 Inflammasomes are known to be acti-
vated on exposure to nanoparticles due to lysosomal
damage, such as the rupture of lysosomes.45�47 To
examine this, the intracellular distribution of AuNP-Es
in RAW264.7 cells was visualized by transmission elec-
tron microscopy (TEM) and CLMS (Figure S6). Regard-
less of the size and shape of the AuNPs, TEM images
suggested that all AuNPs were taken up via the
endocytotic pathway (Figure 4B�E). On the one hand,
Sphere40-Es and Cube-Es mostly remained in the
lysosome (Figure 4C,D), whereas Sphere20-Es and
Rod-Es were capable of escaping from the lysosome
into the cytosol (Figure 4B,E). CLMS images with lyso-
some staining by Lysotracker suggested the same
trend as that observed in the TEM images (Figure S6).
Nevertheless, CLMS images did show some release
of Cube-Es from the lysosome, with a small number
of Cube-Es also observed to be released in the TEM
images (Figure S6E). These results are supported by the
MD simulations reported by Frenkel et al., in which
small and nonspherical NPs were shown to easily
escape from the lipid bilayer.48 In addition, Sphere20-
Es and Rod-Es were removed from cells by exocytosis
after culturing for an additional 48 h (Figure 4F). These
trends correlate with the lysosomal escape of AuNPs.
This lysosomal escape means that Sphere20-Es and
Rod-Es have potential cytotoxicity through the rupture
of lysosomes and leakage of proteolytic lysosomal
enzymes into the cytosol leading to inflammasome
activation.

Inflammasome Activation in BMDCs after Exposure to AuNP-
Es. IL-1β is a critical pro-inflammatory cytokine involved
in the initiation of the innate immune response and
regulation of adaptive immunity.49 The maturation
of this cytokine is tightly regulated by the NLRP3
inflammasome.50 In recent years, there have been
a few reports indicating that NPs stimulate NLRP3
inflammasome formation and that the stimulation
efficacy depends on the size and surface chemical
properties of the NPs.45,46 Thus, the production of

Figure 3. WNVE-specific IgG ELISA end point titers in mice
immunized twice at 3 week intervals with 100 ng WNVE/
animal/dose of AuNP-E. Antibody production was expressed
as the reciprocal of the maximum dilution giving a greater
absorbance than sera from PBS-immunized mice. Significant
differences: *p < 0.05; ***p < 0.001 (means ( SEM, n = 10).
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IL-1β and IL-18 in dendritic cells (DCs) was investi-
gated by ELISA in order to reveal whether the shape-
dependent antibody production originated from
shape-dependent inflammasome activation or not.

BMDCs were incubated with AuNP-Es at various
concentrations, from 2 to 10 μg/mL, for 24 h. CLMS
images are shown in Figure 5 (enlarged images in
Figure S7). As with RAW264.7 macrophages, AuNP-Es
were internalized into cells and distributed outside the
nucleus. The black areas within the cells in the DIC
images represent internalized AuNP-Es, as the fluores-
cence from the dye-conjugated AuNP-Es (shown in red
in Figure 5) corresponded to these black areas. Accord-
ing to the DIC images, a large number of Rod-Es were
taken up, again as seen with RAW264.7 cells. ICP-AES
data also supported the significant internalization of
rods into the cells (Figure S8).

Cytotoxicity and cytokine production in BMDCs
after exposure to AuNP-Es for 24 h in the presence of
50 ng/mL lipopolysaccharide (LPS) is shown in Figure 6.
Aluminum potassium sulfate (alum) was used as a
positive control for the observation of inflammasome
activation.51,52 LPS increases the amount of pro-IL-1β
and pro-IL-18, the immature state of IL-1β and IL-18, in
cells.53 Cytotoxicity occurred in cells treated with Rod-
Es at a concentration of 10 μg/mL, although WNVE

