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a b s t r a c t

Nanomaterials have provided an emerging solution to improve the efficacy of cancer vaccines against
malignant tumors. However, developing nanoparticles possessing both potent immunoadjuvant and co-
delivery activities without tedious functionalization remains challenging. In the present work, we report
that pristine benzene-bridged mesoporous organosilica nanoparticles are a novel immunoadjuvant and
co-delivery platform for both antigen and cytosine-phosphodiester-guanine oligodeoxynucleotide (CpG,
a toll-like receptor 9 agonist). It is shown that the chemical compositions of bridged organosilica
framework (eSieReSieOH, R ¼ benzene, ethylene) have a significant impact on their functionalities.
When benzene bridge groups are present in the framework, pristine nanoparticles with large mesopores
and high pore volumes are able to stimulate the maturation of dendritic cells, and efficiently co-
encapsulate ovalbumin (OVA) and CpG for delivery into immune cells, leading to a superior tumor in-
hibition performance in an aggressive OVA-expressed B16F10 melanoma model, with 100% tumor-free
mice in 25 days. Our study provides new knowledge in the design of effective cancer nanovaccines.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immunotherapy has revolutionized the paradigms of cancer
treatment owing to the long-term efficacy and reduced sideeffects
compared to conventional chemo-/radiotherapy [1,2]. Vaccines
offer an attractive alternative immunotherapy because of their
safety, specificity, and long-lasting response potentially due to
stimulation of immune memory. Unfortunately, many previous
attempts to develop effective therapeutic cancer vaccines yielded
disappointing results [3]. Recent development in cancer immu-
nology has improved our understanding of cancer vaccine design.
From various attempts of successful vaccine design, one key lesson
learnt is the specific requirement of dendritic cells (DCs) stimula-
tion to induce cytotoxic T lymphocytes (CTLs), which requires the
co-presence of two types of signals. The first is the expression of
CD80/86 co-stimulatory molecules, which can be achieved using
toll-like receptor (TLR) agonists, such as CpG (a TLR9 agonist) [4,5].
r Ltd. This is an open access article
Meanwhile, the antigenic peptideeMHC I complex is required as
the second signal messenger for CTL activation. Therefore, devel-
oping an efficient co-delivery platform to facilitate the co-locali-
zation of TLR agonists and antigens into immune cell would be of
great importance to trigger potent antitumor immunity [6,7].

Nanomaterials have emerged as effective adjuvants as well as
antigen delivery systems in cancer immunotherapy [8e10]. As a
classic type of delivery platform, mesoporous silica nanoparticles
(MSNs) have attracted tremendous attention in biomedical appli-
cations [11e16], with recent advances focusing on their immu-
nostimulatory property for cancer immunotherapy [17,18]. The
incorporation of ethylene bridging groups in the framework has
endowed the resultant mesoporous organosilica nanoparticles
(MONs) with inherent hydrophobicity and enhanced antitumor
performance compared to MSN [19e22]. However, the tumor in-
hibition performance of ethylene-bridged MON is still moderate.
Moreover, using pristine silica-based materials without further
surface modification to co-deliver antigen and CpG for eliciting
highly potent antitumor immunity has been challenging because of
the difficulty in loading negatively charged CpG in conventional
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silica-based materials. Surface functionalization can be applied to
increase the antigen/CpG loading, but the additional surface
chemistry would not only complicate the fabrication process, but
also renders sub-optimal immunoadjuvants because the surface-
conjugated groups that are suitable for cargo encapsulation is not
necessarily favored for stimulating immune response. Therefore,
developing a facile co-delivery platform with superior inherent
immune-stimulating property is of great challenge.

Herein, we report that pristine MON with a benzene-bridged
framework (MON-B), which simultaneously serves as an effective
immunoadjuvant and co-delivery platform in cancer vaccine with
excellent antitumor performance (Scheme 1). Through a
comprehensive investigation on the relationship of the frame-
work chemistry of silica-based nanoparticles, including inorganic
silica and bridged organosilica (eSieReSieOH, R ¼ benzene and
ethylene), and their performances in cancer immunotherapy
in vitro and in vivo, we demonstrate that only pristineMON-Bwith
the highest hydrophobicity is able to efficiently stimulate matu-
ration of immune cells, as well as co-load ovalbumin (OVA, a
model antigen) and CpG to effectively co-deliver them to immune
cells. As such, pristine MON-B played dual functions (co-delivery
platform and immunoadjuvant) in the nanovaccine formulation,
leading to promoted CD4þ/CD8þ effector/memory T cells and
cytotoxic T cells for excellent cancer prevention with 100% tumor-
free mice in 25 days in an aggressive melanoma tumor model, in
remarkable contrast to 100% tumor growth in other formulations
within 17e22 days.
Scheme 1. Pristine MON-B simultaneously achieves co-delivery of CPG and OVA antigen and
T cells for strong antitumor effects.
2. Materials and methods

