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Co-delivery of antigens and immunostimulants
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antigen-specific immune response†
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Aram Kang,f Geunseon Park,a Chaewon Park,a Jisun Ki,a Sojeong Lee,a Bud Jung,f

Hyoung Hwa Jeong,b Daewon Park,g Daesub Song *f and Seungjoo Haam *a

Cellular uptake of antigens (Ags) by antigen-presenting cells (APCs) is vital for effective functioning of

the immune system. Intramuscular or subcutaneous administration of vaccine Ags alone is not sufficient

to elicit optimal immune responses. Thus, adjuvants are required to induce strong immunogenicity.

Here, we developed nanoparticulate adjuvants that assemble into a bilayer spherical polymersome

(PSome) to promote the cellular uptake of Ags by APCs. PSomes were synthesized by using a

biodegradable and biocompatible block copolymer methoxy-poly(ethylene glycol)-b-poly(D,L-lactide) to

encapsulate both hydrophilic and lipophilic biomacromolecules, such as ovalbumin (OVA) as a model Ag

and monophosphoryl lipid A (MPLA) as an immunostimulant. After co-encapsulation of OVA and MPLA,

the PSome synthetic vehicle exhibited the sustained release of OVA in cell environments and allowed

efficient delivery of cargos into APCs. The administration of PSomes loaded with OVA and MPLA

induced the production of interleukin-6 and tumor necrosis factor-alpha cytokines by macrophage

activation in vitro and elicited effective Ag-specific antibody responses in vivo. These findings indicate

that the nano-sized PSome may serve as a potent adjuvant for vaccine delivery systems to modulate

enhanced immune responses.

Introduction

Vaccines are formulated from artificial or biosynthetic antigens
mixed with adjuvants to induce protective immunity against
external pathogens. Killed vaccines involve inactivation by heat
or chemicals to ensure that the pathogen will not replicate in
the host. For this reason, inactivated vaccines are safer than live
attenuated vaccines.1 However, the antigens (Ags) in inactivated
vaccines elicit limited immunogenicity compared to other
vaccine systems in generating robust T-cell mediated cellular
responses as well as antibody-mediated humoral immunity.

In addition, booster vaccinations are generally needed to induce
long-lasting immunity.2

To increase the immunogenicity of vaccines, a variety of Ag
vehicles are being developed.3,4 Poor immunogenicity and non-
existent cellular immune responses are due to the low efficiency
of the uptake and processing of extracellular Ags by immune
cells for presentation to naı̈ve T cells. Recently, several nano-
particle based delivery systems are used for vaccines and
immunotherapy.5–10 Several different types of nanoparticles,
such as micelles, liposomes, polymersomes, dendrimers, O/W
emulsions, and virus-like particles, have been used as vaccine
adjuvants to encapsulate either antigens or mixed with other
molecules to enable antigen delivery and engineer specific
immune responses.11,12

We developed an artificial nano-vesicle termed a polymersome
(PSome). PSomes are self-assembled vesicles of a block amphiphilic
copolymer, which offer some advantages as vaccine adjuvants.13,14

They enhance the cellular uptake efficiency of Ags and induce the
sustained release of Ags. PSomes contain aqueous cavities in their
core, and their polymeric membrane acts as a physical barrier,15,16

which allows the encapsulation, protection, and simultaneous
delivery of hydrophilic and lipophilic molecules, such as Ags,
adjuvants, proteins, peptides, and DNA and RNA fragments,
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without the additional need for chemical modification.17–19

Despite the potential benefits of the encapsulation and sustained
release of unmodified Ags or small adjuvants in these highly stable
and tunable nano-vesicles, few studies have explored the develop-
ment of the PSome as a vaccine delivery system.

We have previously described the formation of PSomes for
the co-delivery of RNA and drugs using the biodegradable amphi-
philic methoxy-poly(ethylene glycol)-block-poly(lactic acid) (mPEG-
b-PLA) block copolymer.20 Here, we prepared mPEG-b-PLA based
PSomes co-encapsulated with ovalbumin (OVA) as a model Ag, as
well as the monophosphoryl lipid A (MPLA) immunostimulant
(OVA@PSomes/MPLA). The ability of OVA@PSomes/MPLA to
potentiate robust immune responses after their cellular inter-
nalization was investigated in vitro and in vivo (Scheme 1).

