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Vaccination with the aid of adjuvants is a highly effective
therapeutic option for the prevention of various diseases.[1]

However, development of vaccines against existing cancers
and chronic viral diseases, such as hepatitis C and HIV, has
proved difficult owing in large part to an inability to induce
concerted and potent humoral and cellular immunity.[2] With
the aim of overcoming this problem, much effort has gone
into developing novel technologies for therapeutic cancer
vaccines that enable long-lasting induction of strong, antigen-
specific CD8+ T cells, as well as induction of antibody
responses to existing tumors.[3] A key consideration in
developing such technology is how to achieve efficient
antigen delivery to antigen-presenting cells (APCs) with
subsequent activation and maturation of cells that maximize
cross-presentation for inducing cytotoxic CD8+ T cell
responses.[4] In that sense, vaccine delivery to a local lymph
node (LN) might be an appropriate strategy, because the node
would contain a high population of APCs (e.g., resident
dendritic cells, plasmacytoid dendritic cells, and macro-
phages) along with immune cells responsible for both
humoral and cellular immunity.[5] To that end, nanoparticles
of natural or synthetic origin have emerged as potential
candidates for antigen delivery,[6] since they can be efficiently
delivered to LNs through lymphatic vessels in a size-depen-
dent manner.[5b, 7] Importantly, smaller nanoparticles (ca.
25 nm in diameter) could lead to significantly larger accumu-

lation in a local LN than larger nanoparticles of approx-
imately 100 nm in size.[5b]

There are four key considerations when designing a nano-
particulate vaccine for targeting LNs: 1) for efficient delivery,
the particle diameter should be below 50 nm; 2) the antigens
and/or adjuvants should be versatile and easily accommo-
dated to the nanoparticles; 3) after internalization, the
vaccine must properly activate APCs to facilitate induction
of humoral and cellular immunity; and 4) it is beneficial if the
vaccine is traceable in a noninvasive manner to predict
efficacy. For the following reasons, gold nanoparticles
(AuNPs) may be one of the most suitable nanoparticles for
the purpose. First, it is easy to control the size of AuNPs,
which can range from approximately 1 nm to several hundred
nm. Second, a variety of molecular species, including pro-
teins,[8] peptides,[9] and oligonucleotides,[10] can be easily
attached to the surface of AuNPs using simple chemistry.
Third, AuNPs are biocompatible and nontoxic.[8b,d] Fourth,
AuNPs can be tracked using computed tomography (CT)
imaging, which is readily available at nearly all hospitals.[10,11]

With these considerations in mind, herein we, for the first
time, report AuNP-based cancer vaccines that enable efficient
delivery of an antigen to target LNs, tracking of the vaccines
using noninvasive clinical imaging, and effective cancer
prevention and therapy.

Scheme 1 shows a schematic illustration of the prepara-
tion of an AuNP-based vaccine. To optimize delivery to target
LNs, we synthesized AuNPs with diameters of approximately
7 nm. Red fluorescent protein (RFP) was chosen as a model
antigen and was engineered to have two additional cysteines
at its C terminus; this modification facilitated conjugation to
the surface of AuNPs through formation of an Au�S bond.
Finally, a thiol-modified CpG 1668 oligodeoxynucleotide
(ODN; CpG 1668 is an ODN that contains CpG motifs)
with a spacer consisting of ten adenine nucleotides (A10) was
also conjugated to the RFP/AuNP, because CpG 1668 is
known to strongly stimulate immune responses through
activation of toll-like receptor 9 (TLR-9). We observed that

Scheme 1. Schematic representation of the preparation of an
RFP/AuNP and an CpG/RFP/AuNP.

[*] I.-H. Lee, S. An, D. Kim, S. Kim, M. K. Yu, Prof. S. Jon
Biological Science Department
Korea Advanced Institute of Science and Technology (KAIST)
291 Daehak-ro,Yuseong-gu, Daejeon 305-701 (South Korea)
E-mail: syjon@kaist.ac.kr

H. K. Kwon, Prof. S.-H. Im
School of Life Sciences
Gwangju Institute of Science and Technology (GIST)
123 Cheomdangwagi-ro, Gwangju 500-712 (South Korea)

Prof. J.-H. Lee
Department of Pathology
Jeonnam National University Medical School
5 Hak1-dong, Gwangju 501-746, (South Korea)

Dr. T.-S. Lee
Molecular Imaging Research Center
Korea Institute of Radiological and Medical Sciences (KIRAMS)
215-4 Gongneung-Dong, Nowon-Gu, Seoul 139-706 (South Korea)

[**] This study was supported by the Converging Research Center
Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology (grant
number: 2011K000797 and 20120006074) and by a grant from Cell
Dynamics Research Center, NRF (grant number: 20120000771).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201203193.

