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Abstract: Engineering a safe and high-efficiency delivery system for efficient RNA interference
is critical for successful gene therapy. In this study, we designed a novel nanocarrier system of
polyethyleneimine (PEI)-modified Fe,O,@Si0,, which allows high efficient loading of VEGF
small hairpin (sh)RNA to form Fe,0,@SiO,/PEI/VEGF shRNA nanocomposites for VEGF
gene silencing as well as magnetic resonance (MR) imaging. The size, morphology, particle
stability, magnetic properties, and gene-binding capacity and protection were determined. Low
cytotoxicity and hemolyticity against human red blood cells showed the excellent biocompat-
ibility of the multifunctional nanocomposites, and also no significant coagulation was observed.
The nanocomposites maintain their superparamagnetic property at room temperature and no
appreciable change in magnetism, even after PEI modification. The qualitative and quantita-
tive analysis of cellular internalization into MCF-7 human breast cancer cells by Prussian blue
staining and inductively coupled plasma atomic emission spectroscopy analysis, respectively,
demonstrated that the Fe,0,@SiO,/PEI/VEGF shRNA nanocomposites could be easily inter-
nalized by MCF-7 cells, and they exhibited significant inhibition of VEGF gene expression.
Furthermore, the MR cellular images showed that the superparamagnetic iron oxide core of our
Fe,0,@Si0,/PEI/VEGF shRNA nanocomposites could also act as a T,-weighted contrast agent
for cancer MR imaging. Our data highlight multifunctional Fe,O0,@SiO,/PEI/VEGF shRNA
nanocomposites as a potential platform for simultaneous gene delivery and MR cell imaging,
which are promising as theranostic agents for cancer treatment and diagnosis in the future.
Keywords: core/shell nanoparticle, PEL, VEGF silence, MR imaging, theranostics

Introduction

RNA interference (RNAi), a process characterized by sequence-specific, post-
transcriptional gene silencing directed by short interfering 21-23 nucleotide double-
stranded RNA (small interfering [si]RNA) can specifically and markedly reduce the
expression of targeted messenger (m)RNA. RNAIi represents a novel way to treat
diseases that use double-stranded RN As that undertake the function of regulating gene
expression without any permanent effect on the genome.!> However, although siRNA
interference is valid, a safe and efficient delivery vector is still a major hurdle to the
further development of RNAi therapeutics because of its large molecular weight, strong
negative charge, and instability under nuclease and serum proteins, as well as its low
transfection efficiency.** In recent years, interest has grown in developing effective
transport carriers to overcome these disadvantages. Due to the fact that they possess
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intrinsic properties, such as a high surface area, good biocom-
patibility, and easy surface modification, and given that they
facilitate gene attachment, magnetic silica nanoparticles can
be used as an excellent carrier for gene delivery.>® Although
magnetic silica nanoparticles are considered to be a favorable
gene carrier, it is especially important to increase the gene-
binding capacity.’ The magnetic silica nanoparticles are fur-
ther coated with a cationic polymer such as poly (allylamine
hydrochloride) or polyethyleneimine (PEI), which can help
in conjugation with siRNA.*!° PEI, which contains primary,
secondary, and tertiary amines to complex with nucleic acids
such as DNA or siRNA, can protect the siRNA from degra-
dation in vivo and facilitate subsequent siRNA release from
endosomes due to the proton sponge effect. Currently, PEI
is one of the most widely studied cationic polymers for gene
delivery.""13 In addition, PEI can also be easily modified by
coupling some small molecules to endow it specific target-
ing ability.'* Although high-molecular-weight PEI of 25 kD
has high transfection efficiency, it has relative cytotoxicity
and causes nonspecific binding with serum proteins. Low-
molecular-weight PEI, such as PEI-600 Da has low cytotoxic-
ity, but it shows very low transfection efficiency.'s"'” In this
regard, it has been demonstrated that the size (molecular
weight), compactness, and chemical modification of PEI
affect the efficacy and toxicity of this polymer. Xia et al used
several PEI polymer sizes ranging from molecular weights of
0.6-25 kD in order to balance the efficiency of nucleic acid
delivery and cellular toxicity.'®° They demonstrated that the
hybrid organic—inorganic nanoparticles with optimal poly-
mer lengths can maintain high transfection efficiency, while
simultaneously reducing or eliminating toxic effects.