2.1. Materials

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosi-
licate (TEOS), 1,2-bis(triethoxysilyl)ethane (BTEE), triethanolamine
(TEA), sodium heptafluorobutyrate (FC4), 1,4-bis (triethoxysilyl)
benzene (BTEB), OVA tagged by fluorescein isothiocyanate (OVA-F),
phosphate-buffered saline (PBS), 20,70-dichlorofluorescin diacetate
(DCFH-DA), rhodamine B isothiocyanate (RITC), OVA, and bovine
serum albumin were purchased from Sigma-Aldrich, St Loius, USA.
Ethylenediaminetetraacetic acid, dimethyl sulfoxide (DMSO), so-
dium hydroxide (NaOH), hydrochloric acid (HCl), methanol, and
ethanol were purchased from RCI Lab Scan Pty Ltd, Thailand.
Fluorochrome-labelled anti-mouse mono-clonal antibodies (CD3-
PCy7, anti-mouse CD4-PE, CD8-FITC, CD62L-APC, and anti-mouse
CD44- Alexa Fluor 700) were obtained from eBioscience (CA,
USA). ELISA kits for interferon-g (IFN-g), interleukin-4 (IL-4), tumor
necrosis factor-a (TNF-a), and interleukin-12 (IL-12) were received
from Invitrogen Corporation/Life Technologies, CA, USA. Penicillin,
streptomycin, PBS, 2-mercaptoethanol, Dulbecco's Modified Eagle's
medium, and fetal bovine serum (FBS) were purchased from Gibco
Invitrogen Corporation/Life Technologies, CA, USA. Bicinchoninic
acid assay (BCA) kit was obtained from Pierce (Rockford, USA). The
RAW 264.7 and HEK-293 were acquired from the American Type
Culture Collection (ATCC), USA and CellBank Australia (NSW,
Australia) respectively. CpG ODN 1826 with sequence 50-
activation of DCs, causing activated CD4þ, CD8þ effector/memory T cells, and cytotoxic
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tccatgacgttcctgacgtt-30 (20 mer) was purchased from InvivoGen
(CA, USA).

2.2. MON synthesis

To 25 mL of distilled water, TEA (0.068 g) was added and stirred
at 80 �C for 0.5 h. To this solution, CTAB (380 mg) and FC4 (90 mg)
were added and stirred for 1 h followed by the addition of TEOS
(2 mL) and stirring for additional 15 min. Organosilica precursors
BTEB (1.13 mL) or BTEE (1.8 mL) was added to this solution and
stirred for 24 h at 80 �C. The as-prepared products were collected
by centrifugation at 42,484 g for 15 min and then washed with
ethanol to remove unreacted reactants. The templates in the as-
prepared products were extracted using HCl methanol solution at
60 �C for 6 h for three times. The final products were obtained by
further drying in vacuum at room temperature overnight. The
samples prepared with BTEE and BTEB were labelled as MON-E and
MON-B, respectively.

2.3. MSN synthesis

The synthesis of MSN was conducted according to the literature
method with small modifications [23]. Briefly, to 0.068 g of TEA
dispersed in 25 mL of distilled water, 380 mg of CTAB and 125.3 mg
of FC4 were added at 80 �C. After stirring for 1 h, silica precursor
TEOS (4 mL) was added to the above solution and the reaction was
continued for 2 h. The products were collected by centrifugation at
42,484 g for 20 min and washed thrice with ethanol. Finally, the
templates were removed by extraction method as described in the
synthesis of MON.

