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Abstract

Magnetic nanocarrier assisted delivery of small interfering RNA (siRNA) represents a
promising approach for tumor treatment by efficiently down-regulating expression of key
tumorigenic genes, which has been proven feasible and effective for anti-tumor therapy. In the
present study, the polyethylenimine (PEI) mediated magnetic nanoparticles (PEI-MNPs) were
synthesized as carriers for tumor treatment by combined bioimaging, siRNA delivery and in
vitro therapy of glioblastoma multiforme, and their direct biological activity was elucidated in
the treated tumor cells. The results demonstrated that the synthesized PEI-MNPs not only had
a very low cytotoxicity in the studied concentrations, but they also showed the loading of
siRNA molecules could form stable siRNA loaded PEI-MNPs complex (siRNA~PEI-MNPs)
in the tested serum. In addition, the intracellular imaging showed that the PEI-MNPs could
efficiently enter the tumor cells and approach the nuclei after being uptaken, which were

monitored through fluorescent magnetic labeling. The fabricated siRNA~PEI-MNPs
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displayed a very much better therapeutic efficiency to inhibit cell proliferation, and induce
cell apoptosis and autophagy of glioblastoma U251 cells, which was confirmed by analysis of
biological activity in the treated cells. Therefore, this study suggested that the fabricated
PEI-MNPs were a promising non-viral nanovehicle for the combined intracellular imaging
and siRNA delivery for an efficient anti-tumor therapy based on siRNA therapeutic strategy,
and the siRNA~PEI-MNPs could be of great use for anti-tumor treatment in glioblastoma

multiforme in future.

Keywords: Magnetic nanoparticles, Polyethylenimine, Small interfering RNA, Intracellular

imaging, Glioblastoma multiforme

1 Introduction

Glioma, especially glioblastoma multiforme (GBM, World Health Organization/ WHO grade
IV), is the most common and aggressive type of malignant brain tumor, accounting for about
half of all the primary brain tumors. GBM can arise either de novo or as a result of malignant
progression of a low-grade glioma.' Malignant glioma has a poor prognosis and remains
virtually incurable despite aggressive treatment by surgery, radiotherapy and chemotherapy.z’ 3
The highest incidence is in the older population and the 2-year survival rate is less than 3% .*
The median survival is only 12-15 months for patients with glioblastomas and 2-5 years for
patients with anaplastic gliomas.” Therefore, tremendous efforts have been made to develop
effective therapeutic strategies for anti-tumor therapy in glioma treatments. Survivin, a new

member of the inhibitors of apoptosis (IAP) family, has functional role in both cell division
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and apoptosis control 7, and is often found to be up-regulated in tumors, enabling it a
potential new target for tumor treatment. Currently, down-regulating the expression of
survivin gene by siRNA becomes an effective therapeutic modality for tumors.*!

Small interfering RNA (siRNA), consisting of double-stranded RNA molecules of 20-25
nucleotides, catalyzes target mRNA cleavage by forming an RNA-induced silencing complex
(RISC) and interferes with the expression of specific proteins encoded by mRNA, which
provides a promising therapeutic method for serious diseases, especially various tumors
because of their superior ability to down-regulate the expression of target genes in a specific
manner. '>'* However, the use of naked siRNA in clinical applications has been restricted by
its very poor intracellular uptake, failure of endosomal escape, rapid enzymatic degradation in
the bloodstream, low delivery efficiency to target cells, and nonspecific gene suppression
(off-target effects).”” Thus, clinical use of siRNA needs adequate delivery strategies to both
protect the RNA from enzymatic degradation and to reach the action site in the targeted cells.

Many siRNA-carrier systems, including viral and nonviral systems have been widely
exploited to surmount these limitations and to enhance intracellular uptake and stability
against nucleases.'®'® Although transfection is highly efficient, viral vectors, including
adenovirus, adeno-associated virus, and retrovirus, are strictly limited due to its
immunogenicity, potential pathogenicity, endogenous recombination and laborious
preparation.' *° In contrast, non-viral vectors have drawn high attention because of their
potential advantages including no risk of infection, low toxicity, good biocompatibility,
non-pathogenicity and non-immunogenicity, and can be prepared and modified relatively

easily.21’ 2 However, low transfection efficiency has limited their use in therapeutic
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applications compared with viral systems. Hence, the lack of appropriate vector has become a
major hurdle in the development of siRNA therapy for severe diseases including tumors.> %

The development of appropriate carrier systems is crucial for practical applications of siRNAs
as therapeutics. Currently several nanoparticle as non-viral siRNA delivery systems, such as
gold nanoparticles, various polymer nanoparticles, quantum dots (QD) and/or functional
molecules modified QD, have been developed to overcome the major hurdles facing the
therapeutic siRNA delivery due to their biocompatibility and biodegradability, efficient
translocation, size diversity, easily surface functionalization and immobilization with various
moieties 2°*’. However, there are critical issues such as immune responses, cytotoxicity, and

off-target ***’

. Magnetic nanoparticles, particularly magnetite (Fe3Os) and/or maghemite
(y-Fe203), are highly feasible carriers for siRNA delivery owing to their unique properties
such as uniform size, nontoxicity, large surface area, biocompatibility, superior stability in
body fluids, nonimmunogenicity, and facile surface modification for cell-specific targeting
and imaging/tracking. Moreover, cationic liposome, polyethylenimine (PEI), poly (L-lysine),
and their various derivatives are frequently exploited as nonviral delivery systems.**°
Especially, Polyethylenimine (PEI) is currently the most popular cationic polymer used in
non-viral gene delivery due to its high transfection efficiency and superior ability to escape
from endosomes via a “proton-sponge” effect.’' > Accordingly, various types of PEI-based
cationic copolymers have been developed to improve the delivery efficiency and gene
silencing effect of siRNA.** *° Therefore, the development of PEI-modified magnetic

nanoparticles (PEI-MNPs) is a superior strategy for siRNA delivery and efficient transfection

in the practical applications of siRNA-induced target gene silencing in the effective
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therapeutic of tumors.

