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RESEARCH ARTICLE
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Oligonucleotide-based therapy has experienced remarkable development in the past 2 decades, but 
its broad applications are severely hampered by delivery vectors. Widely used viral vectors and lipid 
nanovectors are suffering from immune clearance after repeating usage or requiring refrigerated 
transportation and storage, respectively. In this work, amino-modified virus-mimetic spike silica 
nanoparticles (NH2-SSNs) were fabricated using a 1-pot surfactant-free approach with controlled spike 
lengths, which were demonstrated with excellent delivery performance and biosafety in nearly all cell 
types and mice. It indicated that NH2-SSNs entered cells by spike-dependent cell membrane docking and 
dynamin-dependent endocytosis. The positively charged spikes with proper length on the surface can 
facilitate the efficient encapsulation of RNAs, protect the loaded RNAs from degradation, and trigger an 
early endosome escape during intracellular trafficking, similarly to the cellular internalization mechanism 
of virions. Regarding the fantastic properties of NH2-SSNs in nucleic acid delivery, it revealed that 
nanoparticles with solid spikes on the surface would be excellent vehicles for gene therapy, presenting self-
evident advantages in storage, transportation, modification, and quality control in large-scale production 
compared to lipid nanovectors.

Introduction

Oligonucleotide-based therapy has experienced remarkable 
development in the past 2 decades, but its universal applica-
tions are severely hampered by delivery vectors. Viruses are native 

nanovectors with prominent advantages in gene delivery [1–6]. 
The evolutionary success gives viruses a set of excellent strate-
gies to deliver DNA/RNA into cells. For example, the African 
swine fever virus uses a positively charged histone-like protein 
to encompass DNA, while severe acute respiratory syndrome 
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coronavirus 2 uses N protein to protect RNA via a liquid–liquid 
phase separation strategy [7,8]. Usually, virions attach to the 
cell surface and activate endocytosis by hijacking cellular path-
ways. Interestingly, in a successful infection, viral protein may 
penetrate the endosomal membrane and escape from the intra-
cellular traffic cargos. However, viral vectors will trigger immune 
clearance after repeated usage in the body [9]. It obviously limits 
the utilization of viral vectors in gene therapies, especially in 
small interfering RNA (siRNA)-based therapies [10,11]. Besides, 
the first Food and Drug Administration-approved RNA inter-
ference (RNAi) medicine (Onpattro, patisiran) was indeed a 
lipid-based nanoformulation, while the Moderna and Pfizer/
BioNTech COVID-19 vaccines that have enjoyed great suc
cess globally are also based on lipid nanoparticles (LNP) for
mulations similar to that of Onpattro [12,13]. The commercial 
Lipofectamine 3000 (abbreviated as Lipo3000) and RNAiMAX 
are typical LNP-based gene delivery tools in the lab [14]. Never
theless, LNPs are suffering from different types of obstacles that 
limit their broad application. The soft-state nature of LNPs is 
subject to chemical and physical instability for long-term use, 
which poses limitations both from a storage point of view as 
well as repeated administrations due to the immediate disin-
tegration of the LNP upon entering the cell [15].

To overcome these issues, a virus-mimetic inorganic nano-
vector will take the advantage of viral vectors and avoid the 
above disadvantages [16]. In theory, the positively charged sur-
face of nanovectors will efficiently encapsulate RNAs, protect 
loading RNAs against ribonucleases, and attach the negatively 
charged cell membrane tightly. Fantastically, it is possible to 
design an open virion-like nanovector instead of the closed native 
virion for gene delivery because previous studies have shown 
that the tough surface spike of nanovectors will facilitate their 
internalization. The tough spikes on the surface of nanovectors 
may penetrate through the cell membrane and endosomal mem-
brane, which initiates the internalization of nanovectors and 
provide a convenience for their endosomal escape. Also, the 
densely arranged spikes on the surface may provide a solid–
liquid phase separation microenvironment for RNAs as a shelter 
during gene delivery. A good virus-mimetic inorganic nanovector 
with not only the spike structure but also the positively charged 
surface chemistry and open porous structure can greatly take 
the advantage of viral vector and avoid its disadvantages. Amor
phous colloidal silica are appealing materials and are widely 
used in biomedical applications due to their good biocompati-
bility, reflected by their approval by the United States Food and 
Drug Administration as GRAS (generally regarded as safe) ma
terials [17]. The specific class of mesoporous silica nanoparticles 
(MSNs) has for instance been successfully applied as a drug 
delivery vector in a clinical trial [18]. Besides, researchers have 
found that synthetic nanoparticles with rambutan-like spike or 
virus-like surface nanotopography exhibit high cellular uptake 
and gene delivery efficacy [19–23].

It is hypothesized that the spike length plays an important 
role. Because of the lack of robust synthesis techniques to fab-
ricate comparable nanoparticles with various spike lengths, it 
has not been possible to address this question. The surface spikes 
are regarded as the first touch toward cell membranes, and the 
cellular internalization process facilitates the engulfment of spike 
particles. The spike mosaic proteins (fusion proteins) in the mem
brane of enveloped viruses (as well as the naked forms in non-
envelope viruses) facilitate viral invasion by attaching virions 
to their receptors and triggering the endocytosis process. The 

engulfment process generates a force on the surface spikes and 
induces cell membrane penetration [24–26]. In this work, we 
invented a 1-pot synthetic method to produce silica-based nano
particles with precisely tunable surface spike structures and 
spike lengths. Notably, the spikes are also silica-based, which is 
mechanically strong. Here, a series of virus-mimetic spiky silica 
nanoparticles (SSNs) with different spike lengths were success-
fully fabricated through a competitive epitaxial growth approach 
in a surfactant-free aqueous reaction system. The novel tech-
nique allows the formation of monodisperse SSNs with tunable 
surface spike length, as well as narrow size distribution, fine con-
trollable spike length, and inner core diameter. It was demonstrated 
that the SSNs with optimized surface spike lengths showed 
extraordinary siRNA delivery efficacy in cells [27,28]. In vivo, the 
SSNs also exhibited low toxicity, suggesting the potential of 
SSNs as next-generation robust siRNA delivery vectors.

