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Abstract: We developed a potential immunostimulatory double-stranded DNA (dsDNA)
delivery system by binding of dsDNA to amino-modified mesoporous silica nanoparticles
(MSNs) to form MSN-NH,/dsDNA complexes. Serum stability, in vitro cytotoxicity, cell
uptake, and type | interferon-a (IFN-a) induction of MSN-NH,/dsDNA complexes were
evaluated. The results showed that MSN-NH, nanoparticles had no cytotoxicity to Raw
264.7 cells, and MSN-NH,/dsDNA complexes enhanced serum stability of dsDNA due to
the protection by nanoparticles and exhibited high efficiency of cell uptake due to small
particle size and excellent dispersity. Most importantly, MSN-NH,/dsDNA complexes
significantly enhanced the level of IFN-a induction, triggered by cytosolic DNA sensor
proteins. Therefore, binding of immunostimulatory DNA to MSNs would be promising for

enhancing the delivery efficiency of immunostimulatory DNA drugs.
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1. Introduction

Cancer is a disease caused by both a genetic predisposition and environmental
factors. Chemotherapy is a common therapeutic approach, but relies on the use of
cytotoxic drugs, which results in serious side-effects [1]. DNA therapy involves the
delivery of a therapeutic DNA into cells, followed by stimulation and the induction of the
required cytokines. It is a promising approach for the treatment or prevention of cancer
because it only targets the defects that gives rise to major symptoms, and therefore
avoids complications associated with chemotherapy [2-3].

DNA is a potent activator of innate immune responses in mammalian cells [4]. An
efficient strategy is to deliver DNA into cells to induce type | interferons for the treatment
of cancer by activation of natural killer cells [5]. Recent studies demonstrated that, in
addition to the endolysosome localized Toll-like receptor 9 [6], cytosolic DNA sensors can
recognize immunostimulatory DNA, and activate type | interferons (IFN) [7-11]. For
example, Takaoka et al. reported that DNA triggered IFN-a/B production via cytosolic DNA
sensor (Z-DNA binding protein 1) in L929 cells [7]. Yang et al. found that cytosolic nucleic
acid-binding protein LRRFIP 1 binds dsDNA to induce IFN-B production in macrophages
[8]. Unterholzner et al. identified that cytosolic IFI16 is an innate immune sensor in
mediating an IFN-B response to intracellular DNA in THP-1, HEK293 and Raw 264.7 cells
[9]. Therefore, delivering of immunostimulatory DNA into cytosol for the induction of
type | interferons could be a promising approach for cancer therapy. However, clinical
applications of immunostimulatory DNA as DNA drug are significantly hampered due to

their nuclease degradation and rapid clearance in serum leading to limited in vivo stability
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and activity [3,12].

To date, a variety of cationic nanoparticles have been developed as vehicles for DNA
delivery, including polymers, lipids, polysacaccharides, peptides, and dendrimers [12-16].
Cationic vehicles are effective for in vitro delivery because they condense DNA into
nanosized complexes with positive surface charge, which promotes endocytosis by
electrostatically adsorbing onto anionic cell membranes [17]. However, intravenous
administration of cationic lipoplexes or polyplexes often results in particle instability and
nonspecific interaction with blood components that induce opsonization, aggregation of
red blood cells, platelet activation, and, in extreme cases, rapid mortality [18].

Therefore, many efforts have also been made to develop inorganic nanoparticles as
vehicles for DNA delivery, such as silica, Au, Fe304, quantum dots, graphene, and
upconversion nanoparticles [12,19-28], which can not only efficiently protect DNA from
degradation through encapsulation of DNA in their matrix or adsorption of DNA on their
surface, but also promote cellular uptake via endocytosis because of their small size, and
thereby increase the induction of cytokines and immune response. For example, Shi et al.
reported core/shell Fes0,@Si0, nanoparticles modified with PAH as a vector for EGFP
plasmid DNA delivery into Hela cells, and found that Fe;0,@SiO,/PAH nanoparticles
protected the plasmid DNA from serum and DNase | degradation and demonstrated a
fairly high expression level even in the presence of serum [19]. Oishi et al. used Au
nanoparticles coated with SH-PEG5000-PAMA7500 and SH-siRNA, reaching a loading of
45 siRNA molecules per Au nanoparticle, and 65% knockdowm in luciferase expression in