.Angewandte
Communications

8800 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 8800 –8805

http://dx.doi.org/10.1002/anie.201203193


the modified CpG ODN could produce a level of immune
stimulation similar to that of an original CpG 1668 ODN
(Figure S1 in the Supporting Information). After each con-
jugation step, the size of the resultant RFP/AuNP ((14�
3) nm) and the CpG/RFP/AuNP ((23� 7) nm) was increased
compared to the bare AuNP ((7� 2) nm; Figure S2e in the
Supporting Information). Furthermore, there was a slight
shift in the characteristic absorbance spectrum of the particle
with increasing size (Figure S2f in the Supporting Informa-
tion). Protein assays showed the antigen concentration to be
approximately 1.5 mg RFP/pmol AuNP (ca. 54 RFPs per
AuNP) on RFP/AuNPs and approximately 1 mg RFP/pmol
AuNP (ca. 36 RFPs per AuNP) on CpG/RFP/AuNPs.

Moreover, ODN assays using Quant-iT�OliGreen
ssDNA reagent revealed that approximately 318 ng CpG
ODN/pmol AuNP (ca. 32 ODNs per AuNP) was immobilized
on the CpG/RFP/AuNPs. Together, these data confirm the
successful conjugation of RFP and CpG ODN to the surface
of AuNPs. Furthermore, the stability test of conjugated RFP
on AuNPs under physiologically relevant reducing environ-
ments (20 mm of glutathione) suggested that more than 80%
of initial RFP antigen on AuNPs could be delivered to the
target LN (Figure S3 in the Supporting Information).

We initially examined how efficiently our AuNP-based
cancer vaccines could be delivered to local LNs. RFP/AuNPs
or CpG/RFP/AuNPs dispersed in saline were injected into the
right rear footpads of mice, after which the location of the
AuNPs was monitored with CT imaging for up to seven days.
Two days after injection, we observed a bright signal at the
boundary of the popliteal LN, which is the node nearest the
injected footpad, thus indicating that the AuNP vaccines were
efficiently delivered to the target LN (Figure 1a). The
delivered AuNPs were still present at the node seven days
after injection (Figure S4d in the Supporting Information);
moreover, the accumulated AuNP vaccine was clearly visible
as a dark band within collected popliteal LNs (n = 3; Fig-
ure 3b). We then used inductively coupled plasma–atomic
emission spectroscopy (ICP–AES with a detection limit of
0.02 mgL�1) to measure the AuNP concentrations within the
popliteal and neighboring superficial lingual LNs at various
times after injection of the RFP/AuNPs. A substantial
fraction of the nanoparticles ((64.1� 16.6)% of the initial
dose) was detected in the popliteal LN, and a small portion
was also found in the neighboring superficial lingual LNs
(Figure S5 in the Supporting Information). That the portion in
the lingual LNs increased somewhat over time suggests the
AuNPs traveled from the popliteal node to the secondary
superficial lingual nodes; this movement may be advanta-
geous for augmenting the potential encounter between the
nanoparticle vaccines and APCs. Critical issues in that regard
are where nanoparticle vaccines are delivered within the
target LN and what types of APCs take up the antigen-
carrying nanoparticles. Histological examination of silver-
stained tissues showed that both RFP/AuNPs and CpG/RFP/
AuNPs were initially delivered to the subcapsular sinus region
of the popliteal LN through an afferent lymphatic pathway
(Figure 1c and Figure S6 in the Supporting Information), and
then they moved to the paracortex (T cell zone) region; this
finding correlates well with the CT imaging data.

We also examined whether the delivered AuNP-based
vaccines were taken up by APCs in the target LN. Two days
after footpad injection of RFP/AuNPs or CpG/RFP/AuNPs,
we isolated total lymphocytes from popliteal LNs and then
used ICP–AES to measure the AuNP fractions within the
dendritic cells (DCs; i.e., plasmacytoid and classical DCs) and

