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Abstract

Gene therapy is a promising therapeutic approach for treating disease, but the efficient delivery of
genes to desired locations with minimal side effects remains a challenge. In addition to gene
therapy, it is also highly desirable to provide sensitive imaging information in patients for disease
diagnosis, screening and post-therapy monitoring. Here, we report on the development of dual-
purpose chitosan and polyethyleneimine (PEI) coated magnetic micelles (CP-mag-micelles) that
can deliver nucleic acid-based therapeutic agents and also provide magnetic resonance imaging
(MRI). These ‘theranostic’ CP-mag-micelles are composed of monodisperse hydrophobic
superparamagnetic iron oxide nanoparticles (SPIONSs) loaded into the cores of micelles that are
self-assembled from a block copolymer of poly (D, L-lactide) (PLA) and monomethoxy
polyethylene glycol (mPEG). For efficient loading and protection of the nucleic acids the micelles
were coated with cationic polymers, such as chitosan and PEI. The morphology and size
distribution of the CP-mag-micelles were characterized and their potential for use as an MRI-
probe was tested using an MRI scanner. The T2 relaxivity of micelles was similar to CP-mag-
micelles confirming that coating with cationic polymers did not alter magnetism. Nanoparticles
coated with chitosan:PEI at a weight ratio of 5:5 showed higher transfection efficiency in
HEK?293, 3T3 and PC3 cells than with weight ratios of 3:7 or 7:3. CP-mag-micelles are
biocompatible, can be delivered to various organs and are safe. A single injection of CP-mag-
micelles carrying reporter plasmids in vivo expressed genes for at least one week. Collectively,
our results demonstrate that a structural reinforcement of SPIONs loaded in the core of an mPEG-
PLA micelle coated with cationic polymers provides efficient DNA delivery and enhanced MRI
potential, and affords a promising candidate for theranostics in the future.
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1. Introduction

Gene therapy is used to treat hereditary diseases such as cystic fibrosis and also acquired
diseases such as cancers [1], but is only as effective as its ability to deliver the therapeutic
nucleic acid to a desired location. Vectors for gene delivery may be viral or nonviral. Viral
vectors offer highly efficient gene transfer, but unwanted immune stimulation and the
potential for mutagenesis have virtually eliminated them from clinical trials [2, 3]. In
contrast, nonviral vectors are safe, have low immunogenicity, and are relatively inexpensive
[4]. Examples of nonviral vectors include bacteria [5], cell-penetrating peptides [6],
functionalized gold nanoparticles (NPs) or carbon nanotubes [7-10], and cationic polymers.
Among these nonviral vectors, cationic polymers including polyethyleneimine (PEI) [11],
poly(I-lysine) (PLL) [11, 12], chitosan [13], dendrimers [14, 15] and cationic lipids [16]
have the advantages of being scalable for manufacturing in quantity, having low
immunogenicity, the capacity for selective chemical modification and the ability to carry
large inserts. Due to its superior transfection efficiency in a broad range of cell types,
synthetic PEI has a privileged place among nonviral gene delivery systems. However, PEI is
not degradable and the cytotoxicity increases with increasing molecular weight. Chitosan,
which is obtained by deacetylation of chitin, is a biocompatible and biodegradable linear
polymer whose cationic polyelectrolyte nature provides strong electrostatic interaction with
negative charged DNA to form stable complexes that protect the DNA from degradation.
However, the transfection efficiency of chitosan is very low and is dependent on its
molecular weight, size and percentage of deacetylation [17]. The goal of a successful
nonviral gene delivery system, therefore, is to achieve therapeutic efficacy while minimizing
adverse effects of the delivery system on cells [18]. To develop such a safe and effective
delivery vehicle, PEI-grafted chitosan, chitosan-grafted PEI or a chitosan-PEI composite
have been tested and shown to have improved transfection efficiency and reduced toxicity
compared to PEI alone [19-22].

