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ABSTRACT: A novel approach has been developed to prepare
polyethylenimine functionalized hybrid silica spheres with a diameter of
∼10 nm, which show excellent delivery efficiency of siRNA into
osteosarcoma cancer cells and human colon cancer cells with a significant
cell inhibition comparable to commercial agents.
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Since the first report of long double-stranded ribonucleic
acid (dsRNA) mediated gene silencing in worms in 1998,1

RNA interference technology has already been regarded as a
promising therapeutic approach to treat various diseases by
inhibiting specific disease related gene expression.2 The
negative charge and big molecular size of small interfering
RNA (siRNA) impair its accessibility to the cells. To achieve
the gene silencing efficiency of siRNA, researchers have
developed effective intracellular delivery systems including
viral or nonviral vectors to exploit the therapeutic potential of
siRNA.3−5 Compared with viral vectors, synthetic nonviral
siRNA delivery systems including organic5 and inorganic
nanoparticles3 offer several advantages, such as easy fabrication
and reduced immunogenicity. The development of new
nonviral carriers is in great demand for gene silencing
applications.
Silica-based nanoparticles (SiNPs) have attracted increasing

attention for siRNA delivery because of their unique properties
including tunable particle/pore size, stable and rigid framework,
and feasibility of modification.6−8 It has been well demon-
strated that the cellular uptake performance of SiNPs is size-
dependent; the smaller the particle, the higher endocytosis
performance.9 However, the conventional SiNPs tend to
aggregate when the particle size is smaller than 50 nm. An
emerging type of monodiperse SiNPs with small sizes from 6 to
30 nm has been developed by micelle templating
approach.10−12 Compared with conventional SiNPs, such
small-sized SiNPs show enhanced cellular uptake performance
and more uniform distribution in the cytoplasm of the cells
both in monolayer and three-dimensional spheroid models.13,14

Because of their unique advantages of excellent monodispersity
and stability in aqueous media, small SiNPs have been utilized
as bioimaging agents,11 water-soluble electrochemilumines-

cence (ECL) materials15 and dual nanosensors.16 However,
there is no report using small-sized SiNPs for siRNA delivery.
In previous studies, dimethyl-silane10,13,14 or polyethylene

glycol (PEG)-silane12 was utilized to terminate the silicate
condensation and prevent interparticle aggregation/growth to
generate monodisperse small SiNPs. The protection groups are
generally inert, making it difficult for the further modification of
other functional groups. To facilitate the cellular uptake of the
negatively charged siRNA, SiNPs need to be functionalized
with positively charged amine groups,17 poly-L-lysine (PLL),18

or polyethylenimine (PEI).19 Compared to other cationic
groups, PEI has a higher endosomal escape capability, favoring
a high gene silencing efficacy.3,19 It remains a challenge to
prepare PEI-modified monodisperse SiNPs with small sizes for
siRNA delivery.
Herein, we report novel one-pot synthesis of epoxysilane

functionalized ultrasmall hybrid silica spheres (Epoxy-UHSS)
with a diameter of ∼10 nm under phosphate-citrate buffer
solution (pH 4.6) at room temperature. In this approach, a
triblock copolymer EO106PO70EO106 [Pluronic F127, EO is
poly(ethylene oxide), PO is poly(propylene oxide)] is utilized
as the template, and a mixture of tetramethyl orthosilane
(TMOS) and diethoxy(3-glycidyloxypropyl)methylsilane
(DGMS) are used as silica sources. As shown in Scheme 1,
Epoxy-UHSS comprises a PPO core and epoxy-silane
terminated silica/PEO shell, which can be easily covalently
conjugated with PEI (PEI-UHSS) by nucleophilic addition to
the epoxy groups. Different from previously reported
methods,10,12−14 our strategy, using a new precursor, leads to
the grafting of both an inert alkyl group and a reactive group
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(epoxy), and eventually the successful preparation of PEI-
modified monodisperse SiNPs with small sizes for siRNA
delivery. This designed positively charged PEI-UHSS was
proven to facilitate the cellular uptake of negatively charged
siRNA by forming siRNA complexation via electrostatic
interaction. PEI-UHSS demonstrated excellent delivery effi-
ciency of a functional siRNA against polo-like kinase 1 (PLK1-
siRNA) in osteosarcoma cancer cells (KHOS) and survivin-
siRNA in human colon cancer cells (HCT-116) inducing a
significant cell inhibition, which is comparable to a commercial
product, Oligofectamine.