2.4. Characterization of MON-B, MON-E, and MSN

The morphology of the samples was observed using field-
emission scanning electron microscope (SEM, JEOL 7800, JEOL,
Japan) operated at 1.5 kV and a transmission electron microscope
(TEM, JEOL 2100, JEOL, Japan) operated at 200 kV. Nitrogen
adsorption-desorption isotherms were measured at 77 K using a
Micromeritics TriStar ІІ system (Micromeritics, Georgia, USA). The
samples were degassed under vacuum for 24 h at 80 �C before
analysis. CHNS-O Analyser (Flash EA1112 Series, Thermo Electron
Corporation, CA, USA) was used to perform elemental analysis (EA).
The adsorption of water and hexane was measured using a desic-
cator at 298 K and a digital microbalance (Model YP/1002, with a
sensitivity of 0.1 mg) [24e26]. Si high-power decoupling magic
angle spinning and C cross-polarization nuclear magnetic reso-
nance (NMR) spectra were recorded using a Bruker AVANCE III
(Bruker, UK) spectrometer with a 7Tmagnet, a Zirconia rotor, 4mm,
rotated at 5 KHz.

2.5. Loading and release behavior of OVA antigen, CpG, and Oligo-
DNA-Cy3

2.5.1. OVA loading and release
The mixture of nanoparticles (MSN, MON-E, or MON-B) and

OVA were stirred in a 1:2 ratio at 4 �C for 6 h. The resultant MSN,
MON-E, and MON-B loaded with OVA were collected by centrifu-
gation at 1770 g for 10 min. The resultant supernatants were
analyzed for total OVA concentration using a BCA kit. The loading
amount was determined by calculating the OVA concentration
difference before and after adsorption. The release study of OVA
from nanoparticles (MSN, MON-E, and MON-B) was conducted in
PBS at 37 �C. One milligram of loaded nanoparticles was placed in
the 1 mL of PBS under stirring. At each interval, the nanoparticles
were centrifuged at 1770 g for 5 min and the 500 mL of the
supernatant was pipetted out of and was estimated for the OVA
concentration using BCA kit. The 500 mL of the removed superna-
tant was replaced with fresh PBS.

2.5.2. CpG and Cy3-oligo-DNA loading
300 mM of Cy3-oligo-DNA or 10 mg of CpG was mixed with 20 mg

of nanoparticles in 50 mL of PBS at 4 �C for 6 h. After 6 h, themixture
was centrifuged at 1770 g for 10 min and the supernatant was
analyzed for Cy3-oligo-DNA concentration using spectrophotom-
eter instrument (NanoDrop 1000 instrument, Thermo Fisher Sci-
entific, USA).

2.5.3. Co-loading of the OVA and CpG
100 mg of OVA and 25 mg of CpG were mixed with 1 mg of

nanoparticles in 1 ml of PBS at 4 �C for 6 h. The mixture was
centrifuged at 1770 g for 10 min and the supernatant was analyzed
for OVA concentration and CpG concentration using BCA assay and
spectrophotometer (Nanodrop 1000 instrument), respectively.

2.6. Cytotoxicity of the nanoparticles

The cell cytotoxicity of the three nanoparticles (MSN, MON-E,
and MON-B) was studied on HEK-293, cell lines using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Thermo Fisher Scientific, Tecan, Switzerland) colorimeter assay.
5000 HEK-293 cells/well were seeded in a 96-well plate and
incubated at 37 �C in 5% CO2. The cells were treated with various
concentrations of nanoparticles (20e120 mg/mL) for 24 h after
which the cells were washed twice with sterile PBS and the cells
were incubated with 10 mL/well MTT solution (5 mg/mL in PBS) for
4 h at 37 �C. The formazan crystals formed were further dissolved
with 100 mL of DMSO. The cells incubated in the absence of particles
were used as the control. The optical density was recorded at
570 nm in a microplate reader (Tecan Infinite M200 PRO plate
reader) and the percentage of cell viability was determined.

