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Directing nanoparticles to specific receptors on antigen-presenting cells (APCs) is a promising strategy
for inducing robust immune responses. This approach effectively enhances antigen (Ag) uptake, processing,
and presentation, leading to improved Ag-specific immunogenicity. In this study, we introduce a novel
method for targeting mannose-binding C-type lectin receptors (mannose receptor, CD206) using mannose-
decorated nanoparticles to enhance vaccine efficacy. We developed mannose-decorated polymersomes
(Man-PSomes) for co-delivering the model Ag-ovalbumin (OVA) within the inner core and the TLR7/8 dual
agonist adjuvant resiquimod (R848) within the bilayer of the hydrophobic membrane. This nanoparticulate
vaccine delivery system demonstrated the sustained release of Ag in cellular environments and efficiently
facilitated the cellular uptake of Ag and R848 into APCs. Additionally, OVA and R848 co-encapsulated in
Man-PSomes (OVA/R848/Man-PSomes) significantly increased the efficiency of APC maturation, cross-
presentation, and pro-inflammatory cytokine secretion by T cells in vitro compared to that of soluble OVA/
R848 or non-Man-PSomes. OVA/R848/Man-PSomes induced effective Ag-specific antibody production and
T cell-mediated cytokine induction in vivo, suggesting that Man-PSomes encapsulating OVA and R848
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could serve as potent nanoparticulate vaccine delivery systems that induce cellular and humoral immune
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Introduction

The coronavirus disease (COVID-19) pandemic emphasized
the importance of developing effective vaccines. Inactivated,
live-attenuated, and recombinant protein vaccines are the most
widely used and approved vaccines for infectious diseases.™?
However, these conventional vaccines have several issues that
must be addressed. Live-attenuated vaccines, while offering
superior efficacy, may pose safety concerns because of the
potential for secondary mutations. Although affordable and
safe protein subunit vaccines can address these safety con-
cerns, there may be limitations to eliciting robust immune
responses.’

Nanoparticulated vaccine systems have been advocated to
enhance the immunogenicity of vaccines and ensure safety.
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Nanoparticles offer several advantages as vehicles, including
improved antigen (Ag) protection, sustained payload release,
and efficient cellular uptake.*® Various nanoparticles are being
used, including micelles, liposomes, polyplex, and dendri-
mers.””® Of these, lipid nanoparticles were widely utilized as
vaccine delivery vehicles in the COVID-19 era and are now
commercially approved and officially available in many
countries.'®** However, due to the monopolization of lipid-
related patents by some companies, there is a need to explore
novel lipids or alternatives such as biocompatible polymers.
Furthermore, to enhance immune responses by nanoparticu-
late vaccine delivery systems, delivery technologies must speci-
fically target antigen-presenting cells (APCs).

Targeted delivery of antigens to APCs is an effective strategy
for eliciting robust Ag-specific immune responses."*'* APCs are
a crucial link between the innate and adaptive immune sys-
tems, facilitating the induction of protective immunity. APCs
such as macrophages and dendritic cells are rich in mannose
receptors.’® Mannose, a sugar molecule, is commonly found on
the surfaces of numerous pathogens. The presence of mannose
receptors makes mannose pivotal for diverse processes, such as
receptor-mediated endocytosis and phagocytosis.'®™*® There-
fore, mannosylated nanoparticles may target APCs expressing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mannose receptors and selectively deliver Ags through
mannose-mediated mechanisms. Previous studies have also
suggested that the mannosylation of drugs enhances MHC
class I and II Ag presentation as well as T-cell stimulation
compared to those of their non-mannosylated counterparts,
thereby boosting Ag-specific immune responses.'®"°

Incorporating various immunostimulants into vaccines as
adjuvants is crucial for enhancing immunogenicity. Further-
more, nanoparticulate systems offer a promising avenue for
delivering immunostimulants more efficiently to their targets
and shielding them from biodegradation in the physiological
environment, thereby eliciting potent immune responses. Resi-
quimod, also known as R848, is a member of the imidazoqui-
nolinone family and functions as an agonist of toll-like
receptors 7 and 8 (TLR7/8). This small molecule primarily
engages TLR7/8, the main pattern-recognition receptors
expressed on the endosomes of APCs.”° Activation by specific
ligands can prompt the production of inflammatory cytokines
such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a), thus eliciting the immunogenicity of vaccines. How-
ever, the poor water solubility of R848 makes its effective
delivery and uptake by APCs challenging. Nanoparticle-based
delivery systems improve the bioavailability and cellular uptake
of hydrophobic compounds such as R848. Furthermore, the
intracellular localization of TLR7/8 within endosomes presents
an opportunity to enhance immune response activation
through nanoparticle-mediated delivery.>"** Delivery of R848
within nanoparticles facilitates intracellular trafficking to endo-
somes, thereby promoting efficient engagement with TLR7/8
and subsequent immune stimulation.

In this context, we engineered a mannosylated nanoparticu-
late vaccine delivery system using DSPE-PEG-mannose to
enhance the delivery efficacy and immunogenicity of vaccines
by selectively targeting APCs. We developed mannose-decorated
polymer bilayer nanoparticles (Man-PSomes), which encapsu-
late both Ags and immunostimulants.” Amphiphilic poly-
mers self-assemble to form bilayer spherical polymersomes
(PSomes), which are advantageous in vaccine delivery platforms
for the co-delivery of molecules.>*”>*> Hydrophilic Ag is encap-
sulated in the inner core of PSomes, whereas water-insoluble
R848 can be within the bilayer of the hydrophobic membrane.
Man-PSomes co-encapsulated with ovalbumin (OVA) and R848
(OVA/R848/Man-PSomes) induced potent immune responses
in vitro and in vivo (Fig. 1). Man-PSomes enhanced payload
uptake via mannose-mediated endocytosis, leading to enhanced
Ag and R848 delivery efficacy and presentation of Ag through the
cytosolic processing pathway, thereby inducing the increased
expression of pro-inflammatory cytokines and co-stimulatory
molecules. We further demonstrated that intramuscular immuni-
zation with OVA/R848/Man-PSomes induced enhanced Ag-specific
humoral and cellular responses in mice compared to those of
formulations containing soluble Ag and PSomes without man-
nose. Man-PSomes, which are composed of biocompatible poly-
mers, not only offer a safe and stable vaccine formulation strategy
by simultaneously co-encapsulating protein Ags and immunosti-
mulants, but also provide a powerful and versatile platform that

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

 Ress
Receptor
mPEG
© MPEG-b-PLA
D,L-lactide

(a) i
° MPEG-b-PLA * DSPE-PEG-Man
R . . sn(Oct), i
e (\/\a)/ + — =, s ‘(\/\ { o
g /l\r 120°c, 24y, "¢ c)’( \r T o oA $ Mannose