alone or other AuNP-Es exhibited no cytotoxicity
(Figure 6A). IL-1β and IL-18 levels were assessed in
the culture supernatants of BMDCs after nanoparticle
treatment by ELISA (Figure 6B,C). ELISA results indi-
cated that only Rod-Es evoked IL-1β and IL-18 expres-
sion (752( 50 and 64( 0.8 pg/mL, respectively), while
other AuNP-Es or WNVE alone did not. The cytokine
production level correlated with the cytotoxicity of
Rod-Es. Simmet et al. reported that cationic polystyr-
ene nanoparticles induce lysosomal rupture followed
by a cytotoxic effect and NLRP3 inflammasome activa-
tion.45 Our rod-shaped AuNPs exhibited lysosomal
escape to the cytosol (Figure 4E), and this could be
similarly regarded as lysosomal rupture. Although
Sphere20-Es can escape from lysosome similarly to
Rod-Es, inflammasome activation was not observed.
This suggests that the efficiency of internalization of
AuNP-Es is one of the important factors to induce the
inflammasome-mediated immune response. The cyto-
toxicity derived from the efficient internalization of
Rod-Es and subsequent lysosomal rupture it thought
to lead to inflammasome activation with IL-1β and
IL-18 secretion. However, this AuNP-E-induced anti-
body production cannot be fully explained by inflam-
masome activation as efficient antibody production
was also observed for Sphere40-Es and Cube-Es.

Figure 4. (A) Uptake of AuNP-E by RAW264.7 cells determined from ICP-AES (mean( SEM, n = 3). TEM images of RAW264.7
cells treated with 2mg/mL AuNP-Esfor 3 h; (B) Sphere20-E, (C) Sphere40-E, (D) Cube-E, and (E) Rod-E. Arrows indicate AuNP-E
in the cytosol. Scale bar represents 300 nm. (F) Exocytotic level of AuNP-Es 48 h after exposure to AuNP-E for 1.5 h. Fexo =Nout/
N0, where Nout is the number of NPs exocytosed from the cells and N0 is the number of NPs internalized before exocytosis
(means ( SEM, n = 3).22

A
RTIC

LE



NIIKURA ET AL. VOL. 7 ’ NO. 5 ’ 3926–3938 ’ 2013

www.acsnano.org

3932

Thus, there is a possibility that APCs recognize the shape
of the nanoparticles and induce different cytokines for
Sphere40-Es and Cube-Es through non-inflammasome
pathway.

Inflammatory Cytokine Secretion from BMDCs after Exposure
to AuNP-Es. One of the most important cytokines in the
innate and adaptive immune systems is tumor necrosis
factor-R (TNF-R), which is a pro-inflammatory cytokine

Figure 5. CLMS images of BMDCs treated with 10 μg/mL Alexa Fluor 647-labeled AuNP-Es for 24 h. Nuclei were stained by
Hoechst for 30 min (green). Scale bar represents 20 μm.

Figure 6. (A) Cytotoxicity of AuNP-Es to BMDCs at various concentrations after incubation for 24 h. (B) IL-1β and (C) IL-18
secretion from BMDCs as an indication of inflammasome activation. Significant differences: **p < 0.01; ***p < 0.001 vs control
(means ( SEM, n = 3).
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mainly produced by T cells and APCs, such as den-
dritic cells and macrophages.54 Importantly, this
cytokine is not induced via the inflammasome-
mediated immune response.45,55 We examined TNF-
R induction from BMDCs after exposure to AuNP-Es
(Figure 7A). Sphere40-E and Cube-E NPs induced
significantly higher levels of TNF-R (906 ( 50 and
1204 ( 20 pg/mL, respectively) than the other AuNP-
Es tested (55�191 pg/mL). We confirmed that the
alum adjuvant, which activates the inflammasome-
mediated immune response, did not induce TNF-R
(16�172 pg/mL). Interestingly, Rod-Es did not induce
TNF-R secretion even though the uptake level was
markedly higher than those of the other AuNP-Es.
Therefore, for the induction of TNF-R, the shape of the
AuNP-Es as well as their size is an important factor in
the adjuvant function of AuNPs. In addition to TNF-R,
induction of other inflammatory cytokines, IL-6, IL-12,
and GM-CSF, was also investigated. The induction of
IL-6, IL-12, and GM-CSF from BMDCs after treatment

with AuNP-Es showed similar trends to that of TNF-R,
and only both Sphere40-Es and Cube-Es induced
the production of these cytokines (Figure 7B�D).
On the contrary, no AuNPs induced interferon-R
(IFN-R), which is known to interfere with viral replica-
tion in uninfected cells by activating NK cells and
macrophages.56 These data suggest that Sphere40-Es
and Cube-Es induce antibodies by the induction of
inflammatory cytokines, although these cytokines
are different from those induced by Rod-Es. Rod-Es
appear to induce antibody production through the
inflammasome-mediated pathway (Figure 6). Our
in vitro experiments clearly demonstrate that AuNP-
Es can induce the production of different kinds of
cytokines at different levels from dendritic cells in a
shape-dependent manner.

