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A Metal–Phenolic Network-Enabled Nanoadjuvant to
Modulate Immune Responses

Zhaoran Wang, Christina Cortez-Jugo, Yang Yang, Jingqu Chen, Tianzheng Wang,
Robert De Rose, Jiwei Cui,* and Frank Caruso*

The presence of hierarchical suppressive pathways in the immune system
combined with poor delivery efficiencies of adjuvants and antigens to
antigen-presenting cells are major challenges in developing advanced
vaccines. The present study reports a nanoadjuvant constructed using
aluminosilicate nanoparticles (as particle templates), incorporating
cytosine–phosphate–guanosine (CpG) oligonucleotides and small-interfering
RNA (siRNA) to counteract immune suppression in antigen-presenting cells.
Furthermore, the application of a metal–phenolic network (MPN) coating,
which can endow the nanoparticles with protective and bioadhesive
properties, is assessed with regard to the stability and immune function of the
resulting nanoadjuvant in vitro and in vivo. Combining the adjuvanticity of
aluminum and CpG with RNA interference and MPN coating results in a
nanoadjuvant that exhibits greater accumulation in lymph nodes and elicits
improved maturation of dendritic cells in comparison to a formulation without
siRNA or MPN, and with no observable organ toxicity. The incorporation of a
model antigen, ovalbumin, within the MPN coating demonstrates the
capacity of MPNs to load functional biomolecules as well as the ability of the
nanoadjuvant to trigger enhanced antigen-specific responses. The present
template-assisted fabrication strategy for engineering nanoadjuvants holds
promise in the design of delivery systems for disease prevention, as well as
therapeutics.
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1. Introduction

Vaccines are actively being pursued for
the prevention of infectious diseases and
the treatment of cancer. In vaccine formu-
lations, adjuvants play an indispensable
role in triggering strong and sustainable
immune responses, encompassing both
innate and adaptive immunity.[1] Adju-
vants work with antigens to induce the
secretion of pro-inflammatory factors from
antigen-presenting cells (APCs) and recruit
cytotoxic T lymphocytes (CTLs) to destroy
foreign pathogens such as bacteria and
viruses, as well as tumor cells.[2] Various
adjuvants with different mechanisms, in-
cluding ligands of Toll-like receptors (TLRs)
such as cytosine–phosphate–guanosine
(CpG),[3] aluminum salts,[4] agonists of
the cyclic GMP–AMP synthase (cGAS)–
stimulator of interferon genes (STING)
pathway,[5] and cytokines,[6] have been
widely reported. Nevertheless, the complex
immune system creates a barrier to effi-
cient and effective adjuvant performance.
A challenge is achieving effective and
efficient delivery of adjuvants to secondary
lymphoid organs such as lymph nodes
(LNs). Most adjuvants are small molecules
or short nucleic acids that are susceptible

to rapid clearance and/or degradation during systemic circula-
tion. As a result, next-generation adjuvants being developed in-
clude carriers, for example, nanoparticles, to overcome physio-
logical barriers in vivo, prevent adjuvant degradation, and ulti-
mately influence the immune response in APCs such as den-
dritic cells (DCs).[7] DCs, in particular, associate directly with
nanomaterials and play a central role in the immune system
by bridging immune responses. Thus, engineering nanopar-
ticles to target and regulate DCs can effectively enhance in-
nate and adaptive immunity. Recent advancements have seen
the emergence of polymer-based[8] and lipid-based[9] carriers as
major vehicles in delivering immunostimulant agents. How-
ever, these carriers can present challenges in formulation uni-
formity, cold-chain storage, and safety, including hypersensitivity
reactions.[10]

In addition to delivery challenges, the immune response
can be compromised due to suppressive pathways within the
immune microenvironment. Apart from the widely studied
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Scheme 1. Assembly and intracellular function of the multicomponent nanoadjuvant. a) Illustration of the preparation of the ASN nanoadjuvant loaded
with anti-STAT3 siRNA (siSTAT3) and CpG and subsequently coated with a metal–phenolic (FeIII–EGCG) film. b) Designed multifunctionality of the
nanoadjuvant after drainage into LNs post subcutaneous injection and internalization by DCs including TLR recognition, inflammasome activation, and
target gene (STAT3) knockdown for enhanced adjuvanticity.

immune checkpoints including programmed cell death protein
1 (PD-1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-
4),[11] some intracellular signaling pathways, such as the sig-
nal transducer and activator of transcription 3 (STAT3) signal-
ing pathway, can negatively impact the function of TLR agonists
in APCs, leading to a suppressed immune response.[12] To ad-
dress this issue, RNA interference has emerged as a powerful ap-
proach to modulating the immune response by knocking down
the expression of immunosuppressive proteins.[13] In this strat-
egy, small-interfering RNA (siRNA) can be combined with ad-
juvants (e.g., CpG) in a single formulation to alleviate immune
suppression and enhance immunostimulation.