Figure 1. a) CT images obtained before (Pre) and 48 h after injection
of RFP/AuNPs or CpG/RFP/AuNPs into the right rear footpad (yellow
arrow). We observed the right popliteal LN (golden arrow) after
injection. b) Optical images of the dissected popliteal lymph nodes
taken 48 h after injection of RFP/AuNP and CpG/RFP/AuNP vaccines.
c) Silver-stained sections of the right popliteal LN confirm the pres-
ence of RFP/AuNPs and CpG/RFP/AuNPs. d) Graph showing AuNP
(Au) levels in total DCs and the others cells within the right popliteal
LN (*P<0.05, **P<0.005 between two groups) after injection with
RFP/AuNPs (red bars) or CpG/RFP/AuNPs (yellow).
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other cell populations (Figure 1d). We found that the DCs
contained a significantly larger fraction of the delivered Au
than the other lymphocytes, despite the fact that DCs account
for only a small fraction of lymphocytes present in the LN (ca.
1% constitution).[12] This selective and significant delivery of
AuNP-based vaccine to DCs is promising, as DCs play a key
role in antigen presentation and subsequent communication
with immune cells to induce humoral and cellular immuni-
ty.[4b, 5b, 13] Notably, the accumulation of our AuNP-based
vaccine in DCs was closely related to the localization of
DCs in the LNs. The first location to which DCs migrate
within LNs is reportedly the subcapsular sinus of the afferent
lymph-node hemisphere,[14] which is also where our AuNP-
based vaccines accumulate. Together, these results demon-
strate that our AuNP-based vaccines can be successfully
delivered to APCs (mostly DCs) in target LNs and that they
can be tracked or monitored by using CT imaging.

We next determined whether AuNP-based vaccines
delivered to the popliteal LN could elicit antigen-specific
immune responses. After immunizing groups of mice with
RFP alone, RFP/AuNPs, or CpG/RFP/AuNPs, levels of RFP-
specific immunoglobin G (IgG) were measured in serum
using an enzyme-linked immunosorbent assay (ELISA). For
comparison, a mixture of RFP and alum ((3359� 630) nm in
size) was used as an example of
a conventional particle-based
vaccine.[15]

High levels of RFP-specific
IgG were observed in all mice
treated with different nanopar-
ticles (RFP/AuNPs, CpG/RFP/
AuNPs, and Alum-RFP mix-
ture; Figure 2a), whereas
levels of the specific antibody
were three orders of magni-
tude lower following immuni-
zation with RFP alone. Anti-
body isotyping revealed that
both AuNP-based vaccines pri-
marily induced Th1-driven
immune responses, whereas
the Alum-RFP mixture stimu-
lated a Th2-driven response
(Figure S7a in the Supporting
Information). This result is in
good agreement with earlier
reports[5a, 16] and suggests that
our AuNP-based vaccines are
delivered directly to the target
LNs; that is, they are not taken
up by peripheral DCs at the
injection site that then move to
the target LN, as is the case
with the Alum-RFP mixture.
Interestingly, the RFP-specific
IgG titers in the group immu-
nized with RFP/AuNPs (adju-
vant-free) were similar to
those in the group immunized

with CpG/RFP/AuNPs. Although the mechanism for immune
stimulation by antigen-bearing AuNPs remains unclear,
Puntes and co-workers reported that AuNPs conjugated to
repetitive and homogenous antigens were able to stimulate
immune responses in an in vitro setting, even without
adjuvants.[9] In a preliminary experiment, we observed that
RFP/AuNPs could stimulate activation of an alternative
complement (that is, cleavage of complement component
C3 to C3a and C3b; Figure S8 in the Supporting Information).
We therefore speculate that similar complement activation
may be responsible for activation and maturation of APCs
such as DCs in an in vivo setting.

We also assessed changes in the populations of na�ve and
regulatory T (Treg) cells in the popliteal LN after immuniza-
tion with RFP/AuNPs or CpG/RFP/AuNPs (Figure S9 in the
Supporting Information). We found that the na�ve T cell
population was substantially reduced, but there was little
change in the Treg cell population, which suggests our AuNP-
based vaccine may work through conversion of na�ve to
activated T cells. To investigate antigen-specific T cell
proliferation, which is an important index for evaluating
vaccination efficacy, we first immunized mice, then isolated T
cells from the popliteal and superficial lingual LNs, and finally
treated these cells with a-chymotrypsinized RFP. Both groups