Influence of the Physicochemical Parameters of AuNP-Es
on Antibody Production and Cytokine Secretion. Although
immune responses are also dependent on the phar-
macokinetic aspects of the adjuvants in vivo, the

Figure 7. (A) TNF-R, (B) IL-6, (C) IL-12, (D) GM-CSF, and (E) IFN-R secretion from BMDCs treated with AuNP-Es at various
concentrations. LPS was used as positive control for IFN-R (50 ng/mL for 3 h, red bar). Significant differences: ***p < 0.001 vs
control (means ( SEM, n = 3).
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extraction of one specific parameter that dominates
immune responses appears difficult. However, we
choose four representative parameters for each
AuNP-E (surface charge, surface area, protein number
per single AuNP-E, and specific surface area, which is
the total surface area per single nanoparticle volume
(Table S1)) and investigated the correlation between
these parameters and antibody production and cyto-
kine secretion (TNF-R or IL-1β) (Figure 8). We note that
the specific surface area has an inversely proportional
relationship to both antibody production and cytokine
secretion. The AuNP-Es with a low specific surface area,
such as those with large spherical structures, induced
high levels of antibodies and cytokines. In contrast,
different effects on antibody and cytokine production
were observed for the other parameters. It is known
that the size of the spherical nanoparticle present-
ing the antigen17 as well as the density of the
antigen on the nanoparticle surface9 is important
in producing a strong immune response. On the
basis of the above correlations, we propose that
specific surface area, which is dependent on both
the size and shape of the nanoparticles, is the key
factor to simultaneously explain the immune re-
sponses observed in vivo and in vitro in our study.
The larger antibody response of Rod-Es compared
to that of Sphere20-Es can be explained by the
effects of aggregation and their ability to induce
high levels of inflammasome-related cytokine se-
cretion. Although the size of nanoparticles has been
reported to affect their pharmacokinetics57�60 and
immune responses,17,22,61 our in vivo findings

regarding the dependency of immune response
on the specific surface area, which is a factor in-
fluenced by both size and shape, will be an impor-
tant factor in the further development of nanoparticle-
based vaccines.

CONCLUSIONS

We investigated the effects of shape and size
(Sphere40, Sphere20, cube, and rod) of WNVE-coated
AuNPs on antibody production in mice. Sphere40 was
more effective as a platform than the other shapes
(cube and rod) or the smaller sphere (20 nm). For
in vitro studies using APCs (macrophage and dendritic
cells), the rods were most efficiently internalized
into these cells and induced the secretion of the
inflammasome-related cytokines, IL-1β and IL-18. On
the other hand, Sphere40 and cube AuNPs were
inefficient for cellular uptake from APCs in comparison
to the rods; however, both Sphere40 and cube AuNPs
induced the secretion of the pro-inflammatory cyto-
kines, TNF-R, IL-6, IL-12, and GM-CSF, at high levels. We
speculated that Sphere40 could efficiently induce anti-
body production by activating these inflammatory
cytokines, whereas rods act via inflammasome activa-
tion. We note that the specific surface area of AuNPs of
various sizes and shapes is a common factor that is
correlated to both the secretion of pro-inflammatory
cytokines and antibody production. The detailed mech-
anisms for and generality of the dominant factor
underlying the effects of size and shape on immune
response, such as aspect ratio, level of protein adsorp-
tion, or interaction between nanoparticles and the cell

Figure 8. Antibody production or cytokine secretion (TNF-R or IL-1β) vs four parameters (ζ-potential, surface area, protein
number per single AuNP-E, and specific surface area). Blue, Sphere20-E; red, Sphere40-E; green, Cube-E; orange, Rod-E.
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membrane, should be clarified in a biological environ-
mentby further investigation.However, ourdata forAuNP
shape-dependent antibody production and specific

cytokine release will contribute to the future design of
safe and effective nanoparticle-based vaccines through
the activation of the desired immune response.