In the present study, the positively charged PEI was grafted with MNPs to synthesize
PEI-modified MNPs (PEI-MNPs), and the size and shape, the structure composition,
cytotoxicity and intracellular uptake of the PEI-MNPs were then characterized. The
PEI-MNPs were subsequently intracellular imaging, and utilized as carries to load
survivin-targeted siRNA molecules designed for potentially silencing endogenous survivin
expression in glioblastoma multiforme U251 cells, and their direct biological activity was

investigated in detail.

2 Experimental section
2.1 Reagents and materials
Superparamagnetic y-Fe,O3 nanoparticles (MNPs) utilized in this study were prepared

3637 The human

from magnetite (Fe;O4) according to methods proposed elsewhere.
glioblastoma U251 cell line was obtained from the Shanghai Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cell culture medium and the fetal bovine
serum (FBS) were purchased from Gibco Invitrogen Corporation (CA, USA).
Polyethylenimine (PEI), 3-(4,5-dimethylthiazol-2-diphenyl-tetrazolium) bromide (MTT),
fluorescein isothiocyanate (FITC), fluorescein diacetate (FDA), propidium iodide (PI),
Hoechst H33258, acridine orange (AO), dimethyl sulfoxide (DMSO), Triton X-100
solution, and paraformaldehyde were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Monoclonal mouse anti-LC3 A/B antibody and Alexa Fluor 488 goat anti-mouse

IgG were obtained from Proteintech Group, Inc. (Chicago, IL, USA). Fluorescent dye 4,

6-diamidino-2-phenylindole (DAPI) was purchased from Molecular Probes Inc. (Eugene,
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OR, USA). Rhodamine phalloidin was obtained from Cytoskeleton Inc. (Denver, CO,
USA). TRIzol reagent was acquired from Invitrogen (Carlsbad, CA, USA). M-MLV
reverse transcriptase were purchased from Promega (Madison, WI, USA). SYBRH
Premix Ex Taq™ were purchased from Takara (Kyoto, Japan). Other reagents and
chemicals were purchased from local commercial suppliers and were of analytical reagent
grade, unless otherwise stated. Deionized (DI) water (Milli-Q, Millipore, Bedford, MA)
was used to prepare aqueous solutions. The duplexed unlabeled survivin siRNA,
5'-carboxyfluorescein (FAM) labeled and scrambled survivin siRNA were synthesized
with the following sequences by Shanghai GenePharma Co., Ltd (sense, 5’-CACCGCA
UCUCUACAUUCATT-3";antisense, 5’-UGAAUGUAGAGAUGCGGUGTT-3’;
Negative control, sense, 5’-UUCUCCGAACGUGUCACGUTT-3’; antisense, 5’-ACG

UGACACGUUCGGAGAATT-3").

2.2 Principle for PEI-MNPs mediated intracellular imaging and siRNA delivery for gene
silencing

The general principle of the PEI-MNPs mediated intracellular imaging, siRNA delivery and
anti-tumor therapy for human malignant glioblastoma multiforme U251 cells (Figure 1) starts
with the preparation of PEI-MNPs by combining magnetic y-Fe,O3 nanoparticles (MNPs) and
PEI, which were then modified by using FITC. Subsequently, the FITC labeled PEI-MNPs
(FITC-PEI-MNPs) were internalized into glioblastoma multiforme U251 cells for intracellular
imaging. Simultaneously, the PEI-MNPs were also loaded with survivin siRNA through
electrostatic attraction, which was finally delivered into the glioblastoma cells. The

intracellular uptake, siRNA delivery efficiency and anti-tumor effects were investigated
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against glioblastoma multiforme U251 cells.
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Figure 1 Schematic representation of the PEI-MNPs mediated intracellular imaging, and as

carriers for survivin siRNA delivery in tumor U251 cells.

2.3 Synthesis of PEI modified MNPs and FITC labeling
In the present study, magnetic y-Fe,Os; nanoparticles (MNPs) were synthesized as
4.36.37

superparamagnetic carrier cores through the chemical coprecipitation metho and more

information about synthesis of y-Fe,O; nanoparticles are provided in the Supplementary

Information (SI). As magnetic nanocarriers in this study, the PEI-MNPs were synthesized
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through electrostatic adsorption, which involved a two-step reaction, i.e., synthesis of core
magnetic y-Fe,O3; nanoparticles and the conjugation of MNPs with PEI. The preparation of

MNPs followed the previously reported protocol with minor modifications.’®*” Aqueous PEI

solution were subsequently added to MNPs solution (W:W=1:2), magnetically stirred for 24 h.

Then the PEI-MNPs were washed three times under magnetic field using DI water.
PEI-MNPs were finally suspended in DI water and stored at 4 ‘C until use.

To visualize dynamic change of PEI-MNPs in glioblastoma U251 cells, the PEI-MNPs
were fluorescently labeled with fluorescein isothiocyanate (FITC).”® Firstly, 100 mg of
PEI-MNPs were resuspended in 10 mL of borate buffered saline (pH 8.4) and mixed with a
solution of 100 pg/mL FITC solution. Following that the suspension was incubated 2 h with a
low stirring at room temperature in the dark. Then, the FITC conjugated PEI-MNPs were
washed three times under magnetic field using phosphate buffered saline (PBS, pH 7.4). The
FITC-conjugated fluorescent PEI-MNPs (FITC-PEI-MNPs) were finally suspended in RPMI
1640 medium and stored at 4 [ until use. The FITC-PEI-MNPs were observed with an
inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, Kyoto, Japan) equipped with a

high-resolution CCD camera (CV-S3200, JAI Co., Japan).

