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Abstract

Accurate and efficient antigen delivery is crucial for inducing a strong and long-term immune response. A visible protein nanovaccine made
from antigen could provide a novel and promising technology for secure and efficient delivery of the antigen with imaging visualization. In this
study, a functional nanovaccine based on genipin crosslinked ovalbumin (OVA) fluorescent nanoparticles with chitosan (CS-OVA-NPs) was
developed. The nanovaccine can carry abundant antigens by self-crosslinkingwithout additional carriers. The fluorescence imaging technique was
applied tomonitor and reveal the process of antigen delivery in vivo based on the fluorescence of genipinwith a non-invasive and real-timemanner.
This functional OVA nanovaccine can enhance the uptake of OVA in Dendritic Cells (DCs) and further promote DCs to maturate in vitro. In vivo
study further indicated CS-OVA-NPs could trigger antigen-specific immune responses, which demonstrated that this fluorescent nanovaccine
provided a novel design approach for accurate and efficient vaccine delivery.
© 2018 Elsevier Inc. All rights reserved.
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Vaccination, one of the greatest achievements in medicine, has
a great advantage of higher efficacy and less side effects on account
of antigen-specific immune response, which has provided an
extremely available approach to fight with infectious disease
depending on the development of an effective adaptive immune
response.1,2 In order to enhance the efficiency of the immune
therapy and reveal the mechanism of the vaccination, the accurate
and efficient delivery of the vaccine is a significant challenge for
the immune therapy. However, the weak immunogenicity of
soluble protein antigens reduces significantly the immune efficacy
due to the low delivery efficiency.3,4 Thereby, considerable
researches have focused on the vaccine delivery systems to protect
antigen against enzymatic degradation,5 enhance antigen uptake
efficiency6,7 by professional presentation cells like dendritic cells
(DCs) or strengthen cross-presentation in a targeted and sustained

release manner to activate antigen-specific T cells.8–11 On the
other hand, the accurate vaccine delivery can be located and
tracked in real-time by imaging visualization, which can reveal the
delivery process objectively.12–14 Accordingly, the design and
development of an efficient and accurate vaccine delivery system
play decisive roles to the immune therapy.

To enhance the efficiency of the immune therapy, nanotech-
nology has attracted wide attention in vaccine development.15–18

The application of nanotechnology has made it possible to design
nanovaccine for effective antigen delivery.19 These nanovaccines
are able to induce lasting humoral and cellular immune response by
different loading methods including encapsulation, conjugation,
absorption or mixing of the antigen for vaccine delivery.1,20

However, the low antigens loading of the nanocarriers still limited
the effective antigen-specific immune response. Notably, protein-
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based nanoparticles explore a novel strategy for the nanovaccine
with abundant loading. Protein-based nanoparticles consisted of
the bioactive proteins exhibit the unique ability for the vaccine
delivery because the bioactive proteins not only stimulate the
immune response as the immune antigens, but also improve the
delivery efficiency as the delivery carriers themselves. Protein-
based nanoparticles can merge the functions of both the immune
antigens and the nanoparticle carriers by their self-assembling or
cross-linking beyond of other vaccine delivery systems, which can
enhance the antigens loading efficiency without additional
nanocarriers. Vaccines made from particles consisting of pure
protein antigen have been reported before.21,22 Protein particles
were produced using a method called dense gas anti-solvent
precipitation. Protein particles and others were also generated by
heat induced aggregation. In both cases, protein particles were
more immunogenic in vivo than the soluble form of the same
proteins even in the absence of alum and Freund’s adjuvant. On the
other hand, covalent crosslinking has been applied to protein
crystals23 and tumor antigens,24 resulting in stronger immunoge-
nicity in comparison to soluble or uncrosslinking antigens. Based
on the tremendous potential of the protein nanoparticles with
antigens for the vaccination, novel protein nanovaccines need to be
further explored in order to meet the requirement of the immune
therapy. As ovalbumin (OVA) protein has usually been applied a
model antigen,14,25 a functional OVA nanovaccine deserves for
further development as a potential vaccine.

Another important issue for the vaccine delivery system is the
accuracy of the vaccine delivery.With the development of medical
imaging techniques, imaging guiding visualization can afford an
accurate vaccine delivery for the locating, monitoring and tracking
with a noninvasive and real timemethod. They can track the drastic
process of the vaccine delivery systems from the injection site to
the draining lymph nodes in vivo. Understanding the process of
vaccine delivery has significant implications for rational vaccine
design. By monitoring the vaccine delivery process, the vaccine
could be constantly optimized from various aspects including
cellular uptake, targeted migration or promoting thematuration. At
present, the in vivo fate of vaccines after administration has been
reported in several different imaging studies including radionu-
clide imaging, computed tomography (CT), single photon
emission computed tomography (SPECT), magnetic resonance
imaging (MRI) and fluorescence imaging.13,26,27 Fluorescence
imaging is unique and advanced compared to other imaging
methods owe to its advantageous of the high sensitivity, low
radiation, non-invasion and long-term monitoring.28–30 In our
previous studies, fluorescence imaging has been applied in the
non-invasive tracking for the drug delivery system including the
drug release and distribution, the location and degradation of the
carrier.31–33 Several fluorescence drug delivery systems were
successfully developed for the tumor therapy without external
fluorescence labeling, suggesting the superiority and advance of
the accurate deliverywith the self-fluorescent delivery system.32,33