Here, we report the synthesis of a nanoadjuvant based on alu-
minosilicate nanoparticles (ASNs) that co-delivers CpG oligonu-
cleotides for TLR9 stimulation and anti-STAT3 siRNA (siSTAT3)
to regulate responses in APCs (Scheme 1). Mesoporous silica
nanoparticles (MSNs) have been investigated as versatile drug
carriers owing to their large specific surface area, easy-to-control
size distribution, and good stability in biological milieus.[14]

Upon chemical reaction with aluminum salt, MSNs are con-
verted to ASNs—aluminum-infused positively charged silica
derivatives that serve as both an adjuvant and a delivery ve-
hicle for immunogenetic cargos. The ASNs are an improved
formulation of the commercially available Alum adjuvant and
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Figure 1. Characterization of the Nanoadjuvant. Representative TEM images of a) bare ASNs and b) the Nanoadjuvant. Scale bars: 200 nm. c) Hydrody-
namic diameters of bare ASNs and the Nanoadjuvant measured in water by dynamic light scattering. d) 𝜁 -Potential of ASNs before and after loading with
siSTAT3 and CpG and post-MPN coating. Data are shown as the average mean ± standard error of the mean, from n = 3 particle synthesis replicates.
e) EDX mapping of the Nanoadjuvant showing the presence of O, Si, Al, Fe, and P. Scale bar: 200 nm. f) Hydrodynamic diameters of the Nanoadjuvant
in water (H2O), MOPS buffer, and cell culture medium (Dulbecco’s Modified Eagle Medium (DMEM)+10% fetal bovine serum (FBS)), as measured by
dynamic light scattering.

induce enhanced cellular immunity through inflammasome ac-
tivation and reduced neurotoxicity.[15] The prepared ASNs are
then coated with metal–phenolic networks (MPNs) (Scheme 1),
which are organic–inorganic hybrid materials composed of nat-
ural polyphenols coordinated with metal ions.[16] Our previous
studies have shown the rapid and simple assembly of MPNs into
diverse functional platforms, including nanoparticles and thin
film coatings.[17] Using a library of phenolic ligands and metal
ions, MPNs can be engineered to display various surface prop-
erties particularly when deposited on particle substrates via hy-
drogen bonding and hydrophobic interactions.[18] The interac-
tions of polyphenols with functional polymers, chemotherapeu-
tic drugs, proteins, as well as nucleic acids have been exploited
in the delivery of active cargo.[19] Inspired by these properties,
we hypothesize that MPNs as a coating layer would benefit cellu-
lar uptake and LN accumulation of immunogenic nanoparticles.
Accordingly, MPNs consisting of FeIII and epigallocatechin gal-
late (FeIII–EGCG) are applied as a protective layer on the surface
of the ASNs. The FeIII–EGCG MPN coating improved cell asso-
ciation and accumulation in draining lymph nodes (dLNs), en-
suring efficient gene knockdown function of siSTAT3 and adju-
vanticity of CpG in APCs. Moreover, the MPN layer enabled post-
loading of the nanoadjuvant with a model antigen, that is, ovalbu-
min (OVA), displaying the vaccination potential of our multifunc-

tional nanoparticle platform. The merits of our nanoadjuvant
summarized above are expected to contribute to next-generation
vaccine development based on natural and biocompatible
formulations.

2. Results and Discussion

2.1. Assembly and Characterization of the Nanoadjuvant

ASNs were synthesized via chemical surface modification of
MSNs according to a previously reported protocol.[15] Briefly, alu-
minum salt solution was slowly mixed with MSNs dispersed in
sodium acetate buffer and incubated for 3 h in an oil bath at
60 °C to allow the hydrolyzed aluminum species to react with
silanol groups on the surface of MSNs. Uniformly dispersed
ASNs with diameters of 270 ± 5 nm (Figure 1a) were obtained,
as determined by transmission electron microscopy (TEM). si-
STAT3 and CpG (sequences listed in Table S1, Supporting In-
formation) were loaded on the porous surface of ASNs via elec-
trostatic interaction, as confirmed by the change in 𝜁 -potential
from 33 to −18 mV after loading (Figure 1d). The encapsula-
tion capacity of siSTAT3 and CpG within the ASNs was exam-
ined by agarose gel electrophoresis, which enables the detec-
tion of free or nonloaded nucleic acids. As determined from the
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Figure 2. Stability, release profiles, and cellular uptake of the Nanoadjuvant. a) Agarose gel electrophoresis image showing unbound siSTAT3 and CpG
from suspensions of nanoadjuvants without (−MPN) and with (+MPN) an MPN coating after 6, 12, and 24 h incubation in MOPS (pH 7.4) at room
temperature. Cumulative release of b) siSTAT3 and c) CpG from the Nanoadjuvant in MOPS (pH 5.0 and pH 7.4), cell culture medium, and lysate of DCs
over 24 h at 37 °C. Data represents mean ± standard deviation (s.d.) (n = 3). d) Viability of RAW264.7 cells after incubation with ASNs, the Nanoadjuvant
(with an MPN coating), or nanoadjuvant with a PEI coating for 24 h at 37 °C. Data are shown as mean ± s.d. (n = 5). e) Fluorescence images showing
the colocalization of siSTAT3-FAM and CpG-Cy5 on the Nanoadjuvant prior to intracellular delivery. Scale bars: 500 nm. f) SIM images of distribution of
siSTAT3 (green) and CpG (red) after internalization of the Nanoadjuvant by RAW264.7 cells after 4 h. Scale bars: 5 μm.