For advanced gene delivery, it is desirable to monitor gene expression during or after
therapy. Magnetic resonance imaging (MRI) is a powerful clinical imaging technique for
diagnosis of a variety of diseases and post-therapy assessment. MRI contrast can be
enhanced by the use of positive or negative contrast agents resulting in brighter (T1-
weighted) or darker (T,-weighted) images, respectively. Superparamagnetic iron oxide NPs
(SPIONS) are T contrast agents that are widely used in molecular and cellular imaging
applications [23, 24]. Recently, PEI- poly(ethylene glycol) (PEG)-chitosan coated SPIONs
have been reported for DNA or siRNA delivery and MRI imaging [25, 26] and PEG-grafted
PEI-complexed SPION for gene delivery and MRI imaging [27]. When incorporated into
micelles, SPIONs have a longer half-life in circulation, improved biocompatibility, and
show better contrast. SPION polymeric micelles were used successfully as MRI probes and
for drug delivery [28-31].

Here, we report the development of a theranostic system consisting of dual-purpose
magnetic micelles, CP-mag-micelles produced by coating SPION-loaded mPEG-PLA
micelles with cationic polymers, such as chitosan and PEI. These mag-micelles were
characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS),
Fourier transform infrared (FTIR) spectrometry and nuclear magnetic resonance (NMR).
The potential of CP-mag-micelle for delivering DNA while maintaining superparamagnetic
properties and biocompatibility, was tested through DNA binding assays, transfection
studies in various cell lines, MR phantom imaging, biodistribution, in-vivo gene expression
and WST assay.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 3

2. Material and methods

2.1 Materials

Monomethoxy PEG (mPEG, Mw 2 kDa), branched PEI (Mw, 25kDa), 3,6-dimethyl-1,4-
dioxane-2, 5-dione (DL-dilactide), stannous 2-ethylhexanoate, 1,2-dodecanediol, oleylamine
and cyanoborohydride were purchased from Sigma. Iron (I11) acetylacetonate (Fe(acac)s),
oleic acid, and benzyl ether were purchased from Acros Organics. Water-soluble chitosan
(MW 10 kDa) was donated by Transgenex Nanobiotech Inc.

2.2 Synthesis of mPEG-PLA-OH

A series of mPEG-PLA-OH diblock copolymers were synthesized from DL-dilactide and
mPEG of various molecular weights using stannous 2-ethyl-hexanoate as a catalyst by
catalyzed ring-opening polymerization [32]. First, the DL-dilactide was dried with vacuum
at room temperature for 4 hrs. The appropriate amount of mMPEG was dried in a two-neck
pre-dried round bottom flask with vacuum at 80°C for 3 hrs. Then certain amount of dry
pure DL-dilactide, the stannous 2-ethyl-hexanoate (3% w/w) and 20 mL of toluene were
added to two-neck flask and mixed with mPEG. The reaction solution was refluxed for 5 hrs
in an oil bath (140°C) with argon gas protection. The product was precipitated with cold
diethyl ether. The purified product was kept in vacuum at room temperature for 24 hrs. To
determine the structure of the synthesized copolymers, FTIR spectra were performed using a
NEXUS spectrometer. The block ratio and the chemical structure of mMPEG-PLA were
characterized by IH-NMR. The mPEG-PLA block compolymer was dissolved in CDCl3
and TH-NMR spectrum was taken using a Bruker 250 spectrometer (Bruker, Rheinstetten,
Gemany).

2.3 Preparation of CS-mag-micelles

SPIONs were prepared according to the procedure reported by Sun, et al [33]. The black
SPION product was dissolved in dichloromethane in the presence of oleic acid (0.05 ml) and
oleylamine (0.05 ml). The solvent evaporation method was used to prepare CS-mag-micelle
by adding an SPION/mPEG-PLA dichloromethane solution dropwise to a chitosan solution
with vigorous stirring. In a typical experiment, the mixture of 500 pl of 25 g/l mPEG-
PLA in CH,Cl, and 300 .l of 4 mg/ml SPION in CH,Cl5 solution was added dropwise to
10 ml of a 10 mg/ml solution of water-soluble chitosan with stirring. The organic solvent
CH,Cl, was allowed to evaporate slowly at ambient conditions overnight. The micelle
solution was filtered through a nylon membrane filter (size cutoff 0.2 um) and freeze-dried.
To prepare different weight ratios of chitosan-PEI-mag-micelles (also referred to as CP-
mag-micelles)) (chitosan to PEI weight (wt) ratios, 7:3, 5:5, 3:7), different volumes of CS-
mag-micelle solutions (2 mg/ml) were mixed with a PEI solution (2 mg/ml). The CP-mag-
micelle solution was dialyzed with 5K molecular weight cutoff membrane to remove the
free PEI. X-ray diffraction (XRD) measurements were acquired using a Rigaku D/Max
diffractometer equipped with Cu-Ka radiation, A=0.154185 nm. The magnetic data were
taken with a vibrating sample magnetometer (Model 4500 by EG&G/Princeton Applied
Research Corp) at room temperature.