2.4 Evaluation of biological properties of PEI-MNPs
The biological effects of PEI-MNPs on glioblastoma cells, including cellular uptake, cell
viability, cytotoxicity, and apoptosis were evaluated before using them as carries for sSiIRNA

delivery. More information was provided in the Supplementary Information (SI).

2.5 Intracellular imaging of FITC-PEI-MNPs in U251 cells

Intracellular internalization of FITC-PEI-MNPs in U251 glioblastoma cells was then

8
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performed by co-culturing U251 cells with the FITC labeling PEI-MNPs. Briefly, the U251
cells were seeded in 24-well plates and cultured for 48 h, and then the FITC-labeling
PEI-MNPs (80 pg/mL, diluted using RPMI 1640 medium) were added to the U251 cells.
After incubation for 4 h, the culture medium and the residual FITC-labeling were then
replaced and washed three times with PBS, and then were immunofluorescent stained by
rhodamine conjugated phallodim, the cells were counterstained with DAPI dye (100 nM;
Sigma-Aldrich) to reveal nuclei. The prepared samples were observed under an inverted
fluorescence microscope (Eclipse TE 2000-U, Nikon, Kyoto, Japan) equipped with a

high-resolution CCD camera (CV-S3200, JAI Co., Japan).

2.6 Preparation of siRNA~PEI-MNPs

The binding ability of PEI-MNPs with siRNA was performed by ultraviolet-visible
spectrophotometry and the gel retardation assay. To prepare siRNA binding with PEI-MNPs,
2 pL of synthesized survivin siRNA (37.8 pmol/uL) was mixed with PEI-MNPs with a series
of weight (1, 4, 7, 10, 13 pug) in the DEPC-treated water, and was shaken for 15 min at 37°C,
allowing for sufficient binding of siRNA molecules with the PEI-MNPs. The formed
siRNA~PEI-MNPs suspension was centrifuged, and then separated magnetically. The
prepared supernatant was analyzed by ultraviolet-visible spectrophotometer (NanoDrop 2000,
themro) at A260 nm to reveal siRNA content. Meanwhile, the siRNA~PEI-MNPs were
loaded onto 2% agarose gel for electrophoresis in TAE buffer at a constant voltage of 100 V
for 10 min, and the agarose gel was then stained with the 0.5 pg/ml ethidium bromide solution
for 15 min to visualize the siRNA bands using a UV gel image system (InGenius LHR,

SynGene, UK).
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2.7 Serum stability of siRNA~ PEI-MNPs

To estimate the stability of siRNA against nuclease attack in serum, the naked siRNA and
siRNA~PEI-MNPs loaded with 8 pL of survivin siRNA (20 pM) solution were incubated at
37°C in 20 pL of DEPC water containing 50% (v/v) fetal bovine serum (FBS). At each
predetermined time point, the mixtures were treated with 20 pL of heparin sodium salt
solution (25 mg/mL) for 15 min, and then analyzed by 2% agarose gel electrophoresis at 40 V

for 20 min.

2.8 Cellular uptake of siRNA~PEI-MNPs

The cellular uptake of survivin siRNA~PEI-MNPs was assayed by co-culturing glioblastoma
U251 cells with the FAM labeling siRNA~PEI-MNPs. Briefly, the U251 cells were seeded
into a 24-well plate at a density of 5 x 10" cells/well in 600 pL of culture medium, and
cultured for 24h.Subsequently, the FAM-labeled siRNA was loaded onto PEI-MNPs, to form
the FAM labeling siRNA~PEI-MNPs, which were then added into the wells seeded with the
U251 cells and incubated for 4 h. The sample was then replaced and rinsed by PBS to remove
residual siRNA~PEI-MNP, and fixed with freshly prepared 2% formaldehyde solution. The
cellular uptake of the siRNA~PEI-MNPs were determine by a FACS Calibur flow cytometer
(BD Biosciences, San Jose, CA), and analyzed using CELLQUEST software (BD
Biosciences). At the same time, the cellular uptake of siRNA~PEI-MNPs was also evaluated
by fluorescence microscopy (Eclipse TE 2000-U, Nikon, Japan) equipped with a
high-resolution CCD camera (CV-S3200, JAI Co., Japan), after that the cells were

counterstained with DAPI (100 nM; Sigma-Aldrich) to reveal nuclei.

2.9 Assay of cell proliferation capacity and cell viability

10
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To evaluate anti-proliferation capacity of survivin siRNA~PEI-MNPs, The 3-(4, 5)-
dimethylth-iahiazo(-z-y1)-3,5-diphenytetrazoliumromide (MTT) assay was used to evaluate
cell proliferation on the treated U251 cells. Briefly, 10 pL of the survivin siRNA~PEI-MNPs
solution were added to the microwell plates that were seeded with U251 cells at a density of
1x10* cells/well, and then incubated for 6 h. The fresh culture medium was then added and
incubated for another 42 h. 200 pL of the MTT solution (final concentration: 0.5 mg/mL;
Sigma-Aldrich Co.) was then added and incubated for 4 h, and 150 pL of dimethyl sulfoxide
(DMSO) was successively added and incubated for another 15 min. Finally the absorbance
of the sample was measured at 570 nm on a microplate spctrophotometer (Bio Tek
Instrument Inc., USA).