2.7. OVA antigen, Cy3-oligo-DNA uptake, and nanoparticles uptake
in macrophages

The nanoparticles uptake studies were conducted on RAW264.7
murine macrophagic cell line using confocal microscopy.
2.5 � 105 cells/well were seeded in a 6-well plate on coverslips at
37 �C in a 5% CO2 incubator. After 24 h, the cells were incubated
with 10 mg/mL of various formulations of nanoparticles preloaded
with RITC for 8 h. Furthermore, the cytoskeleton was stained with
Alexa Fluor 488 Phalloidin (Life Technologies) for 20min and nuclei
were stained with DAPI (40,6-diamidino-2-phenylindole dihydro-
chloride, Life Technologies). The coverslips were further attached
on the glass slides and the nanoparticle uptake inmacrophages was
observed using Zeiss confocal laser scanning microscopy (CLSM),
40X. The intracellular uptake of nanoparticles was analyzed
quantitatively by inductively coupled plasma (ICP). 2.5 � 105 RAW
264.7 cells/well were seeded in a 6-well plate for 24 h subsequently
the cells were treated with 50 mg/mL of MSN, MON-E, and MON-B
in serum-free medium for 4 h. Furthermore, the cells were washed
twice using PBS and were harvested and dried. The resultant cell
pellet was lysed using cell lysis buffer (Cell Signaling Technology,
USA) and ultrasound. The supernatants containing cell components
were removed by centrifugation at 1770 g for 15 min. The pellet of
silica formed by centrifugation was dissolved using the aqueous
NaOH (1M) and ultrasound. The silicon content in the solutions was
measured by inductively coupled plasma atomic emission
spectroscopy using a Vista-PRO instrument (Varian, Inc., Australia),
which was then converted to silica content.
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To study the co-delivery of antigen OVA and the CpG, RAW
264.7 cells (2.5 � 105 per well) were seeded on coverslips in a 6-
well plate for 24 h. 10 mg/mL of nanoparticles loaded with OVA-F
and Cy3-oligo-DNA (similar charge and molecular weight as CpG)
were incubated with the cells for 5 h. Furthermore, the cells were
washed and the nuclei were stained with DAPI, the macrophages
were observed using Zeiss CLSM, 40X.

2.8. Intracellular localization of OVA-F antigen in RAW 264.7

To check the intracellular localization of OVA antigen,
2.5� 105 cells/well were allowed to attach to the coverslips for 24 h
followed by treatingwith 10 mg/mL nanoparticles loadedwith OVA-
F. The particles were allowed to internalize into RAW cells for 8 h.
Furthermore, the coverslips were washed with PBS and the cells
were stained with LysoTracker Red DND (Thermofischer, CA, USA)
to identify the lysosomes. The localization of the OVA-F was tracked
using Zeiss CLSM 63X.

2.9. Intracellular reactive oxygen species

The intracellular ROS was also observed using confocal micro-
scopy. 2.5 � 105 cells/well were plated on the coverslips in a 6-well
plate. The cells were further treated with 10 mg/mL nanoparticles
for 6 h. After which the cells were cultured with 20 mM DCFH-DA
(Sigma-Aldrich), a fluorogenic dye for 20 min and the cells were
immediately visualized using Zeiss CLSM (40X).

To quantify the fluorescence intensity as a marker for ROS, RAW
264.7 cells were treated with nanoparticles as described previously.
Then, the cells were treated with 10 mM DCFH-DA for 20 min. The
cells were further washed twice with ice-cold PBS to remove any
extracellular dye. The washed cells were scraped off from the wells
and were dispersed in cold FACS buffer and were analyzed imme-
diately using flow cytometer (BD Accuri C6, BD Biosciences, USA).
The fluorescence intensity was analyzed using FlowJo (Tree Star).

2.10. Animal studies

C57/BL female mice were purchased from Biological Resource
Facility, The University of Queensland, Brisbane, Australia, andwere
randomly divided into five groups (six mice each). The studies were
approved by the Animal ethics committee, The University of
Queensland, and were carried out in accordance with institutional
animal experimentation guidelines.

2.10.1. Tumor inoculation
Three subcutaneous injections of OVA (60 mg) þ CpG (5 mg)

adsorbed onMON-B, OVA (60 mg)þ CpG (5 mg) adsorbed onMON-E,
OVA (60 mg) þ CpG (5 mg) adsorbed on MSN, OVA (60 mg) þ CpG
(5 mg) suspended/dissolved in PBS in 100 mL were administered to
the mice on days 0, 3, and 10 in the left flank. Furthermore, on day
17,1� 105 B16F10-OVA cells suspended in 50 mL PBSwas injected in
the right flank of eachmouse. The animals weremonitored on daily
basis and the tumor volume was calculated as V¼ l� w2

2 , where
V¼ volume, l¼ length, andw¼width. Micewere euthanizedwhen
the tumor reached 20 mm in one direction or started bleeding.