Results

Synthesis of SSNs
The SSNs with uniform morphology were synthesized in an 
ethanol–water reaction system without the participation of any 
surfactants. Ethylenediamine was used as a cationic linker for 
the 2 negative polymerization systems [tetraethyl orthosilicate 
(TEOS) and 3-aminophenol/formaldehyde (APF) polymer] 
and ammonia was employed as a catalyst. During the synthesis, 
TEOS first hydrolyzed and condensed to form silica primary 
particles, which further collided to form silica core particles 
(Fig. 1A). Afterwards, 3-aminophenol (AP) and formaldehyde 
(F) began to form APF oligomer/polymer, which condensed 
competitively with silica primary particles on the silica core 
particles. The fusion protein-like silica spikes were generated 
by the existence of the surrounding APF polymer matrix, and 
the silica spike length was controlled by the delayed addition 
of AP and F. The initial formation process was very similar to 
the classic Stöber method [29,30], and the following competi-
tive condensation process of silica primary particles and APF 
oligomers was used to control the growth of the surface spikes. 
The competitive condensation process allowed the epitaxial 
growth of silica spikes and the formation of SSNs after calcina-
tion of the APF polymer in air. During the synthesis, it was 
observed that the core size gradually increased and the spike 
length gradually decreased under various synthetic tempera-
tures, 60 °C (Fig. S1A to I) or 30 °C (Fig. S1J to R), respectively. 
Statistical results of the surface spikes’ length on SSNs are shown 
in Fig. S1S. It is seen that our synthetic strategy can be used to 
finely control the spike length and is capable of preparing SSNs 
with various desired spike lengths. Moreover, by further ana-
lyzing the reaction kinetics and spike formation process, the 
relationship between spike length and the delayed addition time 
interval was proposed as shown in Fig. S1T, which could instruct 
the fabrication of SSNs with desired spike lengths. Among all 
the prepared SSNs, 4 types of representative SSNs with compa-
rable nanoparticles size but various spikes lengths were selected, 
and detailed characterizations were performed to demonstrate 
the influences of spike length as siRNA delivery vectors.

Characterizations of SSNs
Transmission electron microscopy (TEM) images of the obtained 
4 SSNs (SSN-1, SSN-2, SSN-3, and SSN-4) clearly showed that 
the particles have good dispersity and uniform and comparable 
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nanoparticle sizes (Fig. 1B to F). It could be seen that these SSNs 
were composed of 2 parts: (i) solid silica cores with diameter 
increased gradually from ~50 nm (SSN-1, Fig. 1B) to ~200 nm 
(SSN-4, Fig. 1E); (ii) gradually decreased spike length (Fig. 1G) 
from ~80 nm (SSN-1) to ~10 nm (SSN-4). The size of the silica 
cores and the length of the surface spikes could be tuned by 
simply delaying the addition of APF polymer precursors (AP 
and F) (see the experimental section for more details), which 
would reduce the reaction time of the competitive condensation 
process. The delayed addition of AP and F allowed a continuous 
consumption of TEOS in the formation of silica cores, while less 
TEOS (or silica primary particles) remained for the following 
condensation to generate silica spikes.

In order to characterize the porous nature and texture prop-
erties of these SSNs, a nitrogen sorption analysis was performed. 
As shown in Fig. 1H, SSN-1, SSN-2, and SSN-3 exhibited typical 
type IV isotherms, indicating the abundant mesopores in these 
nanoparticles. The hysteresis loop for SSN-4 could be barely 
observed, which suggested the limited mesopores in SSN-4. The 
prepared SSNs exhibited high specific surface areas of ~222 to 
346 m2/g (SSN-1 to SSN-3, Table S1), except SSN-4 (53 m2/g), 
where the reduced spike length provided only limited porosity, 
similar to the surface area of solid nanospheres [31]. The pore 
size distribution of SSNs calculated with the Barrett-Joyner-
Halenda method from the adsorption branch showed that it 
gradually increased from 6.8 nm (SSN-1) to 12.7 nm (SSN-3) 
and then decreased to 5.8 nm (SSN-4) (Fig. S2A, Table S1). After
wards, SSNs were modified with amino functional groups for 
future applications. As shown in Fig. 1I, all SSNs exhibited neg-
ative zeta potential values at neutral pH, which changed to pos-
itive after amino modification, consistent with literature reports 
[32,33]. Moreover, as shown in the Fourier transform infrared 
spectrum (Fig. 1J and Fig. S2B), the bands observed at around 
2929 and 2883 cm−1 further supported the successful amino 
group grafting on SSNs.

siRNA delivery performance between various  
silica nanoparticles
The ultimate goal of a robust siRNA gene vector is to deliver 
siRNA intracellularly in various types of cells and release siRNA 
to initiate RNAi [34]. To highlight the critical influence of the 
surface spikes in siRNA delivery, conventional dendritic MSNs 
(DMSNs) with similar size were synthesized according to the 
literature and the characterizations of which were shown in Fig. 
S2C to F. We first screened RNA delivery abilities and cellular 
cytotoxicity of various amino-modified SSNs (NH2-SSNs) and 
NH2-DMSN (data not shown). It was found that NH2-SSN-2 
had the best performance with the used amount of 200 μg/ml 
(Fig. S3A). Cells maintained high viability even with a high 
amount of NH2-SSN-2 (1 mg/ml) in primary mouse embryonic 
fibroblast (MEF) cells (Fig. S3B) and human embryonic kidney-
293T (HEK-293T) cells (Fig. S3C), indicating its low cytotox-
icity. As shown in Fig. 2A and B, NH2-SSN-2/FAM-siRNA-treated 
cells exhibited the strongest green fluorescence among all the 
formulations, indicating an efficient (~90.0% in HEK-293T) and 
successful delivery of siRNA inside the cells. Compared with 
Lipo3000/FAM-siRNA (~64.8%) and NH2-DMSN-based formu
lations (Fig. S3D), the surface spikes enable silica nanoparticles 
with strongly improved delivery performance. Importantly, higher 
FAM-siRNA delivery efficacy was observed for NH2-SSN-2 in 
bone marrow-derived macrophage (BMDM) cells, MEF cells, 
and HEK-293T cells (Fig. S3E to G) when compared with other 
commercial reagents (Lipofectamine RNAiMAX).

NH2-SSN-2 targeted a broad range of cell types
The length of surface spikes obviously influenced the delivery 
performance, since low FAM-siRNA delivery efficiency was ob
served for longer surface spikes (NH2-SSN-1, 44.3%) or shorter 
surface spikes (73.1% for NH2-SSN-3 and 21.7% for NH2-SSN-4) 
other than the moderate one (NH2-SSN-2) in HEK-293T cells. 
Fluorescence intensity analysis (Fig. S4A to F) further confirmed 
the above observation where NH2-SSN-2 exhibited stronger fluo
rescence and higher delivery efficacy compared with other SSNs. 
To explore its universal nucleic acid delivery ability, NH2-SSN-2 

Fig.  1.  Fabrication process and structural characterizations of SSNs. Competitive 
self-assemble synthesis strategy and formation mechanism of SSNs (A). Self-
assembly approaches employing controlled polymerization of TEOS and AP/F gen
erate controlled cores. After continuous condensation (I), and calcination of the 
composites in air (II). SSNs with controlled spike length can be obtained by adjusting 
the process of competitive condensation kinetics. Representative TEM images of 
SSN-1 (B), SSN-2 (C), SSN-3 (D) and SSN-4 (E). (F) Hydrodynamic size distribution 
as measured by dynamic light scattering (DLS). (G) Statistical results of the length 
of surface spikes. (H) Nitrogen adsorption-desorption isotherms. (I) Zeta potential 
at neutral pH before and after amino modifications. (J) Fourier transform infrared 
spectrum of amino-modified SSNs. SSN-1 (A, black), SSN-2 (B, red), SSN-3 (C, green), 
and SSN-4 (D, blue).
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was tested in all types of cells available in hand (Table S2), show-
ing an excellent delivery capability. As shown in Fig. 2C, NH2-
SSN-2 exhibited an extraordinary delivery performance in 
cultured cell lines, such as HeLa, A549, as well as the hard-to-
transfect HCT116. Gene delivery to primary cells is always a 
challenge for any reagent-based transfection or electroporation. 
Thus, it was interesting to notice that NH2-SSN-2 allowed 
highly efficient delivery in murine BMDMs (nearly 100%) and 
primary MEF (more than 70%), which were otherwise particu-
larly challenging for all nucleic acid delivery approaches in all 
labs (Fig. 2C). It indicated that the SSN with appropriate spike 
length (NH2-SSN-2) could be employed as delivery vectors to 
target a broad range of cell types.