Figure 2. In vivo anticancer efficacy of AuNP-based cancer vaccines. a) RFP-specific IgG titers after
immunization with PBS (control), Alum-RFP mixture, RFP/AuNPs, or CpG/RFP/AuNPs. b) T cell prolifer-
ation following antigen stimulation. T cells were isolated from mice immunized three times with PBS
(control, white bars), RFP/AuNPs (red), or CpG/RFP/AuNPs (yellow). CPM = counts per minute.
c, d) Changes in the size of the tumor consisting of RFP-expressing B16F10 cells (c), or wild-type B16F10
cells (d) after immunization with PBS (control, *), AuNPs (!), RFP (&), RFP/AuNPs (^), CpG/RFP/
AuNPs (~). (*P<0.05 between two groups).
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immunized with RFP/AuNPs and CpG/RFP/AuNPs exhib-
ited antigen-specific T cell proliferation that was much higher
than in the control (PBS) group; moreover, the magnitude of
the increase was proportional to the dose of the antigen
(Figure 2b). These results indicate that RFP/AuNPs and
CpG/RFP/AuNPs can not only convert na�ve T cells to active
ones, but they can also facilitate T cell proliferation in an
antigen-specific manner after LN targeting.

Our finding that both RFP/AuNPs and CpG/RFP/AuNPs
elicited high levels of antigen-specific antibody production
and T cell proliferation prompted us to test whether they
could also prevent tumor formation in vivo. RFP-expressing
B16F10 murine melanoma cells were used to prepare a mouse
tumor model, and RFP expression and tumor growth were
confirmed by fluorescence imaging (Figure S10 in the Sup-
porting Information). For vaccination, we injected the foot-
pads of C57Bl/6 mice three times at one week intervals with
PBS, RFP, AuNPs, RFP/AuNPs, or CpG/RFP/AuNPs before
inoculation of the RFP-expressing cancer cells. Both RFP/
AuNPs and CpG/RFP/AuNPs effectively prevented tumor
growth for up to four weeks after cancer inoculation, thereby
significantly increasing survival rates, compared to mice
injected with the control (Figure 2c and Figure S7b in the
Supporting Information). Vaccination with free RFP failed to
inhibit tumor growth, and also AuNP-based vaccine did not
prevent tumor formation from wild-type B16F10 cells, which
do not express the RFP antigen (Figure 2d). Thus our AuNP-
based vaccines only exerted effects against tumors presenting
a specific antigen.

We then tested whether the AuNP-based vaccines would
prevent cancer metastasis in a lung metastasis model. The
extent of the lung metastasis was determined based on the
RFP fluorescence signal. Also, we investigated tumor nodules
in lung and lung weight. These experiments on in vivo
prevention of metastasis showed that RFP/AuNPs and
CpG/RFP/AuNPs successfully prevented lung metastasis by
inducing a potent immune response driven by Th1 helper
T cells (Figure S11 in the Supporting Information).

When used in clinical settings, the practical aim of cancer
vaccines is to effectively cure or at least inhibit the growth of
existing tumors. To achieve that aim it is necessary to use
a strong adjuvant in conjunction with a cancer-specific antigen
so that robust humoral and cellular immunity is induced. CpG
ODNs have been used previously as adjuvants for cancer
vaccines[3, 17] and are known to enhance B and T cell responses
to cancer antigens through TLR9 activation.[17b,c,18] However,
we observed that there was little difference in the efficacy of
RFP/AuNPs and CpG/RFP/AuNPs in earlier tumor preven-
tion and metastasis models, despite lack of an adjuvant in the
RFP/AuNP group. We had hypothesized that conjugation of
a potent CpG ODN adjuvant to the AuNP surface (CpG/
RFP/AuNP) would enable the vaccine to potentiate or
facilitate cytotoxic T cell (CTL)-based cellular immunity
more efficiently, thus leading to better therapeutic outcomes
against existing tumors. To further test that hypothesis, we
estimated the therapeutic efficacy of the AuNP-based vac-
cines on existing tumors in vivo. Once tumors had reached
approximately 40 mm3 in size (on day ten after inoculation),
we injected the footpads of the mice five times with PBS, RFP,

AuNPs, RFP/AuNPs or CpG/RFP/AuNPs according to a pre-
determined schedule (arrows in Figure 3 a). In the groups
treated with RFP/AuNPs and CpG/RFP/AuNPs, tumor
growth was substantially slower than in the other groups.
Furthermore, the antitumor efficacy of CpG/RFP/AuNPs was
significantly greater than that of RFP/AuNPs (p< 0.05). This
difference in the antitumor activity is likely attributable to the
lack of a CpG ODN adjuvant on the RFP/AuNPs.