2.10.2. In vivo cytokine estimation
The animals were immunized thrice with three injections of

OVA (60 mg) þ CpG (5 mg) adsorbed on MON-B, OVA (60 mg) þ CpG
(5 mg) adsorbed on MON-E, OVA (60 mg) þ CpG (5 mg) adsorbed on
MSN and PBS on days 0, 3, and 10 through tail-based subcutaneous
injection. On day 17, the animals were culled and their spleens were
collected aseptically. To prepare the single-cell population of sple-
nocytes, the spleens obtained from the mice were passed through a
cell strainer, and the red blood cells were lysed using the lysis buffer
(Thermo Fisher Scientific, Australia). The live cells in the resultant
cell population were counted and 2 � 105 cells/well were plated in
round bottom 96 well plate in phenol-free medium Iscove's
Modified Dulbecco's Medium (IMDM, Gibco®, Life Technologies),
supplemented with 10% FBS, 50 mM 2-mercaptoethanol, 1% peni-
cillin, and streptomycin. After 1 h of incubation, the cells were
restimulated with antigen OVA (100 mg/mL). After 48 h of incuba-
tion, the cells were centrifuged and the supernatant was analyzed
for cytokines such as IFN-g, IL-4, IL-12, and TNF-a using the
enzyme-linked immunosorbent assay kit (ELISA, Life Technologies).
2.11. Effector/memory T cells detection

The splenocytes obtained after processing as mentioned in in-
vivo cytokine estimation were plated in 96 well U-shaped plates
and after 1 h, the cells were incubated with nanoparticle loaded
with OVA. After 24 h, the cells were stained with suitable anti-
mouse CD3-PCCy7, anti-mouse CD4-PE, anti-mouse CD8-FITC,
anti-mouse CD62L-APC, and anti-mouse CD44-Alexa Fluor 700 and
were measured using a Flow Analyzer (LSRFortessa X-20) and the
data were analyzed using FlowJo software (Tristar).
3. Results and discussion

3.1. MON-B, MON-E, and MSN preparation and characterization

SEM image of MON-B directly shows the large mesopores
exposed on the external surface (Fig. 1A). TEM image shows that
MON-B possesses a mesoporous structure with a uniform particle
size of ~110 ± 10 nm (Figs. 1B and S1). NMR technique was applied
to analyze the composition of nanoparticles. As shown in 13C CP/
MAS NMR spectrum (Fig. 1C), the peak at 140 ppm indicates that
benzene groups are successfully incorporated into the framework
of MON-B. The 29Si MAS NMR spectrum exhibits two peaks at�102
and �111 ppm (Fig. 1D), corresponding to Q3 [Si(OSi)3(OH)] and Q4

[Si(OSi)4] species generated from TEOS, respectively. The other two
peaks at �59 and �67 ppm are, respectively, attributed to T2

[CeSi(OSi)2(OH)] and T3 [CeSi(OSi)3] species originated from BTEB.
To study the role of benzene bridge groups, MSN without any

organic-bridged groups and ethylene-bridged MON-E were also
prepared [17e19]. Their morphology, pore structure, and compo-
sition were characterized by TEM (Fig. S2A and B), SEM (Fig. S2C
and D), 13C NMR, and 29Si NMR (Fig. S2E and F). Dynamic light
scattering tests show that MSN, MON-E, and MON-B possess
comparable hydrodynamic diameters of 144 ± 11 nm (Fig. S3). From
the N2 adsorption–desorption analysis (Fig. S4), three samples
possess comparable large pore sizes (12e16 nm) and pore volumes
(1.1e1.3 cm3/g, Table S1).

The organic content was determined using EA. MON-B shows
the highest weight percentage of carbon (C) content (18.26%;
Table S1) compared to MON-E (7.84%) and MSN (0.09%). The hy-
drophobicity of nanoparticles is an important parameter for their
interactionwith biosystems [28]. To compare the hydrophobicity of
three particles in a semiquantitatively way, the water/hexane vapor
adsorptionmethodwas used [28,29]. Fromwater and hexane vapor
adsorption tests, the molar ratio of adsorbed hexane/water was
determined to be 0.01, 0.13, and 1.04 for MSN, MON-E, and MON-B,
respectively. Collectively, the above characterization results indi-
cate that the three nanoparticles possess similar physical parame-
ters, whereas the benzene bridge group embedded in the
framework of MON-B results in the highest hydrophobicity.