A considerable number of vaccine tracking studies with
fluorescence imaging focus on tracking of DCs, the delivery
system or the antigen vaccine, which have approved the important
role for the vaccination.12,13,34 The combination of fluorescence
imaging and vaccine delivery will develop an innovative method
for the accurate delivery with imaging visualization.

A functional fluorescent OVA nanovaccine can exert the
accurate and efficient delivery of the vaccine with imaging
visualization. The functional OVA nanovaccine can strengthen
cross-presentation in a targeted and sustained release manner to
activate antigen-specific T cells, while the vaccine delivery can be
simultaneously tracked and monitored by the in vivo fluorescence
imaging. In this article, a nanovaccine based on genipin cross-
linked functional OVA nanoparticles was designed to meet the
requirement of the accurate and efficient delivery of the vaccine
with imaging visualization (Figure 1). The nanovaccine can carry
abundant antigens by self-crosslinking of antigens and exert
accurate delivery with self-fluorescence. The genipin crosslinked
OVA nanoparticles combined the functions of antigen, vehicle and
fluorescence as a novel nanovaccine. In addition, the self-
crosslinked OVA fluorescent nanoparticles were further modified
with chitosan to improve the stability and cellular uptake capacity.
Meanwhile, using the fluorescent property of genipin, the vaccine
delivery and the antigen retention was monitored in real-time from
the injected site to draining lymph nodes in vivo. They indicated
the potential of the genipin crosslinked OVA nanoparticles as a
visible and efficient antigen delivery system for induction of
antigen-specific immune response.

Methods

Materials

Oalbumin (OVA)was supplied by Sigma-Aldrich (St. Louis,MO,
USA). Chitosan (molecular weight of 5,000–8,000 Da; degree of
deacetylation of 90%) was obtained from Golden-Shell Biochemical
Co., Ltd. (Yuhuan, Zhejiang, People’s Republic of China). Mouse
cytokine ELISAkits and fluorochrome-labeledMHC I, CD3e, CD40,
CD86, CD11c, CD44, CD62L, CD4, and CD8a, CD8b, CD90.1
antibodies were obtained from eBioscience (San Diego, CA, USA).
Recombinant mouse GM-CSF and IL-4 were obtained from
Peprotech (RockyHill, NJ, USA). PE-labeled anti-mouse intracellular
interferon-γ (IFN-γ) antibodies were obtained from BD Biosciences
(San Jose, CA,USA).Genipin (98%)was purchased fromXi’anPlant
Bio-engineering Corporation (Xi’an, China).

Cells and mice

The bone marrow cells (BMDCs) were obtained from bone
marrow cells of C57BL/6 mice according to the previously
described method.20 Mouse B16-OVAmelanoma tumor cell line
was purchased from the Cell Bank of China Academy of
Sciences, and cultured according to the manufacture's guide-
lines. Male C57BL/6 mice (6 weeks old) were housed with free
access to food and water. Native OT-I T cells were obtained by
separating single-cell suspensions from the spleens of OT-I mice.
All animal procedures were conducted following the protocol
approved by the Institutional Laboratory Animal Ethics
Committee and the Institutional Animal Care and Use Commit-
tee (IACUC), Peking Union Medical College, People's Republic
of China. All animal experiments were performed in compliance
with the Guidelines for the Care and Use of Laboratory Animals,
Peking Union Medical College, People's Republic of China.
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Results

Characterization of nanoparticles

The OVA nanoparticles were prepared by the crosslinked
reaction of genipin and the amino groups of OVA itself. To
achieve the stable nanoparticles and maintain the fluorescence
characteristics, a suitable concentration of genipin was chosen by
optimizing the ratio of genipin and OVA. CD spectrum analysis
(Figure 2, A) showed no significant structural change between
free OVA and OVA-NPs, which indicated the covalent cross-
linking did not damage the secondary structure of OVA. From
the infrared spectra of OVA-NPs, nonabsorption could be
observed in OVA in fingerprint regions from 1000 cm-1 to 750
cm-1, where the strong absorption peaks were detected in genipin
and the weak absorption peaks in OVA-NPs (Figure 2, B). In
addition, the degree of crosslinking was evaluated by the free
amino group content of OVA. The free amino group content of
OVA is approximate 5.5 times to the OVA NPs sample with
equal amount of protein, which demonstrated the degree of
crosslinking is approximate 80%. All these results gave the direct
evidence about the crosslinking of OVA by genipin. AFM
images (Figure 2, C) showed that the morphology of CS-OVA-
NPs and OVA-NPs was no detectable morphological difference.
The mean diameter of OVA-NPs was 86.34±3.21 nm and the
zeta potential was −14.2±0.9 mv, while the CS-OVA-NPs had an
increased diameter of 157.5±9.86 nm and the zeta potential
dramatically increased to 23.4±1.69 mv (Figure 2, D) after the
modification of CS through ionic gelation method. All these data
indicated that positively-charged CS on the surface of OVA-NPs
successfully elevated the zeta potential of the nanoparticles,
which can improve the stability and the cellular uptake of
nanoparticles.