Angiogenesis (also known as neovascularization) is
defined as the development of new blood vessels from preex-
isting vessels, and it is an attractive target for cancer therapy
because it is essential for tumor growth and hematogenous
metastasis.?*? Growth and survival of tumors depends on
the tumor vessels being able to supply oxygen and nutrient
substances. Tumors can only reach a size of 1-2 mm? without
angiogenesis. VEGF is a positive and potent regulator of
angiogenesis. The inhibition of VEGF expression by siRNA
has been considered key to the treatment of cancer, and was
reported to be an effective and useful method for antiangio-
genic tumor therapy in vitro and in vivo.?2

In recent years, there is great hope and expectation in
the development of theranostic nanocarriers, which com-
bine diagnostic and therapeutic agents in one entity.?’
Diagnostic and therapeutic agents are physically entrapped
or conjugated to the nanocarriers, or they are conjugated

to carefully designed polymers, which subsequently form
nanocarriers.?®? In the present study, PEI-modified core/shell
nanoparticles of Fe,O,@Si0O, were fabricated, which could
electrostatically absorb VEGF small hairpin (sh)RNA. The
Fe,0,@SiO,/VEGF shRNA nanocomposites showed low
cytotoxicity and good hemocompatibility, and they could
be easily internalized by MCF-7 cells; they also exhibited
significant inhibition of VEGF gene expression. A significant
knockdown efficiency has been shown when the concentra-
tion of Fe,0,@SiO,/PEI reached 60 ug/mL, but cytotoxic-
ity was not obviously detected. We also demonstrated that
the Fe,0,@SiO,/PEI/VEGF shRNA nanocomposites had
the potential for VEGF shRNA delivery and MR imaging
simultaneously.

Materials and methods

Materials

Tetraethylorthosilicate (TEOS), N-(2-aminoethyl)-3-
aminopropyltrimetho-xysilane (AEAP3), and branched PEI
(25 kD) were obtained from Sigma-Aldrich Co. (St Louis,
MO, USA). Iron oxide nanoparticles (10 nm) were obtained
from Nanjing Emperor Nano Material Co. Ltd. (Nanjing,
People’s Republic of China). Roswell Park Memorial Insti-
tute 1640 cell culture medium, fetal bovine serum (FBS),
and trypsin were purchased from Gibco® (Thermo Fisher
Scientific, Waltham, MA, USA). All the chemicals were
used as received without further purification.

Preparation of Fe,O,@SiO,/PEI/VEGF

shRNA nanocomposites

The Fe,0,@SiO, nanoparticles were synthesized by a
modified method, as described in previous work.>*=2 In brief,
Fe,0, nanoparticles (10 nm) were dispersed into a mixture
containing 0.78 mL of Milli-Q water, 3.6 mL of Triton X-100,
3.2 mL of anhydrous 1-hexanol, and 14 mL of cyclohexane,
and then stirred vigorously at room temperature. Following a
1-hour reaction, 0.34 mL of ammonia solution (28%—30%)
was added into the aforementioned mixture and stirred for
another hour. Finally, TEOS (50 pL) was added with stirring
for 24 hours, followed by the addition of AEAP3 with con-
tinuous stirring for another 24 hours. The resulting product
was separated by high-speed centrifugation, and washed with
ethanol and distilled water three times.

PEI was coated on the surfaces of the Fe,O,@SiO,
nanoparticles through electrostatic interaction. Briefly,
PEI solution (20 mg/mL) was added into the Fe,O,@
SiO, nanoparticle suspension (5 mg/mL), which was then
mixed by stirring for 2 hours to allow PEI to graft onto the
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surfaces of the Fe,O,@SiO, nanoparticles. Unbound PEI
was removed by centrifugation with deionized water three
times. The PEI-functionalized Fe,O,@SiO, nanoparticles
were harvested by centrifugation and washed five times with
distilled water to remove excess reactants. VEGF shRNA
was incubated in the Fe,O,@SiO,/PEI nanoparticle suspen-
sion for 30 minutes at room temperature to form Fe,O,@
SiO,/PEI/VEGF shRNA nanocomposites by electrostatic
absorption at various weight ratios. The synthetic procedure
for the Fe,O,@SiO,/PEI/VEGF shRNA nanocomposites is
summarized in Figure 1.

Characterization

The size and morphology of the nanoparticles were obtained
via scanning electron microscopy (Helios NanoLab 650;
FEI, Eindhoven, the Netherlands). The microstructure and
composition of the samples were characterized by high-
resolution transmission electron microscopy, scan transmis-
sion electron microscopy (STEM), and selected area electron
diffraction on a Tecnai G2 F20 S-TWIN (200 kV) high-
revolution transmission electron microscope. Magnetic mea-
surements of samples were performed with a superconducting
quantum interference device magnetometer (MPMS-5S;
Quantum Design, Inc., San Diego, CA, USA). For measure-
ment, about 10 mg of powder samples was inserted in a gelatin
capsule. The magnetic hysteresis loop was measured at room
temperature. The zeta-potentials for various pH values were
measured using electrophoretic mobility measurements
(Malvern Instruments, Malvern, UK).