2.4 Plasmid preparation

The plasmid pCMV-tdTomato (Clontech) encoding the tdTomato red-fluorescent protein
was grown in XL1-Blue cells and purified by MaxiPrep plasmid purification kit (Invitrogen
Corporation, Carlshad, CA). The pRL renilla luciferase plasmid (Promega Corporation,
Madison, IL) and pSV40 luciferase were grown in E. coli XL10. The DNA concentration
and purity were determined prior to using in transfection assays.

J Control Release. Author manuscript; available in PMC 2013 October 10.
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2.5 Preparation of CP-mag-micelle:DNA complexes

The CP-mag-micelles (0.2 pg/pl, 10 kD) and a plasmid DNA solution (0.2 pg/pl) in PBS
were prepared separately. The plasmid DNA solution was added drop-wise to CP-mag-
micelles solution and vortexed for 20 minutes.

2.6 MR phantom imaging

Various dilutions of mag-micelles, CP-mag-micelles (wt ratio, 5:5), CP-mag-micelles:DNA
(wt ratio of chitosan:PEI:DNA, 5:5:1) were diluted with deionized water. The concentrations
of iron in the micelles were determined according to a protocol reported by Mykhaylyk [34].
200 pl aliquots of various micelle solutions were added to a 96 well plate. MR images were
obtained using an Agilent ASR 310 7 Tesla MRI high-field scanner. Multi-echo transverse
relaxation experiments (MEMS) were performed in imaging mode to determine measure T»
values. Nonlinear least square fitting was performed in MATLAB (Mathworks, Inc) on a
pixel-by-pixel basis. A region of interest (ROI) was drawn for each well, where the mean
value was used to determine the transverse molar relaxivity rp. The image was recorded with
Vnmrj 3.0.

2.7 Gel retardation assay

The CP-mag-micelles:DNA complexes were mixed with a loading buffer and loaded onto a
0.8% agarose gel containing ethidium bromide. Gels were electrophoresed at room
temperature in Tris/Borate/EDTA buffer at 80 V for 60 min. DNA bands were visualized
using a Chemi DOX TM XRS imaging system (Bio-RAD, CA, USA).

2.8 Measurement of particle sizes

The hydrodynamic particle sizes of the mag-micelles, CP-mag-micelles and CP-mag-
micelles:DNA complex in DMEM cell culture media were measured at 25°C using a
DynaPro DLS plate reader (Wyatt Technology, Germany). The morphology of the SPIONs
and multi-layered mag-micelles was determined by TEM.

2.9 Cytotoxicity test

In vitro cytotoxicity was evaluated in PC3 cells using the WST-1 colorimetric assay with 2-
(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium monosodium salt
reagent. PC3 cells were seeded in a 96-well plate using standard DMEM supplemented with
10% fetal bovine serum and 1 % penicillin G and streptomycin. Various concentrations of
NPs were added to the well in triplicate. The cells were cultured for 72 hrs in an incubator at
37°C under 5% CO,. After 68 hrs, 10 pL of WST-1 (diluted 1:4 with phosphate buffer) was
added and cells were incubated for an additional 4 hrs. Cell viability was measured at 450
nm in a microplate reader (Synergy H4 Hybrid reader, Biotek). Cell viability (%) was
calculated according to the following equation: Cell Viability (%) = 100%(ODgampie/

ODcontrol)

2.10 In vitro transfection of HEK 293 cells, PC3 cells and 3T3 cells with CP-mag-micelle:
DNA complexes

Cells were seeded 24 hrs prior to transfection into a 96-well plate at a density of 5000 cells
per well in 100 pl of complete medium (DMEM containing 10% FBS, supplemented with 2
mM I-glutamate, 50 U/ml penicillin and 50 pg/ml streptomycin). At the time of transfection,
the medium in each well was replaced with 500 .1 of fresh complete medium. An amount of
NPs equivalent to 0.2 ug of DNA was added to each well. The plate was placed on a magnet
for 30 mins and then incubated for 48 hrs. Transfection with lipofectamine-DNA
(LipofectamineTM, LTX, Invitrogen) complexes was performed as positive controls
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according to the manufacture's protocol. All transfection experiments were performed in
triplicate.