+  OVA/R848/Man-PSome

(b)

mPEG-b-PLA

AL A o
)k i = ‘ o
{//i/\/Y (x/\”wil:( OVAin PBS
A

(c) “ .y

DSPE-PEG-Man
Thin-film hydration
method
= °

Resiquimod

Mannose receptor-mediated
endocytosis

OVA release &
endosomal escape

£ Ag-specificimmune response

7 ¥
Activated _s A *

Fig. 1 Schematic diagram of the synthesis of (a) mMPEG-b-PLA co-polymers
through ring-opening polymerization. (b) Design of a Man-PSome containing
both OVA and R848 (OVA/R848/Man-PSome). (c) Illustration of enhanced
cellular Ag uptake by APCs induced by OVA/R848/Man-PSomes, secretion of
IL-6 and TNF-o by activated APCs, and Ag-specific antibody immune
response-based humoral and cellular immunity.

induces strong humoral and cellular immune responses, thus
meeting public health demands for vaccine development against
infectious diseases.

Experimental
Materials

Methoxy-poly(ethylene glycol) (mPEG) with a molecular weight
of 2000 Da, p,i-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione), and
stannous octoate (Sn(Oct),) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). R848 was purchased from InvivoGen (San
Diego, CA, USA), and DSPE-PEG-mannose was obtained from
Biopharma PEG (Watertown, MA, USA). Dulbecco’s phosphate-
buffered saline (DPBS; 10 mM, pH 7.4), Dulbecco’s modified
Eagle’s medium (DMEM), ovalbumin, ovalbumin-fluorescein
conjugate, and ovalbumin-Alexa Fluor™ 488 conjugate were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Diethyl ether was purchased from Duksan Pure Chemicals Co.
Ltd. (Ansan, South Korea). Horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG, IgG1, and IgG2a antibodies
were purchased from Abcam (Cambridge, UK). Enzyme-linked
immunosorbent assay (ELISA) kits for investigating IL-6 and
TNF-o levels were purchased from R&D Systems (Minneapolis,
MN, USA). Antibodies and markers for flow cytometry analysis
were purchased from BioLegend (San Diego, CA, USA). All the
other chemicals and reagents were of analytical grade.

Synthesis of mPEG-b-PLA

The amphiphilic copolymer mPEG-b-PLA was synthesized by
the ring-opening polymerization of p,L-lactide with mPEG as
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the initiator. Varying mass fractions of mPEG were obtained by
changing the molar ratio of p,i-lactide to mPEG. To begin the
synthesis, mPEG and p,r-lactide were introduced into a 3-neck
flask with anhydrous toluene as the solvent. Polymerization was
conducted at 120 °C for 18 h with continuous nitrogen purging
and vigorous stirring, and Sn(Oct), was used as a catalyst.>®
After the reaction, the solvent was removed by rotary evapora-
tion, and the product solution was precipitated repeatedly in
cold diethyl ether using a Buchner funnel. After purification,
mPEG-b-PLA was vacuum-dried at room temperature for 2 days.
To verify its successful synthesis, the polymer was characterized
by Fourier-transform infrared (FT-IR) spectroscopy (Excalibur
Series, Varian Inc., USA), 'H-nuclear magnetic resonance (NMR)
spectroscopy (400 MHz NMR Spectrometer, Bruker, Germany),
and gel permeation chromatography (GPC) (YOUNG-LIN ACME
HPLC System, Young Lin Instrument Co., Korea). The molecular
weights of the synthetic mPEG-b-PLA and fyprc values were
determined using "H-NMR and GPC. f;pgc is the calculated mass
fraction of mPEG in mPEG-b-PLA, estimated as follows:

MaSSmpEG
Massppa + Massmpeg

meEG =

Preparation and characterization of polymersomes

A thin-film hydration method described in previous studies
was used to prepare OVA/R848/Man-PSomes.”>*>” More speci-
fically, to prepare 3 mL of dispersion, 5 mg of mPEG-b-PLA,
90 pg of DSPE-PEG-mannose, and 60 pg of R848 were dissolved
in 1 mL of chloroform. The organic solvent was removed via
rotary evaporation. Following 5 h of solvent evaporation, the
polymer thin film was hydrated overnight with 3 mL of DPBS
under 60 °C. After cooling, 120 pg of OVA was added to the
DPBS solution, and vigorously stirred at 25 °C for 5 h. Since the
range of nanoparticle size distribution is rather large, filter
extrusion was conducted using a hydrophilic PTFE syringe filter
with 0.45 pm pore size. To remove excess OVA or R848 that was
not encapsulated in the nanoparticles and collect the purified
products, we used Amicon centrifugal filtration. OVA/R848/
Man-PSomes were concentrated and collected via ultracentri-
fugal filtration, using 100 kDa MWCO Amicon filters. The
hydrodynamic size and zeta potential of the prepared PSomes
and Man-PSomes were measured using dynamic light scatter-
ing (DLS; ELSZ-2000ZS, Otsuka Electronics, Osaka, Japan) and
nanoparticle tracking analysis (NTA; NanoSight NTA, Malvern
Panalytical, Malvern, UK), and the morphology of the PSome
and Man-PSome were evaluated via transmission electron
microscopy (TEM; JEM-1011, JEOL, Tokyo, Japan).

Quantification of OVA loading

The concentration of encapsulated ovalbumin was determined
using fluorescence intensity measurements and a bicinchoni-
nic acid (BCA) protein assay. Fluorescein isothiocyanate (FITC)-
labeled OVA (OVA-FITC) was used to synthesize OVA-FITC/
R848/Man-PSome. OVA-FITC (1 mg mL™"') was diluted 2-fold
for use as the standard with concentrations ranging from 100 to
7.8125 ug mL~'. The levels of OVA-FITC incorporated in the
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PSomes were detected by measuring the fluorescence spectra at
485 nm excitation and 520 nm emission wavelengths. Encap-
sulation efficiency (EE) was calculated as follows:

EE (%) = Mass of OVA in final product

~ Mass of total feedings of OVA x 100

To cross-check the loading content of OVA, a BCA assay
was performed using OVA/R848/Man-PSomes and OVA
(1 mg mL™"). OVA/R848/Man-PSomes were fabricated as per
the method mentioned previously, and BCA assay was con-
ducted according to the manufacturer’s instructions (Pierce™
BCA protein assay kit, Thermo Scientific™, Waltham, MA, USA).
Briefly, protein concentration was determined at an absorbance
of 562 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