PSomes were synthesized by adjusting the ratio of the
hydrophobic to the hydrophilic constituents of the block copolymer
to form vesicles bounded by a bilayer membrane. The vesicles had
an average diameter of approximately 100 nm in aqueous solution.
The PSomes displayed the sustained release of OVA conjugated with
fluorescein isothiocyanate (FITC) in cell environments, which
prolonged the retention time of Ags during cellular uptake
by antigen-presenting cells (APCs) and significantly enhanced
the stability and delivery efficacy of the Ag and MPLA into
APCs.21–23 Finally, in vitro and in vivo studies of the PSome were
carried out to assess the efficacy of APC maturation in macro-
phages and the production of Ag-specific antibodies in mice
after intramuscular vaccination. PSomes induced Ag-specific
humoral immune responses in vivo. The collective results
indicate the potential of PSomes as a potent vaccine adjuvant
system.

Results and discussion
Characteristics of the copolymer and PSome

To utilize PSome-based nanoparticulate adjuvants for Ag delivery
with the MPLA immunostimulatory lipid, we prepared an amphi-
philic copolymer mPEG-b-PLA, whose biodegradability and
biocompatibility are suitable for medical applications. The
biocompatible copolymer mPEG-b-PLA was obtained by ring-
opening polymerization of D,L-lactide monomers with hydroxyl
groups at the ends of mPEG in toluene for 24 h, followed by
repeated precipitation. The successful polymerization of mPEG-
b-PLA was confirmed by 1H-NMR and FT-IR.26

Fig. 1(a) shows the FT-IR spectra of mPEG and mPEG–PLA.
The strong absorption at 1760 cm�1 is assigned to the –CQO
stretch of PLA, while the bands at 2902 and 1470 cm�1 are due
to –O–CH3 and –OH stretch of PEG and PLA, respectively. The
block length of mPEG-b-PLA could be adjusted by changing
the molar ratio of D,L-lactide to mPEG (mPEG-b-PLA#1 and #2).
The average molecular weight of the mPEG-b-PLA was calcu-
lated by comparing the integrated-area of the peak at 5.17 ppm
(CH in PLA) with that of the peak at 3.38 ppm (CH3O in mPEG)
in NMR analysis (Table S1, Fig. 1(b)). The molecular weight of
mPEG-b-PLA was determined by gel permeation chromato-
graphy (GPC), with calibration by polystyrene standards
(Table S1, ESI†). As shown in Fig. 1(c), single peaks were evident
in the GPC of mPEG-b-PLA. These results demonstrated that
the D,L-lactide successfully polymerized to mPEG, and the homo-
polymerization of D,L-lactide did not occur during the reaction.

PSomes were synthesized using the thin film hydration
method by loading OVA and MPLA into mPEG-b-PLA. Two types
of PSomes (OVA@PSomes#1/MPLA and OVA@PSomes#2/
MPLA) were prepared to prepare bilayer vesicles. Introduction
of external forces that included magnetic stirring and ultra-
sonication induced the formation of spherical submicron-sized

Scheme 1 Schematic diagram of the synthesis of (a) mPEG-b-PLA
copolymers by ring-opening polymerization. (b) Design of a polymersome
containing both OVA and MPLA (OVA@PSome/MPLA). (c) Illustration of
enhanced cellular antigen (Ag) uptake by antigen-presenting cells (APCs)
induced by OVA@PSome/MPLA, secretion of IL-6 and TNF-a by activated
APCs, and Ag-specific antibody immune response-based humoral
immunity.