gel electrophoresis data in Figure S1 (Supporting Information),
20 μg of ASNs was sufficient to encapsulate 1 μg of siSTAT3
and 2 μg CpG. Hence, weight ratios of wASN:wsiSTAT3 = 20:1 and
wASN:wCpG = 10:1 were used for loading in subsequent experi-
ments. An MPN layer of FeIII–EGCG was then deposited after
nucleic acid loading, which reduced the 𝜁 -potential further to
−24 mV (Figure 1d). The proportion of each component in the
nanoadjuvant is summarized in Table S2 (Supporting Informa-
tion). As determined from TEM analysis in Figure 1b, the fi-
nal particles (siSTAT3- and CpG-loaded ASNs and coated with
MPNs), referred to thereafter as Nanoadjuvant, were only slightly
larger (279 ± 5 nm) than the bare ASNs owing to nucleic acid
loading and MPN coating. This minor change in size was also ob-
served via dynamic light scattering analysis (Figure 1c). Energy-
dispersive X-ray (EDX) mapping confirmed the presence of the
individual components within the Nanoadjuvant, that is, Al and
Si in ASNs, P in nucleic acid, and Fe in the MPN layer (Figure 1e).
The Nanoadjuvant was stable and well dispersed in buffer so-
lution (3-(N-morpholino) propanesulfonic acid, MOPS, pH 7.4)
and cell culture media (containing 10% fetal bovine serum) with
hydrodynamic diameters (≈370 nm) similar to those determined
in Milli-Q water (Figure 1f).

2.2. MPN-Assisted Stabilization of the Nanoadjuvant and
Intracellular Trafficking

The degradability of the Nanoadjuvant was assessed via agarose
gel electrophoresis. Cargo (siSTAT3+CpG)-loaded ASNs with or

without an MPN coating were incubated in MOPS buffer (pH
7.4) at room temperature and nucleic acid release in the super-
natant was assessed. Negligible release of nucleic acid from the
Nanoadjuvant (coated with MPNs) was observed over a 24 h pe-
riod, indicating the protective capacity of the FeIII–EGCG MPN
layer under physiological pH condition (Figure 2a). Moreover, the
MPN-coated particles were retained in the wells without the re-
lease of siSTAT3 or CpG upon immediate loading of the Nanoad-
juvant after assembly, (Figure S2, Supporting Information). The
release conditions of carboxyfluorescein (FAM)-labeled siSTAT3
and cyanine 5 (Cy5)-labeled CpG from the Nanoadjuvant were
then investigated in different milieus at 37 °C (Figure 2b,c; Figure
S3, Supporting Information). Only ≈10% of total siSTAT3-FAM
and CpG-Cy5 were released in MOPS after 24 h, regardless of
pH. Although MPN stability has been reported to be depen-
dent on pH,[20] complete degradation of the MPN coating was
not observed when applied to highly positively charged ASNs.
𝜁 -Potential analysis of the ASNs showed a gradual change to
positive charge at low pH (Figure S4, Supporting Information),
which facilitates the strong binding of nucleic acids and conse-
quently slows their release, particularly at lower pH. In contrast,
siSTAT3 and CpG were released from the Nanoadjuvant when
incubated in DC lysate and cell culture medium containing 10%
serum, with >70% released within 24 h. We speculate that pro-
teins present in cell culture medium and cell lysate compete with
siSTAT3 and CpG for binding on ASNs and MPNs, leading to the
displacement of siSTAT3 and CpG.