UV absorption spectrum (Figure 2, E) showed that the
characteristic peak was the main absorption at 590 nm and the
modification of CS did not lead to the shift of the absorption
peak. Fluorescent spectra analysis (Figure 2, F) indicated that the
maximum emission was observed at the wavelength of 615nm
with an excitation wavelength of 596nm. The fluorescence of
nanoparticles was suitable for in vivo fluorescence imaging with
the low interference of autofluorescence. All these data indicated
that the properties of the CS-OVA-NPs including size, potentials
and self-fluorescence were sufficient to be a visible antigen
delivery system.

BMDCs viability assay

Cell viability was calculated by comparing free OVA, OVA-
NPs or CS-OVA-NPs treated cells with untreated cells. As
shown in Figure 2, G, those nanoparticles did not induce
cytotoxicity in BMDCs with the OVA concentration ranging
from 10 μg/mL to 100 μg/mL. Meanwhile, it was observed that
there was a slight increase of cell viability for CS-OVA-NPs
group at the low concentration range (10–50 μg/mL). One
possible reason is that chitosan promoted the growth of BMDCs
to some extent as an additional inflammatory and adjuvanting
effect. This could be one of the contributing factors why chitosan
nanoparticles had the potential to stimulate innate immune
responses.35

Antigen uptake and intracellular localization in BMDCs

In order to investigate the delivery process, confocal
fluorescent microscope images were used to track the influence
signal of genipin in BMDCs after incubation for 12h. The
quantitative flow cytometry detection was further used to
measure the cellular uptake of OVA nanoparticles. Confocal
images (Figure 3, C) revealed the OVA (red) were delivered into
DCs by OVA-NPs or CS-OVA-NPs and the nanoparticles
mainly resided in endosomes or lysosomes (green). The
lysosome escape played an important role for the following
immune responses, especially for the crosspresentation. It was
found that most of the CS-OVA-NPs were captured by
endosomes/lysosomes, while there were still some CS-OVA-
NPs escaped from them. However, the phenomenon was not
observed in the OVA-NPs treated cells. The flow cytometry data
(Figure 3, A, B) illustrated the low uptake efficiency of OVA-
NPs owing to negatively charges, while the relative fluorescence
was enhanced more than 4-folds in cells treated with CS-OVA-
NPs.

Activation and maturation of BMDCs

Flow cytometry analysis data (Figure 3, D) indicated that CS-
OVA-NPs induced the highest level expression of CD40, CD86
and MHC-I in the DCs surfaces, which verified the consequence
of high uptake efficiency for DCs maturation. Moreover, MHC-I
is a major histocompatibility complex class I molecule, which
presents antigenic peptides to cytotoxic T cells. Therefore, the
increased expression of MHC-I has an important effect for the
cellular immunity. It was worth noted that CD86 and MHC-I
expression elicited by OVA-NPs was higher than that elicited by
free OVA, which suggested that antigen nanoparticles maybe
more available to stimulate immune response due to the specific
structure compared with soluble antigen.

In vivo tracking of labeled NPs

As show in Figure 4, A, fluorescence intensity change of
OVA nanoparticles appeared clearly in tail-base injection site in
a real-time manner. It was observed that the fluorescence of free
OVA disappeared quickly. But for OVA-NPs group, especially
for CS-OVA-NPs, the fluorescence had a longer retention time in
the injection site. By quantitative analysis of the mean
fluorescence intensity (Figure 4, B), it was found that
approximate 70% or 62% fluorescent signal remained in CS-
OVA-NPs or OVA-NPs group 24 hours after injection
respectively, while the fluorescence intensity rapidly decayed
to 28% in free OVA group. At day 8, no visible fluorescence
signal was monitored in free OVA group, while around 10% or
28% of the fluorescence still reserved for OVA-NPs or CS-
OVA-NPs, respectively. Moreover, ~18% of fluorescent signal
still remained in CS-OVA-NPs group whereas only ~2 % for
OVA-NPs group. All these data suggested the self-crosslinked
CS-OVA-NPs protected the OVA from quick releasing for the
persistence of an effective antigen concentration.