Fig. 1 (a) FT-IR, (b) 1H-NMR, and (c) gel permeation chromatography
(GPC) spectra of mPEG (black), D,L-lactide (red), and mPEG-b-PLA
(blue). (d) Representative TEM images of OVA@PSome#1/MPLA (left) and
OVA@PSome#2/MPLA (right). Scale bars denote 200 nm and 50 nm,
respectively.
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PSomes and enhanced the homogeneity (OVA@PSomes#1/MPLA:
70.4 � 32.3 nm and OVA@PSomes#2MPLA: 98.9 � 31.7 nm)
(Table S2, ESI†). PSomes stored at 4 1C remained stable for
over 14 days. The zeta potentials of the PSomes were negative
owing to the hydroxyl groups of PLA (OVA@PSomes#1/MPLA:
�12.38 mV and OVA@PSomes#2/MPLA: �14.73 mV). TEM
of PSomes revealed the bilayer structure of PSomes#2 and
micellar nanoparticles of PSomes#1 (Fig. 1(d)). PSomes#2 had
a bilayer core/shell structure for the loading of OVA and
MPLA, as well as the narrowest homogeneity with a poly-
dispersity index of 0.093. Thus, we used PSomes#2 for the
antigen cellular delivery platform and as a nanoparticulate
adjuvant.

Release profiles of OVA-FITC

We investigated whether PSomes enabled increased Ag retention
in the cellular microenvironments. OVA-FITC was encapsulated
in PSomes, and the kinetics of OVA-FITC release at 37 1C in the
medium was quantified on the basis of fluorescence intensity. As
shown in Fig. 2, OVA-FITC-only groups quickly released their
entire payload of loaded OVA-FITC within approximately 1 h.
However, PSomes showed a sustained release profile and a notice-
ably enhanced retention of OVA-FITC, releasing only half of their
entire payload by approximately 3 h. The findings indicated that
PSomes can increase the duration of Ag release. This prolonged
Ag presentation might potently induce Ag-specific immune
responses.27,28

Cellular toxicity and OVA uptake efficacy of PSomes in vitro

To verify the potential cytotoxicity of PSomes and mPEG-b-PLA,
we carried out an in vitro cell viability assay using a cell
counting kit. Fig. S1 (ESI†) shows the viability of RAW264.7
macrophages treated with PSomes and mPEG-b-PLA (0.001 to
1 mg ml�1). PSomes and mPEG-b-PLA showed no significant
toxicity up to 1 mg ml�1. mPEG-b-PLA is well known for its
biodegradability and biocompatibility.29,30

Ag cellular uptake by APCs is an important step to elicit
strong immune responses. Therefore, we investigated the
intracellular Ag uptake efficiency of PSomes as a vaccine
delivery system in vitro. The macrophage is a major cell of the
immune system, which functions to present foreign Ags to
helper T cells and particulate Ag in the form of immune
complexes to B cells. To conduct the assay under standard
conditions, we used RAW264.7 macrophages, since they are one
of the most commonly used myeloid cell types.31 OVA was used
a model Ag and FITC as a tracker. PSomes loaded with OVA-FITC
(OVA-FITC@PSome/MPLA) were incubated with RAW264.7 cells
for 6 h and examined by CLSM. As shown in Fig. 3(a), a strong
fluorescence image of OVA-FITC was visualized in the cytoplasm
of OVA-FITC@PSomes/MPLA, indicating that the PSomes were
readily internalized into the cells and released their payload of
OVA-FITC. Separate fluorescence due to OVA-FITC (green) and
lysosomes (red) was observed using Lysotracker to visualize the
lysosomes of macrophages.32,33 These results suggested that
OVA-FITC was released in the cytoplasm of the cells and that
successful delivery of OVA-FITC@PSome/MPLA occurred. This
finding was consistent with an earlier report that PSomes synthe-
sized by using mPEG-b-PLA can degrade in the endosomal
environment.20 In contrast, weaker fluorescence was produced
by the OVA-FITC-only control, because of its low cellular uptake
efficiency. As a quantitative analysis, the fluorescence expression
level of OVA-FITC in RAW264.7 cells was measured by flow
cytometry. As shown in Fig. 3(b), a significant increase in OVA-
FITC fluorescence intensity was observed for the groups treated
with PSomes compared to those treated with OVA-FITC-only. The
use of OVA-FITC@PSome/MPLA led to enhanced localization of
OVA-FITC (approximately 2.9-fold) in macrophages compared
with OVA-FIC after a 6 h incubation. Overall, the results demon-
strated the potential of PSomes as a carrier for intracellular Ag
delivery.