To improve reproducibility, reporting, and re-analysis, this
study conforms to the Minimum Information Reporting in
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Bio–Nano Experimental Literature standard,[21] and a compan-
ion checklist is provided in the Supporting Information. The cel-
lular fate of the Nanoadjuvant was evaluated in a macrophage
cell line, RAW264.7, as a model APC. The viability of RAW264.7
cells after treatment for 24 h with ASNs, Nanoadjuvant (with
an MPN coating), or nanoadjuvant with a polyethylenimine
(PEI) coating was examined using a cell counting kit-8 viabil-
ity assay (Figure 2d). With increasing ASN concentration, cells
treated with the Nanoadjuvant maintained higher cell prolifera-
tion (>85% cell viability after treatment with up to 100 μg mL−1

ASNs) compared to nanoadjuvant coated with PEI (<10% cell
viability), highlighting the low cytotoxicity of MPNs as a coat-
ing relative to PEI. To ensure optimal cellular function, an ASN
concentration of 50 μg mL−1 was chosen in further cellular ex-
periments. Intracellular co-delivery of siSTAT3 and CpG by the
Nanoadjuvant in RAW264.7 cells was investigated by structured
illumination microscopy (SIM). As observed from Figure 2e, the
two payloads colocalized uniformly within the Nanoadjuvant. At
4 h post incubation with cells, the cells displayed strong cytoso-
lic fluorescence signals owing to siSTAT3-FAM and CpG-Cy5
(Figure 2f; Figure S5, Supporting Information). The overlapping
signals (yellow) demonstrated colocalization of the two nucleic
acids within the cells, whereas the scattered fluorescent events
indicated the release of siSTAT3 and CpG from the nanoparti-
cles. The cell association of the nanoadjuvants was also tested
in a mouse dendritic cell line (DC1940). As shown in the con-
focal laser scanning microscopy (CLSM) images in Figure S6
(Supporting Information), after incubating cells with the MPN-
coated ASNs, more fluorescently labeled siSTAT3 was present af-
ter 24 h, indicating that the MPN coating could help improve cell
association and cargo delivery. This improvement could be as-
cribed to the bioadhesive property of polyphenols in the MPN,
which facilitates strong binding with diverse cargos[22] and the
cell membrane.[23]

2.3. Gene Silencing

Gene regulation by the nanoadjuvants at the cellular level was
first analyzed on model HeLa–enhanced green fluorescent pro-
tein (EGFP) cells by flow cytometry (Figure 3a) and fluorescence
microscopy (Figure S7, Supporting Information). Transfection of
siRNA against EGFP (siEGFP) by Lipofectamine RNAiMAX, a
potent transfection agent used as a positive control, had the great-
est silencing effect on EGFP expression (56% knockdown), as ex-
pected, followed by the ASN-siEGFP particles coated with MPNs.
Without an MPN coating, the siEGFP transfection efficiency de-
creased by ≈15%, possibly due to fewer siRNA being encapsu-
lated and delivered intracellularly, as supported by the agarose
gel (Figure 2a) and cell imaging (Figure S6, Supporting Informa-
tion) data. To evaluate the gene modulation ability of the nanoad-
juvants in immune cells, western blot analysis was performed
to detect STAT3 protein from cell lysates of DC1940 treated with
siSTAT3-containing nanoparticles, as well as control particles. As
depicted in Figure 3b and Table S3 (Supporting Information),
ASN-siSTAT3 assembled with an MPN coating displayed compa-
rable down-regulation of STAT3 with the RNAiMAX-transfected
group and better efficacy than nanoparticles without an MPN
coating.