The cell viability of the treated glioblastoma U251 cells was assessed using a fluorescein
diacetate (FDA) and propidium iodide (PI) double-staining protocol.39’ * The U251 cells of
proper growth stage were seeded at a density of 2x10* cells/well, and 100 pL of the survivin
siRNA~PEI-MNPs solution were added and incubated for 6 h. The fresh culture medium
was added and co-cultured for another 42 h. Subsequently, the FDA solution (final
concentration: 1 pg/mL) and PI solution (final concentration: 20 pg/mL) were successively
introduced into the culture plates, and then incubated for 10 min at room temperature. The
living cells were stained green by FDA, whereas the dead cells were stained red by
fluorescent dye PI. The cell viability was then estimated by counting the live and the dead
cells under an inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, Kyoto, Japan)

equipped with a high-resolution CCD camera (CV-S3200, JAI Co., Japan).

2.10 Cell cycle analysis

11
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The cell cycle of the treated U251 cells was analyzed using flow cytometry. In brief, The
U251 cells were firstly treated with survivin siRNA~PEI-MNPs as described above. The
treated cells were then harvested and dissociated into a single-cell suspension in 500 pL PBS,
and fixed by adding 2 mL of 70% ice-cold ethanol, followed with incubation at 4°C overnight.
The prepared cell suspension was then centrifuged to discard the fixative, resuspended in 2
mL of PBS solution, and filtered using a 200 mesh cell screen. The pelleted cells were
resuspended in 1 mL of 50 pg/mL PI solution containing 20 pg/mL RNase for cell staining.
The cells were incubated in the dark for 1 h at 4 ‘C, and analysed using a FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA), and analyzed using CELLQUEST software (BD

Biosciences).

2.11 Apoptosis assay

Fluorescence Hoechst H33258 staining of apoptotic cells was performed to visualize
apoptotic cells. Briefly, the treated U251 cells were fixed with 4% paraformaldehyde for 15
min, washed thrice with PBS, and then stained with bisbenzimide dye Hoechst H33258
solution (2 pg/mL) for 10 min at room temperature. The stained cells were rinsed thrice with
PBS and observed using an inverted fluorescence microscope (Eclipse TE 2000-U) equipped

with a high-resolution CCD camera (CV-S3200).

2.12 Detection of nuclear DNA fragmentation

The treated U251 cells were harvested using 0.25% trypsin without EDTA and washed twice
with PBS (pH 7.4), and then suspended in 100 pL lysis buffer and mixed vigorously for 10 s.
The samples were centrifuged at 1,000 x g for 5 min to obtain the supernatants, which were

subsequently mixed with 500 uL CTAB (0.1% p-mercaptoethanol) and incubated for 1 h at

12
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65 °C. In each tube was added an equal volume of phenol-chloroform-isoamyl alcohol,
centrifuged for 10 min after mixing (12,000 x g). The supernatant was transferred and added
with an equal volume of chloroform-isoamyl alcohol, centrifuged for 10 min after mixing
(12,000 x g). The obtained supernatant was transferred again and added with an equal volume
of isopropanol to precipitate DNA after incubation at 4 °C for 6 h. the DNA precipitate was
obtained by centrifugation for 15 min (12,000 x g). 500 pL. TE was added to resuspend the
precipitate to obtain aqueous DNA solution, which was then added with the RNA enzyme and
incubated for 1 h at 37 °C. Finally, a DNA pellet was obtained by centrifugation at 12,000 x g
for 20 min. The white DNA pellet was washed twice with 500 pL 70% ice-cold ethanol,
air-dried at room temperature, and dissolved in 50 uL TE buffer. The DNA fragments were
analyzed by electrophoresis with 1.5% agarose gel and visualized under ultraviolet

illumination after staining with ethidium bromide.

2.13 Autophagy assay
The volume of acidic vesicular organelles (AVOs), as a marker of autophagy, was detected by
staining with lysosomotropic agent acridine orange (AO). The cytoplasm and nucleus of the
stained cells fluoresced bright green, whereas the AVOs fluoresced bright red. The treated
cells were stained with AO (5 pg/mL) at 37 Cfor 1 min and observed by inverted fluorescence
microscope (Eclipse TE 2000-U) equipped with a high-resolution CCD camera (CV-S3200).
Immunocytochemistry staining was used to detect the autophagy marker LC3. The treated
U251 cells were then fixed with 4% paraformaldehyde for 30 min at room temperature after
washing with PBS thrice. Triton X-100 (0.1%) solution was then used to permeabilize the

cells for another 30 min at room temperature. The permeabilized cells were then incubated

13
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with 5% newborn calf serum in PBS for 30 min at 37 °C to block nonspecific binding for
immunocytochemistry staining. The cells were incubated overnight in sequence at 4 °C with
anti-LC3A/B antibody (mouse monoclonal IgG1, 1:100). After rinsing with PBS thrice, the
PBS-diluted fluorescence-labeled secondary Alexa Fluor 488 goat anti-mouse IgG (1:20)
were applied for the treated cells and incubated at 37 °C for 1 h. The cell nuclei were
counterstained with DAPI dye (100 nM; Sigma-Aldrich) to reveal the nuclei.
2.14 LC3-1I expression assay by qRT-PCR analysis