Western blotting assay was conducted to semiquantitatively 
analyze the heterogeneous nuclear ribonucleoprotein A2/B1 
(hnRNPA2B1) protein levels in the hard-to-transfected MEFs. 
As shown in Fig. 2D and Fig. S4G, it was not surprising to see 
a negligible reduction in lipofectamine-transfected MEFs be
cause of the poor transfection efficiency. Reduced hnRNPA2B1 
protein level was detected in NH2-SSN-2-transfected groups 
when compared with the nontreatment control (NTC) group, 
the bare nanoparticles group (NH2-SSN-2), and RNAiMAX-
treated group. It indicated that NH2-SSN-2 could deliver siRNA 
inside the cytosol and release siRNA to realize its function. 
Moreover, the expression of hnRNPA2B1 protein when scram-
ble siRNA was used and results show that there is no intrinsic 
effect of the formulation on hnRNPA2B1 expression. Similar 
results were found in other cell lines (such as A549 cells, Fig. 
S4H), revealing a broad target range of NH2-SSN-2.

siRNA loading capability and protection 
performance of NH2-SSN-2
To explore the delivery capability of NH2-SSN-2 in detail, its 
binding affinity toward siRNA was estimated by gel retardation 
assay [19]. As shown in Fig. 2E, a complete electrophoretic shift 
can be observed for free siRNA. No release of siRNA molecules 
was observed even at the high amount of siRNA (0.08 nmol), 
indicating that NH2-SSN-2 effectively encapsulated siRNA. The 
encapsulation rate is 1.3 ± 0.1 μmol /g (siRNA per NH2-SSN-2). 
Furthermore, it demonstrated that the siRNA loading capability 
is highly related to the surface spike length, as shown in Fig. S5, 
where siRNA loading capability decreased with the decrease of 
surface spike length. To evaluate whether the surface spikes of 
NH2-SSN-2 can protect the loaded siRNA, fresh murine plasma 
was used to mimic physiological environments. As shown in Fig. 
2F and G, it is interesting to observe that NH2-SSN-2 showed 
great protection of siRNA in plasma, and the elimination half-
life (t1/2) of NH2-SSN-2 loaded siRNA (7.5 h) was significantly 
longer than naked siRNA (0.7 h). It is inferred that the pore size 
of NH2-SSN-2 (8.1 nm) is smaller than the size of ribonuclease 
(~10 nm) [35], and the siRNA molecules are hidden sterically 
behind the spikes, which eventually provide strong protection 
on the loaded siRNA molecules. It implied that NH2-SSN-2 
could function as advanced siRNA delivery vectors with high 
loading capacity, robust delivery performance, and extraordi-
nary protection performance.

Repeated treatment of siRNA for long-term studies
Compared to shRNA, siRNA transfection is convenient but 
limited for long-term studies, because transfected siRNA will 
be diluted into daughter cells with cell proliferation. It has been 

demonstrated that repeated treatment of gene vectors can ensure 
the therapeutic effect over several entire cell proliferation cycles, 
especially the mitotic stage where the highest delivery efficacy 
can be obtained [36–38]. However, most commercial reagents 
would influence cell growth and proliferation during repeated 
treatment, even though their cytotoxicity is almost negligible in 
a single usage. Therefore, the advanced delivery property of 
NH2-SSN-2 was shown in a repeated treatment assay for up to 
8 d in MEF cells, which are very sensitive to cytotoxicity.

As a demonstration, hnRNPA2B1 in the nucleus, stimulator 
of interferon genes (STING) on the endoplasmic reticulum, and 
the house-keeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) in the cytoplasm were selected as the targeting 
gene (Fig. 3A). Noticeably, GAPDH is an excellent candidate in 
Western blotting analyses as an internal loading control due to 
its stable expression in almost all tissues [39]. Transfection com-
plexes were added into the cell culture medium every 48 h (Fig. 
3B). Marked cell viability reduction appeared in Lipo3000 in
cubated groups after 144-h treatment (Fig. 3C), indicating the 
cytotoxicity of Lipo3000 during repeated treatment. As shown 
in Fig. 3D, a reduction of GAPDH protein was detected in both 
groups 48 h post-transfection. With repeated treatment, it could 
be seen that a gradual knockdown of GAPDH protein was 
achieved. Only a limited amount of GAPDH protein can be 
detected after 3 repeated transfections. It demonstrated the 
feasibility of NH2-SSN-2 as a repeated treatment agent to realize 
sustained gene knockdown. Similar observations were found 
for hnRNPA2B1 and STING genes (Fig. 3E and F). Moreover, 
the knockdown performance was statistically analyzed by mea
suring the gray values of the Western blotting results, which 
further supported the above observations (Fig. S6).

Cellular internalization of NH2-SSN-2
To gain detailed cellular internalization information for NH2-
SSN-2, a time-course analysis was performed to conduct the cel
lular uptake of nanoparticles. As shown in Fig. 4A, cells started 
to internalize NH2-SSN-2/FAM-siRNA complexes as early as 
2 h post-incubation. In the meantime, the loaded FAM-siRNA 
started to release from NH2-SSN-2 as pointed out by arrows in 
the image. A large amount of FAM-siRNA could be successfully 
delivered inside the cytosol after ~4 to 6 h of incubation, demon-
strating the efficient internalization performance of NH2-SSN-2 
(other incubation time intervals in Fig. S7). Nearly no green fluo
rescence was found in cells at 4 °C even after incubation for ~6 h, 
indicating that the cellular uptake was an energy-dependent pro
cess, e.g., endocytosis, rather than passive diffusion [40–43].

A consensus is currently developing for 5 major types of endo-
cytosis: clathrin-coated pit-mediated endocytosis (CME, clathrin 
and dynamin-dependent), fast endophilin-mediated endocytosis 
(FEME, clathrin-independent but dynamin-dependent), clathrin-
independent carrier (CLIC)/glycosylphosphatidylinositol-
anchored protein enriched early endocytic compartment (GEEC) 
endocytosis (clathrin and dynamin independent), micropino
cytosis, and phagocytosis [44]. In the presence of various in
ternalization inhibitors, representative fluorescence images 
(Fig. S8A) and the quantitative measurement of intracellular 
amounts of FAM-siRNA (Fig. S8B) demonstrated the cellular 
uptake of Rhodamine B isothiocyanate (RITC)-labeled NH2-
SSN-2, and the successful delivery of FAM-siRNA, with no marked 
toxic effects, were observed using the inhibitors under selected 
treated amounts (Fig. S8C). The corresponding hnRNPA2B1 
knockdown performance was shown in Fig. 4B. It was noted 
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that hnRNPA2B1 protein was significantly reduced under the 
treatment by siRNA-loaded NH2-SSN-2, whereas it was rescued 
by dynasore/EIPA but not by other internalization inhibitor 
treatments, indicating a dynamin-dependent pathway [44].