Quantification of R848 loading

The concentration of R848 was quantified by liquid chromato-
graphy-tandem mass spectrometry (LC-MS; Q Exactive Plus LC-
MS, Thermo Fisher Scientific). Specifically, the LC mode was
tested with an Ultimate 3000 RS UHPLC (Thermo Fisher
Scientific) and the MS mode with Q-Exactive Orbitrap Plus
(Thermo Fisher Scientific). Samples containing R848 were
dissolved in chloroform, and a gradient mode was applied with
solvent A (distilled water containing 0.1% formic acid) and
solvent B (acetonitrile containing 0.1% formic acid). Specifi-
cally, the samples were chromatographically separated using
the gradient mode as follows: 90% solvent A and 10% solvent B
for 1.5 min, then 0% solvent A for 10 min, maintenance of 0% A
and 100% B for 4 min, then a return to the initial condition for
14.5 min, and retention for 17 min. The flow rate was main-
tained at 400 puL min~" with an injection volume of 5 pL,
and the column temperature was set to 45 °C. The temperature
of the sampler was adjusted to 5 °C during the whole operation.
The column was Acquity UPLC BEH C18, (1.7 pum, 2.1 x
100 mm). The R848 peak was well-separated under the estab-
lished chromatographic conditions.>®

The mass spectrometer was operated in the positive ion mode
with a sheath gas flow rate of 50 L min ™' and an auxiliary gas flow
rate of 13 L min~". The optimization of the tuning parameters was
conducted by direct infusion of R848 standard solution as follows:
spray voltage of 3500 V and capillary temperature of 370 °C.

R848 was detected at a wavelength of 320 nm, and its
concentration was calculated by calibration using standard
solutions. The EE of R848 was determined using the following
equation:

Concentration of R848 in final product

100
Concentration of total feedings of R848 x

EE (%) =

Release profiles of OVA

The release profile of OVA was further evaluated via dialysis in a
physiological environment. Alexa Fluor 488 conjugated with
OVA (OVA-AF488) was used to prepare OVA-AF488/R848/
Man-PSome. OVA-AF488/R848/Man-PSome was synthesized as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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described previously. OVA-AF488 and OVA-AF488/R848/Man-
PSome solutions were sealed in a dialysis membrane with an
MWCO of 100 kDa. Dialysis tubes were immersed in 5 mL of
PBS (pH 7.4) and incubated at 37 °C under continuous moder-
ate shaking at 150 rpm in the dark. At fixed time intervals, the
entire solution was collected, and an equal volume of fresh PBS
was added to maintain a constant volume. Release profiles were
monitored for 72 h. The cumulative release of OVA-AF488 was
detected using fluorescence spectra at 485 nm excitation and
520 nm emission wavelengths. The OVA-AF488-only group was
used for control experiments.

Cell viability of mPEG-b-PLA and DSPE-PEG-mannose

Murine macrophages (RAW264.7 cells) were seeded (4 x 10*
cells per well) onto a 96-well cell culture plate (SPL Life Sciences
Co., Ltd., Pocheon, South Korea) and then incubated at 37 °C in
an atmosphere of 5% CO,. To verify the potential cytotoxicity of
the polymers used in this study, the cells were incubated with
mPEG-b-PLA and DSPE-PEG-mannose at different concentra-
tions for 18 h. In vitro cell viability assay was performed using a
cell counting kit (EZ-Cytox Cell Viability Assay Kit; DoGenBio,
Seoul, South Korea) according to the manufacturer’s instructions.

Static hemolysis of chicken red blood cells

Chicken red blood cells (RBCs) were diluted to 1% with PBS,
and this 1% RBC solution was transferred to a U-bottom 96-well
plate (50 pL per well) and 50 pL of serially diluted samples were
treated and incubated with RBCs for 1 h at 37 °C. OVA/R848/
Man-PSomes were serially diluted 2-fold to obtain solutions
with a concentration range of 27°-2° g mL™". In this analysis,
PBS was used as a negative control, and 1% v/v Triton-X 100 in
PBS was used as a positive control. Following incubation, the
absorbance spectra measurement at 350-500 nm was obtained
using a SpectraMAX i3x Multi-Mode Detection Platform micro-
plate reader (molecular devices) at a maximum absorbance
intensity peak of 410 nm. The percentage of hemolysis was
calculated using the following equation:

Hemolysis (%) = Absiest — Absnc

= DDSwst = ADSNC
Abspe — Abse < 0

Ag uptake efficacy of PSomes in APCs

Bone marrow dendritic cells (BMDCs) were extracted from the
femurs of six-week-old BALB/c female mice using a previously
established method.”

For flow cytometric analysis, RAW264.7 cells or BMDCs were
seeded in 6-well plates (1 x 10° cells per well) and incubated for
24 h at 37 °C in an atmosphere of 5% CO,. To verify the
specificity of the mannose moiety binding to APCs, a mannose
inhibition test was performed to block their mannose recep-
tors. RAW264.7 cells or BMDCs were treated with or without
2 mg mL ™" of p-(+)-mannose solution for 1 h and then incu-
bated with PSomes and Man-PSomes treated with 2 ug OVA-FITC
or -AF488 per well at 37 °C for 4 h. Subsequently, the harvested
cells were washed with PBS and subjected to flow cytometry using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an LSR II flow cytometer (BD Biosciences, Santa Clara, CA, USA)
and analysis using FlowJo software.

The intracellular localization of Ag in RAW264.7 cells or
BMDCs was observed using confocal laser scanning microscopy
(CLSM). RAW264.7 cells or BMDCs were seeded in a confocal
dish (4 x 10° cells per dish) and incubated at 37 °C in an
atmosphere of 5% CO, for 18 h. Subsequently, OVA-AF488
solution and OVA-AF488-encapsulating PSomes and Man-
PSomes were added to the dishes and cultured for 4 h. After
washing twice with cold PBS, cells were cultured in a medium
containing LysoTracker-Red DND-99 (Molecular Probes, Eugene,
OR, USA) and Hoechst (Molecular Probes) in the dark to label the
lysosomes and nuclei, respectively. After incubation, the cells were
washed with PBS and fixed with 2% formaldehyde solution at
4 °C for 20 min. Finally, cellular uptake of the particles was
visualized using a Zeiss LSM 980 confocal laser scanning micro-
scope (Carl Zeiss, Jena, Germany).

In vitro analysis of cytokine secretion levels by ELISA

RAW264.7 and BMDCs were prepared according to conven-
tional protocols and cultured in 96-well cell culture plates
(2 x 10" cells per well). The cells were stimulated with PBS or
different concentrations of OVA, R848, PSomes, Man-PSomes,
OVA/R848/Psomes, or OVA/R848/Man-PSomes for 18 h. Super-
natants were collected, and the expression of IL-6 or TNF-o were
examined using ELISA kits (R&D Systems) according to the
manufacturer’s instructions.