A representative transmission electron microscopy (TEM)
image of Epoxy-UHSS is displayed in Figure 1a, which shows
ultrasmall spherical core−shell particles with a uniform size.
The core of Epoxy-UHSS is formed by the hydrophobic
segment PPO of F127, showing low contrast under TEM
observation. The shell is generated by the polymerization of
silicate species in the hydrophilic PEO region, showing dark
contrast. The average diameter was measured to be
approximately 9.3 nm (see Figure S1a in the Supporting
Information). The dynamic light scattering (DLS) measure-
ment was further utilized to evaluate the size and dispersibility
of Epoxy-UHSS. As shown in Figure S1b in the Supporting
Information, Epoxy-UHSS shows a narrow size distribution
curve with a small polydisperse index (PDI) value of 0.081 ±
0.006, suggesting that the Epoxy-UHSS are well-dispersed in
aqueous solution. The hydrodynamic diameter of Epoxy-UHSS
is 23.8 ± 0.7 nm, which is larger than that measured by TEM
due to the surrounded water molecules.20 Epoxy-UHSS
solution is stable as a colloidal suspension over the period of
this study (more than 10 months) (see Figure S1c in the
Supporting Information).
It should be noted that the methyl group connected to

silicon in DGMS (marked by red circle in its chemical structure
in Figure S2 in the Supporting Information) is essential to
obtain Epoxy-UHSS with excellent monodispersity. When
DGMS was replaced by equal molar amount of (3-
glycidyloxypropyl)trimethoxysilane (GPTMS, see Figure S2 in
the Supporting Information) during the synthesis of Epoxy-
UHSS, the small particles tend to aggregate to form big clusters
(see Figure S3 in the Supporting Information).

Scheme 1. Illustration of the Polyethyleneimine Conjugation
Process on the Surface of Epoxy-UHSS, Followed by the
siRNA Delivery into Cells

Figure 1. TEM images of (a) Epoxy-UHSS and (b) PEI-UHSS and (c) solid-state 13C CPMAS NMR spectra of F127, Epoxy-UHSS, and PEI-UHSS.
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In order to facilitate the cellular delivery of negatively
charged siRNA, Epoxy-UHSS was modified with PEI (denoted
as PEI-UHSS) via the nucleophilic reaction between epoxy
groups and amino groups (see Scheme S1 in the Supporting
Information).18 From the TEM image (Figure 1b), it can be
seen that PEI-UHSS have a spherical core−shell structure
(inset of Figure 1b) with a uniform diameter of about 10 nm,
similar to what observed in Epoxy-UHSS (Figure 1a).
However, the shell structure of PEI-UHSS becomes vague,
which may be caused by the coating of organic PEI polymer. A
narrow size distribution (see Figure S4 in the Supporting
Information) was observed in the DLS curve of PEI-UHSS,
suggesting uniform particle size and high dispersity. The
hydrodynamic diameter of PEI-UHSS is 13.3 ± 1.9 nm, close to
that measured by TEM.
The chemical structures of organic species of the designed