To quantitatively determine the level of mRNA expression of LC3-II, total RNA was
extracted from treated U251 cells using the TRIzol reagent (Invitrogen, America) according to
the manufacturer’s instructions. A total of 1 pg of RNA was transcribed into cDNA using
random primers and M-MLV reverse transcriptase (Promega). The qRT-PCR was performed
in a final volume of 20 pl containing 10 pl of SYBR GREEN, and 2 puL of each 10 uM primer,
and 1 pL cDNA products. The amplification program was performed with one cycle at 95°C
for 3 min, followed by 32 cycles at 95°C for 30 sec, at 65°C for 30 sec, and at 72°C for 1 min,
and finally at 72°C for 5 min. After amplification, a melting curve analysis was performed by
collecting fluorescence data. GAPDH was used as the control in this study. The primers for
GAPDH: Fwd-5-CCACCCATGGCAAATTCCATGGCA-3', Rev-5-TCTATCTAGACGGCA
GGTCAGGTCCACC-3', LC3-II: Fwd-5- GAGAAGCAGCTTCCTGTTCTGG-3', Rev-5'-
GTGTCCGTTCACCAACAGGAAG-3'". All samples were performed at least with three

biological replicates.

2.15 Characterization methods

A transmission electron microscope (TEM, JEM-2100, Japan) were employed to characterize

14
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the morphology and size of the prepared magnetic y-Fe,O; nanoparticles (MNPs) and
PEI-MNPs. The crystal structure of MNPs and PEI-MNPs was analyzed with an X-ray
diffractometer (XRD, Philips D/Max-2500, Holland) using a monochromatic X-ray beam
with nickel-filtered Cu-Ka radiation. Fourier transform infrared spectroscopy (FT-IR, Nicolet
NEXUS 670, USA) was performed to record the FT-IR spectra of the MNPs and PEI-MNPs.
Dried samples were pressed with KBr powder into pellets. Sixty-four scans were
signal-averaged in the range from 4000 to 400 cm™ at a resolution of 4 cm™. Their magnetic
measurements were carried out on a vibrating sample magnetometer (LAKESHORE-7304,
USA) by changing H between +1375 and —13750e. Fluorescence images were photographed
using an inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, Kyoto, Japan)
equipped with a high-resolution CCD camera (CV-S3200, JAI Co., Japan). The cell cycle and
cellular uptake were analyzed using FACS Calibur flow cytometer (BD Biosciences, San Jose,

CA).

2.16 Image acquisition and analysis

Bright-field and fluorescence images were acquired using an inverted fluorescence
microscope (Eclipse TE 2000-U, Nikon, Kyoto, Japan) equipped with a CCD camera
(CV-83200, JAI Co., Japan). Software Image-Pro Plus® 6.0 (Media Cyternetics) and SPSS
12.0 (SPSS Inc.) were used to perform image analysis and statistical data analysis,
respectively. The quantitative data are presented as means + standard deviation (SD) for each
experiment. All experiments were performed with three replicates, and the results presented

were from representative experiments.

15
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3 Results and discussion

3.1 Synthesis and characterization of MNPs and PEI-MNPs

In the present study, magnetic y-Fe,O; nanoparticles (MNPs) were synthesized as
superparamagnetic carrier cores through the chemical coprecipitation method.”® *7 The
PEI-MNPs preparation was performed via a two-step process including synthesis of magnetic
v-Fe,O3 nanoparticles (MNPs) and PEI encapsulation by electrostatic adsorption method, and
subsequently, the morphology and performance of as-prepared PEI-MNPs were characterized.
As shown in Figure 2, the TEM images showed that the nano-sized particles were obtained
and had a uniform morphology. The prepared MNPs showed a rather narrow size distribution,
and the diameter of a single particle ranged in size from 10 nm to 15 nm (Figure 2 A), and the
PEI surface-coating of the MNPs did not obviously affect the morphology and size of the iron
oxide crystallites obviously (Figure 2 B),and the size distribution of the tested MNPs and
PEI-MNPs nanoparticles was also similar (Figure S1, SI). Meantime, the X-ray powder
diffraction (XRD) pattern showed six characteristic peaks marked with the indices (220),
(311), (400), (422), (511), and (440) were observed for the MNPs and PEI-MNPs, which
distinctly match standard y-Fe,Os reflections, and clearly show that the incorporation of PEI
to MNPs does not influence y-Fe,Os crystallization (Figure 2C). The composition of the
PEI-MNPs was analyzed by FT-IR spectroscopy. As illustrated in Figure 2 (D), the
characteristic band (Fe-O) of MNPs was situated at 596.6 cm™, and the peaks at 1558 and
1647 cm™ were attributed to the characteristic band of PEIL, and the data confirmed that the
MNPs were successfully modified by PEI with altered characteristic band.

The Figure 2 (E) illustrated that the magnetization curve of the prepared PEI-MNPs

16
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appeared a symmetrical hysteresis loop that was also observed within MNPs (Figure S2, SI)
and this featured loop indicates that the PEI-MNPs are readily magnetized in the presence of a
magnetic field and the removal of the magnetic field results in minimal residual
magnetization within the particles in different medium (including DI water, RPMI 1640, PBS
(pH 7.4)) (F). Moreover, the saturation magnetization of the prepared PEI-MNPs was 22.75
emu/g, which assured that the prepared PEI-MNPs could be widely applied in biomedical
fields. Besides, we examined the zeta potential of the prepared MNPs and PEI-MNPs. The
data showed the PEI-MNPs were positively charged at around +14.6 mV, in comparison with

the naked MNPs that were negatively charged at around -19.6 mV (SI, Figure S3).
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Figure 2 Characteristics of magnetic y-Fe,O3 nanoparticles (MNPs). TEM observation for

MNPs (A, 800 00 x magnification) and PEI-MNPs (B, 800 00 x magnification). (C) XRD
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pattern of MNPs (black) and PEI-MNPs (red). (D) FT-IR spectra of MNPs, PEI-MNPs and
PEI. (E) The magnetic hysteresis loop of PEI-MNPs at 300 K. (F) The response to an external

magnetic field by adding and removing an external magnetic field in different medium.