Cross presentation analysis of co-stimulatory molecules in vitro

To evaluate BMDC activation, the cells were incubated over-
night with PBS, OVA/R848, OVA/R848/PSomes, or OVA/R848/
Man-PSomes. Then, cells were collected and blocked with anti-
mouse CD16/CD32 (Cat: 156604, clone S17011E, BioLegend) for
20 min at 4 °C. After blocking, the cells were stained with anti-
CD11c-FITC (BioLegend), anti-CD40-PE (BioLegend), and anti-
CD80-APC (BioLegend) antibodies at 4 °C for 1 h. Unbound
antibodies were removed by centrifugation, and the cells were
fixed with 2% formaldehyde solution at 4 °C for 20 min. After a
final wash and resuspension, the cells were analyzed using flow
cytometry (SH800S cell sorter, Sony).

Animal immunization studies

Female BALB/c mice aged 7 weeks were obtained from Daehan
Biolink Co. Ltd. (Seoul, South Korea) and housed under
pathogen-free conditions with a 12/12 h light/dark cycle, tem-
perature of 23 & 2 °C, and relative humidity of 50 £ 10%.
The mice were randomly divided into 5 groups (n = 5 per
group) and vaccinated with 50 pL per dose of PBS (control), OVA
(10 pg), OVA/R848/PSomes (10 pg of OVA and 16.7 pg mL " of
R848), or OVA/R848/Man-PSomes (10 pug of OVA and 16.7 pg
mL ™" of R848) via intramuscular injection in the rear quad-
riceps on day 0 and 14. Blood was collected from the mice via
the retro-orbital plexus two weeks after each injection (days 14
and 28). Serum was obtained from the blood by centrifuging it
for 10 min at 2500 rpm. To assess T-cell immune responses,
the spleens were harvested from immunized mouse on day 28
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immediately after euthanizing them via CO, asphyxiation.
All experimental procedures were approved by the Chonnam
National University Institutional Animal Care and Use Com-
mittee (approval number: CNU IACUC-YB-2023-115; date of
approval: August 30, 2023) and conducted in accordance with
institutional guidelines.

Ag-specific antibody analysis by ELISA

To assess the induction levels of Ag-specific antibodies, the
titers of OVA-specific IgG and its subtypes (IgG1 and IgG2a)
were analyzed by ELISA using serum samples collected from
each mouse (n = 5). Briefly, 96-well immuno-plates were coated
with 100 ng of OVA (100 pL per well) overnight at 4 °C and then
blocked for 1.5 h at room temperature by adding blocking
buffer (5% skimmed milk in distilled water). Plates were rinsed
three times with washing buffer (0.01% v/v Tween20 in PBS)
and then incubated with serially diluted sera for 2 h at room
temperature. Thereafter, 100 pL of HRP-labeled goat anti-
mouse IgG, IgG1, or IgG2a antibodies (1:50000 diluted in
3% skim milk) were added into wells and incubated for another
2 h at room temperature. Next, 100 pL of TMB substrate
solution was added to each well and incubated for 30 min at
room temperature. The enzyme reactions were terminated
using 1 M H,SO, (50 pL per well), and the absorbance was
recorded by using a SpectraMAX i3x Multi-Mode Detection
Platform microplate reader (molecular devices) at a wavelength
of 450 nm. The endpoint titer was determined using an optical
density (O.D.) cut-off value of 0.05, which was the O.D. of
the blank.

Isolation of splenocytes and assessment of T-cell response
ex vivo

Two weeks after the final vaccination, immunized mice from
each group were sacrificed, and their spleens were harvested.
The spleens were homogenized in RPMI 1640 culture medium
supplemented with 2 mM r-glutamine, 10% FBS, 3% penicillin/
streptomycin, 1% non-essential amino acids, 10 mM HEPES,
1 mM sodium pyruvate, and 50 uM beta-mercaptoethanol. The
homogenization process involved mashing and pressing the
plunger end of a syringe on ice, followed by processing into
single-cell suspensions using a strainer. The splenocytes were
washed and resuspended in RBC lysis buffer. After washing
with cold PBS, the splenocytes were resuspended in the culture
medium. Splenocytes (5 x 10° cells per well) were incubated for
96 h at 37 °C with 100 ng of OVA as a stimulant. Supernatants
were collected, and IFN-y concentration was analyzed by using
ELISA kits (R&D Systems) according to the manufacturer’s
instructions.

To evaluate intracellular cytokine staining, splenocytes were
isolated from vaccinated mice and restimulated with Ag for 4 h.
IFN-y-producing CD4" and CD8" T cells were quantified by flow
cytometry. GolgiPlug (BD Biosciences) was added to inhibit
intracellular transport of cytokines and the splenocytes were
then incubated for an additional 4 h. Cells were blocked with
anti-CD16/CD32 antibody (Biolegend, San Diego, CA, USA) for
20 min at 4 °C and then immunostained with anti-CD4 PE and
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anti-CD8a APC antibodies for 20 min at 4 °C. For intracellular
cytokine staining, cells were permeabilized using a Cytofix/
Cytoperm solution (BD Biosciences) and incubated with the
anti-IFN-y APC/Cy7 antibody. Samples were then washed and
analyzed by flow cytometry.

Results and discussion
Preparation and characterization of Polymers

To use PSomes as a construct, a copolymer of mPEG-b-PLA was
synthesized as previously described.®?* The co-polymer mPEG-
b-PLA is well known for its biocompatibility and biodegrad-
ability, which makes it suitable for extensive use in biomedical
and pharmaceutical applications.*** Briefly, mPEG-b-PLA was
synthesized by ring-opening polymerization of b,i-lactide
monomers with hydroxyl groups at the ends of mPEG. The
hydrophobic-to-hydrophilic components of the block copoly-
mer, ie., the fi,ppg value of mPEG-b-PLA, can be adjusted by
changing the molar ratio of p,i-lactide to mPEG. In this study,
we synthesized two block co-polymers, mPEG-b-PLA #1 and
mPEG-b-PLA #2, with f,pec values of 0.256 and 0.429, respec-
tively (Table S1, ESIf). Successful polymerization was con-
firmed by 'H-NMR and FT-IR spectroscopy. Fig. Sia (ESI{)
shows the FT-IR spectra of mPEG, bp,i-lactide, and mPEG-b-
PLA. The characteristic absorption band at 2902 cm™" corre-
sponds to the stretching vibration of methoxy (-O-CH;-) in
mPEG. Carboxy (-C—O0-) and hydroxy (-OH-) stretches of
lactide appear at 1760 and 1470 cm™ ' of mPEG-b-PLA, respec-
tively. As shown in Fig. S1b (ESI}), prominent peaks at 5.17 ppm
(CH in PLA) and 3.38 ppm (CH30 in mPEG) confirm the success-
ful polymerization of mPEG-b-PLA. As shown in Fig. Sic (ESIt),
the mPEG-b-PLA samples exhibited clear, sharp, and single peaks
with a leftward shift, indicating the successful polymerization of
mMPEG-b-PLA.