HuH-7 cells [21].
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Mesoporous silica nanoparticles (MSNs) are a promising candidate carrier for
drugs/DNA due to their high surface area, large pore volume, biocompatibility and ease
of surface functionalization [2,29]. Recent studies also confirmed the possibility of using
MSNs as a carrier for delivering nucleic acid-based drugs and other biomedical
applications [2,30-40]. For example, Radu et al. reported a gene transfection system
based on polyamidoamine dendrimers-modified MCM-41 nanoparticles, and the
transfection efficiency was significantly enhanced compared to other commercial
transfection reagents [34]. Park et al. prepared mannosylated polyethylenimine-coupled
MSNs to bind plasmid DNA, and the MSNs/DNA complexes showed enhanced
transfection efficiency in Raw 264.7 and Hela cells [35]. However, most of studies
designed DNA molecules to be adsorbed on the out surface of MSNs through electrostatic
interaction, which result in a limited DNA loading capacity because DNA molecules could
not be loaded in the mesopores [34-39].

For delivery of immunostimulatory DNA drugs, cytosolic DNA sensors recognize DNA
in cytosol. Therefore, high endosomal escape capability of DNA delivery system and high
level of DNA in cytosol would play an important role in enhancing the induction of type |
interferons. Studies demonstrated that cell uptake and endosomal escape of MSNs are
majorly dependent on the particle size [41-45]. Gan et al. investigated cell uptake and
endosomal escape of MSNs with particle size from 50 to 440 nm, and found that the
efficiency of cell uptake and endosomal escape strongly depended on the particle size,
with the best efficiencies from 100 nm MSNs [41].Lu et al. investigated cell uptake of

MSNs with particle size from 30 to 280 nm, and found that smaller MSNs exhibited higher
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cell uptake ability in vitro [43]. Wang et al. reported that the RNA interference efficiency
mediated by MSNs-based delivery vehicles was strongly dependent on their endosomal
escape capability [44]. Therefore, MSNs with small particle size could contribute to high
cell uptake ability and endosomal escape capability, and thereby enhance the
immunostimulatory DNA level in cytosol. On the other hand, higher DNA loading capacity
on nanoparticles is thought to be crucial factor in the enhancement of delivery efficiency
[46]. Because DNA have relative large molecular size, larger pore size of MSNs could be
beneficial for loading DNA in mesopores, and thereby increasing DNA loading capacity.
Therefore, from viewpoint of the carrier structure, MSNs with smaller particle size and
larger pore size will be better to enhance the delivery efficiency due to easy of cell uptake
and endosomal escape and higher DNA loading capacity.

In this study, we report a potential immunostimulatory DNA drug delivery system
based on MSNs with small particle size and large pore size. After modifying with amino
groups on MSNs, dsDNA were bonded to MSNs through the electrostatic interaction to
protect against degradation by nucleases. Raw 264.7 cells were used to culture with the
immunostimulatory DNA delivery system, and in vitro cytotoxicity, cell uptake and the

induction of IFN-a were investigated.

2. Experimental methods
2.1 Chemicals
Hexadecyltrimethylammonium p-toluenesulfonate (CTAT) and

3-aminopropyltriethoxysilane (APTES) were obtained from Sigma-Aldrich. Tetraethyl
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orthosilicate (TEOS), triethanolamine (TEA), ethanol were obtained from Sinopharm
Chemical Reagent Co. Ltd. Agarose I"™, 6 x sucrose DNA loading buffer I, 50 x TAE buffer,
ethidium bromide (EB, 10 mg/mL), fetal bovine serum (FBS), dsDNA, disodium salt
dihydrate (EDTA) were obtained from Shanghai Sangon Biotech Co. Ltd. Ultrapure water
was obtained from Millipore pure water system. All other chemicals were
analytical-reagent grade and used without further purification.