3.2 Cytotoxicity and cell viability of PEI-MNPs

The cytotoxicity of the prepared PEI-MNPs was analyzed for the treated cells with the MTT
assay, which is a commonly used method to evaluate cytotoxicity.*""** In this assay, MTT, a
yellow tetrazole, is reduced into a purple formazan in living cells, which depends on
NAD(P)H-dependent oxidoreductase enzymes found largely in the cytosolic compartment of
the cell.” ** Therefore, the U251 cells were incubated with the PEI-MNPs dispersion of
different concentrations from 5 to 80 pg/mL for 48 h. The results indicated that the treated
U251 cells generally exhibited a comparable proliferation activity in contrast with the
untreated cells (Figure 3 A). Likewise, a negligible cytotoxicity of the PEI-MNPs with a
concentration less than 80 pg/mL was also reconfirmed by cell viability and apoptosis assay
(Figure S5 & S6, SI). Therefore, these data indicated that the fabricated PEI-MNPs could

serve as a vehicle for siRNA delivery towards U251 cells.

Il PEI-MNPs
MNPs
0.9' - PEI

OD (570 nm)

0 5 10 20 40 80
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Figure 3 The growth ability of treated U251 cells with PEI-MNPs.

3.3 Intracellular imaging of PEI-MNPs in U251 glioblastoma cells
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N Nonm,
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(cytoskeletal cells) DAPI (nuclei)

"FITC (PEI-MNPs) Merge

Figure 4 Intracellular imaging of the FITC-labeling PEI-MNPs in the U251 cells. Schematic
diagram (A). Experimental images (B) of the U251 cells incubated with fluorescent
FITC-labeling PEI-MNPs, the skeletal cells were revealed by phalloidin and nuclei were

stained with DAPI. Scale bar = 50 pum.
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Intracellular imaging of PEI-MNPs designed as in figure 4A, was performed by incubating
the fluorescent FITC-labeling PEI-MNPs with U251 cells for 4 h. The results showed the
FITC-labeling PEI-MNPs could effectively enter into cells and approach the nuclei, as the
green fluorescence labeled PEI-MNPs were revealed close to nuclei within the treated cells
(Figure 4 B). These results suggested that PEI-MNPs could be a potential vehicle for siRNA

delivery towards U251 cells.

3.4 siRNA binding ability and serum stability assay

The positively charged PEI-MNPs with a cationic shell layer were expected to function with
anionic siRNA by electrostatic interactions. Gel retardation was performed to evaluate
binding ability of siRNA molecules with PEI-MNPs, and the unbinding siRNA molecules
kept in the supernatant were detected using ultraviolet-visible spectrophotometry to estimate
the binding siRNA with PEI-MNPs. As shown in Figure 5A, the amount of binding siRNA
molecules increased with more PEI-MNPs used, and the free siRNA molecules detected
simultaneously reduced. Gel retardation also showed that the residual free siRNA molecules
were reduced and hardly detected as more coupling with increasing amount of PEI-MNPs

applied (Figure 5 B).
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Figure S Binding capacity and stability of siRNA molecules coupled with PEI-MNPs. The
dynamic change of siRNA molecules binding with PEI-MNPs (A). Gel retardation assay of
siRNA~PEI-MNPs with different weight ratio of PEI-MNPs to siRNA (B), the lanes from left
to right represented the free siRNA (a, control) and bound siRNA with PEI-MNPs with
different weight of 1 pg (b), 4 ug (¢), 7 pg (d), 10 pg (e), and 13 pg (f) respectively, which
indicated an effective binding ability between siRNA and PEI-MNPs. Serum stability of free
siRNA (C, control) and siRNA~PEI-MNPs (D) detected in DEPC water containing 50%

(v/v) FBS after incubation for hours.

The serum stability of siRNA coupled with PEI-MNPs was tested in DEPC water
containing 50% serum at 37 °C. the results showed that the naked siRNA was completely
degraded after treatment for 6 h (Figure 5 C), but degradation of the coupled siRNA with
PEI-MNPs was much slower than that of naked siRNA, and a substantial amount of siRNA
molecules was still detected after incubation for 48 h (Figure 5 D). These results indicated
that the PEI-MNPs could effectively protect siRNA from degradation by celluar nucleases,

which thus may lead to improved cellular association and enhanced transfection efficiency.

3.5 Uptaking efficiency of siRNA~PEI-MNPs in U251 cells

The efficiency of cellular uptaking seriously affected gene delivery by nanocarriers in the
transfection process for non-viral vector.*>* The poor cellular uptake usually results in the
low amount of intracellular siRNA, and leads to the low efficiency of RNA interference. So,
we examined cellular uptake behaviors of the PEI-MNPs by flow cytometry and an inverted
fluorescence microscope to reveal their effectiveness for siRNA delivery to U251 cells. The

FAM-labeled siRNA~PEI-MNPs were used to treat U251 cells and evaluate their cellular
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uptaking. As shown in Figure 6, the flow cytometric data showed that the U251 cells could
efficiently uptake the siRNA~PEI-MNPs, and the uptake efficiency of siRNA~PEI-MNPs
was higher than that of naked siRNA, which demonstrated that the delivery potential of
PEI-MNPs. Besides, as demonstrated by fluorescence microscope analysis (Figure S7, SI), the
uptaking U251 cells displayed strong green fluorescence within the cytoplasm when they
“swallowed” more siRNA~PEI-MNPs. Thus these results revealed that the fabricated

PEI-MNPs could effectively deliver siRNA into U251 cells.