Fig. 2 Release profiles of OVA-FITC from OVA-FITC@PSome/MPLA and
OVA-FIC-only in PBS (pH 7.4) at 37 1C. Data are presented as mean � S.D.
(n = 3).

Fig. 3 (a) Fluorescence images of RAW264.7 cells treated with a mixture
of OVA-FITC-only and OVA-FITC@PSome/MPLA for 6 h at 37 1C. Scale
bar = 5 mm. Antigen cellular uptake efficiency was measured by OVA-FITC-
positive cells using flow cytometry. (b) OVA-FITC-only (left) and OVA-
FITC@PSome/MPLA (right) were used to treat RAW264.7 macrophages for
6 h at 37 1C. Gray, blue, green, and red histograms represent the cells
treated with negative control and each sample, respectively. (c) Median
fluorescence intensity (MFI) for each treatment group (mean � S.D., n = 3).
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Secretion of immunostimulatory cytokines by APC activation

Next, we explored the potential of OVA-FITC@PSome/MPLA with
mature APCs in vitro. We prepared vesicles co-delivering the OVA
model Ag and the MPLA biomolecular adjuvant. MPLA is a Food and
Drug Administration approved toll-like receptor 4 agonist adjuvant,
which amplifies vaccine immunogenicity.34 PSomes containing both
OVA and MPLA (OVA@PSome/MPLA) were treated with RAW264.7
macrophages for 6 h, and the secretions of the IL-6 and TNF-a
immunostimulatory cytokines were analyzed by ELISA. OVA@P-
Some/MPLA produced significantly higher induction of IL-6 and
TNF-a (5.75-fold and 9.9-fold, respectively) than OVA-only, and 3.31-
fold and 5.34-fold, respectively, compared with OVA/MPLA (Fig. 4).
To determine the influence of PSome vesicles on the inflammatory
responses, we incubated PSomes with macrophages using a concen-
tration of PSomes that was equivalent to the concentration of
OVA@PSome/MPLA. The PSome samples showed low secretion of
IL-6 and TNF-a, compared with OVA@PSome/MPLA and OVA/
MPLA. These results indicated that the immunostimulatory cyto-
kines secreted from OVA@PSome/MPLA were not induced by the
inflammatory response of PSomes, but rather were due to efficient
cellular uptake of both OVA and MPLA by PSomes. Additionally, we
analyze the in vitro test using another mouse alveolar macrophage
cell (MH-S). As shown in Fig. S3 (ESI†), OVA@PSome/MPLA pro-
duced significantly higher induction of IL-6 than OVA only and OVA/
MPLA (1.25-fold and 1.34-fold, respectively). There was no significant
difference between OVA only and OVA/MPLA, but when loaded and
processed in PSomes, immune-stimulatory cytokine secretion
by macrophage activation was much amplified. Delivery of Ags
and immunostimulatory adjuvants to APCs using nanoparticles
has also been reported as an effective strategy to upregulate
vaccine immunogenicity.35,36 These results demonstrated that
PSomes enhanced cell uptake efficiency, which might also lead
to increased immunostimulatory activity by mature APCs.

OVA-specific immune response elicited by PSomes in vivo

Considering the in vitro findings that improved co-delivery of Ags
and adjuvants induced IL-6 and TNF-a secretion, we examined
the in vivo immune-stimulatory effect after vaccination with