To study how the amino-modified SSN-2 interacts with lipid 
membranes, we carried out molecular dynamics (MD) simulations 
of 4 NH2-SSN-2-membrane systems using predefined single-lipid-
component membranes, i.e., 1-palmitoyl-2-oleoyl-sn-glycero-3- 

Fig. 2. Cellular internalization of siRNA-loaded nanoparticles. SiRNA loading and protection performances. Green fluorescence-labeled siRNA (FAM-siRNA) was loaded 
on the amino-modified silica nanoparticles and directly added into the culture medium. (A) Fluorescence images of RNA delivery by various silica nanoparticles loaded 
with FAM-siRNA in HEK-293T after incubation for 6 h. (B) Flow cytometry evaluation of the delivery efficacy of NH2-SSNs in HEK-293T cells. (C) Fluorescence images 
of RNA delivery by NH2-SSN-2 in various cell lines after incubation for 6 h. (D) Gene knockdown by NH2-SSN-2-loaded siRNA. MEF cells were transfected with indicated 
formulations for 48 h, and 20 μg of cellular lysates was assayed by Western blotting. NTC (lane 1), bare NH2-SSN-2 (lane 2), Lipo3000 loaded with scramble siRNA (siNC) 
(lane 3) and hnRNPA2B1 siRNA (lane 4), NH2-SSN-2 loaded with siNC (lane 5) and hnRNPA2B1 siRNA (lane 6), RNAiMAX loaded with siNC (lane 7) and hnRNPA2B1 siRNA 
(lane 8). The gray intensities of hnRNPA2B1 were estimated using ImageJ and normalized to β-actin. The relative gene expression was labeled. (E) Gel-retardation assay 
of NH2-SSN-2 (100 μg) with various siRNA amounts. A constant amount of NH2-SSN-2 (100 μg) was mixed with various amounts (0 to 0.16 nmol) of siRNA, respectively. 
(F) The protection ability of NH2-SSN-2 on siRNA in plasma. The siRNA or NH2-SSN-2-loaded siRNA was added to mouse plasma at room temperature, and the siRNA 
degradation results were determined by gel shift assay and analyzed by ImageJ. (G) Calculated half-lives (t1/2) of the 2 formulations were analyzed through the siRNA 
degradation results and calculated by GraphPad Prism 8 software. All experiments were performed in triplicate. Results were analyzed by a 2-tailed t test and presented 
as means ± SD, n = 3. ***, P < 0.001.

D
ow

nloaded from
 https://spj.science.org on February 08, 2023

https://doi.org/10.34133/research.0014


Fu et al. 2022 | https://doi.org/10.34133/research.0014 6

phosphatidylethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DMPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC), and 1,2-dipalmitoyl-sn-glycero- 
3-phosphocholine (DPPC) (Fig. 4C to E). It was shown that, 
even with POPE lipid bilayer, there was no apparent fusion 
of the SSN-2 with membranes, suggesting that an active trans-
port mechanism would be needed to facilitate the entry of the 
nanoparticle (more details could be found in Fig. S9). Together 
with the unsuccessful internalization at 4 °C (Fig. 5A) and the 
successful inhibition by internalization inhibitors, it clearly in
dicated that NH2-SSN-2 entered cells via energy- and dynamin-
dependent manner.

Cytosol release of NH2-SSN-2-loaded siRNA
To further explain the high nucleic acid delivery performance 
of NH2-SSN-2 in cells, the subcellular localization of FITC-
labeled nanoparticles and FAM-siRNA were examined in MEF 
cells (Fig. 5A and B). After 6-h incubation, some of the FAM-
siRNA/nanoparticles formed a cycle around the cell surface, 
suggesting these formulations could first adhere to the cell sur-
face, while some of the delivery vectors were observed internal-
ized into the cytosol for SSNs-based delivery vectors. However, 
no green signals were found in NH2-DMSN-treated cells, imply-
ing the failure of the cellular uptake of DMSN (Fig. 5A, lane 4). 
Merged peaks in the curve and colocalized green and red dots 
were found in NH2-SSN-1-treated cells, suggesting that FAM-
siRNA failed to dissociate from NH2-SSN-1 (Fig. 5A, lane 1). 
Surprisingly, abundant green dots and diffused red fluorescence 
were found in NH2-SSN-2-treated cells, indicating a successful 
siRNA release from nanocarriers (Fig. 5A, lane 2). Although 
siRNAs could easily be released from NH2-SSN-4 (Fig. 5A, lane 

3), the nucleic acid delivery efficiency was poor because it could 
not load enough siRNAs (Fig. S5). It suggested that the surface 
spike length was related to siRNA loading abilities and siRNA 
release. It demonstrated that the high nucleic acid delivery per-
formance of NH2-SSN-2 was related to its high cellular internal-
ization capability and siRNA release. The separated subcellular 
localization of NH2-SSN-2 and late endosomes/lysosomes marker 
(CD63) indicated successful endosomal escape (Fig. 5C), which 
avoided the rapid degradation of RNAs in cells. The release of 
siRNA from NH2-SSN-2 is further semiquantitatively analyzed 
by measuring the percentage of colocalization/ separated red 
and green signals in over 20 cells (Fig. S10). It is shown that FAM-
siRNA starts to release from the late endosomes/lysosomes after 
2 h of incubation and has almost totally released after 6 h of 
incubation.

Gene delivery via NH2-SSN-2 in vivo
Given the excellent protection ability in murine plasma, we 
believed that NH2-SSN-2 could silence gene expression in vivo. 
We tested NH2-SSN-2/FAM-siRNA complexes in mice. As shown 
in Fig. S11, a strong increase of the FAM green fluorescence was 
observed after the NH2-SSN-2/FAM-siRNA complexes injection. 
To further estimate the in vivo silencing efficiency of NH2-SSN-2 
delivered siRNA, we evaluated the STING gene knockdown in 
mice. STING plays a vital role in immunity and inhibiting STING 
may be potentially therapeutic for inflammatory treatments 
[45,46]. As shown in Fig. 6A to C, STING protein and mRNA 
were reduced in white blood cells. Afterwards, the STING mRNA 
in the various organs was assayed after perfusing by phosphate-
buffered saline (PBS). It is observed that the NH2-SSN-2/STING-
siRNA complex exhibited a certain degree of accumulation in 