160 200

Free siRNA
| 4

SIRNA~PEI-MNPs

120

Counts
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!
£
5
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Figure 6 Uptaking measurement of siRNA~PEI-MNPs by U251 cells. The purple curve
represented blank control (cells without treatment), and the green showed cells treated with
free siRNA, and the red represented cells treated with siRNA~PEI-MNPs indicating an

efficient cellular uptaking.

3.6 Anti-proliferation capability and cell viability assay
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Figure 7 The growth ability of siRNA~PEI-MNPs treated U251 cells.

Anti-proliferation capacity of siRNA~PEI-MNPs treated U251 cells was evaluated by MTT

assay, and the results demonstrated that cell proliferation capacity was greatly reduced after

siRNA~PEI-MNPs treatment in comparison with untreated U251 cells and cells treated with

free siRNA (Figure 7).
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Figure 8 Cell viability detection and measurement of the treated U251 cells. The untreated

cells were used as controls, and in comparison with cells treated with free siRNA, more dying

cells were observed after the siRNA~PEI-MNPs treatment. Quantitative analysis was
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performed by counting at least 500 cells with three replicates. Scale bar = 100 pum.

In addition, the PI and FDA double-staining was used to evaluate the viability of
siRNA~PEI-MNPs treated U251 cells. PI is a DNA-binding fluorescent dye that only enters
dead or dying cells with damaged or leaky membranes, producing red fluorescence, which
thus has been used as a marker for apoptotic and necrotic cells.*”** On the other hand, FDA,
which stains cells with intact membranes, produces a bright green fluorescence.” * As shown
in Figure 8 A compared with untreated cells (Figure 8a), the free siRNA treatment could not
obviously produce dying cells, and most cells retained intact (Figure 8b). In contrast, the
dying cells were obviously observed after siRNA~PEI-MNPs treatment (Figure S8c).
Quantitative analysis shows that cell viability (65.6%) treated by siRNA~PEI-MNPs
obviously decreases compared with untreated U251 cells (98.9%) (Figure 8 B). However, the
cells with free siRNA treatment still had higher viability (80.2%). Therefore, the results
indicated that the survivin siRNA~PEI-MNPs could effectively prevent cell proliferation and

lead to death in tumor U251 cells.

3.7 Cell cycle analysis of siRNA~PEI-MNPs treated cells

The cell cycle of the U251 cells was analyzed after siRNA~PEI-MNPs treatment, and as
shown in Figure 9, the data showed that the ratio of G2/M phase was about 12.35% in the
untreated cells, 12.20% in PEI-MNPs, and 13.06% in free siRNA treatment cells respectively
(Figure 9 A-C), but G2/M phase was about 38.55% in the siRNA~PEI-MNPs treated cells
(Figure 9 D). The results indicated that siRNA~PEI-MNPs treatment could obviously affect

cell cycle distribution and arrest cell cycle mostly at G2/M phase in the treated U251 cells.
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Figure 9. Cell cycle distribution of the treated U251 cells. The untreated U251 cells (A,
controls), the PEI-MNPs treated cells (B), the free siRNA treated U251 cells (C), and

siRNA~PEI-MNPs treated U251 cells (D).

3.8 Apoptosis and autophagy in siRNA~PEI-MNPs treated cells

Cell apoptosis is a process of programmed cell death. However, tumor cells are generally
characterized by their ability to bypass apoptosis. Thus, apoptosis is commonly used as a
hallmark of the improved treatment for targeted tumor cells in therapy, which is generally
characterized with distinct morphological changes including chromatin condensation, and
nuclear DNA fragmentation.** >

To reveal the chromatin condensation, the nuclear DNA content of treated cells was

relatively quantified with fluorescence intensity by nuclear dye Hoechst H33258, which binds
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to AT-rich regions of nuclear DNA and allows detection and relative quantification of the
DNA of apoptotic cells.”" ** As shown in Figurel0 A (top), the siRNA~PEI-MNPs treated
U251 cells displayed a much more bright and condensed chromatin, in contrast with cells
treated with free siRNA and PEI-MNPs repectively. Figure 10 A (bottom) showed apoptotic
analysis of treated U251 cells, and statistically the apoptosis rate of the siRNA~PEI-MNPs
treated U251 cells was about 59.5%, significantly higher than the cells treated with free
siRNA (21.4%). Besides, nuclear DNA fragmentation as a hallmark of apoptosis cells was
also analyzed, as DNA breakage by Ca’’- and Mg*"- dependent endonucleases occurs during

53, 54 .
’ As shown in

apoptosis, eventually resulting in DNA fragments of 180 to 200 base pairs.
figure 10 B, the DNA laddering assay demonstrated that fragmented DNA were clearly
observed in the siRNA~PEI-MNPs treated U251 cells in contrast with that in free siRNA
treated U251 cells. Taken together, these results indicated that siRNA~PEI-MNPs could

obviously induce apoptosis in the U251 cells.
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Figure 10 Hoechst staining and apoptotic DNA laddering in the treated U251 cells. (A) The
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siRNA~PEI-MNPs treated U251 cells produced much condensed and overbright nuclei (top,
a), in contrast with cells treated with the free siRNA (top, b), and PEI-MNPs (top, c), and the
untreated U251 cells were used as controls (top, d), (B) the apoptotic analysis of cells treated
with siRNA~PEI-MNPs (bottom, a"), free siRNA (bottom, b"), and PEI-MNPs (bottom, c¢’),
and untreated cells as controls (bottom, d’). Scale bar = 100 um. Accordingly, (B) in the
apoptotic DNA laddering assaying, the siRNA~PEI-MNPs treated U251 cells yielded more
DNA fragments (B, a), in comparison with cells treated with the free siRNA (B, b), and

PEI-MNPs (B, ¢), and untreated U251 cells were used as controls (B, d).