It is necessary that the maturated DCs migrate to the lymph
node, where the immune responses are initiated. Herein, the
fluorescence images of draining lymph nodes demonstrated the
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presence of CS-OVA-NPs, OVA-NPs and free OVA from the
injection site to draining lymph nodes (Figure 4, C). The
fluorescence signal appeared in draining lymph nodes was strong
at 24h in CS-OVA-NPs group, but it was very weak in OVA-NPs
group and no migration of antigen was observed in free OVA
group with the same exposure time. It indicated that CS-OVA-
NPs can migrate to the draining lymph nodes more efficiently
from the injection sites than OVA-NPs. It was supposed that the
more efficient migration of CS-OVA-NPs to lymph nodes was
depended on the longer retention time and the higher uptake of
CS-OVA-NPs by DCs.

T-cell activation and antigen-specific immune response assay

The splenocytes were harvested in mice after the third
immunization and restimulated by OVA for 3 days, the

proportion of CD4+ or CD8+ T cells was measured by flow
cytometry. As shown in Figure 5, the proportion of CD4+ and
CD8+ T were both markedly enhanced in mice immunized with
CS-OVA-NPs compared with OVA-NPs and free OVA.

Cellular immunity is greatly necessary for the treatment of
infectious diseases and tumor immunotherapy. Interferon gamma
(IFN-γ) and tumor necrosis factor alpha (TNF-α) are typical
markers of cellular immunity. Herein, the activity of antigen-
specific CD8+ T cells was evaluated based on the fraction of
IFN-γ-secreting CD8+T cells in splenocytes restimulated ex
vivo with SIINFEKL. Intracellular cytokine staining indicated
that there was a statistically elevated level of IFN-γ+CD8+ T
cells in CS-OVA-NPs treated group with average percentage of
2.78%. Immunization with CS-OVA-NPs resulted in a 2-fold
increase in IFN-γ production of CD8+ T cells compared with
OVA-NPs (1.32%) (Figure 6, A). Meanwhile, the increased

Figure 1. Schematic illustration of the formulation of fluorescent CS-OVA-NPs and the immune response in vivo.
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secretion of IFN-γ in splenocytes supernatant further confirmed
the T cell activation by ELISA assay (Figure 6, B). The
combined application of intracellular staining and ELISA assay
verified that CS-OVA-NPs could induce a higher percentage of
CD8+ T cells with the ability to synthesize cytokines IFN-γ, as
well as the cytokines could be further released to the extracellular
environment to work for the cytotoxic T lymphocyte responses.
Similar to the improved IFN-γ secretion, significant secretion of
TNF-α was detected in serum in the mice immunized with CS-
OVA-NPs (Figure 6, G), whereas no obvious difference was
observed between OVA-NPs and free OVA group.

CS-OVA-NPs enhanced antibody response in vivo

The effectiveness of CS-OVA-NPs and OVA-NPs on
antibody response was measured by ELISA 7 days after
immunization. Antibody production of IgG, IgG1 and IgG2a
in immunized mice was detected from blood serum. The results
demonstrated that CS-OVA-NPs induced higher antigen-

specific IgG, IgG1 and IgG2a production than OVA-NPs and
free OVA (Figure 6, C), but no significant difference was found
in the three antibody production between OVA-NPs and free
OVA. The results indicated only protein nanoparticles were not
enough to induce strong humoral immune response without the
addition of adjuvant. IgG2a antibody revealed a Th1-polarized
immune response, and the ratio of IgG2a/IgG1 represented a
Th1-biased immune response.36 As shown in Figure 6, D, CS-
OVA-NPs induced stronger IgG2a responses compared with
OVA-NPs or free OVA. Taken together, the effectiveness of
CS-OVA-NPs on antibody response maybe attribute to the
sustained antigen release from CS-OVA-NPs. All these
responses may increase the function of B cells to produce
antibody.

In vivo antigen cross-presentation

To evaluate whether CS-OVA-NPs could induce antigen
cross-presentation in vivo, CS-OVA-NPs, OVA-NPs or free

Figure 2. Characterization of different OVA nanoparticles. (A) far-UV CD spectra of free OVA and OVA-NPs. (B) Infrared spectra of free OVA, genipin and
OVA-NPs. (C) Atomic force microscopy (AFM) images. (D) size distribution, (E) UV-vis spectra and (F) fluorescence emission spectra of OVA-NPs and CS-
OVA-NPs. (G) Cytotoxicity of OVA nanoparticles after 24h of incubation with BMDCs. Data are presented as the mean ±SD (n=6).
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OVA were administered to mice. One day later, OVA-specific
CD8+ T cells (OT-I cells) were injected intravenously, the
precursor frequency of OVA-specific T cells was artificially
increased to a high level. The proliferation of these transferred
OT-I T cells in the spleen was used to reflect the effect of in vivo
cross-presentation of OVA antigens. As shown in Figure 6, E, a
significant expansion of OT-I cells was observed in the spleen of
the mice immunized with CS-OVA-NPs compared with OVA-
NPs treated group. Almost no expansion was observed in the

mice immunized with free OVA. These results indicated the
enhanced antigen uptake by the application of CS-OVA-NPs
could effectively induce the activation of peripheral lymphocytes
including the injected OT-1 cells. Further, the proliferation of
CD8+ T cells in the spleen (Figure 6, F) verified the ability of
OVA self-crosslinked nanoparticles to induce antigen cross-
presentation to OVA specific CD8+ T cells, which was very
important to the tumor immunotherapy based on cellular
immunity.