2.4. Nanoadjuvant-Induced Enhancement of APC Activation
In Vitro

Immunological assays were conducted to evaluate the activation
of APCs in response to the Nanoadjuvant. Activation of APCs is
the first and significant step in generating immune responses
against pathogens. Primary bone marrow-derived dendritic cells
(BMDCs) obtained from C57BL/6 mice were cultured and treated
with different nanoadjuvant groups. The maturation level of DCs
was assessed by detecting co-stimulatory factors CD80/CD86,
and major histocompatibility complex class II (MHC II), which
is responsible for antigen presentation, using antibody stain-
ing in combination with flow cytometry analysis (Figure 3c,d;
Figure S8, Supporting Information). Based on the proportions of
CD11c+CD80+, CD11c+CD86+, and CD11c+MHC II+ DCs, bare
ASNs had inherent adjuvanticity, and the immunity was boosted
when siSTAT3 and CpG were loaded (Nanoadjuvant). As for the
adjuvant groups lacking either siSTAT3 or an MPN coating, the
percentage of activation was lower than that of the Nanoadju-
vant. This finding indicated that siSTAT3 could inhibit the im-
munosuppressive pathway in these cells to elicit higher adjuvan-
ticity, whereas the MPN coating could protect the cargos dur-
ing delivery and improve cellular uptake by DCs. Nanoadjuvant-
treated BMDCs were also assessed for cytokine excretion, in-
cluding mouse interleukin-12 p40 (IL-12p40) (Figure 3e) and tu-
mor necrosis factor-𝛼 (TNF-𝛼) (Figure 3f). The production of
these pro-inflammatory factors mainly follows TLR activation
during DC maturation, which is a key mechanism for coordi-
nating and strengthening immune responses. We observed a
marked increase of cytokine level with the Nanoadjuvant group
compared to other treatments. Thus, the combination of siS-
TAT3 and an MPN coating enhanced the maturation of APCs
in vitro by promoting CpG-mediated adjuvanticity. The immune
responses (i.e., activation and cytokine excretion) may also be
partly attributed to the activation of inflammasome, which can
be triggered by aluminum species in APCs, resulting in the pro-
duction of reactive oxygen species (ROS).[24] To quantify the level
of ROS, BMDCs were treated with different adjuvant groups for
24 h. Cell-permeable 2′,7′-dichlorodihydrofluorescein diacetate
was then added to the cells as a fluorescent ROS indicator that
was quantified by flow cytometry (Figure S9, Supporting Infor-
mation). Among the different treatment groups examined, the
Nanoadjuvant-treated BMDCs triggered the most ROS produc-
tion, likely resulting from the alleviation of immune suppression
by siSTAT3.

2.5. In Vivo Distribution and Adjuvanticity of the Nanoadjuvant

We then investigated the immunological activity of the Nanoad-
juvant in vivo. APCs in dLNs are major participants in immu-
nity induced by nanoparticles. They can sequester and transport
nanoparticles, particularly those that are >100 nm in diameter,
from the tissue to dLNs, which would be the likely mechanism for
LN accumulation of our ≈280 nm nanoadjuvant.[7a,25] LN accu-
mulation was assessed by subcutaneous injection of MPN-coated
ASNs containing siSTAT3-Cy5.5 at the tail base of C57BL/6 mice.
After 24 h, mice were sacrificed and major organs along with
two dLNs, namely inguinal and axillary LNs, were harvested for
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Figure 3. Gene silencing effects and immunological function at the cellular level. a) Mean fluorescence intensity of HeLa–EGFP cells after EGFP gene
silencing by ASN loaded with siRNA (scrambled (Scr) siRNA or siEGFP) with or without an MPN coating and RNAiMAX+siEGFP. Data are presented
as mean ± s.d. (n = 3). PBS, phosphate-buffered saline. b) Protein level of STAT3 in DCs regulated by MPN-coated ASN-siSTAT3 and other siSTAT3-
containing formulations. Normalized values of the STAT3/𝛽-actin band intensities are indicated. Representative flow cytometry analyses of in vitro c)
CD80 and d) CD86 expression on BMDCs after treatment with ASNs, nanoadjuvant without an MPN coating, nanoadjuvant with no siRNA, or the
Nanoadjuvant. FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin. Secretion of cytokines e) IL-12p40 and f) TNF-𝛼 by BMDCs
after treatment with the Nanoadjuvant and control groups. Data are presented as mean ± s.d. (n = 3). Statistical analysis was conducted via one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.

fluorescence imaging. Compared to the formulation without the
MPN coating, the MPN-coated group displayed stronger (1.6-fold
in inguinal LNs and 1.5-fold in axillary LNs) Cy5.5 signal (Figure
4a; Figure S10, Supporting Information). The improved accumu-
lation of siSTAT3-Cy5.5 fluorescence signal might be ascribed to
the protective effect of nucleic acids by the MPN coating during
delivery as well as the strong bioadhesion of polyphenols, slow-
ing the degradation process and potentially increasing their re-
tention in the dLNs. The MPN-coated formulation also displayed
apparent fluorescence intensity in dLNs when imaged alongside
other major organs (Figure 4b; Figure S10, Supporting Infor-
mation), suggesting effective in vivo delivery to secondary lym-
phoid organs. The retention of siSTAT3 delivered by MPN-coated
nanoparticles in the dLNs was more enhanced after 48 h, that is,
2.4-fold in inguinal LNs and 1.6-fold in axillary LNs compared
with nanoparticle control without an MPN coating (Figure S11,
Supporting Information). Frozen sections of mice inguinal LNs
at 48 h post injection (Figure 4c) were prepared. CLSM analysis

indicated that in the presence of an MPN coating, the intensity
of siSTAT3-Cy5.5 in LNs was higher, due to improved accumula-
tion, than that in the absence of an MPN coating. The adhesive
property of MPNs likely promotes nanoadjuvant association with
APCs for prolonged drainage to LNs. The co-delivery of siSTAT3
and CpG was also examined in the frozen LN sections to verify
that the Nanoadjuvant remained intact in the LNs 4 h post in-
jection (Figure S12, Supporting Information); the fluorescence
signals from siSTAT3-FAM and CpG-Cy5 overlapped, thus im-
plying that both cargos were present, potentially within the intact
Nanoadjuvant particles.