MATERIALS AND METHODS
Materials. All commercially available reagents were used

without further purification. Dulbecco's modified Eagle's medi-
um (DMEM), RPMI-1640, fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from GIBCO. The 96-well
plates for ELISA were purchased from NUNC (Thermo Fisher
Scientific Inc., USA). ECL Western Blotting detection reagents,
Precision Plus protein dual color standard, Mini-PROTEAN TGX
precast gels, Immun-Blot PVDF membrane and extra thick blot
paper were purchased from Bio-Rad Laboratories, Inc. (USA).
Mouse anti-WNV envelope IgG andHRP-conjugated anti-mouse
IgG were purchased from Abcam plc (UK). IL-1β and TNF-R
Quantikine ELISA kits were purchased from R&D Systems, Inc.
(USA). IL-18 ELISA kits were purchased from MBL (Japan).
Verikine IFN-RELISA kits were purchased from PBL Interferon
Source (USA). Other reagents were purchased from Wako Pure
Chemical Industries (Japan) and Sigma Aldrich (USA). In all
experiments, deionizedMillipore water (18MΩcm�1) was used.

AuNP Synthesis. Gold nanorods (rods) were prepared using
a seeding growth method as described previously by
Murphy et al.13 Gold nanospheres (20 and 40 nm in a diameter;
Sphere20s and Sphere40s, respectively) and nanocubes (cubes)
were prepared according to themethod reported byWang et al.
with modifications,29 particularly in the case of the nanospheres.
Briefly, to a seed solution consisting of HAuCl4 (0.01 M, 250 μL)
and CTAB or CTAC (0.1 M, 7.5 mL) was added ice-cold NaBH4

(0.01 M, 600 μL). The resulting seed solution was stirred at room
temperature for 2 h. The CTAB-stabilized seeds were used for
cube and rod synthesis, and CTAC-stabilized seeds were used
for nanosphere synthesis. The growth solution was prepared
by the sequential addition of CTAB (0.1 M, 2.9 mL) or CTAB
and CTAC (0.1 M, 1.45 mL each), HAuCl4 (0.01 M, 370 μL), and
ascorbic acid (0.1 M, 1.8 mL) into water (15 mL). The seed
solutions were diluted 10-fold with water. The diluted seed
solutions (9.3 μL for Sphere40 and cube, 93 μL for Sphere20)
were then added to the growth solution. The resultant solutions
were mixed by gentle inversion for 10 s and then left undis-
turbed overnight at 30 �C.

Scanning transmission electron microscopic (STEM) images
were obtained using a STEMHD-2000 system (Hitachi High-Tech
Manufacturing& Service Co., Ltd., Japan)with200 kVaccelerating
voltage. UV�vis spectra were measured with a UV�vis spectro-
photometer (UV-1650PC; Shimadzu Corporation, Japan).

Preparation of West Nile Virus Envelope (WNVE) Protein. Water-
soluble His-tagged ectodomain of WNVE protein (NY99 6LP
strain) was produced by a persistently expressing 293T cell line.
WNVE protein was purified by immobilized metal ion affinity
column chromatography with a Ni-NTA column (GE) in accor-
dance with the manufacturer's instructions. The elution frac-
tions were assessed by SDS-PAGE, and those fractions
containing WNVE protein were pooled. The purified E protein
was then dialyzed overnight at 4 �C against PBS and concen-
trated using a 30 kDa molecular weight cutoff (MWCO) Amico-
nUltra filter unit (Millipore).

For cell imaging, the WNVE protein was modified with
Alexa Fluor 647 carboxylic acid and succinimidyl ester (Life
Technologies) by incubation for 1 h at room temperature.