materials were investigated by solid state 13C CPMAS NMR
technique. As shown in Figure 1c, the well-resolved peaks in the
spectrum of F127 are attributed to methane carbons C3 (74.7
ppm), methylene carbons C4 (72.7 ppm) and methyl carbons
C5 (17.1 ppm) of PO chains, and methylene carbons C1 and
C2 (71.4 ppm) of EO chains.21 In the spectrum of Epoxy-
UHSS, the intense peak at 70.0 ppm is assigned to methylene
carbons in EO units, and the less defined broad peak centered
at 72.0 ppm to the methylene carbons of PO units. A weak peak
at 16.5 ppm is attributed to methyl carbons of PO units.
Another two typical peaks at 50.5 and 43.7 ppm suggest the
presence of the carbons C10 and C11 of the epoxide ring,
respectively,18 and the distinct peak at −2.0 ppm reveals the
presence of methyl carbons C12 connected to silicon atoms.
The characteristic peaks at 22.1 and 11.8 ppm are attributed to
the methylene carbons C7, C6 close to silicon atoms,
respectively. The other two methylene carbons C8 and C9 in
epoxy-silane are overlapped by the carbons in EO chains. All
the characteristic peaks confirm the chemical structure of
epoxy/methyl-silane. According to different combinations of
amine nearest neighbors (chemical structure of PEI, left top of
Figure 1c), PEI has eight carbon peaks in the range of 38−60
ppm.22 Besides the characteristic peaks coming from surfactant
F127 and epoxy/methyl-silane, a very broad extra peak can be
observed in the range of 38−60 ppm in the spectrum of PEI-
UHSS, corresponding to the carbons in PEI.23 On the basis of
the reaction mechanism between the epoxy moiety of and
primary amine groups, the epoxy ring will open to form CH2−
O−CH2−CH(OH)−CH2−NH-. The chemical shifts of C10
and C11 in epoxy-silane will be changed to ∼70 and 52 ppm,
respectively,24 which is overlapped by the typical carbons in the
EO units and PEI, respectively.
The Zeta potential (see Figure S5 in the Supporting

Information) and elemental analysis results (see Table S1 in
the Supporting Information) further confirm the successful
modification of PEI on Epoxy-UHSS. The grafted PEI weight
percentage in PEI-UHSS is calculated to be ∼11.52% (see
Table S1 in the Supporting Information).
To evaluate the cellular delivery performance of PEI-UHSS, e

used the cyanine dye-labeled oligoDNA (Cy3-oligoDNA) was
used as a model of nucleic acid entry into cells. As shown in
Figure S6 in the Supporting Information, no Cy3 signals (red
fluorescence) can be detected under confocal microsocpy when
the cells are treated with Cy3-oligoDNA alone, indicating that
nucleic acids themselves cannot enter into cells. In contrast,
strong Cy3 signals can be observed within the cytoplasm of
cells when PEI-UHSS are utilized to deliver Cy3-oligoDNA

(Figure 2). These results demonstrate that the designed PEI-
UHSS can efficiently deliver the negative charged genetic
molecules into cells.

The cytotoxicity of PEI-UHSS was evaluated in KHOS and
human colon cancer cells (HCT-116). As shown in panels a
and b in Figure 3, at the concentration of 10 μg/mL PEI-UHSS
in two cell lines showed about 10% cell toxicity. This dosage
was chosen for the following siRNA delivery studies.
A functional PLK1-siRNA was chosen to investigate the gene

delivery efficiency of PEI-UHSS in KHOS cells. Before that, the
protection of PLK1-siRNA against nuclease degradation was
evaluated by measuring the percent increase in absorbance at
260 nm after RNase A treatment, as siRNA degradation results
in a hyperchromic effect.25,26 In our study, free PLK1-siRNA
exhibited a 55% increase in absorbance at 260 nm (see Figure
S7 in the Supporting Information), which is much higher than
that of the complex of PEI-UHSS/PLK1-siRNA (28%). This
result confirms that PEI-UHSS have the capacity to protect
siRNA from rapid degradation by RNase A, which is important
for successful gene delivery. It has been well reported that
PLK1 gene is highly expressed in osteosarcoma cells and
knockdown of PLK1 induces apoptosis of KHOS cells.18,27

Another siRNA, S10-siRNA was chosen as a negative control,
which silences human papillomavirus type 16 E6 gene
expressed at only low levels in KHOS cells and therefore not
expected to have large functional effects.18 As displayed in
Figure 3c, when PEI-UHSS is utilized to deliver PLK1-siRNA,
the cell viability decreases in a dose-dependent manner (72, 55,
and 43% at a dose of 25, 50, 100 nM, respectively). In contrast,
only a small decrease in cell viability is seen when S10-siRNA is
delivered into KHOS cells by PEI-UHSS. For comparison, a
commercial transfection agent Oligofectamine, was chosen as a
positive control. When Oligofectamine is used to deliver PLK1-
siRNA, cell viability also shows a PLK1-siRNA dose-dependent
behavior (51, 46, and 37% at a dose of 25, 50, 100 nM,
respectively). Moreover, there is no significant difference (p =
0.196) in cell viability between PEI-UHSS and Oligofectamine
with a PLK1-siRNA dose of 100 nM. The negative control,