Figure 3. (A) Cellular uptake of OVA-NPs and CS-OVA-NPs in BMDCs was analysed by flow cytomer. (B) The quantitative analysis of mean fluorescence
intensity (MFI). (C) CLSM images of BMDCs after 12h incubation with OVA- NPs or CS-OVA-NPs. Red: genipin, green: lysotracker green, blue:DAPI. (D)
Enhanced DC matration after CS-OVA-NPs treatment. Quantification of CD40+, CD86+ and MHC I+ expression in DCs (CD11c+) after incubation with free
OVA, OVA-NPs and CS-OVA-NPs for 24h by flow cytometry(*pb 0.05).
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Figure 4. In vivo visualization of free OVA, OVA-NPs and CS-OVA-NPs in the injection site and draining lymph nodes based on the influence signal of genipin.
(A) Fluorescence imaging for in vivo tracking of OVA antigen and (B) quantitative analysis of fluorescence intensity. Fluorescent signal at the injection site
expressed as a percentage of initial signal. Statistical analysis was performed ,n=3 mice per group. (C) Antigen transport into draining lymph nodes.
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Cytotoxic T lymphocyte responses

After 7 days immunized with CS-OVA-NPs, OVA-NPs or
free OVA, the splenocytes were isolated to restimulate with
OVA and incubate with B16-OVA melanoma cells, then the
cytotoxicity was measured of CTLs to tumor cells. As shown in
Figure 6, H, an enhanced cytotoxic response induced by CTLs
could be observed in spenocytes immunized with CS-OVA-NPs
at a E/T ratio of 20:1 compared with OVA-NPs and free OVA.
All these data illustrated that the CS-OVA-NPs could induce
antigen-specific immune responses and destroy cancer cells,
which suggested its great importance in cancer immunotherapy.

CS-OVA-NPs enhanced memory T cells responses in vivo

Immunological memory consists of memory T and B cells, of
which memory T cells are the foundation of immunological
memory. The ability of adaptive immune response is closely
associated with the production of antigen-specific effector T cells
(Tem, CD44

hi CD62lo) and central memory T cells (Tcm, CD44
hi

CD62hi), with Tcm exhibiting more powerful responses than Tem

when encountering the pathogen. To evaluate the responses of
memory T-cell, the percentage of memory T-cell was measured
in mouse splenocytes restimulated with antigen following
immunization with CS-OVA-NPs, OVA-NPs or free OVA. As
shown in Figure 7, CS-OVA-NPs elicited significant higher
number of Tcm cells compared with OVA-NPs or free OVA.
These results indicated that CS-OVA-NPs could induce stronger
memory CD4+ and CD8+ T cells response and provide better
protection from reinfection.

Discussion

The low antigens loading of the nanocarriers still limited the
effective antigen-specific immune response. The development of
protein-based nanoparticles can solve the problem to some
extent. These nanoparticles were made entirely of crosslinked
antigens, which could not only significantly increase antigens
loading efficiency but also enhance antigen immunogenicity and
immune protection.37 Furthermore, fluorescence imaging plays a
crucial role in studying the immunological mechanism of
vaccine with a noninvasive and real time pattern. Herein, in
order to build a novel nanovaccine to meet the requirement of
accurate and efficient vaccine delivery with imaging visualiza-
tion, a genipin crosslinked functional OVA nanoparticle was
designed, which combined the advantages of abundant antigen,
delivery vehicle and fluorescence monitoring.

First of all, the stable self-crosslinked OVA nanoparticles
(CS-OVA-NPs) made of OVA proteins was obtained through the
covalent crosslinking and modification of CS. OVA is negatively
charged at neutral pH due to its pI of 4.9. It is unfavorable for the
stability and cellular uptake because of the negative charged
condition of cell membrane. In order to improve the stability and
cellular uptake efficiency of OVA nanoparticles, the functiona-
lization of OVA nanoparticles is a suitable strategy. Chitosan
(CS) is a cationic polysaccharide for a variety of applications
including immunization.35,38,39 Earlier studies indicated that CS
nanocarriers had been used as feasible vehicles for in vivo
delivery of proteins or peptides because they were convenient to
control the characteristics, such as particle size, size distribution,