Fig. 3. Repeated treatment of siRNA. (A) Subcellular locations of 3 indicated genes. (B) Schematic illustration of the repeated treatment. (C) Cell viability of MEF cells after 
repeated treatment. Results were presented as means ± SD and analyzed by 1-way ANOVA. ***, P < 0.001, n = 3. (D to F) Reduced protein levels in MEF cells after repeated 
treatment. Twenty micrograms of cellular lysates was assayed by Western blotting using indicated antibodies. Experiments were repeated at least 3 times. The gray intensities 
of GAPDH, hnRNPA2B1, and STING were estimated using ImageJ and normalized to β-actin. The relative gene expression was labeled.
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the liver. Fluorescence images (Fig. 6D) further confirmed the 
liver accumulation of NH2-SSN-2. We also estimated the toxicity 
of NH2-SSN-2 by assessing acute toxicity in vivo. It demonstrated 

no marked difference between PBS and NH2-SSN-2 treatment 
groups within 2 weeks after injection. No mice died and no ob
vious weight loss was observed even though the NH2-SSN-2 

Fig. 4. Cellular internalization behavior. (A) Time-dependent fluorescence images of FAM-siRNA delivery by NH2-SSN-2 in MEF cells after incubation at 37 °C/4 °C for 0 to 6 h. 
The cell membrane was stained with DiI (red). (B) In vitro determination of relative hnRNPA2B1 and β-actin protein levels in cells transfected with NH2-SSN-2 in the presence 
of various internalization inhibitors. Twenty micrograms of cellular lysates were assayed by Western blotting. The gray intensities of hnRNPA2B were estimated using ImageJ 
and normalized to β-actin. The relative gene expression was labeled. Experiments were repeated at least 3 times. 2-DG (pan-inhibitor of energy-dependent endocytosis), 
MβCD (inhibitor of lipid rafts/cholesterol-enriched microdomains/caveolae pathway), Chloroquine (CME inhibitor), 7-KC (CLIC/GEEC inhibitor), dynasore (CME and FEME 
inhibitor), EIPA (macropinocytosis inhibitor). (C) Interaction of spike silica nanoparticles (SSN-2) with different lipid bilayers; (from left) SSN-2-POPE, SSN-2-DMPC, SSN-2-
POPC, SSN-2-DPPC after 100-ns MD simulations (SSN-2 and lipids are shown in elemental ball-and-stick representation, Na+ and Cl− ions, and water molecules are hidden 
for clarity). (D) The distance between the silica atom (Si973) on the tip of the SSN-2 spike to the closest lipid C2 atom in the upper leaflet of the lipid bilayer during the 100-ns 
MD simulation. (E) The total interaction energy was calculated as the sum of electrostatic and van der Waals interactions between the SSN-2 and the studied lipid membranes 
during the 100-ns MD simulation.
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dose was at 400 mg/kg (Fig. S12), which was 20 times higher 
than its effective knock-down dose in vivo. The morphology 
and hematoxylin-eosin (H&E) staining showed that NH2-SSN-2 
nanocarriers induced no necrosis or apoptosis in major organs 
under 200 mg/kg (Fig. 6E). However, marked tissue edema and 
infiltration of inflammatory cells appeared in the lung at a dose 
of 400 mg/kg. It suggested that NH2-SSN-2 was an efficient deliv-
ery agent and promising for future delivery of siRNA in vivo.

Discussion
In summary, a series of SSNs have been successfully fabricated 
through a 1-pot surfactant-free competitive epitaxial growth 
approach. The obtained nanoparticles exhibit uniform parti
cle size (~200 nm) and, most importantly, easily tunable spike 
lengths. It is first demonstrated that the length of surface spikes 
can greatly influence siRNA loading and release performance, 
and longer surface spikes have higher loading and less release 
of siRNA. Taking advantage of the tunable spike lengths of SSNs, 
we have demonstrated that amino-modified SSNs with appropri-
ate spike lengths (~40 nm, NH2-SSN-2) exhibit an extraordinary 
siRNA protection capability and siRNA delivery performance 
both in vitro and in vivo.

Our studies provided new evidence that the proposed syn-
thetic strategy can efficiently modulate the surface spike struc-
ture of silica nanoparticles. Though previous research reported 
the synthesis of silica nanoparticles with spikes on the surface 
[19,20,23], fine control of the spike length remains a challenge 
due to the lack of efficient strategies. Our proposed fabrication 
strategy can easily control the relative condensation kinetics 
of the reactants by controlling the precursors’ adding sequence 
and delay addition time interval, which eventually controls the 
length of surface spikes. For previous studies, the spikes are 
modulated by reaction time, where the spikes grow very fast at 
first and difficult to control their spike lengths. Moreover, ben-
efiting from the developed new approaches, it is possible to 
prepare silica nanoparticles with the controlled length of sur-
face spikes, and it is revealed that the length of surface spikes 
has a substantial impact on RNA delivery efficacy and surface 
spikes with certain lengths have the best RNA delivery efficacy. 

Besides, understanding how these nanoparticles are internal-
ized by cells and then processed within the cells is critical for 
a delivery system. We explored the cellular uptake pathway of 
NH2-SSN-2 via computer simulation and biological approaches. 
It was found that NH2-SSN-2 was internalized through dynam-
in-dependent endocytosis (Fig. 5), which provides the theo-
retical basis for the subsequent development of new delivery 
systems. We believe that this study provides an important new 
step toward the application of siRNAs as therapeutic agents 
by providing a new delivery platform with enhanced delivery 
performance, especially in vivo. Our results indicate that NH2-
SSN-2 loaded with siRNA has good clinical translation poten-
tial with good stability and biosafety.

Materials and Methods

Cell culture and reagents
HeLa, HepG2, and 293T cells were cultured in Dulbecco's mod-
ified Eagle medium (DMEM). B16F10 cells were cultured in 
RPMI 1640. All culture mediums were supplemented with 
10% (v/v) fetal bovine serum (FBS), 5 μg/ml of penicillin and 
10 μg/ml of streptomycin. BMDMs were generated as described 
[1]. Briefly, bone marrow from the tibia and femur was flushed 
out by PBS and cultured in 10 ml of complete medium (DMEM 
supplemented with 20% heat-inactivated FBS and 20 ng/ml 
granulocyte-macrophage colony-stimulating factor) at 37 °C for 
7 d. MEFs were harvested according to the standard protocol 
[2]. Briefly, the mouse whole embryo (E13.5) was isolated. Heads 
and viscera were removed. The remaining bodies were washed 
in PBS and transferred to 35-mm petri dishes, minced with scis-
sors, and digested with 0.25% trypsin/EDTA (1 mM) for 5 to 
10 min at 37 °C. Following digestion, 1 to 3 ml of DMEM, sup-
plemented with 10% FBS and 5 μg/ml of penicillin and 10 μg/ml 
of streptomycin, were added. The tissue was pipetted up and 
down to get a single-cell suspension. All cells were maintained 
in an incubator with a humidified atmosphere of 5% CO2 at 37 °C.