PSomes. To investigate the induction of OVA-specific antibody
responses, the sera of immunized mice were collected 2 weeks
after the first and final vaccinations, and the antibody level was
analyzed by ELISA. As shown in Fig. S2 (ESI†), there was no
significant difference among groups 2 weeks after the first
vaccination. However, after booster doses, OVA@PSome/MPLA
immunized mice generated significantly higher titers of OVA-
specific total IgG responses than all controls (Fig. 5(a) and (b)).
The booster administration was an effective immunization
method to generate better antibody responses (Fig. S2, ESI†).
Mouse vaccination with OVA@PSomes/MPLA produced higher
levels of IgG2a and IgG2c, which are Th1-type antibodies, as well
as the IgG1, a Th2-type antibody, than mouse vaccination with
OVA/MPLA and OVA-only (Fig. 5(c) and (d)). Further, we tested
the adjuvant function of PSomes with influenza virus antigen
(A/canine/VC378/2012, cH3N2). Two weeks after the final
vaccination, the sera from each group of mice were obtained
and the levels of cH3N2-specific Ab were determined by ELISA.
Fig. S4 (ESI†) shows that vaccination with Ag@PSome/MPLA
induced the highest levels of Ag-specific IgG in the sera of mice.
The enhanced immune responses may have occurred because
the Ag was protected from degradation, its release was sustained,
and its cellular delivery was improved using PSomes. Notably, the
OVA-specific IgG level was higher when vaccinated with the Ag
and adjuvant co-encapsulated PSome (OVA@PSome/MPLA) than
soluble OVA together with free MPLA (OVA/MPLA). These data
implied that the Ag delivery system encapsulating a toll-like
receptor agonist could serve as a promising strategy to induce
potent cellular immunity as well as humoral immunity.

Experimental
Materials

Methoxy-poly(ethylene glycol) (mPEG) with a molecular weight
of 2000 Da, D,L-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione), and
stannous octoate (Sn(Oct)2) were obtained from Sigma-Aldrich

Fig. 4 Quantitative comparison of (a) IL-6 and (b) TNF-a induction in
RAW264.7 cells. Expression levels of IL-6 and TNF-a in macrophages
stimulated with OVA-only (2.5 mg), OVA (2.5 mg)/MPLA (0.4 mg), PSome
(83 mg), and OVA (2.5 mg)@PSome (83 mg)/MPLA (0.4 mg). The expression
level of IL-6 and TNF-a in the supernatants was determined by ELISA.
Student’s t-test and one-way ANOVA were used for statistical analysis.
Data are presented as mean � S.E.M. (n = 3; *p o 0.01, **p o 0.001).

Fig. 5 Quantitative comparison of OVA-specific antibody induction in
mice (n = 5 for each group) 2 weeks after the final vaccination. Induction of
OVA-specific (a) serum total IgG, and (b) IgG1, (c) IgG2a, and (d) IgG2c in
mice vaccinated with OVA-only (20 mg), OVA/MPLA, and OVA@PSome/
MPLA were determined using ELISA. Student’s t-test and one-way ANOVA
were used for statistical analysis. Data are presented as mean � S.E.M.
(*p o 0.05, **p o 0.01, ***p o 0.001, ****p o 0.0001).
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(St. Louis, MO, USA). Phosphate buffered saline (PBS; 10 mM,
pH 7.4) was purchased from Welgene (Gyeongsan, South
Korea). Dulbecco’s modified Eagle’s medium (DMEM), OVA,
and OVA-FITC were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). MPLA was obtained from Invivogen (San
Diego, CA, USA). Horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG, IgG1, IgG2a, and IgG2c antibodies were
purchased from Abcam (Cambridge, UK). All other chemicals
and reagents were of analytical grade.

Synthesis of amphiphilic copolymer and preparation of
OVA@PSome

The mPEG-b-PLA copolymers were synthesized by ring-opening
polymerization of D,L-lactide as previously described.20,24 A
series of mPEG-b-PLA copolymers with varying mass fractions
of mPEG (0.278 and 0.385) were synthesized by ring-opening
polymerization of D,L-lactide with hydroxyl-terminated mPEG as
an initiator and Sn(Oct)2 as a catalyst. mPEG was introduced
into a three-neck flask along with anhydrous toluene. Various
concentrations of D,L-lactide and Sn(Oct)2 (0.05 wt% of mPEG
and D,L-lactide) were then injected into the flask, and the
reaction mixture was heated with reflux at 120 1C overnight
under a nitrogen atmosphere. After the reaction was com-
pleted, the product solution was removed by rotary evaporation
and precipitated in excess cold diethyl ether to produce mPEG-
b-PLA. The copolymer products were filtered using a Buchner
funnel and vacuum-dried at room temperature for 1 day. The
molecular weight and the mPEG content of the synthesized
mPEG-b-PLA were determined by 1H nuclear magnetic resonance
(NMR) spectra using a 400 MHz NMR spectrometer (Bruker,
Bremen, Germany) and gel permeation chromatography (YOUNG
LIN ACME HPLC System, Young Lin Instrument Co., Korea).
Their chemical structures were analyzed using Fourier transform-
infrared (FT-IR) spectra (Excalibur Series, Varian Inc., Palo Alto,
CA, USA).