2.11 Transfection efficiency using luminometric assay for luciferase

For luminometric assay, the cells were plated in 12-well plate at a density of 105 cells per
well in 1 ml of complete medium. After 48 hrs incubation with plasmid (tomatoDNA: pRL-
Luciferase:SV40-luciferase (wt ratio, 10:1:1)) complexed nanovectors, cells were collected
with 50 pl of 1x cell-passive buffer (Promega). The luciferase activity in cell extracts was
measured using a dual luciferase assay kit (Promega) on a luminometer. The light units (LU)
were normalized against protein concentration in the cell extracts, which was measured
using a BCA protein assay kit (ThermoScientific). Luciferase activity in cell lysates was
expressed as relative light units (LU/min per g of protein in the cell lysate).

2.12 TEM imaging of cell ultra-sections

PC3 or HEK 293 cells were incubated with CP-mag-micelle:DNA complex (wt ratio of
chitosan:PEI:DNA, 5:5:1) for 24 hrs. The cells were trypsinized and immediately prefixed in
1% paraformaldehyde and 0.5% glutaraldehyde buffered with 0.5% sodium cacodylate (pH
7.1) for 10 min at 4°C, then pelleted by centrifugation at 1200 rpm for 5 min. The cell
pellets were fixed in 2% paraformaldhyde-2.5% glutaraldehyde-0.05% sodium cacodylate,
pH 7.1 for 30 min at 4 °C. After centrifugation, the pellets were collected and washed with
0.2 M sodium cacodylate, pH 7.4. Osmium tetroxide (1%) in sodium cacodylate buffer was
then used for 1 hr for post-fixation at room temperature, followed by three washings in
deionized water. Dehydration of cell pellets was then performed in an ascending series of
ethanol concentrations--10%, 35%, 50%, 70%, 95% and 100% ethanol--for ten minutes
each, followed by 100% acetone dehydration for 10 minutes. The pellets were then
infiltrated with Embed 812 epoxy resin (Electron Microscopy Science, Fort Washington,
PA) in a stepwise manner with ratios of acetone to Embed of 3:1, 1:1, 1:3 for 30 min each.
Finally, the pellets were transferred into pure resin for 24 hrs, and allowed to harden at 40°C
and 60 °C for 24 hrs respectively. Ultrathin sections were cut with a Leica ultramicrotome
and imaged with a JEOL 1200 EX transmission electron microscope, operating at an
accelerating voltage of 80 kV. The cell uptake of CP-mag-micelles was also visualized with
fluorescent-labeled micelles, which were prepared by reacting Cy5.5-NHS with CP-mag-
micelle (wt ratio 5:5) overnight. The Cy 5.5-CP-mag-micelles were purified by dialysis in a
dialysis membrane with molecular weight cutoff of 1K until no free Cy5.5 was detectable in
the dialysis solution by spectrophotometric measurement at 650 nm. Three hours after
Cy5.5-CP-mag-micelles were incubated with HEK293 cells, the cells were fixed and stained
with DAPI. The distribution of NPs inside the cells was imaged with the multiphoton
Olympus BX61W1 confocal microscope.

2.13 In vivo tissue distribution of fluor-labeled CP-mag-micelles

To monitor the biodistribution of CP-mag-micelle after i.p. and i.v. administration, 500 I of
Cy5.5-CP-mag-micelle solution containing 500 pg CP-mag-micelle and 6.25 pg Cy5.5 was
administered i.p or i.v. to C57BL/6 mice (6-8 week old). After 4 hrs, the mice were
euthanized via CO2 asphyxiation. The organs were removed, weighted and scanned for
fluorescence using the Xenogen IVIS imager (Caliper Life Sciences Inc, MA, USA).