Figure 5. The activation of CD8+ and CD4+ T cells in spleen ex vivo after restimulation with OVA (50 μg/mL) 14 days after the third immunization. Data are
expressed as the mean ± SD (n = 6) (*pb 0.05).
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Figure 6. The proportion of IFN-γ+ CD8+ T cells was measured after 3h of resitmulation by intracellular staining and flow cytometry (A). IFN-γ and TNF-α
expression were measured by ELISA (B and G). Antigen-specific total IgG, IgG1and IgG2a levels were measured in the serum of mice immunized with free
OVA, OVA-NPs and CS-OVA-NPs (C). The IgG1/ IgG2a ratio was presented (D). Expansion of OT-1 (E) and proliferation of OVA-specific CD4+ and CD8+ T
cells (F) in spleen was determined by ex vivo flow cytometry for the in vivo crosspresentation. CTL response was measured by incubating resitmulated
splencytes with B16-OVA tumor cells, the activity was represented by the mean percentage specific lysis of tumor cells. E:T means effecter:target. Data are
expressed as the mean ± SD (n = 6) (*pb 0.05).
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and surface charge, which can significantly influence the release
and immune effects.40 Moreover, chitosan nanoparticles could
exhibit adjuvant effects by stimulating innate immune.41

Thereby, CS was selected to modify on the surface of OVA-
NPs for the better stability and cellular uptake efficiency. CS-
OVA-NPs themselves were expected to be antigen delivery
carriers, which not only were more convenient to control the
antigen dosage, but also avoided the possible toxicity by the
addition of other carrier material.

Generally, imaging fluorescent labels were conjugated,
encapsulated or covalent crosslinked to the delivery system to
provide fluorescence signal in vitro and in vivo including ICG or
quantum dots,12,42 and a variety of fluorescent labeling was
employed for in vivo antigen or vehicle tracking.13,43 However,
the spontaneous release or structural damage of these external
fluorescent labels may lead to an adverse influence in vivo.
Covalent cross-linking even might damage the structure and
function of the delivery system or the antigen vaccine. All these
factors would significantly affect the sensitivity and accuracy of
fluorescence imaging. Therefore, developing an innovative
method for the accurate delivery with visualization is particularly
important for vaccine delivery. Genipin, an effective naturally
occurring crosslinking agent, has been used in crosslinking of
amine-group-containing biomaterials, such as chitosan, gelatin,
silk protein, collagen, etc., which is much less toxic than
glutaraldehyde and many other commonly used synthetic cross-
linking reagents.44 What’s more, the formation of blue
fluorescent pigments after reaction with amino acids affords
the suitable fluorescent signals for tracking proteins or
nanocarriers in vitro or in vivo.45,46 Unlike the external
fluorescent labels, the intrinsic pigment would provide more

stable and accurate information for antigens or carriers in vitro
and in vivo. The fluorescence of genipin made it possible for the
accurate and efficient delivery of the vaccine with imaging
visualization.

The cellular uptake results indicated that OVA could be real-
time monitored by the fluorescent signal of genipin. The co-
localization of OVA and endo/lysosomes could be clearly
observed inside the DCs, which confirmed that the optical
property of the genipin-crosslinked OVA nanoparticles could
completely meet the requirement of cell imaging. What’s more,
the intrinsic pigment would generate more stable fluorescent
signal for visualized tracking on the cellular level as the
ingredient of the nanoparticles than the external fluorescent
label. It was also worth noted that a little part of CS-OVA-NPs
escaped from lysosome, while OVA-NPs almost entirely resided
in endosomes or early lysosomes. This phenomenon suggested
that the endosomal escape mainly be caused by the surface
modification of chitosan. Previous research also reported that
chitosans have a similar capacity like PEI to mediate endosomal
escape through the proton sponge effect.47 Although no obvious
endosomal escape was observed here, the small amount of CS-
OVA-NPs escaped from lysosome still might be dealed with via
the MHC-I antigen presentation pathway, then induce potent
cellular immunity response. Furthermore, the sustained antigen
release and gradual migration from the injection site to draining
lymph nodes were successfully visualized in vivo. Therefore, the
genipin crosslinked functional OVA nanoparticle successfully
merged the function of antigen, vehicle and fluorescence.

To assess the effects of different OVA nanoparticles on DCs
maturation, the expression of adhesion-related (CD40) and
costimulatory (CD86) molecules and MHC class I molecules

Figure 7. Proportion of central memory (TCM, CD44Hi CD62LHi) in CD4+ T cells and CD8+ T cells restimulated with OVA (50 μg/mL) 14 days after the third
immunization. The proportions of the CD44Hi CD62LHi/CD4+ T cells, CD44Hi CD62LHi/CD8+ T cells were determined by flow cytometry. Data are expressed
as the mean ± SD (n = 6) (*pb 0.05).
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were analyzed in DCs by flow cytometry. All these data
confirmed that covalent cross-linking OVA nanoparticles did not
influence antigen activity and the ability of DCs to mature, which
was an important prerequisite for the further immune response
study in vivo. CD4+ T cells were crucial helper cells for CD8+