Primary antibody hnRNPA2B1 (sc-374053) was purchased 
from Santa Cruz Biotechnology. The STING (#13647), CD63 
(#55051), β-actin (#4970), and GAPDH (#5174) antibodies 

Fig. 5. Endosomal escape. The nanoparticles and siRNA were labeled with RITC (red) and FAM (green), respectively. The nucleus was stained with DAPI (blue). (A) Fluorescence 
images of FAM-siRNA delivery by NH2-SSN-1 (long surface spikes), NH2-SSN-2 (moderate surface spikes), NH2-SSN-4 (short surface spikes), and no surface spike NH2-DMSN 
in MEF cells. (B) Distribution of the 3 fluorescence along the dashed lines in the merged images from (A). Nanoparticle (red), RNA (green), and nucleus (blue). (C) Cellular 
internalization of NH2-SSN-2 in MEFs.CD63 is a biomarker of late endosomes/lysosomes.
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Fig. 6. In vivo siRNA delivery performances. (A) STING and β-actin protein levels in white blood cells from 3 individuals. NH2-SSN-2 loaded siRNA formulation was intravenously 
injected. White blood cells were collected from each mouse at 6 h post-injection. Forty micrograms of cellular lysates was assayed by Western blotting. siNC, nontarget control 
siRNA. The gray intensities of GAPDH, hnRNPA2B1, and STING were estimated using ImageJ and normalized to β-actin. The relative gene expression was labeled. (B) In vivo 
knockdown efficacy of STING gene by NH2-SSN-2-based formulation with comparison to NTC. Results were presented as means ± SD and analyzed by a 2-tailed t test. **, 
P < 0.01, n = 3. (C) In vivo knockdown efficacy of STING gene in various organs. Results were presented as means ± SD and analyzed by 2-tailed t test, **, P < 0.01; ns, not 
significant; n = 5. (D) Fluorescence images showing the targeting property of NH2-SSN-2 toward major organs in mice. (E) Representative results for H&E staining in major 
organs from mice treated with various doses of NH2-SSN-2.
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were purchased from Cell Signaling Technology (Denver, MA, 
USA). The secondary antibody goat anti-rabbit (111-035-003) 
and goat anti-mouse (115-035-003) were purchased from 
Jackson ImmunoResearch (West Grove, PA, USA). The fluo-
rescence secondary antibody, Alexa Fluor plus 488 (A-11008), 
the Lipofectamine 3000, and RNAiMAX were purchased from 
Thermo Fisher Scientific (Carlsbad, CA, USA). The 2-deoxy-
d-glucose (2DG), chloroquine, dynasore, Methyl-β-cyclodextrin 
(MβCD), cytochalasin dand amiloride (EIPA) were purchased 
from Titan Scientific Co., Ltd (Shanghai, China). The 7-keto-
cholesterol (7-KC) was purchased from Tsbiochem Scientific 
Co., Ltd (Shanghai, China). The Resazurin cell viability kit 
was purchased from Thermo Fisher Scientific (Carlsbad, CA, 
USA). VECTASHIELD antifade mounting medium with 4',6- 
diamidino-2-phenylindole (DAPI) was purchased from Vector 
Laboratories (Burlingame, CA, USA). The cell plasma membrane 
staining kit with DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethylin-
docarbocyanine perchlorate) was purchased from Beyotime 
Biotechnology (Shanghai, China). All kits were used following 
the manufacturer's instructions.

The following primer pairs were used in real-time quantita-
tive polymerase chain reaction (PCR) as listed. For mouse 
STING gene, 5′-TCAGTGGTGCAGGGAGCCGA-3′ (F) and 
5′-CGCCTGCTGGCTGTCCGTTC-3′ (R); for mouse 18S ribo-
somal RNA gene, 5′-ATTGACGGAAGGGCACCACCAG-3′ 
(F) and 5′-CAAATCGCTCCACCAACTAAGAACG-3′ (R). The 
siRNA sequences used in this study are listed as follows. 5′- 
CCACAGAAGAAAGTTTGAGTT-3′ for mouse hnRNPA2B1. 
5′-CTTTGGTGGTAGCAGGAAC-3′ for human hnRNPA2B1. 
5′-CCAACAGCGUCUACGATT-3′ for mouse STING. 5′- 
UGACCUCAACUACAUGGUUTT-3′ for GAPDH. The nonsense 
sequence 5′-TTCTCCGAACGTGTCACGT-3′ was used as a 
nontarget siRNA. For FAM-labeled siRNA (FAM-siRNA), FAM 
was conjugated with nonsense RNA at the 3′ end. siRNA targeting 
enhanced green fluorescent protein is a kind gift from Dr. Lin.

The synthesis of SSNs with various spike lengths
SSN-1 was synthesized via a facile 1-pot self-assembly co-
condensation process. In a typical synthesis, 2 ml of TEOS was 
added to an aqueous solution composed of ethanol, distilled 
water, ammonium hydroxide, and ethylenediamine. After
wards, AP and formaldehyde F solution were added to the 
above solution. After reaction for 5 h, the product was har-
vested by centrifugation. Finally, SSN-1 was obtained after 
calcination in air. For the synthesis of SSNs with various spike 
lengths, TEOS was firstly added to the aqueous solution. After 
various time intervals (5 min for SSN-2, 10 min for SSN-3, and 
20 min for SSN-4), AP and F were then added to the reaction 
solution. After centrifugation, drying, and calcination in air, 
SSN-2, SSN-3, and SSN-4 could be prepared.

The synthesis of large pore DMSNs
DMSNs were prepared according to the reported literature with 
minor modifications [3,4]. In a typical synthesis, 0.14 g of trieth-
anolamine was added to 50 ml of water, which was stirred at 
80 °C in an oil bath for 15 min. Afterwards, 336 mg of sodium 
salicylate (NaSal) and 760 mg of cetyltrimethylammonium bro-
mide was added to the above solution. The solution was contin-
uously stirred for another h. Then, 5 ml of TEOS was added to 
the above solution and DMSNs were harvested by centrifugation 
after 2 h of reaction. Finally, the DMSNs were calcined at 550 °C 
in air to remove the surfactants.

Grafting of amino group on silica nanoparticles
Four milligrams of silica nanoparticles were dissolved in 1 ml 
of ethanol solution and sonicated for 15 min. Afterwards, 
(3-aminopropyl) triethoxysilane was added to the above ethanol 
solution and stirred for 24 h. The amino-modified silica nano
particles were collected by centrifugation and washed with 
ethanol several times. The amino-modified silica nanoparticles 
were named as NH2-SSN-1, NH2-SSN-2, NH2-SSN-3, NH2-
SSN-4, and NH2-DMSN for SSN-1, SSN-2, SSN-3, SSN-4, and 
DMSNs, respectively.