AuNP�Protein Complex (AuNP-E) Preparation. The synthesized
AuNP solutions were purified by centrifugation twice using a
CF-16RX system (Hitachi-Koki, Ltd., Japan) to remove excess
CTAB (2000�4000g, 10 min each). According to previous report
published by Murphy et al.,30 a poly(4-styrenesulfonic acid-co-
maleic acid) sodium salt (PSS-MA; 1:1 4-styrenesulfonic acid/
maleic acidmole ratio, MW∼ 20 000 g/mol) solution (10mg/mL,
200 μL) was added to the AuNP solutions (1 mL), and the
resultant mixtures were vortexed for 30 s. After adsorption
for 1 h, the excess polymer in the supernatant fraction was

removed by centrifugation twice (2000�4000g, 10 min each)
followed by resuspension in water. WNVE protein (10 μg) was
added to the polymer-coated AuNP solutions, and the mixtures
were incubated at 30 �C for 1 h. After adsorption, the excess
protein in the supernatant fraction was removed by centrifuga-
tion twice (2000�4000g, 10 min each) followed by resuspen-
sion in PBS.

Quantification of WNVE Protein on AuNPs. The AuNP-E solutions
were concentrated by centrifugation and then added to SDS-
PAGE sample buffer to peel off proteins from the surface of
the AuNPs. After heating at 95 �C for 5 min for denaturation of
the proteins, the solutions were centrifuged (6000g, 5 min) to
completely precipitate the AuNPs. The supernatants were
applied to SDS-PAGE with WNVE protein of known concentra-
tions and then transferred to a PVDFmembrane using a semidry
method. The transferred membrane was analyzed by Western
blotting with mouse anti-WNV envelope IgG and HRP-conju-
gated anti-mouse IgG. Immunoreactive proteins were detected
with ECL detection reagent and quantified by densitometry
using a LAS-3000 imaging system (FUJIFILM, Japan).

Absorbance and Dynamic Light Scattering (DLS) Measurement in
Biological Medium. The AuNP-E solutions were added to DMEM
supplemented with 10% fetal bovine serum (FBS) and incu-
bated for 24 h. At 0, 6, and 24 h, absorbance spectra and
hydrodynamic diameters were measured using a UV�vis spec-
trophotometer and Delsa Nano HC (Beckman Coulter, USA).

Immunization and Analysis of Antibody Responses. Groups of ten
4-week-old female C3H/HeNJc1 mice (CLEA Japan, Inc., Japan)
were intraperitoneally immunized twice at 3week intervals with
100 ng protein/animal of AuNP-Es, PBS, or WNVE protein solu-
tion. Sera were collected at 1 week after the second immuniza-
tion. The anti-WNVE immunoglobulin G (IgG) titers of the
individual mouse sera were determined using ELISA plates
coated with WNVE protein and HRP-conjugated antimouse
IgG. Immunoreactive proteins were detected with SIGMAFAST
OPD. After reaction, the absorbance at 450 nm was measured.
Absorbance cutoff values were calculated as the mean absor-
bance of sera from PBS-immunized mice. Antibody production
was expressed as the reciprocal of themaximum dilution giving
an absorbance greater than the cutoff value.

Generation of BMDCs. Bone-marrow-derived dendritic cells
(BMDCs) were generated from mouse BM as previously
described.62,63 In brief, BM cells of 6-week-oldmale C3H/HeNJc1
mice were depleted of T cells, B cells, macrophages, and
granulocytes by killing with lineage-specific antibodies and
complement. Subsequently, the cells were cultured in RPMI-
1640 supplemented with 10% FBS, 10 ng/mL recombinant
mouse granulocyte/macrophage colony-stimulating factor
(rmGM-CSF; R&D Systems), and 50 μM β-mercaptoethanol for
6 days in 24-well culture plates. The culture medium was
changed for fresh medium every 2 days. We usually acquired
4 � 106 immature DCs from each mouse.

Cell Culture and Treatment with AuNP-Es. RAW264.7 cells were
maintained in DMEM supplemented with 10% FBS, 500 units/
mL penicillin, and 500 μg/mL streptomycin. Cells were seeded
at 105 cells/well in 6-well cell culture plate or 35 mm glass-
bottomed dishes (Asahi Glass Co. Ltd., Japan) and treated 24 h
later. In the case of BMDCs, cells were seeded at 105 cells/well in
triple-well glass-based dishes. The cultures were kept at 37 �C in
a humidified incubator under a 5% CO2 atmosphere.