2.14 In vivo gene delivery and clearance test of CP-mag-micelle:DNA complexes

500 .l of CP-mag-micelle:DNA (wt ratio of chitosan:PEI:DNA, 5:5:1) containing 20 pg
DNA or 500 pl PBS was administered i.p. to C57BL/6 mice (6-8 week old). After 1, 2 and 7
days, the mice were euthanized via CO2 asphyxiation and liver, spleen, kidney, lung and

J Control Release. Author manuscript; available in PMC 2013 October 10.
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prostate were removed and fixed in 10% formalin for hematoxylin and eosin (H&E)
staining.

A part of the same organs was embedded in OCT freezing medium and kept at -80°C until
needed. The frozen tissues were sliced in 5 pm thick sections, fixed in 4%
paraformaldehyde and stained using Prussian blue to indicate the presence of iron. For
analysis of DNA expression, the 5 um frozen sections were fixed with 4%
paraformaldehyde and immunostained with anti-red fluorescent protein (RFP) and DAPI
(nuclear DNA stain) (Vector Lab). All images were made using an Olympus BX51
microscope equipped with a DP-72 high-resolution digital camera (Olympus Imaging
America Inc., Center Valley, PA).

2.15 Statistical analysis

Data are expressed as mean plus or minus standard deviation. Statistical analysis was
performed using the unpaired Student's t-test. Differences were considered statistically
significant for p <0.05.

3. Results and Discussion

3.1 Preparation and characterization of multilayered mag-micelles

The polymeric micelle has been widely studied as a hovel nanomedicine platform for
anticancer drug delivery and diagnostic imaging applications over the past decade [29-31,
35-37]. This nanoplatform was expected to prolong the drug circulation time in blood while
reducing direct contact between drugs and healthy tissues or organs. It was also reported that
clustering of the MRI contrast agent SPION inside the micelle core resulted in high T»
relaxivity (>400 Fe mM~1 s71) [30]. In this study, we developed a nanovector based on the
polymeric micelles for DNA delivery. The assembly of the nanovector is shown in Figure 1.
The hydrophobic SPIONs were synthesized according to the procedures of Sun et al [33].
The XRD spectra confirmed the formation of Fe30,4 (Figure 2A) [38, 39]. The particle size
determined from the Scherrer Broadening of the XRD lines is 7.0 + 0.6 nm. TEM images
(Figure 2C) showed an average size of 6 nm in agreement with the XRD results. The
magnetic properties of the SPION powder at 300K analyzed using a vibrating sample
magnetometer show no hysteresis (Figure 2B) characteristic of superparamagnetism with
saturation magnetism Mgs=23 emu/g. This magnitude of Mg is consistent with that reported
for similarly prepared 6 nm Fe3O4 NPs with a blocking temperature of about 20K [39] .

The synthesized SPIONs which were coated with hydrophobic chains from oleic acid and
oleylamine self-assembled to needle shape as shown in figure S1. To increase sensitivity of
MRI, hydrophobic SPIONs were loaded into the core of micelles (referred to as mag-
micelles) self-assembled from an amphiphilic block copolymer of mPEG- poly (D, L-
lactide) (PLA). The block copolymer mPEG-PLA was synthesized by a ring opening
polymerization of D, L-lactic acid using monomethoxy-terminated PEG (2KD) as a macro-
initiator and Sp(Oct), as catalyst. The block copolymer was characterized by FTIR and
NMR. Figure 3A shows the FTIR of mPEG and mPEG-PLA. The strong absorption at 1760
cm~1 is assigned to — C = O stretch of PLA, while the band at 1087 and 1184 cm™1 is due to
C-O-C stretch of PEG and PLA, respectively. The IH-NMR was obtained to further confirm
that PLA was copolymerized with mPEG as shown in Figure 3B. The integral of the signal
at 3.3 ppm, which is attributed to the three equivalent hydrogen atoms of the methyl group
on MPEG-OH was used as the internal standard. The molecular weight of the PLA block in
the copolymer was calculated to be 13 kDa using an internal standard. The diameter of
formed mag-micelles spheres ranged from 35 to 50 nm as shown in figure 2D.