Theoretical calculation of the surface spike length 
of SSNs
The relationship between the surface spike length and the delay 
addition time interval of AP and F solution were theoretically 
calculated for the synthesis. During the theoretical calculation, 
we made the following assumptions: (1) TEOS were added to 
the reaction solution at the time point of “0”, AP and F solution 
was added to the reaction solution at the time point of “t”. (2) 
In total, the number of nanoparticles yielded in the reaction 
solution was “N” regardless of the delay addition time interval 
and it kept consistent during the synthesis. (3) During the 
reaction, the silica spikes grow vertically on the surface of the 
in situ generated silica cores and the structure of the spikes 
was simplified as uniform cylinder structures. On the basis of 
the above assumptions, the relationship between the total 
amount of Si (M) and the consumed amount (m (t)) to gen-
erate silica cores are calculated by rate reaction equation, 
which can be written as:

m (t) can be derived from Eq. 1 as:

where k is a constant.
The radius of the silica core particles are “R” with the mate-

rial density of “ρ”, therefore,
 
m(t) = N ⋅
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                                  (3)

This yields for the average radius of the nanoparticles:

Since the total Si amount in all the spikes is:

The number of spikes in each nanoparticle is calculated as:

Where μ is the distribution density of spikes on the core surface.
Furthermore, the mass of each spike is calculated as:
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Afterwards, the length of spikes can be calculated from Eq. 7 as:

Where γ is the ratio between the mass and length of a spike.
Furthermore, the length of the surface spikes can be calcu-

lated as:

Where C is a constant, and C =
��

4�N

(
3M

4��N

) 2
3

,

With input the measured data from Fig. S1, C is calculated 
to be 1.522, and k is calculated to be 0.003157. Therefore, the 
length of the surface spikes can be calculated as:

Characterizations of SSNs
TEM measurements were conducted on a JEOL-1010 (Tokyo, 
Japan) microscope. Micromeritics Tristar 3000 system was used 
to characterize the nitrogen adsorption/desorption experiments 
at 77 K. Before the nitrogen adsorption/desorption measure-
ments, samples were pretreated under a vacuum line at 120 °C 
for 12 h. Specific surface areas were calculated by the Brunauer-
Emmett-Teller method through the adsorption data at rela-
tive pressure (P/P0) range of 0.05 to 0.35. Pore-size distribution 
curves and the total pore volumes of the samples were obtained 
by the Barrett-Joyner-Halenda method through the adsorption 
branches of the isotherms. Furthermore, the total pore volume 
was calculated from the amount of nitrogen adsorbed at the 
relative pressure (P/P0) of 0.99.

Cell transfection
NH2-SSNs were dissolved in diethylpyrocarbonate-treated water 
at the final concentration of 10 mg/ml. In separate tubes, 20 μl 
of dissolved NH2-SSNs and 100 pmol of siRNA were diluted in 
100 μl of serum-free medium, respectively. The diluted siRNA 
was added to the diluted NH2-SSNs and incubated at room tem-
perature for 15 min. Then, 200 μl of mixture was added to the cul
ture medium, respectively. The commercial siRNA transfection 
reagent was used following the manufacturer’s instructions.

For repeated treatment, MEF and 293T cells were transfected 
with NH2-SSN-2/siRNA, Lipo3000/siRNA, and RNAiMAX/
siRNA, respectively. Afterwards, transfected cells were cultured 
and divided into 3 equal parts every 48 h. One part was repeat-
edly transfected. The left 2 parts were used to evaluate gene 
knockdown efficiency and cell viability. For cell viability assay, 
cells were incubated for 4 h with 1 mg/ml resazurin solution 
(10 μl), and then the fluorescence intensity was measured using 
a SpectraMax M3 microplate reader (Molecular Devices, San 
Jose, CA, USA) at an excitation wavelength of 544 nm and emis-
sion wavelength of 595 nm [5].

To estimate gene delivery efficiency, transfected cells were 
evaluated with flow cytometry analysis performed by a BD 
FACSAria II flow cytometer (BD Biosciences, San Diego, CA, 
USA). A total of 104 gated events were acquired per sample. 
Data were analyzed with FlowJo_V10 software (10.5.4).

Microscopy assay
MEF, HeLa, HepG2, 293T, and BMDM cells were seeded in 
6-well plates (1 × 105 cells per well) for 12 h. A concentration 
of 100 μg/ml NH2-SSNs/FAM-siRNA was added and incu-
bated with the cells for 0, 2, and 6 h, respectively. After washing 
3 times to remove nonbinding particles, cells were fixed with 
4% paraformaldehyde and visualized on ZEISS Vert.A1 fluo-
rescence microscope (Carl Zeiss, Heidenheim, Germany).

Immunofluorometric assay
MEF and HepG2 cells were grown on coverslips for 12 h. After 
treatment with NH2-SSNs, cells were washed with PBS and 
fixed with 4% paraformaldehyde. The cells were permeabilized 
in 0.5% v/v Triton X-100 in PBS and blocked by 5% bovine 
serum in PBS. Then, the cells were incubated with the primary 
antibodies (1:100) overnight and incubated with secondary 
antibodies (1:2000) for 60 min. After being sealed with the 
VECTASHIELD mounting medium with DAPI cells were 
visualized on the Leica TCS SP8 STED confocal microscope 
(Leica Microsystems, Weztlar, Germany). Images were ana-
lyzed by ImageJ and ZEN Imaging Software.

RT-PCR and quantitative PCR analysis
Total RNA was isolated using TRIzol reagent (Takara, Japan) 
according to the manufacturer’s instructions. One microgram 
of total RNA was converted into complementary DNA with 
random primers and Superscript III reverse transcriptase 
(Takara, Japan). PCR was performed with gene-specific primer 
sets. Quantitative real-time PCR was performed with SYBR 
green (Roche, Switzerland) incorporation on the LightCycler 
96 System (Roche, Switzerland). 18S ribosomal RNA was used 
as internal control, and the data were presented as accumula-
tion index (2−△△Ct) [6].

Gel shift assay
NH2-SSNs (100 μg) were mixed with the indicated amount of 
siRNA. The mixture was incubated for 30 min at room tem-
perature, mixed with loading dye, and submitted to gel shift 
assay. The siRNA binding ability of NH2-SSNs was measured 
by gel shift assay as previously described. The polymer/siRNA 
ratios were electrophoresed in a 2% agarose gel containing 
GeneGreen at 35 V in the tris-acetate-ethylenediamine tetraacetic 
acid solution [7]. For the protection ability analysis, peripheral 
blood was isolated from healthy C57BL/6 mice and centrifuged 
at 12000×g for 5 min to collect plasma. The naked siRNA or 
siRNA/NH2-SSN-2 mixture was incubated with plasma at 37 °C 
and then submitted for gel shift assay. Data quantification was 
performed using ImageJ.

Western blotting
Tissues or cells were homogenized in lysis buffer (BioRad, 
Hercules, CA, USA) with proteinase and phosphorylase inhib-
itor cocktail (Thermo Fisher Scientific, Carlsbad, CA, USA), 
centrifuged for 15 min (12,000 rpm, 4 °C). The protein con-
centration was determined using the BCA Protein Assay Kit 
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(SolarBio, Beijing, China). Twenty micrograms of total protein 
was subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred onto PVDF membranes. The 
primary antibodies were diluted in tris-buffered saline with 
Tween solution buffer following the manufacturer's instruc-
tions and incubated with membranes overnight at 4 °C. The 
horseradish peroxidase-conjugated secondary antibodies were 
diluted at 1:1,000. Membranes were visualized by using the 
ECL Western blotting reagent (Tanon, Shanghai, China). The 
gel was normalized by ImageJ software (National Institutes of 
Health, USA).