Preparation and characterization of PSomes

First, Man-PSomes were fabricated using the thin-film hydra-
tion method, resulting in Man-PSomes #1 and Man-PSomes #2
bilayer nanoparticles, which were synthesized from mPEG-b-
PLA #1 and mPEG-b-PLA #2, respectively. As shown in Fig. S2
(ESIt), different nanostructures were fabricated based on the
range of fipeg values. Consistent with previous studies, we
found that bilayer spherical nanoparticles form when the fi,prc
value is <0.3.>> Man-PSomes #1 were spherical bilayer poly-
mersomes with uniform homogeneity. However, Man-PSomes
#2 exhibited a variety of structures, including micelles and
tubular and spherical polymersomes. Man-PSome #1 was selected
for subsequent in vitro and in vivo experiments because it exhib-
ited narrow homogeneity with a low polydispersity index (PDI) of
0.127 (Table S2, ESIY).

Three major components constitute the Man-PSome formu-
lation, as shown in Fig. 1. First, hydrophilic OVA was encapsu-
lated in the aqueous inner core of Man-PSomes. Next, hydro-
phobic R848 was incorporated between the bilayers of amphi-
philic polymers, constructing a membrane with a spherical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure. Third, the outer surface of Man-PSomes was deco-
rated with mannose to promote vaccine delivery to APCs and
enhance the immune response.'®**** Furthermore, to compare
the delivery efficacy to APCs mediated by the mannose receptor,
we synthesized PSomes without the mannose moiety, loaded
them with OVA and R848, and analyzed their particle size,
morphology, and zeta potential (Fig. S3 (ESIt) and Fig. 2d).
PSomes, Man-PSomes, OVA/PSomes, and OVA/Man-PSomes
exhibited spherical morphology and uniform particle size.
OVA/R848/Man-PSomes had narrowly distributed sizes with
an average hydrodynamic diameter of ~100 nm, as obtained
via DLS, which was consistent with the NTA measurement
results (Fig. 2a and b). Mannosylation and encapsulation
of OVA and R848 did not alter the average particle size of
Man-PSomes. The monodisperse morphology of OVA/R848/
Man-PSomes was observed using TEM (Fig. 2¢). They exhibited
a bilayer core/shell structure and demonstrated highly homo-
geneous shapes of the nanoparticles. The zeta potentials of
PSomes and Man-PSomes are shown in Fig. 2d. Man-PSomes
showed an increase in zeta potential, confirming successful
mannosylation of the nanoparticles.*®

To confirm the successful synthesis of Man-PSomes and
determine the optimal mannose ratio, we prepared PSomes
using diverse molar ratios of DSPE-PEG-mannose (0, 1, 10, and
30%). The effectiveness of various mannose densities on cel-
lular targeting and uptake was evaluated. Among the tested
formulations, Man-PSome containing 10% DSPE-PEG-mannose
exhibited the highest fluorescence intensity, indicating the
most efficient cellular Ag uptake (Fig. S4, ESIt). Based on these
results, we selected 10% DSPE-PEG-mannose for subsequent
Man-PSome preparation.
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Fig. 2 Characterization of fabricated Man-PSomes. (a) Hydrodynamic
diameter of OVA/R848/Man-PSome measured by DLS. (b) Hydrodynamic
diameter of OVA/R848/Man-PSome measured by NTA. (c) Representative
TEM images of OVA/R848/Man-PSome. Scale bars denote 100 nm.
(d) Zeta potential of PSome (P), OVA/PSome (O/P), Man-PSome (M/P),
OVA/Man-PSome (O/M/P), and OVA/R848/Man-PSome (O/R/M/P). Data
are presented as mean £ S.E.M.
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Furthermore, to evaluate the stability of the formulated
OVA/R848/Man-PSome, we analyzed the hydrodynamic dia-
meter of the samples after storage at 4 or 37 °C for 7 days.
As shown in Fig. S5 (ESIf), the formulation maintained a
monodisperse size distribution after 7 days at 4 °C, indicating
good colloidal stability. In contrast, storage at 37 °C resulted in
a dominant population of approximately 100 nm with a
broader, polydisperse distribution, suggesting particle aggrega-
tion and degradation. Therefore, storage at 4 °C is essential to
maintain the physicochemical stability of the formulation.

Quantification of encapsulated Ag and immunostimulants

To characterize the nanoparticle-based delivery systems for Ags
and immunostimulants, we analyzed the EE of OVA and R848
in PSomes and Man-PSomes, respectively. We calculated the EE
of OVA using fluorescence intensity measurement and BCA
analyses, and then crosschecked the OVA concentration. Given
that the EE percentages obtained by the two methods were
similar, we concluded that the analysis was very accurate, and
the results were highly reliable (Tables S3 and S4, ESIT). It was
evident that the EE (%) of OVA/R848/Man-PSomes (47-49.6%)
was more than twice that of OVA/R848/PSomes (21.5-23.8%).
This may be explained by the hydrophilic mannose moieties on
the surface of Man-PSomes, leading to increased encapsulation
of hydrophilic OVA in the inner core of the nanoparticle. EE is
influenced by factors such as surface charge, length of hydro-
philic compounds, and charge on the hydrophilic groups of the
polymer, all of which contribute to a higher EE.*”*®

The EE (%) of R848 in PSomes and Man-PSomes was
determined using LC-MS analysis. The samples were separated
by LC and quantified by MS. The results showed a 2.54-fold
increase in the EE (%) in mannosylated particles (Table S5,
ESIT). These results suggest that bilayer PSomes can be effective
nanoparticulate vaccine delivery systems capable of simulta-
neously carrying hydrophilic Ag and hydrophobic immuno-
stimulants.