To evaluate the effect of the CpG adjuvant on therapeutic
efficacy against an existing tumor model in more detail, we
investigated the lymphocytic expression of IFN-g, which
activates natural killer (NK) cells and is responsible for the
Th1 response and antitumor properties of cancer vaccines,
and the activation of antigen-specific CD8+ cytotoxic T cells.
After three immunizations with PBS, RFP, RFP/AuNPs, or
CpG/RFP/AuNPs, total lymphocytes were isolated from the
popliteal LNs and stimulated with phytohemagglutinin
(PHA; positive control), a-chymotrypsinized RFP (Antigen),
and PBS (negative control). Then, expression of IFN-g and its
secretion from the stimulated lymphocytes were assessed
using fluorescence-activated cell sorting (FACS) analysis
(Figure S12 in the Supporting Information) and an ELISA
(Figure 3b), respectively. As expected, PHA stimulated high
levels of IFN-g secretion in all four immunization groups,
whereas PBS elicited no increases in secretion above baseline.
Among the three groups that were treated with the RFP
antigen, we confirmed notable increases in IFN-g secretion
from lymphocytes in the groups that were immunized with
RFP/AuNPs and CpG/RFP/AuNPs, whereas lymphocytes in
the group immunized with RFP secreted only basal levels of
IFN-g. These results indicate that our AuNP-based vaccines
strongly stimulate IFN-g secretion by lymphocytes through
antigen-specific pathways. Moreover, immunization with
CpG/RFP/AuNPs led to greater IFN-g expression and
secretion than immunization with RFP/AuNP; we suggest
this finding reflects the presence of the adjuvant in CpG/RFP/
AuNPs. We next tested whether the AuNP-based vaccines
would induce the proliferation and activation of antigen-
specific CD8+ cytotoxic T cells (CTLs). Primary lymphocytes
isolated from the popliteal LN after three immunizations with
PBS, RFP, RFP/AuNPs, or CpG/RFP/AuNPs were stimulated
with various concentrations of RFP antigen (0–50 mgmL�1).
Then after 24 h we double stained the lymphocytes using anti-
CD8 and anti-granzyme B (GZMB) antibodies for FACS
analysis (Figure 3c). GZMB is released by the cytoplasmic
granules from CTLs and NK cells,[19] and can induce apoptosis
in cancer and virus-infected cells. The FACS data showed that
the CD8+ CTL population increased significantly with
increasing antigen concentration in both groups immunized
with RFP/AuNPs and CpG/RFP/AuNPs, though the effect
was more pronounced in the latter. By contrast, there was
little change in the CD8+ CTL populations in the groups
immunized with PBS and RFP. This result suggests that the
greater antitumor efficacy of the CpG/RFP/AuNP vaccine
may reflect the ability of CpG ODN adjuvant to efficiently
stimulate the proliferation of CD8+ CTLs and production of
anticancer materials (IFN-g and GZMB).[17b,c,18b]

In summary, vaccines against cancers and chronic viral
diseases should induce potent humoral immune responses as
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well as cytotoxic T cell responses.[1c,d, 2a, 16,20] Nanoparticulate
carriers that mimic viral properties in terms of size, geometry,
and antigen display, may be appropriate candidates for
induction of such responses.[3, 21] Their size enables them to
reach local LNs directly and interact with APCs to trigger
antigen-specific immune responses. Furthermore, linkage of
TLR ligands to antigen-displaying nanoparticles can effec-
tively lead to activation of DCs engulfing nanoparticulate
vaccines and facilitate induction of T cell responses.[17] In this
regard, we showed that a AuNP-based antigen carrier system
could potentially serve as a vaccine for cancer prevention and
treatment. AuNPs displaying RFP as a model antigen and
CpG ODN as a TLR9 ligand reached target LNs, where they
interacted with DCs, thereby potently inducing antibody
production through a Th1-driven pathway and priming CTL
responses in an antigen-specific manner. As a result, AuNP-
based vaccines exhibited significant antitumor efficacy in
RFP-expressing melanoma tumor models. AuNPs have
several advantages over other nanoparticulate-based carriers.
First, it is easy to precisely control the size of AuNPs for
different applications. Second, a variety of antigens and
adjuvants can be easily linked to and displayed on their
surface, thus suggesting AuNP-based vaccines could be used
to treat diseases other than cancer. Third, AuNP-based
vaccines can be detected or tracked using noninvasive CT
imaging, providing clinicians with information on where or
whether the vaccines have been delivered, which would help
to predict or evaluate therapeutic efficacy. Finally, there

would be less safety issues with AuNP-based vaccines
compared to other nanoparticles, as AuNPs are known to
be biocompatible and nontoxic. Taken together, these find-
ings suggest AuNP-based antigen delivery systems may be
a useful vaccine technology able to prevent and/or treat
a variety of ailments.
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