To prepare the OVA and MPLA co-encapsulated PSomes
(OVA@PSome/MPLA), 10 mg of mPEG-b-PLA copolymer and
MPLA was dissolved in 1 ml of chloroform. The chloroform was
removed using a rotary evaporator to form a thin film of the
mPEG-b-PLA copolymer and MPLA on the wall of the flask,
which was placed under high vacuum for over 6 h to remove
any residual solution. The dried film was hydrated in a solution
of OVA dissolved in 2 ml of PBS for 6 h at 50 1C and
magnetically stirred for an additional 12 h.17,19,20 After stirring,
the solution was ultra-sonicated using a model SH-2199 instrument
(Sae Han, Seoul, Korea) at 190 W for 30 min. Finally, the solution
was transferred for dialysis in PBS with a molecular weight cut-off of
100 kDa for 24 h. OVA@PSome and PSome were synthesized as
described for OVA@PSome/MPLA, except for encapsulation of
MPLA or both OVA and MPLA, respectively. The size distribution
and zeta potential of the OVA@PSome/MPLA and PSome/MPLA
were measured using dynamic laser scattering and zeta potential
analysis (ELS-Z; Otsuka Electronics, Osaka, Japan), respectively,
and their morphology was investigated by transmission electron
microscopy (TEM) using a JEM-1011 microscope (JEOL, Tokyo,
Japan).

Controlled release test of OVA-FITC

To investigate the release profiles of OVA from PSomes, we first
prepared OVA-FITC@PSome/MPLA as detailed above by sub-
stituting OVA as OVA-FITC. OVA-FITC@PSome/MPLA and OVA-
FITC solutions were sealed in two different dialysis tubes with a
molecular weight cut-off of 100 kDa and then immersed in 5 ml
PBS at 37 1C with moderate shaking.25 At regular time intervals,
volumes of the solutions from each dialysis tube were collected
separately for quantification of fluorescence. An equal volume
of fresh medium was added as a replacement for continued
profiling of OVA-FITC release. The amount of released OVA-
FITC was monitored for 6 h by measuring the fluorescence
intensity of OVA-FITC at 480 nm excitation and 525 nm emis-
sion wavelengths. An OVA-FITC-only group was used for control
experiments.

In vitro cytotoxicity test and analysis of OVA cell uptake

RAW264.7 macrophage cells (4� 105) were seeded onto covered
glass-bottom dishes (SPL Life Sciences Co, Ltd, Pocheon, South
Korea) and then incubated at 37 1C in an atmosphere of 5%
CO2. After 24 h, the cells were treated with OVA-FITC@PSome/
MPLA and OVA-FITC solution and incubated at 37 1C in 5%
CO2 for 6 h. After the PSome incubation, the cells were washed
with PBS, and the cell uptake of the particles was visualized
using confocal laser scanning microscopy (LSM700; Carl Zeiss,
Jena, Germany). The cells were stained with Hoechst (Molecular
Probes, Eugene, OR, USA) to visualize the nucleus and LysoTracker
Red DND-99 (Molecular Probes) to visualize the lysosomes.

For flow cytometry analysis, RAW264.7 cells (4 � 105) were
seeded in 6-well plates and incubated for 24 h at 37 1C in an
atmosphere of 5% CO2. After 24 h, OVA-FITC@PSome/MPLA
and OVA-FITC solutions were added, and the cells were incubated
at 37 1C with 5% CO2 for 6 h. The harvested cells after treatment
were washed and collected with blocking buffer (PBS, pH 7.4,
containing 1% bovine serum albumin (BSA) and 0.1% sodium
azide). Flow cytometry was performed on an LSR II flow cytometer
(BD Biosciences, Santa Clara, CA, USA) and analyzed using
FlowJo software.