On the basis of the accumulation findings of the nanoadjuvant
in the dLNs, we studied the in vivo activation of APCs. C57BL/6
mice were administered subcutaneously at the tail base with the
same adjuvant groups that were assessed in vitro in BMDCs.
After monitoring for 7 days, inguinal LNs were harvested and
digested to obtain a single cell suspension for flow cytome-
try analysis. Cell mixtures were stained with antibodies against
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Figure 4. In vivo biodistribution and adjuvanticity. a) Fluorescence images of axillary and inguinal LNs harvested from C57BL/6 mice 24 h after sub-
cutaneous tail base injection with saline and ASN-siSTAT3 with or without an MPN coating. b) Fluorescence images of LNs along with major organs
from mice subjected to saline and ASN-siSTAT3 with or without MPN coating treatments. c) CLSM images of frozen sections of mice inguinal LNs 48 h
after subcutaneous injection with ASN-siSTAT3-Cy5.5 with or without an MPN coating. Scale bars: 100 μm. Nuclei were labeled with 4′,6-diamidino-2-
phenylindole (DAPI) (blue), and the siRNA within the particles was labeled with Cy5.5 (red). Level of d) CD80 and e) CD86 expression on lymphatic DCs
induced by the Nanoadjuvant and other control formulations in vivo. Data represent mean ± s.d. (n = 5). Statistical analysis was performed via one-way
ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01.

CD11c, CD80, and CD86 for matured DC selection. We observed
a marked increase in CD80 and CD86 expression (Figure 4d,e;
Figure S13, Supporting Information) in the Nanoadjuvant group
compared to counterpart nanoparticle formulations without siS-
TAT3 or an MPN coating, which is consistent with our in vitro
findings. This suggests that the co-delivery of siSTAT3 and CpG
by ASNs, along with an MPN coating, improved LN drainage
and adjuvanticity of the particles in vivo. To examine whether any
pathological side effects were caused by the Nanoadjuvant, major
organs of mice were isolated and subjected to hematoxylin−eosin
staining on day 7 post-injection (Figure S14, Supporting Informa-
tion). Histological analysis showed no significant tissue abnor-
mality, cell damage, or inflammatory cell infiltration compared
to the saline group, suggesting the highly biocompatible nature
of the Nanoadjuvant.

2.6. Cellular and Humoral Immunity Evoked by
Antigen-Containing Nanoadjuvant

Based on the LN accumulation and immune activation of the
Nanoadjuvant (with an MPN coating), we constructed a vaccine
formulation containing both antigen and adjuvant by combining
the Nanoadjuvant with a model antigen, OVA, and examined the

antigen-specific immune responses in vivo. OVA was postloaded
on the surface of the Nanoadjuvant (obtained after cargo load-
ing and MPN coating), leading to a slight increase in diameter
from 278 to 290 nm owing to protein adsorption (Figure S15a,b,
Supporting Information). We also compared this loading method
with preloading, that is, loading OVA within ASNs before MPN
coating (Figure S15c, Supporting Information). The loading ef-
ficiency using the preloading method was lower at nanoparti-
cle/OVA mass ratios smaller than 50, possibly due to the com-
petition between CpG, siSTAT3, and OVA for pore occupancy
on ASNs. In contrast, postloading facilitated loading of OVA at
lower nanoparticle/OVA ratios, indicating that the MPN layer
provides effective noncovalent interaction sites for OVA adsorp-
tion. The release profiles of CpG and siSTAT3 from the OVA-
coated Nanoadjuvant (i.e., Nanoadjuvant-OVA) were assessed—
OVA coating did not significantly influence the release of nucleic
acids in serum-containing culture media (Figure S15d, Support-
ing Information). It is also worth noting that the postloading
method led to greater LN deposition of OVA-Cy5 in mice after
incorporation with an MPN layer (Figure 5a).