2.2 Synthesis of mesoporous silica nanoparticles (MSNs)

MSNs were prepared according to the previously reported method with some
modification [47]. Briefly, CTAT (0.6836 g) and TEA (4 g) were dissolved in water (36 ml)
under stirring and heated at 353 K. After the surfactant was completely dissolved in water,
TEOS (5.58 ml) was rapidly added to the clearly solution. The mixture was then stirred for
another 2 h, resulting in the formation of a white colloidal suspension. The white particles
were collected by centrifugation and washed with water and ethanol for several times,
and then dried in vacuum at 333 K for 12 h. Finally, MSNs were obtained by calcining the
white particles at 813K for 7 h to remove the organic templates.

2.3 Synthesis of amino-modified MSNs (MSN-NH,)

500 mg of MSNs was homogeneously dispersed in 100 ml of ethanol by
ultrasonication. And then, 1.5 ml of APTES was added to the suspension and slowly
stirred the suspension for 24 h at the room temperature. The mixture was collected by
centrifugation and extensively washing with ethanol to remove the residual APTES, and
the obtained white particles were dried in vacuum at 333 K for 24 h.

2.4 Characterization
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Scanning electron microscopy (SEM) was carried out with an FEI Quanta 450 field
emission scanning electron microscope. Transmission electron microscopy (TEM) images
were obtained on a Hitach-600 transmission electron microscope at an acceleration
voltage of 100 kV. N, adsorption—desorption isotherms were obtained on a Micromeritics
Tristar 3020 automated surface area and pore size analyzer at -196 °C under continuous
adsorption condition. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods were used to determine the surface area, the pore size distribution and the
pore volume. Dynamic light scattering (DLS) measurements were performed on a
Malvern zeta sizer Nano-ZS90. Fourier transform infrared (FTIR) spectra were conducted
on a LAM750(s) spectrometer in transmission mode. UV—vis absorption spectra were
measured on a Nanodrop 2000C spectrophotometer. Thermogravimetric (TG) analysis

was performed on a DMA-8000 dynamic mechanical thermal analyzer.

2.5 Binding of immunostimulatory dsDNA to MSN-NH; nanoparticles (MSN-NH,/dsDNA)
The immunostimulatory dsDNA was prepared by hybridization of plus chain
(5’-TCAGAGAGTTAGAGAGTTAGAGAGTCAGAGAGTTAGAGAGTTAGAGAGTCAGAGAGTTAG
AGAGTTAGAGAG-3’) and minus chain (5’-CTCTCTAACTCTCTAACTCTCTGACTCTCTAACTC
TCTAACTCTCTGACTCTCTAACTCTCTAACTCTCTGA-3’), and the dsDNA was dissolved in
ultrapure water at a concentration of 1 pg/ul and stored at -20 °C until use. To study
electrostatic binding of dsDNA to MSN-NH; nanoparticles, MSN-NH, nanoparticles were
suspended in ultrapure water with a concentration of 1 pg/pl. Subsequently, the
as-prepared MSN-NH, suspension dispersed in dsDNA solution and the mixture with a

weight ratio of MSN-NH,/dsDNA = 3, 6, 12, 24, 30 or 60 was shaking at room
8
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temperature for 4 h, respectively. Finally, MSN-NH,/dsDNA complexes were collected by
centrifugation of the mixture at 12000 rpm for 15 min. The supernatant was collected for
UV-vis measurement to estimate the adsorbed dsDNA amount. The remained
supernatants were analyzed with gel electrophoresis by loading onto 3% agarose gel with
EB and running with loading buffer at 120 V for 30 minutes.
2.6 Stability of MSN-NH,/dsDNA complexes