Autophagy is a process of bulk protein degradation through an autophagosomic- lysosomal

55, 56 .
> 2%, and classified as

pathway, which is initiated by the formation of autophagosomes
programmed cell death type II.°7 During autophagosome formation, microtubule associated
protein light chain 3 I (LC3-I) is conjugated to phosphatidylamine to form LC3-
phosphatidylamine (LC3-II). The production of LC3-II is an essential process during the
formation of the autophagosome. Therefore, the ratio of LC3-II levels to LC3-I levels
reflected the activation of autophagy, and the formation and promotion of acidic vesicular
organelles (AVOs), as a characteristic of autophagy, could be detected by acridine orange (AO)

. . 58,59
stamning ~

. Moreover, the expression level of LC3-II mRNA was quantitatively determined
by qRT-PCR in the treated U251 cells. As shown in Figure 11B, a remarkable increase of
LC3-1I mRNA expression level was detected in the sSiIRNA~PEI-MNPs treated U251 cells

compared with cells treated with free siRNA and PEI-MNPs respectively.
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Figure 11 (A) Accumulated cytoplasmic LC3 signal as a hallmark of autophagy in treated
U251 cells. The untreated U251 cells were used as controls (a), and in contrast with cells
treated with PEI-MNPs (b), and free siRNA (c), the LC3 signal was obviously detected in
siRNA~PEI-MNPs treated cells (d). Scale bar =100 um. (B) QRT-PCR analysis of LC3-II
mRNA expression level in the untreated U251 cells (a’), and cells treated with PEI-MNPs (b’),

and free siRNA (c'), and siRNA~PEI-MNPs (d").

The cytoplasmic protein LC3, as another hallmark of autophagy, was revealed by its
anti-LC3A/B antibody. The siRNA~PEI-MNPs treated U251 cells were stained with
immunocytochemistry and observed under a fluorescence microscopy, the results showed that
the LC3 puncta were markedly accumulated in cytoplasm in the siRNA~PEI-MNPs treated
cells (Figure 11). Therefore, these results suggested that siRNA~PEI-MNPs could induce
autophagy in U251 cells. Besides, the siRNA~PEI-MNPs treated U251 cells were stained
with AO, and the results showed that the acidic vesicular organelles (AVOs) formed in the

treated cells as red fluorescent dots was observed in cytoplasm (Figure 12).
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Control PEI-MNPs Free siRNA siRNA~PEI-MNPs

24 hr

Figure 12. AO staining in the treated U251 cells. In contrast with the untreated U251 cells as
controls (a & a’), no AO stain was obviously observed in the cells treated with PEI-MNPs (b
& b’) and free siRNA (¢ & c¢’), but staining was clearly detected in the sSiRNA~PEI-MNPs

treated U251 cells for 12 h or 24 h (d & d’) respectively. Scale bar =50 pm.

4 Conclusions

In the present study, we have attempted to develop PEI surface-modified MNPs as
multipurpose nanocarriers for combined bioimaging, siRNA delivery for in vitro therapy of
tumor cells. The fabricated PEI-MNPs having a cationic polymer shell could efficiently
absorb adequate siRNA molecules via electrostatic interaction, and effectively protect them
from enzymatic degradation in serum in vitro. The fluorescently labeled PEI-MNPs enabled
to enter the tumor cells and gain access to nuclei precisely for intracellular imaging of siRNA
delivery, and the constructed survivin siRNA~PEI-MNPs were successfully delivered into
glioblastoma multiforme U251 cells, and effectively inhibited cell proliferation, induced

apoptosis and autophagy of targeted U251 cells, which was confirmed by analysis of
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biological activity in the treated tumor cells. Therefore, the present study demonstrated that
the fabricated PEI-MNPs were a promising nanocarrier for intracellular imaging and siRNA
delivery for in vitro therapy of glioblastoma multiforme via gene silencing of siRNA

payloads.
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Polyethylenimine mediated magnetic nanoparticles for combined
intracellular imaging, siRNA delivery and anti-tumor therapy
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Figure 1 Schematic representation of the PEI-MNPs mediated intracellular imaging, and as

carriers for survivin siRNA delivery in glioblastoma multiforme U251 cells.

The general principle of the PEI-MNPs mediated intracellular imaging, siRNA delivery and
anti-tumor therapy for human malignant glioblastoma multiforme U251 cells (Figure 1) starts

with the preparation of PEI-MNPs by combining magnetic y-Fe,Oz nanoparticles (MNPs) and
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PEI, and the composed PEI-MNPs were then modified with flourescent FITC. Subsequently,
the FITC labeled PEI-MNPs (FITC-PEI-MNPs) were internalized into U251 cells for
intracellular imaging. Simultaneously, the PEI-MNPs were also loaded with survivin siRNA
through electrostatic attraction, which was finally delivered into the glioblastoma cells. The
results showed that fluorescent FITC-PEI-MNPs could efficiently enter the tumor cells and
approach the nuclei after being uptaken, and the fabricated siRNA~PEI-MNPs displayed a
very much better therapeutic efficiency to inhibit cell proliferation, and induce cell apoptosis
and autophagy of glioblastoma U251 cells. Therefore, this study suggested that the fabricated
PEI-MNPs were a promising non-viral nanovehicle for the combined intracellular imaging

and siRNA delivery for an efficient anti-tumor therapy based on siRNA therapeutic strategy.
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