AEAP3 .

A B PEI C

! ]

'ﬁ .Q VEGF shRNA g
= .M_. - p
{ o D y 1

Figure | Schematic illustrating the preparation of Fe,O,@SiO,/PEI/VEGF shRNA
nanocomposites for gene delivery.

Notes: (A) Hydrolyzing TEOS to form the first silica shell; (B) hydrolyzing AEAP3
to form the second silica shell. (C) Coating PEl on the surface of Fe,O,@SiO,
nanoparticles (Fe,O,@SiO,/PEl); (D) binding of VEGF shRNA to Fe,O,@SiO,/PEI
by electrostatic interaction (Fe,O,@SiO,/PEI/VEGF shRNA).

Abbreviations: TEOS, tetraethylorthosilicate; AEAP3, N-(2-aminoethyl)-3-amino-
propyltrimetho-xysilane; PEI, polyethylenimine; shRNA, small hairpin RNA.

Hemolysis assay

The hemolysis assay experiments were carried out accord-
ing to previous reports with minor modifications.**> Blood
from healthy Sprague Dawley rats was collected in heparin-
coated tubes. The red blood cells (RBCs) were obtained by
centrifugation at 1,500 rpm for 5 minutes, and the upper
plasma was removed. The RBCs were then washed with
sterile isotonic 0.9% NaCl solution three times. The purified
RBCs were resuspended with sterile isotonic 0.9% NaCl.
The RBC suspension (300 mL) was mixed with 1.2 mL
of 5 ug/mL, 10 ug/mL, 20 pug/mL, 40 pg/mL, or 80 pg/mL
of the Fe,O,@SiO,/PEI nanoparticle suspension. Distilled
water and sterile isotonic 0.9% NaCl were used as the
positive and negative control, respectively. All the samples
were incubated at 37°C for 2 hours, and then centrifuged for
2 minutes at 4,000 rpm. The absorbance of the supernatant
was measured at 541 nm using ultraviolet (UV)—visible spec-
troscopy (UV-2910; Hitachi Ltd., Tokyo, Japan). We could
calculate the hemolysis by the equation below:

Sample absorbance — Negative control

Hemolysis (%) = x100%.

Positive absorbance — Negative control

(M

Stability of Fe,O,@SiO,/PEI/VEGF

shRNA nanocomposites

The stability of Fe,0,@SiO,/PEI/VEGF shRNA nano-
composites was investigated by recording the turbidity
change in 50% FBS. A total of 150 uL of Fe,O,@SiO,/
PEI or Fe,0,@SiO,/PEI/VEGF shRNA suspension (VEGF
shRNA =100 pg/mL) was added to an equivalent volume
of FBS in 96-well plates and incubated for various times
up to 72 hours at 37°C. The turbidity of the nanocompos-
ites in serum was measured by the absorbance values at
a 415 nm wavelength on a microplate reader (ELx808™;
BioTek Instruments, Inc., Winooski, VT, USA) at differ-
ent time points. The glucose (5%) solution was used as a
negative control.

Agarose gel electrophoresis retardation

assay
To test the absorption ability of Fe,O,@SiO,/PEI nanopar-
ticles to VEGF shRNA, agarose gel electrophoresis retarda-
tion assay was used. VEGF shRNA was incubated in the
Fe,0,@SiO,/PEI nanoparticle suspension for 30 minutes at
room temperature to form Fe,O,@SiO,/PEI/VEGF shRNA
nanocomposites by electrostatic absorption at various weight
ratios from 5:1 up to 40:1. The Fe,0,@SiO,/PEI/VEGF
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shRNA nanocomposites were sampled for electrophoresis on
the 1% agarose gel with tris/acetate/EDTA buffer at 120 V
for 25 minutes, and visualized by staining with ethidium
bromide. The VEGF DNA bands were acquired and visual-
ized using a UV transilluminator (Bio-Rad Laboratories Inc.,
Hercules, CA, USA).

Cell viability

The cytotoxicity of Fe,O,@SiO,/PEI nanoparticles was evalu-
ated by CellTiter 96 AQueous One Solution (MTS) assay
(Promega Corporation, Fitchburg, WI, USA) according to
the manufacturer’s instructions. MCF-7 cells were seeded in
96-well plates at 5x10° cells per well and incubated at 37°C in
a 5% CO, atmosphere for 24 hours. After removing the culture
medium, cells were given fresh complete culture medium and
treated with different concentrations of Fe,O,@SiO,, Fe,O,@
SiO,/PEI, Fe,0,@SiO,/PEl/scrambled shRNA (denoted as
Fe,0,@SiO,/PEI/Sc shRNA) in triplicate at each concentra-
tion for 72 hours. Wells containing culture medium alone were
used as the blank control. The absorbance of the solution was
recorded at 490 nm using a microplate reader (ELx808™;
BioTek Instruments, Inc.). The relative cell viability could be
quantitatively calculated by the following equation:

Relative cell _ A490 (treated)_A490 (blank)

viability (%) A

x100%. (2)

490 (untreated)  * > 490 (blank)

A,,, is the absorbency at 490 nm wavelength.