In cell imaging experiments, AuNP-Es conjugatedwith Alexa
Fluor 647 were added to the cell dishes at a final concentration
at 5 � 1010 NPs/mL. After incubation in an incubator for 1.5 h,
the cells were washed with PBS three times to remove AuNP-Es
that did not enter the cells and then added to fresh culture
medium. For colocalization observation of AuNP-Es and lyso-
somes, 50 nM Lysotracker Blue DND-22 in cell culture medium
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was added. After incubation for 30 min, cells were washed with
PBS three times and added to freshmedium. These cell samples
were then ready for imaging measurements. Fluorescence and
differential interference contrast (DIC) images were obtained
using a confocal laser scanning microscope (CLMS; Olympus
FV-300). The cell imaging experiments were done under same
conditions, including laser power and photomultiplier gain, on
the same day. In BMDC imaging experiments, BMDCs were
treated with 10 μg/mL AuNP-Es for 24 h. After exposure to
AuNP-Es, cell culture supernatants were removed and 0.2 μg/mL
Hoechst in cell culture medium was added. After incubation for
20 min, cells were washed with PBS three times and added to
fresh culture medium.

In cellular uptake and removal experiments, AuNP-Es were
added to the cell dishes under the same conditions as in the cell
imaging experiments, and washing was performed in the same
manner. For the removal experiment, the cells were cultured for
a further 48 h and washed three times. The cells were treated
with aqua regia, and the cell dispersion was further sonicated
for 1min to completely disrupt the cellmembranes and dissolve
AuNPs to gold ions. The resultant solutions were diluted with
water (6 mL). The concentrations of gold ions in the cells were
determined by ICP-AES (ICPE-9000, Shimadzu) after obtaining a
calibration curve for the gold ions at various concentrations
using commercial standards. The concentrations of gold ions
contained in the cells were then converted to the number of
gold nanoparticles taken up per cell by consideration of the size
of the nanoparticles obtained from the STEM imaging and the
total number of cells involved.

TEM Observation. RAW264.7 cells were incubated with the
AuNP-Es (final concentration: 2 μg/mL) for 3 h in DMEM on
BioCoat poly-D-lysine 8-well CultureSlides (BD). After washing
with PBS buffer, the cells were fixed in 2.5%glutaraldehyde/0.1M
phosphate buffer (pH 7.4) overnight at 4 �C, postfixed in a mixed
aqueous solution of 1% osmium tetroxide and 1.5% potassium
ferrocyanide for 2 h at roomtemperature, dehydrated in agraded
ethanol series, and embedded in Epon 812 (TAAB). Ultrathin
sections were then cut on a RMC Ultramicrotome MTX. The
sections were stained with uranyl acetate followed by lead
citrate and examined at 80 kV with a JEM-1400 transmission
electron microscope (JEOL, Japan).

Cytokine Production Measurement. BMDCs were first primed
with 50 ng/mL LPS for 3 h. After priming, the cells were seeded
at 105 cells/well in 96-well cell culture plate. The cells were
then treated with 50 ng/mL LPS and AuNP-Es at various
concentrations for 24 h. The level of IL-1β and IL-18 was
measured by ELISA following the manufacturer's protocols.
For several cytokine and chemokine measurements, BMDCs
were not primed with LPS. Culture supernatants were col-
lected and tested for cytokine levels by LUMINEX (IL-6, IL-12,
and GM-CSF) using the mouse cytokine Ten-Plex antibody
bead kit (Invitrogen) or ELISA (TNF-R and INF-R) following the
manufacturer's protocols.

Cytotoxity Assay. Cells were seeded at 104 cells/well (RAW264.7
cell) or 105 cells/well (BMDC) in 96-well cell culture plates. Cell
viability was tested using a cell-counting kit 8 (CCK-8, Dojindo,
Japan). After incubation for 24 h with AuNPs, the medium was
removed, and fresh medium (100 μL) containing 10% CCK-8
reagent was added to each well. The culture plates were
incubated at 37 �C and 5% CO2 for 3 h. After incubation, the
absorbance at 450 nm was measured using a microplate reader
(Infinite 200 PRO, Tecan).

Statistical Analysis. Statistical analysis was carried out using
Student's independent t test. A value of p < 0.05was considered
to be significant.
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