400 pg of MSN-NH,/dsDNA complexes containing 4 pug of dsDNA was incubated in an
aqueous solution containing 20% FBS at 310 K for 0, 1, 3, 5 and 7 h, respectively. After
digestion, 2 ul of 250 mM EDTA was respectively added to all samples, and treated for 2
min at 353K to quench the digestion reaction. The products were collected by
centrifugation and washed with water once. Finally, the as-prepared product was then
analyzed with gel electrophoresis by loading onto 3% agarose gel with EB and running
with loading buffer at 120 V for 30 minutes.
2.7 Cell culture

Raw 264.7 cells were purchased from InvivoGen (San Diego, CA, USA), and grown in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% FBS,
50 U/ml penicillin, 50 mg/| streptomycin, 100 pug/ml normocin and 10 pug/ml blasticidin at
37 °C in humidified air containing 5 % CO,. Raw 264.7 cells were cultured according to
manufacture instructions.
2.8 In vitro cytotoxicity assay

An in vitro cytotoxicity assay for MSN-NH, nanoparticles was performed using a Cell

Counting Kit-8 (CCK-8, Dojindo, Japan). Raw 264.7 cells were seeded in a 96-well plate at
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a density of 5000 cells/well. After seeding cells, MSN-NH, nanoparticles solution (1
mg/ml in DMEM) was immediately added in 96-well plate. The final concentrations of
MSN-NH, nanoparticles were 25, 50, 75, 100 and 200 pg/ml, and the final medium
volume in each well was 100 pl. After incubation of cells for 24 and 48 h, 10 ul of CCK-8
solution was added in each well, and the cells were incubated for another 3 h.
Absorbance at 450 nm was them measured using a microplate reader (MTP-880 Lab,
Corona, Japan). Cytotoxicity was expressed as the percentage of viable cells compared
with that of untreated control cells.
2.9 Cell uptake assay

Fluorescein isothiocyanate (FITC)-labeled immunostimulatory dsDNA (FITC-dsDNA)
were bonded to MSN-NH, nanoparticles. 1.25x10° cells were seeded in a 35 mm glass
bottom Petri dish. After incubation of cells for 24 h, MSN-NH, nanoparticles with or
without FITC-dsDNA were added in the dish at a final concentration of 100 pg/ml. As a
control, free FITC-dsDNA solution was added in the dish, and the amount was equivalent
to the binding amount on MSN-NH; nanoparticles. When the cells had been incubated for
another 24 h, they were washed twice with PBS and fixed with 3.7 % formaldehyde for 15
min. Cell nuclei were stained with Hoechst 33342 (0.5 pg/ml) for 20 min. Finally, the cells
were visualized using a confocal laser scanning microscope (SP5, Laica, Germany).
2.10 Cytokine assay

Raw 264.7 cells were seeded in a 96-well plate at a density of 1x10° cells/well in
DMEM medium. The cells were immediately stimulated with 100 pl of 0.1 mg/ml
MSN-NH,/dsDNA complexes. Free dsDNA, MSN-NH, nanoparticles without dsDNA and

10
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dsDNA/DOTAP complexes (DOTAP liposomal transfection reagent, Roche Appli. Sci.) as
controls were respectively added in the culture medium at the equal amounts of dsDNA
or MSN-NH, nanoparticles in MSN-NH,/dsDNA nanoparticles. After 48 h of incubation at
37 °C, the supernatants were collected, and the level of IFN-a in the medium was
determined by an enzyme-linked immunosorbent assay (ELISA) using the human

IFN-Module enzyme-linked immunosorbent assay set (eBiosciences, Vienna, Austria).