Uptake of Fe,O,@SiO,/PEI/VEGF

shRNA by MCF-7 cells

The cellular uptake of Fe,O,@SiO,/PEI/VEGF shRNA
nanocomposites into MCF-7 human breast cancer cells was
examined by Prussian blue staining and inductively coupled
plasma atomic emission spectroscopy (ICP-OES) analyses.
Briefly, MCF-7 cells were seeded in a 24-well plate at a den-
sity of 3x10* and incubated for 24 hours. The Fe,O,@SiO,/
PEI/VEGF shRNA nanocomposites were prepared at a ratio
of40:1 (the Fe,0,@SiO,/PEI to VEGF shRNA weight ratio),
and the concentrations of Fe,O,@SiO,/PEI were from 5-80
pg/mL. After 24 hours of incubation in complete cell culture
medium, the cells were washed with phosphate buffered saline
(PBS) for a total of five times, fixed with paraformaldehyde
for 20 minutes, and then incubated with a 1:1 (v/v) mixture of
potassium ferrocyanide and hydrochloric acid for 15 minutes.
Finally, the cells were washed again with PBS, then observed
under a microscope (TE-2000U; Nikon Corporation, Tokyo,
Japan). The amount of iron in the MCF-7 cells was detected

by ICP-OES. After incubation with Fe,O,@SiO,/PEI/VEGF
shRNA nanocomposites at different concentrations for
24 hours, the cells were washed with PBS five times, and
then dissolved in nitric acid. The concentration of Fe was
quantitatively measured by ICP-OES.

Quantitative PCR (qPCR) assay

MCEF-7 cells were seeded in 12-well plates until the density
reached approximately 60%. Fe,O,@SiO,/PEIL Fe,0,@SiO,/
PEI/Sc shRNA, or Fe,O,@SiO,/PEI/VEGF shRNA was
incubated with the cells in serum-free medium for 6 hours,
and then replaced with complete cell culture medium. For
the quantitative polymerase chain reaction (qPCR) analy-
sis, the total messenger (m)RNA from MCF-7 cells was
obtained using Trizol (Thermo Fisher Scientific) according
to the manufacturer’s instructions. One milligram of total
mRNA was transcribed into complementary DNA using
the PrimeScript™ RT Reagent Kit (Takara Biotechnology
Co., Ltd. Dalian, People’s Republic of China.). All gPCR
were performed using the Faststart Universal SYBR Green
Master (ROX), and the amplification threshold (Ct) of each
gene was normalized to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The comparative Ct method
was used to calculate the fold changes. Efficiency for all
primer pairs was 95%—100%. Primer pairs used were VEGF
(forward, 5’-TTCTCAAGGACCACCGCATC-3’; reverse,
5'-AATGGGGTCGTCATCTGGT-3’), and GAPDH (for-
ward, 5-GTCTCCTCTGACTTCAACAGCG-3’; reverse,
5’-ACCACCCTGTTG CTGTAGCCAA-3").

ELISA assay

The VEGF secretion protein level was evaluated by enzyme-
linked immunosorbent assay (ELISA).’ Briefly, cells were
seeded in a 24-well plate at cell density of 3x10* cells/well
overnight and transfected with various nanocomposites, simi-
lar to the procedures in the qPCR assay. The culture medium
was collected 72 hours post-transfection, followed by cen-
trifugation at 5,000 xg for 10 minutes. The VEGF concentra-
tions in the supernatants were detected by a human VEGF
ELISA kit (Neobioscience, Shenzhen, People’s Republic of
China) according to the manufacturer’s instructions. All of
the assays were performed in triplicate.

Cellular MR imaging

Fe O, nanoparticles can be used as a T, weighted-negative con-
trast agent in magnetic resonance (MR) imaging, due to the fact
that Fe O, nanocrystals have superparamagnetic characteristics
and can shorten the transverse relaxation of water protons.?-
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T, weighted-MR signals of the Fe,O,@SiO,/PEI/VEGF
shRNA in MCF-7 cells under different nanocomposite concen-
trations were measured. MCF-7 cells were seeded at a density
of 3x10° cells per well on six-well plates in 2 mL of media
and grown overnight. After removing the culture medium,
the fresh complete culture medium containing Fe,O,@SiO,/
PEI/VEGF shRNA of various concentrations (5-80 pg/mL)
was added. After 24 hours, the cells were washed three times
with PBS to remove noninternalized nanocomposites, which
were detached by the addition of 0.8 mL of trypsin/EDTA.
After centrifugation at 1,500 rpm for 5 minutes, cells were
suspended in 500 UL of 1% agarose. Furthermore, MR imaging
was performed at 25°C in a clinical 3.0 Tesla Clinical Siemens
Trio scanner (Discovery MR750; GE Healthcare Bio-Sciences
Corp., Piscataway, NJ, USA).