In vitro analysis of interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a) secretion levels by enzyme-linked
immunosorbent assay (ELISA)

RAW264.7 or MH-S mouse macrophages were prepared according
to conventional protocols and cultured in DMEM or RPMI1640
containing 10% fetal bovine serum. Cells in 96-well plates (2 �
104 cells per well) were stimulated with PBS or different
concentrations of OVA alone, OVA/MPLA, PSome alone, or
OVA@PSome/MPLA for 6 h. Supernatants were collected, and
IL-6 and TNF-a were quantified using an ELISA kit (Invitrogen,
Carlsbad, CA, USA).

Animals and vaccine

Six-week-old female C57BL/6 mice were intramuscularly injected
in the caudal thigh. Two-dose immunization was administered
two weeks apart with or without adjuvants: PBS, OVA alone,
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OVA/MPLA, or OVA@PSome/MPLA. The influenza viruses
A/canine/Korea/01/2007 (cH3N2) were propagated in MDCK cells,
which were grown in DMEM containing 1 mg ml�1 TPCK-trypsin
(Thermo Fisher Scientific, Waltham, MA, USA) and supplemented
with 1% antibiotic–antimycotic at 37 1C and 5% CO2. Inactivated
cH3N2 was incubated for 18 h at 37 1C with a 0.2% final
concentration of formalin. Mice were vaccinated via intramuscular
injection twice at 2 week intervals with inactivated cH3N2 (Ag)
alone, Ag/MPLA or, Ag@PSome/MPLA. Blood was collected from
the mice via the retro-orbital plexus two weeks after the final
injection. All experimental procedures were approved by the
Chonnam National University Institutional Animal Care and
Use Committee (approval number: CNU IACUC-YB-2019-84,
date of approval: November 7, 2019).

Ag-specific antibody response using ELISA

The sera were obtained from the blood by centrifugation for
20 min at 13 000 rpm. Antigen-specific IgG, IgG1, IgG2a, and
IgG2c antibody titers were determined by ELISA using serum
samples from each mouse (n = 5). In particular, 96-well immuno-
plates (SPL Life Sciences, Gyeonggi, Korea) were incubated with
100 ml of OVA or cH3N2 overnight at 4 1C. After blocking for 1 h at
37 1C in 5% skim milk in PBS-Tween, 100 ml of each serum
sample serially two-fold diluted with 3% skim milk was treated in
OVA or Ag coated immunoplates and incubated (1 h at 37 1C).
Next, HRP-conjugated goat anti-mouse IgG, IgG1, IgG2a, or IgG2c
antibodies (Abcam) diluted 1 : 50 000 in 3% skim milk were
added in immunoplates. Each step featured three to five
washes with 0.05% Tween 20 in PBS. After incubation at room
temperature for 1 h, 100 ml of TMB Substrate Reagent (BD
Biosciences) was added to each well. The reaction was stopped
by adding 2 N sulfuric acid. The absorbance was recorded by
using a SpectraMAX i3x Multi-Mode Detection Platform micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA) at a
wavelength of 450 nm. The endpoint titer was determined
using an optical density cut-off value.

Conclusions

PSome-based nanoparticulate adjuvants were designed for the
co-delivery of an Ag and an immunostimulant. The PSomes
were confirmed to be potent vaccine adjuvants capable of
generating strong immune responses. To optimize the synthesis
of spherical bilayer nanoparticles, we adjusted the block length
of the amphiphilic copolymer (mPEG-b-PLA) and prepared
nano-sized PSomes for the delivery of both hydrophilic Ags
and lipophilic immunostimulants. PSomes induced better Ag
cellular uptake by APCs than soluble Ag groups and allowed
sustained release of Ags in cellular microenvironments. The
improved retention time, sustained release of Ags, and enhanced
cellular Ag uptake using PSomes led to the activation of APCs that
secreted immunostimulatory cytokines (IL-6 and TNF-a). The
engineered Ag delivery system also induced robust Ag-specific
antibody responses in vivo. Collectively, these findings suggest
that PSomes that co-encapsulate an Ag and a toll-like receptor

agonist may be potent vaccine delivery vehicles capable of achieving
robust immune responses. The present findings will help design
novel vaccination strategies against infectious diseases.
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