3. Results and discussion
3.1 Synthesis of MSNs and MSN-NH, nanoparticles

MSNs with small particle size and large pore size were synthesized using
hexadecyltrimethylammonium p-toluenesulfonate as the templating surfactant and
triethanolamine as the mineralizing agent according to previous reported method [47]. As
shown in Fig. 1, MSNs were spherical and highly monodisperse, average particle size was
about 130 nm, and mesopores also could be observed on MSNs. Particle sizes of MSNs in
H,0 was further measured by dynamic light scattering (DLS) (Fig. 2). The dynamic particle
sizes distribution was relatively narrow and the sizes were close to those of SEM and TEM
results, which suggest the good dispersity of MSNs in aqueous solution. Studies
demonstrated that cell uptake of MSNs is particle size-dependent, and smaller particle
size induces high cell uptake [41]. Gan et al. reported that ca. 100 nm of MSNs exhibited
the best efficiencies of cell uptake and endosomal escape in biological cells [43].
Therefore, MSNs with a particle size of 130 nm could be efficiently taken up by cells, and
followed the efficient escape from endosomes into cytosol. Using N, physisorption

11
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technique (Fig. 3), MSNs had a BET surface area of 625 m?/g, the corresponding pore size
distribution calculated from the desorption branch of the nitrogen isotherm by using the
BJH method exhibited a bimodal pore size distribution peaked at 2.6 and 12 nm, making
the possibility of dsDNA loading in the mesopores.

For binding dsDNA to MSNs, MSNs were modified with amino groups to obtain
positively charged surface, which facilitate the binding of negatively charged dsDNA to
MSNs through electrostatic interaction. Fig. 4 shows FTIR spectra for MSNs and MSN-NH,
nanoparticles. After MSNs were modified with amino groups, vibration peak can be
observed at 1340 and 1410 cm™ assigned to the stretching bands of C-N groups. At the
same time, the Si-OH band at 960 cm™ in the MSNs spectrum became significantly
weaker after modifying with amino groups. These results indicated that amino groups
have been modified onto MSNs. Zeta potential measurements further confirmed amino
modification of MSNs. As shown in Fig. 5, zeta potential of MSNs was -16.9 mV, while that
of the MSN-NH, nanoparticles was 15.8 mV due to the modification of positively charged
amino groups onto MSNs. TG analysis also confirmed the grafting of amino groups on
MSNs, because the weight loss of MSN-NH, nanoparticles was much higher than that of
MSNs (Supporting Information). On the other hand, N, physisorption measurements
showed that the BET surface area of MSN-NH, nanoparticles decreased to 191 mZ/g due
to the grafting of amino groups on the surface of mesopores; but the average mesopore
size was still as large as 11 nm, allowing dsDNA to transport into mesopores and bind to
the pore surface (Fig. 3). The amino modification of MSNs induced a slight increase in the
dynamic particle size, but the particle size distribution was still narrow (Fig. 2), suggesting

12
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that the amino modification of MSNs did not influence the dispersity in aqueous solution.
3.2 Binding and stability of dsDNA on MSN-NH, nanoparticles

Binding of dsDNA to MSN-NH, nanoparticles was confirmed using agarose gel
electrophoresis, UV-vis spectra, and zeta potential measurements. As shown in Fig. 6, the
dsDNA band in the supernatant can be observed at the weight ratio of MSN-NH,/dsDNA
was 3, but disappeared at a weight ratio of 26, which suggest that dsDNA was able to
bind to MSN-NH, nanoparticles due to the electrostatic interaction, and at a weight ratio
of 3 can be estimated to be the saturation loading of dsDNA on MSN-NH, nanoparticles.
Determining by UV-vis analysis, the loading capacity of dsSDNA on MSNs at a weight ratio
of 3 was about 184 ug/mg, which was much higher than those of solid silica nanoparticles
(6.7 ug/mg) and MCM-41 mesoporous silica with mesopore size of 2.5 nm (38.8 pug/mg)
(Supporting Information). The higher loading capacity might be attributed to the large
mesopores for dsDNA loading. On the other hand, zeta potential decreased from 15.8 mV
to -12.7 mV after binding of dsDNA to MSN-NH, nanoparticles (Fig. 5), the characteristic
adsorption peak at 260 nm for dsDNA appeared on the UV-vis spectrum of
MSN-NH,/dsDNA complexes (Fig. 7), and a little increase in dynamic particle size after
binding of dsDNA to MSN-NH;, nanoparticles (Fig. 2), also confirming that dsDNA have
bonded to MSN-NH, nanoparticles to form MSN-NH,/dsDNA complexes. Studies
demonstrated that adsorption of DNA or siRNA on silica nanoparticles, Au nanoparticles,
grapheme, magnetic nanoparticles and quantum dots increased the induction of
cytokines or transfection efficiency due to the enhanced stability of DNA or siRNA [12,
19-27]. Therefore, binding of immunostimulatory dsDNA to MSN-NH, nanoparticles may

13
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also enhance the dsDNA stability.