Statistical analysis

All experiments were carried out at least in triplicate. Data
were presented as the mean =+ standard deviation, and statisti-
cal analysis was performed using GraphPad Prism Software

A

(@)

27

-
©

Frequency (%)
[{e]

50 60 70
Diameter (nm)

version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The
differences were considered significant for a P-value <0.05,
and P<<0.01 was indicative of a very significant difference.

Results and discussion
Synthesis and characterization

of Fe,O,@SiO,/PEl nanoparticles

The multistep processes for fabrication of Fe ,O,@SiO,/
PEI/VEGF shRNA nanocomposites are shown in Figure 1,
which is similar to previously reported processes with minor
modifications.” The Fe,O, nanoparticles were coated with
a silica shell to form core/shell structural Fe,0,@SiO,
nanoparticles.’’** PEI was coated on the Fe,O,@SiO,
nanoparticle surfaces by electrostatic interaction to enhance
targeted gene adsorption and transfection efficiency. Trans-
mission electron microscopy (TEM) and STEM were used
to characterize the structure and morphology of Fe,O,@SiO,
nanoparticles and Fe O,@SiO,/PEI/VEGF shRNA nano-
composites. The TEM images confirmed that both Fe,O,@
SiO, nanoparticles (Figure 2A) and Fe,O,@SiO,/PEI/VEGF

O

w
o

N
o
1

Frequency (%)
]

30 45 60 75
Diameter (nm)

Figure 2 Morphology of Fe,O,@SiO, and Fe,O,@SiO,/PEI/VEGF shRNA nanocomposites.
Notes: TEM images of (A) Fe,O,@SiO, nanoparticles and (B) Fe,O,@SiO,/PEI/VEGF shRNA nanocomposites. Size distribution histograms of (C) Fe,O,@SiO, nanoparticles

and (D) Fe,O,@SiO,/PEI/VEGF shRNA nanocomposites.

Abbreviations: PEl, polyethylenimine; shRNA, small hairpin RNA; TEM, transmission electron microscope.
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shRNA nanocomposites (Figure 2B) were uniform, spheri-
cal, and well dispersed in suspension (Figure 2C and 2D).
A clear core/shell structure was observed for Fe,O,@SiO,
nanoparticles with a mean diameter of 57 nm. Of interest,
the mean diameter and average shell thickness of Fe,O,@
SiO,/PEI/VEGF shRNA nanocomposites did not change
in an obvious manner, even after PEI modification and
VEGF shRNA absorption. This suggests that PEI modifi-
cation and VEGF shRNA complexation did not affect the
morphology and size distribution of the nanoparticles.
This core/shell structure was also clearly confirmed by the
STEM image of Fe,0,@SiO, nanoparticles (Figure 3A).
Compositional analysis of the nanocomposite was carried

Figure 3 STEM and HAADF-STEM-EDS mapping images of Fe,O,@SiO, nano-
particles O, Si, and Fe.

Notes: (A) STEM of Fe,O,@SiO, nanoparticles (inset: higher-magnification image
of STEM). (B-D) HAADF-STEM-EDS mapping images of Fe,O,@SiO, revealing the
O, Si, and Fe.

Abbreviations: STEM, scanning transmission electron microscope; HAADF-STEM-
EDS, high-angle annular dark field scanning transmission electron microscopy—
energy-dispersive X-ray spectrometry; O, oxygen; Si, silica; Fe, iron.

out using energy-dispersive X-ray spectroscopy mapping
(Figure 3B—D); the signals for the oxygen, silica, and iron
elements were clearly detected in the nanoparticles. All of
the aforementioned data demonstrated that core/shell struc-
tural Fe,O,@SiO,/PEI/VEGF shRNA nanocomposites could
be successfully obtained by our modified method.