Release profile of Ag

A key advantage of particulate vaccine technology is its ability to
protect encapsulated antigens from degradation and maintain
sustained release, thereby increasing the interaction time
between the antigen and immune system, which promotes
the development of adaptive immune responses.*>*® To ana-
lyze whether Man-PSomes can encapsulate antigens for con-
trolled release, the kinetics of OVA release were monitored
under simulated physiological conditions in vitro at 37 °C in
PBS (pH 7.4). The Ag release profile was studied by measuring
the fluorescence intensity of OVA-AF488. As shown in Fig. 3,
OVA-AF488/Man-PSomes reduced the initial burst of OVA-
AF488 and gradually released it, yielding only 15% of OVA in
the first 5 h, while the soluble OVA-AF488-only group quickly
discharged through the membrane, releasing at 20% cumulatively.
The release rate constant for the OVA-only group (kova-arass = 3-8)
was 1.52 times higher than that of the OVA-AF488 group for OVA
encapsulated in Man-PSomes (kova-arass/man-psome = 2.5). After the
initial burst period, Man-PSomes released more Ag at a higher
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Fig. 3 Release profiles of OVA-AF488 from OVAas/Man-PSome and
OVA-AF488 only in PBS (pH 7.4) at 37 °C. Data are presented as mean +
S.D. (n = 3). The amount of released OVA-AF488 was monitored for 120 h
by measuring the fluorescence intensity at 485 nm excitation and 520 nm
emission wavelengths.

release rate than the soluble Ag-only group. Therefore, the
sustained release of OVA from Man-PSomes could indicate the
potency of the enhanced Ag-specific immune response by allow-
ing a more prolonged and controlled presentation of antigens to
the immune system.*!

In vitro cytotoxicity test of polymers and hemolysis analysis of
polymersomes

To validate the cytotoxicity of the Man-PSomes, each polymer
was evaluated using an in vitro cell viability assay. After incu-
bating the RAW264.7 cells for 18 h, no significant cytotoxicity
was observed in any of the experimental groups at any concen-
tration tested (Fig. S6, ESIt). Therefore, the biosafety of the
polymer was verified, demonstrating the biocompatibility and
potential cytocompatibility of the nanoparticles as carriers for
vaccine delivery platforms.

Furthermore, a hemolysis assay was conducted to assess the
potential toxicity or adverse hemolytic effects of Man-PSomes
on RBCs and, by extension, on the circulatory system. Because
RBCs are affected by everything that is absorbed into the
bloodstream, the hemoglobin released upon RBC lysis can be
a measure of the impact of OVA/R848/Man-PSomes on erythro-
cytes. Hemocompatibility test was performed by exposing 1%
chicken RBC solution to varying concentrations of OVA/R848/
Man-PSomes. As shown in Fig. S7 (ESIf), OVA/R848/Man-
PSomes hardly caused hemolysis, indicating that they did not
possess any hemolytic toxicity. These results suggest that Man-
PSomes and their components exhibit minimal cytotoxicity and
do not disrupt the normal biochemical environment of cells.

OVA uptake efficacy of Man-PSomes in vitro & in vivo

The cellular uptake of Ags by APCs is crucial for bridging innate
and adaptive immunity. When vaccinated, the organism first
engages the innate immune system, followed by the adaptive
immune system. Increasing the adaptive immune response of
an organism to trigger a stronger immune response against
pathogens is an effective approach. For a vaccine to efficiently
elicit adaptive immunity and confer immune protection in vivo,
it must be readily taken up and processed by APCs. Thus, the
efficacy of cellular Ag uptake by Man-PSomes, which target
APCs via the mannose receptor, was quantitatively evaluated
using RAW264.7 macrophages and BMDCs via flow cytometry.
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OVA labeled with FITC or AF488 tracker was used as a model
Ag. As shown in Fig. 4a, b and Fig. S8a, b (ESIT), the results
indicate that Man-PSomes had a significant increase in Ag
cellular uptake, with mean fluorescence intensity (MFI) values
4.1 and 4.45 times higher than those of soluble OVA alone in
RAW264.7 and BMDCs, respectively. Furthermore, Man-
PSomes delivered a higher quantity of Ag to APCs than PSomes
without the mannose moiety.

A mannose receptor inhibition test was conducted to verify
the mannose receptor-mediated targeting of OVA/R848/Man-
PSomes. p-(+)-mannose was administered prior to exposure to
OVA/R848/Man-PSomes or OVA/R848/PSomes to block the
receptors on the APCs. As shown in Fig. 4c and Fig. S8c (ESIY),
there was no significant difference in cellular Ag uptake by
PSomes without a mannose moiety, whereas Man-PSomes
showed a prominent decrease in cellular uptake. Furthermore,
CLSM images revealed a weak green OVA signal in RAW264.7
cells pretreated with mannose, indicating reduced Ag uptake
due to receptor blocking (Fig. S9, ESIT). In contrast, cells not
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Fig. 4 Cellular uptake of nanoparticles by RAW264.7 cells measured by
OVA-FITC- or OVA-AF488-positive cells using flow cytometry and CLSM.
(a) MFI of RAW264.7 after incubation with negative control (cell media),
OVA-FITC, OVA-FITC/PSome, or OVA-FITC/Man-PSome. One-way
ANOVA Dunnett's test was used for statistical analysis. Data are presented
as mean £+ S.D. (nh = 3; ****p < 0.0001). (b) Gray, red, green, and blue
histograms represent the cells treated with negative control, OVA-FITC,
OVA-FITC/PSome, and OVA-FITC/Man-PSome, respectively. (c) In vitro
evaluation of cellular Ag uptake efficacy for PSome and Man-PSome
following mannose pretreatment of RAW264.7 to block mannose recep-
tors. (d) CLSM images of RAW264.7 cells treated with negative control,
OVA-AF488, OVA-AF488/PSome, and OVA-AF488/Man-PSome for 4 h at
37 °C. Scale bars indicate 50 um.
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pretreated with mannose exhibited a strong green OVA signal,
consistent with the flow cytometry results. These results
demonstrate that mannose-decorated nanoparticles can effi-
ciently promote cellular Ag uptake by APCs through the man-
nose receptor-targeting moieties.

As a qualitative analysis, Ag endocytosis efficiency was
visualized through CLSM images of RAW264.7 macrophages
and BMDCs (Fig. 4d and Fig. S8d, ESIt). The strongest fluores-
cence signal from OVA-AF488 was observed in both RAW264.7
macrophages and BMDCs treated with OVA/R848/Man-PSomes,
compared to that of other groups. These results were consistent
with the quantitative results of cellular Ag uptake, suggesting
that Man-PSomes were effectively internalized by APCs. Overall,
these results demonstrate that Man-PSomes are an effective
nanoparticulate vaccine delivery system and confirm the spe-
cificity of mannose receptor-mediated targeting of APCs.