Serum stability of free dsDNA and MSN-NH,/dsDNA was tested in 20%
serum-containing medium using gel electrophoresis. As shown in Fig. 8, the dsDNA bands
of MSN-NH,/dsDNA complexes can be clearly observed in each gel well even after 7 h
digestion, which indicated that MSN-NH,/dsDNA complexes were able to protect dsDNA
against degradation by nuclease. After binding of dsDNA on MSN-NH, nanoparticles to
form MSN-NH,/dsDNA complexes, the surrounding microenvironment could prevent
enzymes to react with the phosphate groups of dsDNA. Many studies have demonstrated
that inorganic nanoparticles, such as silica, Au and Fe30,4, can protect DNA, RNA, proteins
and peptides from degradation after binding on nanoparticles [2,12,19-22]. Herein, the
dsDNA bands of MSN-NH,/dsDNA complexes were located in each gel well, which might
be that MSN-NH,/dsDNA complexes were too big to transport through the pathways of
3% agarose gel, or the applied electric field was not strong enough to drive
MSN-NH,/dsDNA complexes to move in gel. However, only after 1 h digestion, free
dsDNA had no any bands on gel electrophoresis image (not shown), suggesting free
dsDNA was degraded in serum-containing medium. Therefore, the higher serum stability
of MSN-NH,/dsDNA complexes would be useful for stimulating the induction of cytokines,
and thereby enhancing immune response.

3.3 In vitro cytotoxicity, cell uptake and IFN-a induction of MSN-NH,/dsDNA complexes

Investigation of the biological safety of drug/DNA delivery vehicles is critical for
drug/DNA delivery. In this study, in vitro cytotoxicity of MSN-NH, nanoparticles to Raw
264.7 cells was evaluated using a Cell Counting Kit-8 (CCK-8) assay. As shown in Fig. 9, cell

14
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viabilities after 24 and 48 h of incubation were similar, and no cytotoxicity was observed
for MSN-NH, nanoparticles even at a concentration of 200 ug/ml, which suggest that
MSN-NH, nanoparticles are safe and could be used as nonviral carrier for dsDNA delivery.

Cell uptake of dsDNA delivery system is important to enhance the induction of type |
interferons and immune response, because immunostimulatory dsDNA has to be
recognized by cytosolic DNA sensor proteins in cytosol after endosomal escape of dsDNA
delivery system. To investigate cell uptake of MSN-NH,/dsDNA complexes, Fluorescein
isothiocyanate (FITC)-labeled dsDNA was bonded to MSN-NH, nanoparticles. Free
FITC-dsDNA, MSN-NH, nanoparticles and MSN-NH,/FITC-dsDNA complexes were
incubated with Raw 264.7 cells for 4 h. As shown in Fig. 10, green fluorescence from
MSN-NH,/FITC-dsDNA complexes were distributed in the cells and primarily located
between cell membrane and nucleus, which suggest that MSN-NH,/FITC-dsDNA
complexes were taken up into the endosomes after endocytosis or might have escaped
from endosomes to cytosol. In contrast, for free FITC-dsDNA, no green fluorescence could
be observed in the cells, indicating that free FITC-dsDNA was degraded in the culture
medium or that lower cell uptake of free FITC-dsDNA made it difficult to observe the
green fluorescence. On the other hand, it can not be observed any fluorescence in the
cells incubated with MSN-NH, nanoparticles, because MSN-NH, nanoparticles have no
chromophores. Therefore, binding of dsDNA to MSN-NH, nanoparticles could significantly
enhance the efficiency of cell uptake of dsDNA, and thereby promote the interferon
response.