Figure 4 shows the zeta-potential titrations as a func-
tion of pH for Fe,0,@Si0,, Fe,0,@Si0O,/PEL and Fe,0,@
SiO,/PEI/VEGF shRNA nanocomposites. It was found that
isoelectric points for Fe,O,@SiO,/PEI and Fe,O,@SiO,/
PEI/VEGF shRNA nanocomposites were increased to 9.7
and 10.5, respectively. The isoelectric points were increased
as modified with polymer, and the shift of the isoelectric
points indicated that the PEI modification and VEGF
shRNA electrostatical absorption were successful.**** For
the assessment of the magnetic properties and the sensitivity
of the formulated nanoparticles, magnetic hysteresis loops
were recorded using a magnetometer, and the two types of
nanoparticles showed superparamagnetic behavior without
magnetic hysteresis (Figure 5) at room temperature (about
300 K). PEI modification did not change the magnetic
property of Fe,O,@SiO, nanoparticles. Their magnetization
saturation value was ~4.4 emu/g, and no significant difference
in the magnetization saturation value was observed for the
Fe,0,@SiO, and Fe,0,@SiO,/PEI nanoparticles. Further-
more, the magnetic targeting of nanoparticles was tested in
water by placing a magnet near the glass bottle. Both the
Fe,0,@Si0,and Fe,O,@SiO,/PEI were attracted toward the
magnet within a very short period of time (Figure 5, inset).
These data revealed their superparamagnetic nature, and the
nanoparticles could also get to targeted locations under an
external magnetic field.

Hemolysis and stability assay
of Fe,O,@SiO,/PEl nanoparticles

It is essential to investigate the hemocompatibility of nano-
carriers for their successful systemic administration.>*3
Therefore, the hemolysis experiment for Fe,0,@SiO,/PEI
was carried out to evaluate the impacts of the nanocarriers on
RBCs. As show in Figure 6, almost no hemolysis of the RBCs
could be detected at the Fe,O,@SiO,/PEI concentrations
from 5-80 pug/mL, and only ~2.96% of hemolysis activity
was detected at the high concentration of 80 pg/mL. These
results indicated that Fe,O,@SiO,/PEI nanocarriers have
negligible hemolysis activity and could further be injected
intravenously.

It is well known that PEI has a high positive potential.
However, the nonspecific interaction between the positively
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Figure 4 Zeta-potentials in various pH values for the nanoparticles.

Notes: (A) Fe,0,@SiO,; (B) Fe,O,@SiO,/PEl; and (C) Fe,O,@SiO,/PEI/VEGF shRNA nanoparticles.

Abbreviations: PEl, polyethylenimine; shRNA, small hairpin RNA.
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Figure 5 Magnetization curves of Fe,O,@SiO, and Fe,O,@SiO,/PEl measured at
room temperature.

Notes: Inset: magnetic targeting under an external magnet, (A) Fe,O,@SiO, and
(B) Fe,0,@SiO,/PEI.

Abbreviation: PEl, polyethylenimine.

charged nanocomposites and the negatively charged serum
proteins could lead to the loss of treatment efficiency, which
is a serious safety issue.*° Here, we measured the changes of
turbidity to assess the stability of nanocomposites in serum.
As shown in Figure 7, no significant increase of turbidity
was found in various nanocarrier suspensions after incu-
bated in serum for 72 hours, as well as that of 5% glucose.
It is suggested that the PEI-modified nanoparticles cannot
increase the aggregation caused by nonspecific interactions
with serum proteins. Taken together, the aforementioned
data demonstrated that the fabricated nanocarriers exhibited
excellent biocompatibility.

Binding capacity and cytotoxicity assay

of Fe,O,@SiO,/PEl nanoparticles

The nuclear acid-binding capability of the nanoparticles is
a very important factor to consider when choosing a gene
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Figure 6 Hemolysis assay for the Fe,O,@SiO,/PEl nanoparticles. (A) Hemolysis detection by UV-vis spectrophotometer; (B) Mignifation of the circle indicated; (C) Photo

of hemolysis at various concentrations of nanoparticles.

Notes: The bottom-right inset is the photo of the direct observation of hemolysis by Fe,O,@SiO,/PEl at different concentrations; 0.9% NaCl is the negative control and

H,O is the positive control.
Abbreviation: PEl, polyethylenimine.

delivery carrier.**> The binding capacity to VEGF shRNA
was further analyzed by agarose gel electrophoresis, as
shown in Figure 8. It was found that Fe,O,@SiO, cannot
bind VEGF shRNA, neither in deionized water nor in 0.9%
NaCl solution (Figure 8A and B). This is due to the fact
that both Fe,O,@Si0O, nanoparticles and DNA presented
negative potential. However, for the same weight of nano-
particles, the surface charge is significantly higher after
coating with PEI, which would provide a high adsorption
capacity. As shown in Figure 8C, at different weight ratios
from 5:1-40:1, the binding capability of Fe,O,@SiO,/PEI
to VEGF shRNA enhanced with the weight ratio, and it
increased in deionized water. When the weight ratio was
over 30:1, almost all the VEGF shRNA was restrained with
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Figure 7 The stabilities of Fe,O,@SiO,/PEl nanoparticles in fetal bovine serum.
Note: Five percent glucose was used as the negative control.
Abbreviations: PEIl, polyethylenimine; shRNA, small hairpin RNA; h, hours.

the nanocomposites. Consistent results were obtained when
Fe,0,@SiO,/PEI/VEGF shRNA was incubated in 0.9% NaCl
solution (Figure 8D). These data indicated that Fe,O,@SiO,/
PEI nanoparticles were capable of effectively binding VEGF
shRNA, and could be employed as a gene delivery carrier.