Subcutaneous administration (tail base) of the Nanoadjuvant-
OVA vaccine was performed in C57BL/6 mice on day 0 and
a booster on day 14 (Figure 5b). One week after the booster
shot, spleen, and blood samples were collected from the
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Figure 5. In vivo induction of OVA antigen-specific immune responses. a) Fluorescence images showing biodistribution of ASN-siSTAT3-CpG-OVA
(without an MPN coating) and the Nanoadjuvant-OVA (with an MPN coating) among LNs and major organs harvested from C57BL/6 mice 24 h after
subcutaneous tail base injections. OVA was labeled with Cy5. b) Schematic illustration of the two-dose vaccination study and subsequent analysis of
immune responses, including T cell proliferation, cytokine production, and antibody production. Scatter plots and corresponding quantification of the
frequency of c,e) OVA tetramer+ CD8+ and d,f) IFN-𝛾+ CD8+ T cells within splenocytes collected from vaccinated mice on day 21. Mice were divided into
five vaccination groups: Saline, AddaVax-OVA (commercial adjuvant AddaVax with OVA), ASN-CpG-MPN-OVA (without siSTAT3), ASN-siSTAT3-CpG-
OVA (without an MPN coating), and the Nanoadjuvant-OVA. g) Heat map showing the intracellular IFN-𝛾 , TNF-𝛼, and IL-2 production in spleen-derived
CD8+ T and CD4+ T cells (n = 5 for each vaccination group). h,i) ELISA analysis of the production of anti-OVA IgG1 and IgG2a in mouse plasma collected
on day 21. Data represent mean ± s.d. (n = 5). j) Schematic illustration of the CFSE-based antigen-specific cytotoxicity assay. k) Flow cytometry histogram
and l) quantification analysis of OVA-specific CTL responses against injected splenocytes in vaccinated mice treated with saline, AddaVax-OVA, mixed
nanoadjuvant-OVA (ASN-siSTAT3-MPN-OVA+ASN-CpG-MPN-OVA), or Nanoadjuvant-OVA. Data represent mean ± s.d. (n = 3). Statistical analysis was
performed via one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ns denotes nonsignificant.
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immunized mice for T-cell and antibody analysis. The prolifer-
ation of antigen-specific T cells and the generation of antibod-
ies reflect the level of cellular and humoral immune responses
against diseases. Splenocytes and peripheral blood mononu-
clear cells were first examined using a H-2Kb-OVA257-264 (SI-
INFEKL) tetramer to select for OVA-specific T cells. The fre-
quency of tetramer+ CD8+ T cells in the Nanoadjuvant-OVA
group was highest, indicating that the effective activation of APCs
by nanoadjuvants led to a superior CTL response against OVA
(Figure 5c–e; Figure S16, Supporting Information). In the ab-
sence of siSTAT3 or an MPN coating, the percentage of T cells
responding to OVA presentation (i.e., vaccine efficacy) decreased,
owing to the lack of an immunosuppression regulator and pro-
tective MPN layer. Furthermore, the Nanoadjuvant-OVA outper-
formed OVA emulsified in MF59 (AddaVax), a squalene-based
oil-in-water commercial adjuvant. Therefore, the combination of
the protective MPN layer and functional siSTAT3 contributed to
superior OVA-specific T-cell responses displayed in vivo by the
Nanoadjuvant-OVA. The splenocytes harvested from the immu-
nized mice were also restimulated with OVA257-264 (SIINFEKL)
and the production of effector cytokines (i.e., interferon-𝛾 (IFN-
𝛾), TNF-𝛼, and IL-2) were determined as a measurement of T-
cell-mediated responses induced by the nanoadjuvants. Spleno-
cytes treated with the Nanoadjuvant-OVA showed the highest fre-
quency of IFN-𝛾-producing CD8+ T and CD4+ T cells among
the splenocytes treated with the different vaccination groups
(Figure 5d–g; Figure S17, Supporting Information). Moreover,
TNF-𝛼 and IL-2 expression in both types of T cells from the
Nanoadjuvant-OVA-treated group was comparable, if not better,
to the AddaVax control. These findings suggest that the MPN
coating and siSTAT3 downregulation can act synergistically to
trigger strong APC- and T lymphocyte-mediated cellular immu-
nity. In addition, the higher proportions of OVA-specific CD8+ T
cells stimulated by the Nanoadjuvants-OVA compared to a strong
nanoformulation such as AddaVax indicate a strong capacity to
promote cross-presentation of antigens.

The presence of anti-OVA immunoglobulin G (IgG) af-
ter vaccination with OVA-containing formulations indicates
CD4helper T cell (CD4+ T cell, Th)-related immunity. We as-
sessed the production of two isotypes of anti-OVA IgG in mouse
plasma using enzyme-linked immunosorbent assay (ELISA).
The Nanoadjuvant-OVA induced a comparable level of anti-
OVA IgG1 to the AddaVax-OVA positive control, suggesting
that they both stimulated high Th2 (humoral) immune re-
sponses (Figure 5h). As for the measured level of production
of anti-OVA IgG2a, which indicates Th1 (cellular) immune re-
sponses, there was no significant statistical difference between
the Nanoadjuvant-OVA and AddaVax-OVA (Figure 5i). AddaVax
is an example of an MF59 adjuvant, which mainly elicits a Th2-
biased immune response.[26] Therefore, comparable results with
AddaVax suggest that the Nanoadjuvant-OVA can evoke both
strong humoral and cellular (both CD8+T and Th) immune re-
sponses in vivo.