To investigate the induction of cytokines by MSN-NH,/dsDNA complexes, IFN-a

15
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induction was evaluated using 50 ug/ml of MSN-NH, nanoparticles loaded with a dsDNA
capacity of 100 pg/mg to stimulate Raw 264.7 cells for 48 h. For comparison, the cells
were also stimulated by free dsDNA, MSN-NH, nanoparticles and dsDNA/DOTAP
complexes with the same amounts of dsDNA or MSN-NH; nanoparticles. As shown in Fig.
11, free dsDNA induced very lower level of IFN-a (< 4 pg/ml) due to the poor stability of
free dsDNA in culture medium, and MSN-NH, nanoparticles did not stimulate IFN-a
induction. However, dsDNA/DOTAP and MSN-NH,/dsDNA complexes exhibited the ability
to induce much higher levels of IFN-a induction compared to free dsDNA. The IFN-a
induction for dsDNA/DOTAP and MSN-NH,/dsDNA complexes were 66.2+2.2 and
79.146.5 pg/ml, respectively. The results indicated that MSN-NH, nanoparticles could be
used as carrier for dsDNA delivery and even be better than commercial DOTAP liposomal
transfection reagent. One hand, MSN-NH, nanoparticles had higher dsDNA loading
capacity, and dsDNA also can slowly release from MSN-NH,/dsDNA complexes
(supporting information). On the other hand, the formation of MSN-NH,/dsDNA
complexes enhanced cell uptake of dsDNA due to the protection by MSN-NH,
nanoparticles as the carrier. Therefore, MSNs have potential for enhancing the delivery
efficiency of immunostimulatory DNA drug and are promising as carriers for

immunostimulatory DNA delivery.

4. Conclusions
In this study, a potential immunostimulatory dsDNA delivery system has been
developed by binding of dsDNA to amino-modified MSNs with a particle size of 130 nm

16
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and a mesopore size of 12 nm. MSN-NH, nanoparticles had a high dsDNA loading capacity
(184 pg/mg) due to the contribution of large mesopores. In vitro cytotoxicity assay
showed that MSN-NH, nanoparticles had no cytotoxicity to Raw 264.7 cells. Compared to
free dsDNA, MSN-NH,/dsDNA complexes exhibited enhanced serum stability for
protecting dsDNA against degradation, and higher efficiency of cell uptake due to small
particle size and excellent dispersity. Most importantly, MSN-NH,/dsDNA complexes
significantly induced higher level of IFN-a induction, and even were better than
commercial DOTAP liposomal transfection reagent. Therefore, binding of
immunostimulatory dsDNA to MSNs with small particle size and large pore size would be

promising for enhancing the delivery efficiency of immunostimulatory dsDNA drugs.
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Fig. 1 SEM and TEM images of mesoporous silica nanoparticles.
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Fig. 4 FTIR spectra of the MSNs and MSN-NH, nanoparticles.
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corresponding dsDNA loading capacities on MSN-NH, nanoparticles at various weight

ratio of MSN-NH,/dsDNA.
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Fig. 7 UV-vis spectra of free dsDNA, MSN-NH, nanoparticles and MSN-NH,/dsDNA

complexes.
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Fig. 8 Serum stability of MSN-NH,/dsDNA complexes in 20% serum-containing media, as

measured by agarose gel electrophoresis.
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Fig. 9 Effect of the concentrations of MSN-NH, particles on the cytotoxicity to Raw 264.7

cells, as measured by Cell Counting Kit-8 assay.
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Fig. 10 Confocal microscope images of Raw 264.7 cells after 4 h incubation with MSN-NH,

nanoparticles (A), free FITC-dsDNA (B) and MSN-NH,/FITC-dsDNA complexes (C).
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Fig. 11 INF-a induction by Raw 264.7 cells cultured with MSN-NH, nanoparticles, free

dsDNA, dsDNA/DOTAP and MSN-NH,/dsDNA complexes.
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