For the ultimate use of nanoparticles as a gene carrier,
it is critical that these nanoparticles, after being coated with
silica and PEI, retain their low toxicity — ie, the gene carrier
should not induce cytotoxic effects.*** In order to evaluate
the cytotoxicity of the resulting nanoparticles, the viability
of human breast cancer MCF-7 cells was tested by MTS
assay in the presence of Fe,O0,@Si0O,, Fe,O,@SiO,/PEI, or
Fe,0,@SiO,/PEl/Sc shRNA. As shown in Figure 9, Fe,O,@
SiO, nanoparticles did not exhibit any detectable cytotoxic-
ity in MCF-7 cells, even after being incubated with a high
concentration of nanoparticles for 72 hours. More than 85%
of the cells remained viable after incubation with Fe,O,@
SiO,/PEl and Fe,O,@SiO,/PEI/Sc shRNA in concentrations
of 5-80 pg/mL. This suggests that the Fe,O,@SiO,/PEI
nanoparticles showed no significant cytotoxicity, and that
they could be used as a carrier for gene therapy.

Cellular uptake of Fe,O,@SiO,/PEI/VEGF

shRNA nanocomposites

Prussian blue staining and ICP-OES analysis were con-
ducted to determine whether the functionalized core/shell
nanocomposites could be delivered into the MCF-7 cells in
vitro (Figure 10). Blue-stained iron can be clearly observed
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Figure 8 Agarose gel electrophoresis retardation assays.
Notes: (A) Fe,O0,@SiO,:VEGF shRNA and (C) Fe,
shRNA and (D)
Abbreviations: shRNA, small hairpin RNA; PEl, polyethylenimine.

under microscope at high nanocomposite concentrations.
These data illustrated that the cellular uptake level strongly
depended on the concentration of the nanocomposites. Few
blue-stained irons were observed in the low nanocomposite
concentrations of 5-20 pg/mL, but ICP-OES could quantita-
tively detect the presence of iron in the MCF-7 cells. It may
be that a small amount of nanocomposites were internalized
by MCF-7 cells, and the iron concentrations were too low
to be stained into blue. A much stronger blue appearance
emerged when the concentrations of nanocomposites reached
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04@SiOZIPEI:VEGF shRNA at different weight ratios (5:1, 10:1, 20:1, 30:1, and 40:1) in water; and (B) Fe304@SiOZ:VEGF
Fe,O,@SiO,/PEI:.VEGF shRNA at different weight ratios (5:1, 10:1, 20:1, 30:1, and 40:1) in 0.9% NaCl.

up to 40 pug/mL or 80 ug/mL. The quantitative results by
ICP-OES analysis agreed well with the qualitative data by
microscope.

Gene silencing efficiency of Fe,O,@SiO,/
PEI/VEGF shRNA nanocomposites

RNAI uses double-stranded ribonucleic acids to undertake
the function of regulating gene expression.* In this study, the
gene silencing efficiency of Fe,O,@SiO,/PEI/VEGF shRNA
after 72 hours of incubation was evaluated by qPCR and

Hl Fe,0,@S0,
Bl Fe.0,@SiO,/PE
B Fe,0,@Si0,/PEI/Sc shRNA

5 10 20 40 80

Figure 9 Evaluating the toxicity of different nanovectors incubated with MCF-7 for 72 hours.

Note: The dose of nanovectors ranges from 5-80 ug/mL.
Abbreviations: PEl, polyethylenimine; Sc, scrambled; shRNA, small hairpin RNA.
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Figure 10 Microscope images of Prussian blue dye staining of MCF-7 cells after 24 hours of incubation at concentrations of 5 ug/mL, 10 pug/mL, 20 pug/mL, 40 pug/mL and
80 ug/mL, respectively.

Notes: The iron in the cells was stained blue and the Fe—iron accumulation in MCF-7 cells was detected by ICP-OES analysis shown in the bottom-right image.
Abbreviation: ICP-OES, inductively coupled plasma atomic emission spectroscopy.