Figure 2. Confocal microscopy images of KHOS cells treated with
Cy3-oligoDNA/PEI-UHSS.
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delivering S10-siRNA by Oligofectamine, shows no effect on
cell viability. To demonstrate the relative advantage of PEI-
UHSS, we also investigated PLK1-siRNA delivery efficiency by
PEI polymer only. The concentration of PEI used for PLK1-
siRNA delivery was the same as that contained in PEI-UHSS,
which was calculated from the dosage and PEI percentage of
PEI-UHSS. PEI only shows only a slight cell inhibition, even at
the highest PLK1-siRNA concentration (100 nM). In addition,
all the tested carriers and PLK1-siRNA themselves do not show
significant effects on cell viability. Compared to previously
reported results where functionalized silica materials with larger
sizes were utilized to deliver PLK1-siRNA,18 the cell inhibition
capacity in this study is relatively higher. These results
demonstrate the excellent siRNA delivery efficiency of novel
designed PEI-UHSS, which is comparable with the commercial
agent.
The gene delivery efficiency of PEI-UHSS was further

investigated in another functional siRNA, survivin-siRNA.
Previous studies demonstrated that RNA interference of

survivin led to a significant decrease in invasiveness and
proliferation of HCT-116.28 As displayed in Figure 3d, survivin-
siRNA delivered by PEI-UHSS shows a dose-dependent
behavior with a cell inhibition of 40%, 54% and 60% at the
dose of 25, 50, 100 nM, respectively. When Oligofectamine is
utilized to deliver survivin-siRNA, the cell proliferation is also
inhibited in a survivin-siRNA dose-dependent behavior (29%,
35%, and 39% inhibition at the dose of 25, 50, 100 nM,
respectively). However, there is a significant difference (p =
0.0177) in cell inhibition between PEI-UHSS and Oligofect-
amine with a survivin-siRNA dose of 100 nM. In contrast,
survivin-siRNA only or delivered by PEI only showed a
negligible cell inhibition with a concentration of 100 nM. The
negative control siRNA delivered by PEI-UHSS or Oligofect-
amine shows no effect on cell inhibition.
We further studied the knockdown efficiency of PLK1

protein in KHOS cells and survivin protein in HCT-116 cells
by Western blot analysis. As shown in Figure 3e, upon
incubation with PLK1-siRNA delivered by PEI-UHSS and

Figure 3. Cell viability of (a) KHOS and (b) HCT-116 cells after treated with PEI-UHSS at different concentrations; delivery efficiency of (c) PLK1-
siRNA in KHOS cells and (d) survivin siRNA in HCT-116 cells; western-blot analysis of (e) PLK1 protein in KHOS cells and (f) survivin protein in
HCT-116 cells.
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Oligofectamine, PLK1 protein expression was significantly
suppressed in KHOS cells, compared to cells only group.
Similarly, survivin protein expression in HCT-116 was
obviously knocked down when survivin siRNA was delivered
by PEI-UHSS and Oligofectamine (Figure 3f). In contrast,
there is no significant PLK1 or survivin protein suppression in
other groups (Figure 3e, f). The gene silencing at PLK1 and
survivin protein is highly efficient with PEI-UHSS delivery
system, which induces apoptosis and consequently cell death of
KHOS and HCT-116, respectively.
In summary, a novel approach has been developed to

generate polyethylenimine functionalized ultrasmall hybrid
silica spheres (PEI-UHSS) with a diameter of ∼10 nm. PEI-
UHSS have been demonstrated to an excellent vector to
efficiently deliver siRNA into cells, which is comparable with
commercial agents. This approach could be helpful to design
efficient siRNA delivery systems to improve gene therapy
efficacy.
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