Fig. 1. A) SEM and B) TEM images of MON-B. C) 13C CP/MAS NMR and D) 29Si MAS NMR spectra of MON-B. E) OVA antigen and CpG loading capacities of MSN, MON-E, and MON-B.
F) Release profiles of OVA antigen from different nanoparticles in PBS. G) Cell viability of HEK-293 cells treated with nanoparticles for 24 h. H) Cellular uptake of nanoparticles in
RAW 264.7 murine macrophage cells determined using ICP analysis; *p<0.05; **p<0.01; t-test; data representative of three independent experiments.
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3.2. Enhanced loading and sustained in vitro release of OVA, CpG
from MON-B

As a prerequisite for co-delivery, the loading efficiency of
nanoparticles towards OVA and CpG was firstly studied (Fig. 1E).
OVA protein loading capacity is positively correlated to the hy-
drophobicity of the materials (MSN: 162 mg/mg, MON-E: 672 mg/
mg, and MON-B: 986 mg/mg). MON-B had the highest loading of
OVA despite MON-E has a higher surface area than MON-B
(Table S1). This contrast is even more obvious in CpG loading
because of its highly negative charge and electrostatic repulsion by
negatively charged silica surface. Consequently, MON-E and MSN
show negligible absorbed amount of CpG. On the contrary, MON-B
shows a loading capacity of 6.9 mg/mg, suggesting that the
increased hydrophobic interaction between the benzene bridge
groups and CpG could counteract the electrostatic repulsion be-
tween negatively charged nanoparticles and biomolecules. The co-
loading capacity of OVA and CpG was estimated to perform the
in vivo studies. As per Fig. S5, MON-B group showed a higher
loading capacity of 8.98 mg/mg and 616 mg/mg of OVA as compared
to MON-E (2.45 mg/mg, CpG and 102 mg/mg, OVA). MSN showed
negligible loading amount of CpG (0.74 mg/mg) and OVA (53 mg/
mg). The co-loading capacity of OVA and CpG was estimated to
perform the in vivo studies. As shown in Fig. S5, MON-B group
showed a higher loading capacity of 8.98 mg/mg of CpG and 616 mg/
mg of OVA as compared to MON-E (2.45 mg/mg of CpG and 102 mg/
mg of OVA), whereas MSN only showed negligible loading amount
of CpG (0.74 mg/mg) and OVA (53 mg/mg). Considering that OVA and
CpG are both negatively charged at the loading condition (pH 7.4 in
PBS), it is unlikely that theywould interact with each other. Instead,
we speculate that OVA and CpG should be separately adsorbed on
the surface of nanoparticles, with an orientation that the hydro-
phobic domains attached to the nanoparticle surface through hy-
drophobic interaction, whereas the hydrophilic domains heading
outside. More solid evidences should be collected in future work to
gain insights on the nanoparticle/biomolecules interaction. The
release of OVA from different nanoparticles in PBS (pH ¼ 7.4) was
also studied. As shown in Fig. 1F, MON-B with the highest hydro-
phobicity shows the slowest release of OVA (63% released at 25 h)
compared to MON-E (77% release at 25 h) and MSN with a burst
release (82% at 4 h). The burst release within the first 3 h can be
attributed to the OVA molecules either bound at the external sur-
face of nanoparticles or multilayer adsorption [30]. Particularly in
the latter case, the multilayer adsorption is attributed to the
interaction between OVA molecules rather than the protein/
nanoparticle interface, thus the binding force is relatively weak and
protein molecules can be easily released. The slow release of the
protein from MON-B is expected to be beneficial for prolonged
exposure of antigen to immune system, and this prolonged expo-
sure further helps to provoke the immune system [31].

3.3. Low cytotoxicity of MON-B

The cell viability of MON-B, MON-E, and MSN was investigated
using MTT assay. Cell viability test in a normal human embryonic
kidney cell line (HEK-293, CRL 1,573) showed more than 80% sur-
vival rate at the concentration up to 100 mg/mL for all the three
nanoparticles (Fig. 1G), indicating their low cytotoxicity.