ELISA assays inmRNA, as were the protein levelsin MCF-7  The high gene silencing efficiency of Fe,O,@SiO,/PEl/
cells, respectively (Figure 11). As compared to control ~VEGF shRNA nanocomposites was further supported by
and Fe,O,@Si0,/PEI/Sc shRNA, Fe,0,@SiO,/PEI/VEGF  the reducing VEGF expression in the protein levels. ELISA
shRNA could significantly inhibit VEGF mRNA expression  analysis showed that Fe,O,@SiO,/PEI/VEGF shRNA nano-
and enhanced the gene silencing efficiency (Figure 11A).  composites dramatically downregulated the VEGF secretion
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Figure |1 Detection of VEGF expression.

Notes: (A) Suppression of VEGF mRNA levels determined by quantitative real-time PCR. (B) The secretion of VEGF protein in culture media tested by human VEGF ELISA
kit; both of the experiments were executed at 72 hours after transfection with Fe,O,@SiO,/PEI (NPs/PEI), Fe,O,@SiO,/PEI/Sc shRNA (NPs/PEI/Sc shRNA), or Fe,O,@SiO,/
PEI/VEGF shRNA (NPs/PEI/VEGF shRNA). All the NP concentrations are 60 ug/mL. For the NPs/PEI/Sc shRNA and NPs/PEI/VEGF shRNA, the weight ratio of NPs/PEI to Sc
shRNA or VEGF shRNA is 40:1. *P<0.05 compared with NPs/PEI or NPs/PEI/Sc shRNA.

Abbreviations: mRNA, messenger RNA; NPs, nanoparticles; PEIl, polyethylenimine; Sc, scrambled; shRNA, small hairpin RNA; PCR, polymerase chain reaction; ELISA,
enzyme-linked immunosorbent assay.
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Figure 12 T -weighted MR images and quantitative signal intensity analysis of
Fe,O,@SiO,/PEI/VEGF shRNA.

Notes: (A) T,-weighted MR images and color T,-weighted MR images of Fe,0,@
SiO,/PEI/VEGF shRNA. The weight ratio of Fe,O,@SiO,/PEl to VEGF shRNA is 40:1.
(The color bar from red to blue shows the gradual decrease of MR signal intensity.)
(B) Quantitative signal intensity analysis. *P<<0.05 and **P<<0.0| compared with the
control (0 ug/mL).

Abbreviations: MR, magnetic resonance; PEl, polyethylenimine; shRNA, small
hairpin RNA.

compared to control or Fe,O,@SiO,/PEI/Sc shRNA (Figure
11B). These results suggest that the Fe,O,@SiO,/PEI/VEGF
shRNA nanocomposites could silence VEGF expression in
a highly sequence-specific fashion.

Fe,O,@SiO,/PEI/VEGF shRNA
nanocomposites as contrast agents

for MR cellular imaging

To evaluate the potential of Fe,O,@SiO,/PEI/VEGF shRNA
nanocomposites for use as a MR contrast agent, MCF-7
cells were cultured with various concentrations of Fe,O,@
SiO,/PEI/VEGF shRNA nanocomposites, as described in
the Materials and methods. T,-weighted MR images of
Fe,0,@SiO,/PEI/VEGF shRNA nanocomposite-labeled cell
phantom were acquired (Figure 12A). As the concentrations
of the iron increased during the incubation, the T,-weighted
MR image was darkened. At the high Fe concentrations
of 0.9 ug/mL and 1.0 pug/mL, the T,-weighted MR images
were darker than those at the low concentration samples in
MCEF-7 cells. Figure 12B shows that the MR signal intensity
decreased with the Fe concentration in MCF-7 cells, which
was also consistent with the T,-weighted MR images.

Conclusion
In summary, we have developed a facile VEGF shRNA
delivery vector based on magnetic silica nanoparticles and

PEIL The PEI polymer was coated on the surface of Fe,O,@
SiO, nanoparticles, followed by electrostatic adsorption of
VEGF shRNA. The Fe,O,/SiO,/PEI/VEGF shRNA nano-
composites exhibited negligible hemolysis against human
blood, and very low cytotoxicity against MCF-7 cells. Such
vectors could be readily internalized into cells and showed
significant downregulation of VEGF expression at both the
mRNA and protein level in MCF-7 cells. We also revealed
that the Fe,0,/SiO,/PEI/VEGF shRNA nanocomposites
were able to be used as an efficient nanoprobe for the MR
imaging of cancer cells. Taken together, Fe,O,/SiO,/PEI/
VEGF shRNA nanocomposites simultaneously possess dual
functions for gene delivery and cellular imaging. Although
the in vivo data should be further investigated, based on the
in vitro data and findings, the Fe,0,/SiO,/PEI/VEGF shRNA
nanocomposite is still a good candidate as a theranostic agent,
and has high potential in future medical applications.
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