To further demonstrate the preventive and therapeutic potency
of the nanoadjuvant, we examined the antigen-specific cytotoxic
activity of CTLs in vaccinated mice using a flow cytometry as-
say based on the cell stain carboxyfluorescein succinimidyl es-
ter (CFSE) (Figure 5j). In this assay, vaccinated mice were subse-
quently exposed to a mixture of OVA-pulsed (stimulated) spleno-

cytes (CFSEhigh-stained) and unpulsed splenocytes (CFSElow-
stained), and the cytotoxicity in the corresponding splenocyte
populations was measured. In effective vaccination, CTLs from
vaccinated mice are programmed to destroy antigen-specific tar-
get cells. The flow cytometry results showed that the highest per-
centage (≈90%) of OVA-pulsed (CFSEhigh) splenocytes cytotoxi-
city, characterized by a reduction in cell number, was obtained
from mice vaccinated with Nanoadjuvant-OVA, whereas the un-
pulsed (CFSElow) splenocytes were unaffected (Figure 5k,l). This
OVA-specific killing efficacy was comparable to that displayed
by the mixed nanoadjuvant-OVA group (i.e., ASN-siSTAT3-MPN-
OVA+ASN-CpG-MPN-OVA), indicating that the immunogenic
agents (i.e., siSTAT3 and CpG) of the nanoadjuvant are functional
even when separated on two nanoparticles. The antigen-specific
killing efficacy of the nanoadjuvant could be supported by the
proliferation of effector memory T cells triggered after vaccina-
tion (phenotypically characterized as CD44+CD62L–), which was
highest with Nanoadjuvant-OVA (Figure S18, Supporting Infor-
mation). This suggests that vaccination with Nanoadjuvant-OVA
could promote downstream cellular and humoral immune re-
sponses upon re-exposure to the antigen. Simply changing the
antigen in the nanoadjuvant could lead to specific reactivity to-
ward other pathogens of infectious diseases or malignant tumor
cells.

Throughout the vaccination period, no loss of body weight was
observed across the mice cohorts (Figure S19, Supporting In-
formation), confirming the high biocompatibility of our vaccine
components. The biodegradability of the nanoadjuvants in vivo
was assessed by scanning electron microscopy (SEM). Inguinal
LNs from mice were harvested on days 2, 7, and 21 post injec-
tion, then fixed, dehydrated, and sectioned for SEM characteriza-
tion (Figure S20, Supporting Information). The Nanoadjuvant-
OVA appeared trapped as clusters in LNs on day 2 with observ-
able spherical particle structures. Progressive degradation of the
particles was evident at days 7 and 21. Our finding agrees with lit-
erature studies that demonstrate that silica-based nanoparticles
with larger pore sizes have fast degradation rates,[27] potentially
alleviating long-term accumulation in vivo.

3. Conclusion

We developed an MPN-based nanoadjuvant that effectively
modulated immune responses both in vitro and in vivo. The
nanoadjuvant was constructed using the innately immunore-
sponsive ASNs that encapsulated CpG, a strong adjuvant, and
anti-STAT3 siRNA to silence an immunosuppression pathway
and improve adjuvanticity. The MPN coating, which was applied
following ASN synthesis and cargo loading, ensured the stability
of the small nucleic acids during delivery, leading to enhanced
LN accumulation and immune reactions. Histological examina-
tion of major mice organs revealed no apparent changes in cell
and tissue morphology following administration of the nanoad-
juvant, although detailed toxicity studies are warranted for future
studies. Further formulation of the nanoadjuvant with the model
antigen OVA triggered strong cellular and humoral immunity
in mice compared with controls. It is noted that the preparation
of nanoadjuvant and the nanoadjuvant-based vaccine is simply
based on layer-by-layer deposition on ASN templates that facili-
tates high cargo loading capacity. The high biocompatibility of the
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ASN-MPN platform opens avenues for expanding its application
in biomedicine, including cancer immunotherapy. For instance,
personalized cancer vaccines can be constructed based on this
platform by replacing OVA with other specific neoantigens. The
porosity of the ASN combined with the interactive nature of
the MPN could facilitate the loading of various biomolecules
for a multifunctional vaccine platform. The modularity of MPN
assembly affords a diverse choice of polyphenol and metal
ion building blocks that can be used for further nanoparticle
engineering to improve cargo loading and APC interactions, and
boost immune responses. Considering the limited immuno-
logical research involving MPN-based materials, our findings
provide insights and showcase the potential to propel the ad-
vancement of constructing metal–organic-based adjuvants and
vaccines.
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