Further, we evaluate Ag retention in vivo by intramuscularly
injecting mice with AF647-labeled OVA either in its soluble
form or with OVA-AF647/R848/Man-PSomes. At 5 h post-
injection, we performed in vivo fluorescence imaging to assess
Ag retention. The Man-PSome group displayed a bright, well-
defined depot at the injection site, whereas free OVA-AF647 was
diffusely dispersed (Fig. S10(a), ESIT). Quantitative analysis of
the accumulated fluorescence intensity within the defined ROI
confirmed significantly higher signal retention for the Man-
PSome formulation compared with that of the soluble antigen
(Fig. S10(b), ESIT). These results demonstrate that mannose
functionalization and nanoparticulate delivery substantially
prolong antigen residence, thereby enhancing uptake by APCs.

Secretion of immunostimulatory cytokines by APC activation

To assess the activation of APCs in vitro, secretion of pro-
inflammatory cytokines IL-6 and TNF-o. were analyzed in
RAW264.7 macrophages and BMDCs. R848 is a TLR7/8 agonist.
TLR 7 and 8 are endosomal transmembrane receptors that
induce cytokine production upon activation. We explored
whether a vaccine delivery system that enhances the delivery
of R848 to TLR 7 and 8 on APCs increases cytokine expression
levels.”® To verify the immunostimulatory effect of R848, RAW
264.7 cells and BMDCs were treated with PBS, OVA, R848, Man-
PSomes, OVA/R848/Psomes, or OVA/R848/Man-Psomes. After
18 h of incubation, supernatant was collected and IL-6 and
TNF-o secretion levels were analyzed by ELISA. As shown in
Fig. 5a, the secretion of both cytokines was significantly higher
in the OVA/R848/Man-PSome treatment group compared to the
that of other groups. The expression levels of IL-6 and TNF-o
induced by OVA/R848/Man-PSomes in BMDCs were 2.68- and
3.43-fold higher than those induced by mannose non-targeted
OVA/R848/PSome group, respectively, suggesting that mannose-
mediated delivery enhancement can more effectively activate APCs.
In addition, negligible levels of cytokine expression were observed
in the OVA and Man-PSome groups, indicating that the inflam-
matory response was driven by immunostimulants and not
induced by nanoparticles or Ag. We estimated the cytokine
expression levels in RAW264.7 macrophages and found very
similar results to those observed in RAW264.7 macrophages

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Quantitative comparison of IL-6 and TNF-a induction in (a) BMDCs
and (b) RAW264.7. Expression levels of IL-6 and TNF-o in BMDCs and
RAW264.7 stimulated with negative control (PBS), OVA-only, R848-
only, Man-PSomes, OVA/R848/PSomes, and OVA/R848/Man-PSomes, as
determined by ELISA. The frequencies of the (c) clusters of differentiation
40* (CD40%) and (d) 80 (CD80™) of the BMDCs treated with PBS, OVA/
R848, OVA/R848/PSomes, and OVA/R848/Man-PSomes are presented.
One-way ANOVA Dunnett’s test was used for statistical analysis. Data are
presented as mean £+ S.D. (n = 5; *p, 0.05, **p < 0.01, ***p < 0.001, and
***xp < 0.0001).

(Fig. 5b). Quantitative investigation of cytokine induction reveals
that OVA/R848/Man-PSome effectively facilitates the delivery of
R848 to APCs via mannose receptor-targeted endocytosis, enabling
its access to TLR 7 and 8 within the APC endosomes, thus
increasing the immunostimulatory activity of APCs.
Furthermore, to analyze the maturation of APCs for
increased T cell activation, we assessed the expression levels
of co-stimulatory surface molecules, such as clusters of differ-
entiation 40 (CD40), 80 (CD80), and 86 (CD86), in BMDCs using
flow cytometry. The engagement of these surface molecules
stimulates T cells to cross-present Ags, initiating CD8" T cell
immunity and promoting the development of durable memory
T cells.*” BMDCs treated with OVA/R848/Man-PSomes dis-
played significantly larger populations expressing costimula-
tory surface proteins (CD40, CD80, and CD86) than those
treated with OVA/R848 and OVA/R848/Man-PSome (Fig. 5c, d
and Fig. S11, ESI{). These results suggest that OVA/R848/Man-
PSomes elicit potent immune responses through the matura-
tion and activation of APCs, demonstrating their considerable
potential as both antigen and immunostimulant delivery
agents. Moreover, the superior in vitro immunogenicity of
Man-PSomes compared to non-mannosylated PSomes indicates
that targeting APCs through mannose-mediated cell uptake
offers significant advantages for vaccine delivery systems.

OVA-specific immune response elicited by Man-PSomes in vivo

To evaluate the immune responses triggered by mannose-
decorated nanoparticulate vaccine delivery systems in vivo,
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BALB/c mice were vaccinated with PBS, OVA-only, OVA/R848/
Psomes, or OVA/R848/Man-PSomes. Vaccination was adminis-
tered twice intramuscularly, with a two-week interval between
doses. Two weeks after each injection, sera from each group
were collected (days 14 and 28) and antibody production levels
were analyzed by ELISA. The levels of OVA-specific IgG anti-
bodies in the serum after the booster dose (day 28) were higher
across all groups than those after the first dose (day 14) (Fig. 6a).
Notably, mice vaccinated with OVA/R848/Man-PSomes had signifi-
cantly higher OVA-specific antibody titers than those in the other
groups on days 14 and 28. Moreover, the group immunized with
Man-PSomes showed significantly higher Ag-specific antibody
production than the group immunized with non-mannosylated
PSomes, confirming that differences in vaccine delivery efficacy,
driven by the presence of moieties that target APCs, can affect the
ability to generate humoral immune responses. To evaluate the
production of IgG subclass antibodies in mouse sera, we assessed
the levels of OVA-specific IgG1 or IgG2a induction two weeks after
the final inoculation, which are indicative of Th2- and Thi-
mediated immune responses, respectively. As shown in Fig. 6b,
OVA/R848/Man-PSomes proved effective in producing both sub-
classes, along with an increase in total IgG, especially IgG2a. This
indicates that the platform is highly effective in triggering Th1-type
immunity, which is consistent with previous studies showing that
R848 induces a substantial cellular immune response. The levels
of OVA-specific IgG, IgG1, and IgG2a were higher in mice vacci-
nated with OVA/R848/Man-PSomes than in those receiving soluble
OVA or non-mannosylated OVA/R848/PSomes. These outcomes
may be attributed to the protective effect of the nanoparticulate
structure on Ag and the sustained release of Ag, which enhances
the immune response by prolonging the exposure of Ag to the
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Fig. 6 (a) Quantitative comparison of OVA-specific total IgG induction in
mice (n = 5 per group) 2 weeks after the first vaccination (left) and 2 weeks
after the final vaccination (right). (b) Quantitative comparison of OVA-
specific total 19G, 1gGl, and IgG2a induction in mice (n = 5 per group)
2 weeks after the final vaccination. Induction of OVA-specific total IgG,
IgGl, or IgG2a in mice vaccinated with PBS, OVA-only, OVA/R848/
PSomes, and OVA/R848/Man-PSomes determined using ELISA at a serum
dilution of 1: 2.7 (c) IFN-v production by ex vivo restimulation of vaccinated
mouse splenocytes with Ag. A One-way ANOVA Dunnett's test was used
for statistical analysis. Data are presented as mean £ S.D. (n = 5; *p < 0.05,
**p < 0.01, ***p < 0.001, ***p < 0.0001).
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immune system. In addition, improved cellular delivery through
the mannose receptor-targeted endocytosis of OVA/R848/Man-
PSomes likely increased the immune activity of the system and
enhanced the production of antibodies. Overall, these results
suggest that Man-PSomes are capable of co-encapsulating Ags
and a TLR7/8 agonist adjuvant and thus serve as potent nano-
particulate vaccine delivery systems to induce both humoral and
cellular immune responses.