CTL and also could be effector cells or partners with NK cells to
clear the infected cells, as well as CD8+T cells are critical
effectors for cancer immunotherapy. Herein, CS-OVA-NPs and
OVA-NPs could significantly improve the T cells activation
compared to the soluble antigen. Tumor necrosis factor alpha
(TNF-α) and interferon gamma (IFN-γ) are typical marker of
cellular immunity, which play important roles in inhibiting the
growth of tumor. In the study, the production level of TNF-α and
IFN-γ indicated that CS-OVA-NPs were more effective in
inducing secretion of cytokines and all these results led to the
enhanced cytotoxic T lymphocyte responses. Memory T cells are
important components of memory immune response and they
can produce a faster and stronger immune response at a second
encounter with the invader than the first time. The quantity and
quality of the memory T cells have an important impact on the
long-term immunological protection. It is necessary that vaccines
can induce as large a memory T-cell population as possible.
Herein, CS-OVA-NPs elicited significant higher number of
memory CD4+ and CD8+ cells compared with OVA-NPs or free
OVA. It suggested that CS-OVA-NPs could generate a long-time
immunological memory to ensure persistent protection of
reinfection in vivo.

Simplicity, high efficiency and visualization are three crucial
factors for vaccine delivery, which were combinated in our CS-
OVA-NPs nanovaccine. The nanovaccine can carry abundant
antigens by self-crosslinking of antigens and exert accurate
delivery with self-fluorescence. CS-OVA-NPs exhibited great
application potential as attractive antigen delivery vehicles with
higher OVA loading efficiency. The fluorescent characteristics
of CS-OVA-NPs also met the requirement for visualization in
one step cross-linking without any external fluorescence
labeling. However, the results in this study indicated that only
altering the presentation of protein antigens from a soluble to a
nanoparticulate (OVA-NPs) form was not completely sufficient
for increasing immune effect. Thus functional nanoparticles
would be further optimized like making them escape more
efficiently from endosomes/lysosomes or prolonging retention
time for stronger cellular immunity. In further study, the immune
effects of nanoparticles need to be improved by the optimization
of the nanoparticles.

In summary, a visible antigen delivery platform based on
genipin crosslinked OVA protein nanoparticles was developed
for delivery, tracking and vaccination with the advantages of
self-fluorescent, biocompatible and low-toxic properties. On the
one hand, functional OVA self-crosslinked nanoparticles
enhanced the uptake of OVA in DCs and further promote DC
activation and maturation in vitro. In vivo, genipin crosslinked
functional OVA nanoparticle triggered antigen-specific immune
response including CD4+ and CD8+ T-cell responses, IgG
antibody production, enhanced memory T-cell generation and
CTL effect. On the other hand, the self-fluorescence of OVA
nanoparticles was used for the real-time tracking of cellular
uptake in vitro and monitoring of the migration of DC into the

lymph nodes and sustained release of antigen in vivo. Genipin
cross-link functional OVA nanoparticles are attractive nanovac-
cine for accurate and efficient protein antigen delivery with real-
time tracking visualization.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.02.007.
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Supplementary Methods

Preparation and characterization of CS-OVA NPs

The OVA-NPs was prepared by cross-linked reaction of genipin and OVA. Genipin solution (1%

w/v, 1mL) was added to OVA solution (5mg/mL, 2.5 mL) to stir at 200rpm/min at 25℃ over night. The

color of the system changed from slight yellow to blue, and the solution was dialyzed (MWCO 3500Da)

against de-ionized water for 24h to remove excess genipin. The CS-OVA-NPs were further prepared by

ionic gelation method of CS on the surface of OVA-NPs with a ratio of 8:1 (CS/OVA). The degree of

crosslinking was evaluated by the free amino group content of OVA. The free amino group

concentration was calculated using a standard curve method according to the OVA samples.

OVA and OVA-NPs were characterized by far-UV CD spectroscopy (J-815 CD spectrometer，

JASCO，JAPAN), multimode microplate spectrum photometer (Varioskan TM Flash, ThermoFisher

Scientific, USA), infrared spectroscopy (IR) (Nicolet 2000 ,Thermo Fisher, USA), atomic force

microscopy (AFM) (Multi Mode8, Veeco Instruments, USA) and NY 90-Plus particle size and zeta

potential analyzer (Nano ZS, Malvern Instruments, UK).

Viability assay of BMDCs

Cell viability was measured by CCK-8 assay in the presence of various concentrations of free

OVA,OVA-NPs and CS-OVA-NPs. DCs were seeded into 96-well culture plates (1 × 105 cells/well) in

growth medium for 2h, then the cells were incubated with free OVA or nanoparticles for 24 h. After

that, CCK-8 solution was added to each well and incubated for 4 h at 37℃，OD450 was measured using

a Multifunction Microplate Reader, (The Varioskan™ Flash; Thermo Fisher Scientific, USA),with the

results presented as the percentage of that of the untreated cells.