3.4. MON-B facilitated uptake of multiple biomolecules (OVA and
oligo-DNA)

The in vitro cellular internalization performance of the three
nanoparticles was evaluated in RAW 264.7 murine macrophage cell
line using ICP, CLSM, and flow cytometry. As shown in Fig. 1H,
MON-B exhibited the highest amount of cell internalization
compared to MON-E and MSN measured by the internalized silica
contents. This conclusion is supported by the intracellular deposi-
tion of RITC (a red fluorescent dye) tagged nanoparticles observed
by CLSM. As shown in Fig. S4 in the ESM, RITC-MON-B group
exhibited the strongest intracellular red fluorescence intensity
compared to the other groups. The excellent cellular uptake effi-
ciency of MON-B is attributed to the presence of highly hydro-
phobic benzene groups that promote the nanoparticles/cell
membrane interaction, in accordance with literature reports
[29,31]. Furthermore, MSN and MON-E showed punctuated RITC
distribution in the RAW 264.7 cells, whereas MON-B showed
diffused RITC distribution, suggesting that MON-B was able to
passage into cytosol [32].

Subsequently, the co-delivery performance of three nano-
particles was investigated. To track the cellular internalization of
the antigen (OVA) and adjuvant (CpG), OVA-conjugated FITC (OVA-



Fig. 2. A) CLSM images of RAW264.7 cells exposed to different nanoparticles mediated intracellular co-delivery of OVA-F (green) and Oligo-DNA-Cy3 (red). B) CLSM images of RAW
264.7 cells predicting the intracellular fate of OVA for 8 h. The lysosomes were stained with LysoTracker Red, whereas green fluorescence was generated by FITC-conjugated OVA. C)
Expression of CD40, CD80, and CD86 in dendritic cell population after treatment with nanoparticles. D) In vitro release of IFN-g from splenocytes after stimulation with OVA antigen,
*p<0.05; **p<0.01; ***p<0.001. t-test; data representative of three independent experiments.
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F) and Cy3-oligo-DNA (with similar charge andmolecular weight to
CpG) were co-loaded in nanoparticles and incubated with RAW
264.7 cells. As visualized by CLSM (Fig. 2A), free OVA and oligo-DNA
group (O/D) show non-detectable fluorescent signal because of
their cell membrane impermeability. MSN andMON-E groups show
relatively weak FITC signal, suggesting a certain degree of intra-
cellular delivery of OVA. However, because of their extremely low
binding affinity to negatively charged oligo-DNA, the red fluores-
cence from Cy3-oligo-DNA is negligible. In contrast, MON-B co-
delivery system exhibits both obvious FITC and Cy3 signals,
implying efficient intracellular delivery of antigen and adjuvants,
which is important to stimulate maturation of immune cells and
downstream T cell activation.

To study the intracellular trafficking, lysosomes were stained by
LysoTracker (red fluorescence). As observed in the CLSM images
(Fig. 2B), after incubation of four OVA-F formulations (MON-B,
MON-E, MSN, and OVA only) with RAW 264.7 cells, MON-B group
showed the highest endo/lysosomal capability compared to MON-E
and MSN as judged by the clear separation of green dots from red
fluorescent region. It is known that hydrophobic groups are able to
induce the rupture of endo/lysosomal membranes because of their
interaction with the hydrophobic domains of phospholipids mol-
ecules [33e35], which is important for antigen cross-presentation
and the induction of cell-mediated immunity [33]. Therefore, the
superior endo/lysosomal escape capability of MON-B can be
attributed to their high hydrophobicity, whereas MON-E and MSN
with reduced framework hydrophobicity only showed moderate
(evidenced by certain degree of green and red separation) and very
weak (evidenced by mostly overlapped green and red regions),
respectively.
3.5. MON-B induced immune cell maturation and cytokine
secretion

The ability of OVA loaded MON-B to induce the maturation of
DCs was studied in vitro using fluorescent-conjugated anti-mouse
CD80 and CD86 antibodies (Fig. 2C). The splenocytes were
derived from mice spleens and DCs were identified using anti-
mouse CD11c antibody. Furthermore, the expression of CD40,
CD80, and CD86 on DCs were studied. MSN/O showed weak
expression of maturation markers CD40, CD80, and CD86, whereas
MON-E/O showed marginal improvement in the expression of
CD40, CD80, and CD86 markers (Fig. 2C). In contrast, MON-B/O
exhibited significantly higher maturation maker CD80 and higher
expression of CD40 indicating efficient maturation of DCs. The
secretion IFN-g from splenocytes, a Th1 cytokine, was analyzed
after inductionwith nanoparticles loaded with OVA. As indicated in
Fig. 2D, the concentration of IFN-g secreted by the cells in MON-B
group was two times higher than that in MON-E and 21 times in
MSN, indicating that MON-B significantly improved the activation
of the immune response in vitro.
3.6. In vivo antitumor activity