Animal assay
All animal experiments were undertaken in accordance with 
the National Institute of Health Guide for the Care and Use of 
Laboratory Animals, and all procedures were approved by the 
Committee of Experimental Animals of the Ocean University 
of China. C57BL/6 mice were purchased from Beijing Vital 
River Laboratory Animal Technology Co (Beijing, China). To 
generate xenograft models, B16F10 cells (1 × 105 cells/injection) 
were inoculated via subcutaneous injection into 6-week-old 
C57BL/6 male mice. On day 11 after injection, mice were given 
an intratumoral injection of PBS (control), FAM-siRNA, and 
FAM-siRNA-loaded NH2-SSNs, respectively. After 6 h, the mice 
were euthanized. Tumors were dissected, frozen sliced, and ob
served under a ZEISS Vert.A1 fluorescence microscope (Carl 
Zeiss, Heidenheim, Germany).

For STING knockdown in vivo, the 6-week-old C57BL/6 
male mice were randomly divided into 2 groups and intrave-
nously injected with 200 μl of PBS (control), and STING siRNA 
(4 μg) loaded NH2-SSNs, respectively. After 24 h, mice were 
euthanized and the blood was collected. Subsequently, the red 
blood cell was removed by Red Blood Cell Lysis Buffer (R1010, 
SolarBio, Beijing, China) for 15 min. After centrifugation at 
2,000 rpm, the white blood cell was collected. The heart, liver, 
lung, kidney, and brain were collected after perfusing by PBS. 
Total RNA was isolated using TRIzol reagent and the STING 
RNA level was evaluated by qRT-PCR.

For biodistribution of NH2-SSN-2, Cy5-siRNA (100 pmol) 
loaded NH2-SSN-2 (200 μg) in 200 μl of PBS was administrated 
intravenously via the tail vein. After 1 h, the mice were sacri-
ficed. The major organs including heart, liver, spleen, lung, and 
kidney were collected and visualized by using the Lumina 
IVIS III Imaging System (PerkinElmer, Waltham, MA, USA) 
at excitation = 620 nm and emission = 670 nm.

For cytotoxicity and biocompatibility of NH2-SSN-2 in vivo, 
the 6-week-old C57BL/6 male mice were intravenously injected 
with 200 μl of PBS (control) and NH2-SSN-2 (final concentra-
tion is 100, 200, and 400 mg/kg). The body weight was measured 
every day. After 14 d, the mice were euthanized and the major 
organs were collected in 4% Paraformaldehyde. The H&E stain-
ing was supported by Serivebio (Wuhan, China).

Modeling the SSN structure
To prepare an atomistic miniature model of a SSN (diameter 
of 4 to 5 nm), the structures of the initiator and terminator end 
groups and the monomer unit were sketched using the struc-
ture of orthosilicic acid. The polymer chains of 1 to 5 nm were 
grown using the Polymer Builder tool of Schrödinger’s Materials 
Science Suite (Schrödinger, LLC, New York, NY, 2021). The 
repeating units of this polymer structure were created along 
the X, Y, and Z axis using the 3D Builder Panel. Using the 

Nanoparticle Builder Panel, a 1- to 2-nm spherical nanoparticle 
was created. The silica atoms of the orthosilicic acid mole-
cules were bridged with each other via the oxygen atoms of the 
hydroxyl groups (Si–O–Si). The terminal hydroxyl groups 
(Si–OH, silanol groups) were left on the surface of the nano-
particles. At specified distances (1.1 to 1.2 nm), 8 spike-like pro
jections of orthosilicic acid were created by sketching. To create 
the amino-functionalized SSN-2, 2-aminoethyl silane groups 
were grown over the surface of the nonfunctionalized SSN-2 by 
covalent linking to silanol groups on the outer surface. The 
clashes between Si–O–Si and Si–OH atoms were removed by 
energy minimization of the structure using the 3D Builder Panel 
at each step.

MD simulations
To prepare a simulation system of an SSN-2 with our different 
types of lipid bilayers, i.e., POPE, POPC, DMPC, DPPC, the 
System Builder panel of the Desmond module was used 
(Schrödinger Release 2021-4: Desmond Molecular Dynamics 
System, D. E. Shaw Research, New York, NY, USA, 2021. 
Maestro-Desmond Interoperability Tools, Schrödinger, New 
York, NY, USA, 2021) [8]. The position of the membrane was 
adjusted, keeping a distance of 20 Å from the apex of the SSN-2 
to the C2 atoms of the membrane. For each system, an ortho
rhombic unit cell of 20x20x20 Å3 box size and periodic bound-
ary conditions were used.

Each SSN-2-membrane containing system was submitted 
to a 100-ns MD simulation. The simulations were performed 
in the OPLS4e force field using the Molecular Dynamics Panel 
of Desmond [9]. The simulation systems were relaxed using a 
6-stage membrane relaxation protocol. Briefly, the relaxation 
protocol involved 100 ps of Brownian dynamics (BD) at 10 K 
to remove steric clashes, followed by a short 20-ps BD simula-
tion at 100 K and 1000 bar pressure in the NPT ensemble with 
a water barrier and the membrane restrained in the Z direction. 
In the third stage, a 100-ns MD simulation at 100 K was carried 
out using a water barrier and the NPγT ensemble with restrains 
on the membrane. In the fourth stage, the system was heated 
from 100 to 300 K in the NPγT ensemble with a gradual release 
of restraints for 150 ps. In the fifth stage, a 50-ns MD simulation 
in the NVT ensemble was performed with restrained heavy 
atoms at 300 K, followed by another 50-ps simulation in the 
final stage without any restraints. The production simulations 
were then performed for 100 ns at 300 K and 1.01325 bar with 
the Nosé-Hoover chain thermostat [10–12] and barostat using 
the Martyna-Tobias-Klein method with isotropic coupling 
in the NPγT ensemble [13]. The Coulombic method used for 
long-range interactions was U-series while the cut-off radius 
for short-range interactions was set to 9.0 Å [14]. Lipid density 
analysis was carried out using the trajectory density analysis 
tool, and the orientation and alignment of lipid molecules in 
the bilayer were determined by calculating the tilt angle with 
the surfactant tilt angle calculation tool of Schrödinger’s 
Materials Science Suite (release 2021-4). The total energy and 
distance calculations were carried out by using Schrödinger’s 
Materials Science workspace tools. The results were further 
analyzed using Microsoft Office 365 tools.

Statistical analysis
All experiments were performed in triplicate, and results were 
presented as means ± SD, and the P value was calculated using 
GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, 
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CA, USA) by the Student unpaired 2-tailed t test and 1-way 
ANOVA analysis. A P value less than 0.05 was considered sta-
tistically significant.
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