Cellular uptake and intracellular trafficking of OVA-NPs and CS-OVA-NPs

For cellular uptake assay, DCs were cultured in six-well culture plates (1 × 105 cells/well) for 2 h.

The cells were treated with OVA-NPs and CS-OVA-NPs (OVA concentration: 20 μg/mL) for 12 h.

Then, the cells were harvested and washed for further FACS analysis using a Canto II flow cytometer

(BD Biosciences, San Jose, CA, USA). To investigate the location of OVA nanoparticles in DCs, after

incubating with OVA-NPs or CS-OVA-NPs, the cells were stained. Confocal luminescence imaging of

DCs was obtained with CLSM (LSM710; Carl Zeiss Meditec AG, Jena, Germany).

Activation and Maturation of BMDCs.
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DCs were harvested and stained with anti-CD11c, anti-CD40, anti-CD86 or anti-MHC-I,

antibodies for 30 min at 4℃ after incubation for 24h. Then, these DCs were washed with PBS and the

expression of CD40, CD86 and MHC-I on CD11c+ DCs was determined by flow cytometry (BD

Biosciences, San Jose, CA). All samples were done in triplicate.

In vivo tracking of labeled NPs

For in vivo imaging, C57BL/6 mice were injected with free OVA, OVA-NPs or CS-OVA-NPs

(50 mg of OVA) to the back with hair removed. OVA-NPs and CS-OVA-NPs were tracked with the

fluorescent signals of genipin, while free OVA was monitored by the extra labeling of rhodamine B

due to the lack of crosslink with genipin. At interval, the fluorescent intensity at the injection site was

measured by in vivo imaging system (Maestro 2，CRI，USA) with an exposure time of 200 ms at an

excitation wavelength of 595 nm. Meanwhile, the migration of maturated DCs to the lymph node was

observed by in vivo imaging. In order to quantitative analyze the variation of fluorescence intensity

over time, the fluorescent signal at different time was presented as the percentage of the initial recorded

fluorescent intensity value.

In vivo immunization

Six-week-old male C57BL/6 mice were injected with free OVA, OVA-NPs or CS-OVA-NPs

(each containing 50 μg of OVA). The mice were immunized at days 0, 7, and 14. Then the mice were

sacrificed 14 days after the third immunization, the blood and spleens were collected for the following

immunological tests.

ELISA detection and flow cytometry evaluation of T-cell response

Blood samples were collected from the angular vein 14 days after the third immunization. Serum

was separated and stored at -80℃ for the ELISA assay. OVA-specific serum antibodies (total IgG and

IgG1, IgG2a subtypes) and cytokine TNF-α were measured by ELISA. Splenocytes (2 × 106 cells) from

each experimental group were harvested and restimulated with OVA (50 μg/mL) for 72 h at 37 °C.

After washing, cells were stained with fluorescein-labeled antimouse antibodies against CD3e, CD4,

CD8, CD44, and CD62L and IFN-γ for 30 min at 4 °C. T cells activation was evaluated by the

proportion of CD4+ and CD8+ cells. The percentages of central memory T cells (CD44Hi CD62LHi)

and CD8+ IFN-γ cells were measured by flow cytometer (BD Biosciences, San Jose,CA). Cytokines

secretion of IFN-γ in the supernatant was determined by ELISA (eBioscience). All samples were
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measured in triplicate.

In vivo antigen cross-presentation

To evaluate the antigen presentation in vivo, C57BL/6 mice were vaccinated with a 50μL

suspension of free OVA, OVA-NPs or CS-OVA-NPs (each containing 50 μg of OVA). One day after

vaccination, OVA-specific OT-I CD8+ T cells (1× 105 cells) were injected intravenously via the tail

vein in 200 μL PBS. Mice were sacrificed 4 days after injection to analyze the expansion of the

transferred OVA-specific T cells by flow cytometry. Splenocytes were harvested and stained with

fluorescently labeled antibodies for CD8b and the OT-I congenic marker CD90.1. T (cell Thy1.1,

eBiosience, lot#17-0900-82) expansion was expressed as the number of transferred (OT-I) T cells as a

percentage of total CD8+ T cells.

CTL assays

Splenocytes (2 × 106 cells) from different groups were harvested and restimulated with OVA (50

μg/mL) in media containing 10 U/ml recombinant mouse IL-2 for 72 h at 37 °C. After washing three

times with PBS, B16-OVA target cells (5× 103cells/well) treated with mitomycin were added to

splenocytes and cultured together in 96-well culture plates at a proper E:T ratio. After incubation for 4

h, the percentage of specific lysis of target cells by effective cells was calculated according to %

specific lysis = ((experimental LDH release - spontaneous LDH release)/(maximum LDH release -

spontaneous LDH release)) × 100%.

Statistical Analysis.

Data were expressed as the mean ± standard deviation (SD). Difference analysis between groups

was made by Student’s t test or ANOVA followed by Tukey’s multiple comparison. P values of 0.05 or

less were considered to be statistically significant.
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