Ex vivo restimulation of isolated splenocytes

To confirm the superior immunostimulatory potential and Ag-
specific cellular immune response elicited by OVA/R848/Man-
PSomes, we conducted ex vivo Ag-restimulation of splenocytes.
Two weeks after the final vaccination, immunized mice from
each group were sacrificed and their splenocytes were isolated.
Following restimulation with Ag for 96 h, the IFN-y levels were
significantly higher in mice vaccinated with OVA/R848/Man-
PSomes compared to those vaccinated with soluble OVA or
OVA/R848/PSome (Fig. 6¢). This suggests that APC-targeted
Man-PSome, which co-encapsulates Ag and the TLR7/8 agonist
R848, effectively induces IFN-y-secreting T cells and a Thi-
mediated immune response in vaccinated mice, thereby mark-
edly enhancing the adjuvant activity of R848.

Further, we performed intracellular cytokine staining to
measure IFN-y-producing CD8" and CD4" T cells using flow
cytometry. While both OVA alone and OVA/R848/PSome showed
low Ag-specific T cell responses, OVA/R848/Man-PSome led to an
increase in the population of IFN-y-secreting CD8" and CD4" T
cells (Fig. S12, ESIt). Collectively, these results confirmed that
Man-PSomes promote Th1 activation by inducing Ag-specific T cell
responses, which may provide significant immune protection
against pathogens.

Systemic and histopathological safety evaluation

Pro-inflammatory cytokines such as TNF-o and IL-6 are critical
mediators of the acute inflammatory response, which mani-
fests as fever and other symptoms associated with infection and
inflammation. The cytokine release syndrome is a potential
side effect of nanoparticle-based or adjuvant vaccines.
To address this concern, we analyzed systemic cytokine levels
in serum samples collected from immunized mice after vacci-
nation. As shown in Fig. S13 (ESI{), the levels of TNF-o and IL-6
in the groups vaccinated with nanoparticles such as PSome and
Man-PSome was similar to that observed in the PBS-treated
control group. Notably, no significant increase in systemic
cytokine levels was observed at either 1 or 4 days post-vacci-
nation, indicating that the vaccine formulations do not induce
overactivation of the inflammatory response.

Furthermore, we evaluated the histology of major organs,
including the heart, liver, spleen, lungs, and kidneys, using
hematoxylin and eosin staining to elucidate the safety profile of
nanoparticulate delivery systems (Fig. S14, ESIt). According to
our evaluation of the spleen, the occurrence of extramedullary
hematopoiesis was minimal across all groups, including the
negative control group, suggesting its unlikely association
with the vaccine formulations. Furthermore, no significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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histopathological abnormalities were observed in other vital
organs, confirming that the Man-PSome formulation did not
induce detectable toxicity.

To further assess general systemic toxicity, we monitored
body weight changes in immunized mice throughout the
experimental period. As shown in Fig. S15 (ESIT), no significant
weight loss was observed in OVA/R8484/Man-PSome vaccinated
mice compared to that of the PBS-treated mice, indicating that
the vaccine formulations did not induce general physiological
stress or systemic adverse effects.

In addition, hematological and serum biochemical analyses
were performed to evaluate potential hematotoxicity and organ
dysfunction. Key hematological parameters—including white
blood cell count, red blood cell count, hemoglobin concentration,
and platelet count—remained within normal ranges and did not
differ significantly among the groups (Table S6, ESIT). Likewise,
serum biochemical markers such as aspartate aminotransferase
(AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN),
and creatinine showed no abnormal increases, further confirming
the absence of liver or kidney toxicity (Table S7, ESIt). These
results collectively demonstrate the systemic safety and biocom-
patibility of the Man-PSome nanoparticle vaccine formulation.

Conclusions

In this study, we developed an effective vaccine delivery system
that targets APCs via mannose receptors by fabricating a bilayer
nanovesicle, termed Man-PSomes, using a biodegradable and
biocompatible polymer. The surface of Man-PSomes was
enriched with mannose to provide targeting moieties for APCs.
This nanoparticle was capable of encapsulating both an antigen
(OVA) and a TLR7/8 agonist adjuvant (R848). By targeting
mannose receptors, which are abundant in macrophages and
dendritic cells, this nanoparticulate vaccine increased Ag
uptake by APCs in vitro. Additionally, OVA/R848/Man-PSomes
demonstrated significantly higher efficiency in stimulating the
maturation and activation of APCs, as evidenced by the
increased expression of co-stimulatory molecules and the secre-
tion of pro-inflammatory cytokines (IL-6 and TNF-a). In vivo
immunization showed that OVA/R848/Man-PSomes significantly
enhanced Ag-specific antibody responses. Improved T-cell-
mediated immunity was observed after Ag restimulating spleno-
cytes ex vivo, leading to increased production of the cytokine IFN-y.
Overall, these results indicate that the mannose-mediated vaccine
delivery nanoparticle system can effectively enhance both humoral
and cellular immune responses.

Nevertheless, this study has limitations. The use of OVA as a
model antigen limits its clinical relevance. Therefore, future
studies should use recombinant protein antigens to evaluate
protective efficacy. Furthermore, data on the storage stability
and scalability of nanoparticles for mass production remain
insufficient, requiring further investigation to support the
platform’s translational potential.

Despite these limitations, our results lay a firm foundation
for developing APC-targeted nanoparticulate platforms and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highlight the potential of Man-PSomes as a promising delivery
system for vaccines against infectious diseases and immu-
notherapy applications in tumor treatment.
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