The in vivo anti-cancer performance of the vaccine formulations
was evaluated in an OVA-transfected B16F10 (B16F10-OVA) xeno-
graft tumor model. The B16F10 cells were prepared by electropo-
ration with the OVA-expressing plasmid OVA [36]. The mice were
immunized thrice on days 0, 3, and 10 and inoculated with 1 � 105

B16F10-OVA cells on day 17. As shown in Fig. 3A, the free OVA and
CpG groups only exhibited minor tumor inhibition activity
compared to the PBS control group. Moderate antitumor perfor-
mance was observed in the mice immunized with MSN/OVA/CpG
(MSN/O/C). The MON-E/OVA/CpG (MON-E/O/C) group showed
improved efficacy compared to the MSN group. Importantly, MON-
B/OVA/CPG (MON-B/O/C) formulation showed significantly
improved tumor inhibition compared to all the other groups. The
survival rate clearly highlighted the excellent tumor prevention
efficacy of MON-B–based vaccine formulation, showing 100% sur-
vival in 30 days, whereas death occurred in other formulations
(Fig. 3B). The tumor-free percentage in theMON-B/O/C group lasted
up to 25 days, in comparison to other formulations with a 100%
tumor growth in the mice observed within 17e22 days (Fig. 3C).

To study themechanism, in vivo cytokine levels weremonitored.
The cell-mediated immunity, characterized by IFN-g, TNF-a, and IL-
12, plays a central role in antitumor immunity [37]. As expected,
MON-B/O/C exhibited the highest secretion level of these cytokines
compared to the other groups (Fig. 3DeG). In addition, IL-4 pro-
duction was also elevated in the mice treated with MON-Bebased
formulation, suggesting its capability in stimulating humoral



Fig. 3. Antitumor (B16F10-OVA melanoma tumor model) performance, cytokine production and memory T cell induction of various vaccine formulations in vivo. A) The tumor
volume, B) KaplaneMeier survival curve, and C) KaplaneMeier tumor-free percentages of mice after immunization; D–G) Cytokines secretion levels were measured from the
supernatants of splenocytes frommice immunized with different vaccine formations that restimulated with OVA using ELISA assay. H) Expression of CD4 and CD8 T cell populations.
I) effector/memory CD4þ and CD8þ T cell populations in the splenocytes after restimulating with OVA measured using FACS; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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immunity (Fig. 3G). The enhanced secretion of cytokine (IFN-g,
TNF-a) in animals administered with MON-B/O/C indicates the
activation of CD8 T cells and CD4 T helper 1 (Th1) cells.

The induction of antigen-specific CD8 T cells is considered as a
prerequisite for cancer immunotherapy [38,39]. Hence, we next
tested the capability of MON-B–based formulation on activation of
CD8 and CD4 T cells. MON-B induced higher activation of T cell
populations, particularly CD8 T cells as compared to other formu-
lation. Our results suggest that the higher anticancer immune
response elicited by MON-B–based nanovaccine is attributed to the
efficient co-delivery of antigens and CpG and the strong inherent
adjuvant property (Scheme 1). Moreover, MON-B group induced
significantly increased CD4þ and CD8þ effector memory T cells
(defined as CD4þCD44hiCD62Llow and CD8þCD44hiCD62Llow,
respectively, see Fig. 3I), suggesting the generation of antitumor
immune memory for tumor prevention [40].
4. Conclusion

In conclusion, a potent anticancer nanovaccine formulation
based on benzene-bridged MONs has been developed. Our results
unravel that, compared to bare silica and ethylene-bridged MONs,
benzene bridge incorporated MONs with highly hydrophobic
framework can efficiently encapsulate and co-deliver a TLR9
agonist and an antigen to the cytosol, as well as serve as an
immunoadjuvant to activate immune cell maturation. Benefiting
from the simultaneous antigen delivery, activation of TLR9
signaling and the adjuvanticity of nanoparticles, effective pro-
inflammatory cytokines production and effector T cell activation
can be achieved, leading to excellent tumor inhibition performance
against aggressive tumors. Our work provides new understandings
on the rational design of the molecular structure of nano-adjuvants
in the field of cancer immunotherapy.
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