J Control Release. Author manuscript; available in PMC 2013 October 10.
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To ensure biocompatibility and stability /n vivoand proper intracellular trafficking, the mag-
micelles were coated with the cationic polymers, chitosan and PEI. First, the chitosan coated
mag-micelles (CS-mag-micelles) were prepared by solvent evaporation. Second, PEI was
added to CS-mag-micelles at different weight (wt) ratios to form chitosan-PEI coated mag-
micelles (CP-mag-micelle). A 50 kDa molecular weight-cutoff dialysis bag was used to
remove uncoated PEI, and DLS was used to measure the distribution of the size and the peak
of the hydrodynamic radius of different layers of mag-micelles in aqueous solutions (Figure
S2). The average hydrodynamic radius of CS-mag-micelles is 49.8 nm (Figure S2B), which
is larger than that of mag-micelles (22.7 nm). When PEI was added to the coating of CS-
mag-micelles, the average radius of CP-mag-micelles was further increased. CP-mag-
micelles with different wt ratios of chitosan:PEI, 7:3, 5:5 and 3:7, formed particles with
average radii of 65.2 nm, 53.8 nm, and 61.3 nm, respectively.

The morphology of mag-micelles and CP-mag-micelles was determined by TEM. Figure 2D
and 2E show well-defined core/shell structures of mag-micelles with a high density of
SPION clusters inside the micelles. The size of the CP-mag-micelles was 50-70 nm, which
is somewhat larger than the mag-micelles (35-40 nm).

The Tomato-DNA plasmids were bound to the surface of CP-mag-micelles by electrostatic
forces. As shown in the TEM images (Figure 2F), the surface of the CP-mag-micelles was
encircled by DNA plasmids. The size distribution of the CP-mag-micelle:DNA complex is
shown in Figure S2. The average hydrodynamic radius of the CP-mag-micelle:DNA
complex increased with PEI concentration on the coatings from 107.1 nm with
chitosan:PEI:DNA at a wt ratio of 7:3:1 to 132.1 nm with a chitosan:PEI:DNA wt ratio of
3:7:1.

The formation of the multilayered mag-micelles was further confirmed by FTIR.Figure S3A
shows the FTIR bands characteristic of oleic acid-coated hydrophobic SPION. The bands at
574 and 424 cm~1 were due to Fe-O vibration bands. Surface bonded oleic acid can be
observed by the presence of 2911 and 2846 cm™! assigned to C-H stretch, and 1461 cm™1
(C-H bending). In the FTIR of mag-micelles (Figure S3B), absorption peaks due to mPEG-
PLA (e.g., 1037 and 1139 cm™1 peaks from PEG C-O-C and PLA, and1749 cm™1 peak from
C=0 stretching bands respectively) were observed. In addition, 3200-3600 cm~1 broad band
from O-H stretching was also observed. In the FTIR of CS-mag-micelles (Figure S3C) and
CP-mag-micelles (Figure S3D) more broad bands at 3200-3600 cm™! due to N-H and O-H
stretching were observed. Bands at 1508 cm™1 and 1641cm~1 were observed from the N-H
bend of amide and amine respectively. These observations confirmed that CS and PEI were
coated on the surface of mag-micelles. The mechanism of CS and PEI coating onto the
surface of the mag-micelle might be due to the electrostatic force. The zeta potential of mag-
micelle is -16.70 mV. When mag-micelles are bound with positively-charged chitosan to
form CS-mag-micelles, the zeta potential of CS-mag micelles was changed to +6.58 mV.
When PEI was added to the CS-mag-micelles, the zeta potential of CP-mag-micelles was
further increased to +17.89 mV. The increase in zeta potential confirmed coating of mag-
micelles with chitosan and PEI.

3.2 Complexes of CP-mag-micelles and DNA

The ability of the vector to form complexes with nucleic acids is a fundamental requirement
for gene delivery. The condensation capability of different layers of mag-micelles with DNA
was evaluated using agarose gel electrophoresis as shown in Figure 4. In this assay, DNA
which was bound to the mag-micelles remained in the loading wells, while unbound DNA
migrated down the agarose gel. It was observed that CS-mag-micelles could not completely
retarded DNA until the chitosan:DNA wit ratio reached 10:1. However, the migration of
DNA was retarded completely with CP-mag-micelles irrespective of chitosan:PEI wt ratios.
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These results suggest that PEI enhanced DNA binding to mag-micelles. During transfection
it is critical to protect DNA from degradation by nucleases and destructive enzymes within
lysosomes, which can reduce transfection efficiencies. We examined whether the addition of
PEI to CS-mag-micelles could improve binding capacity and protection of DNA. The gel
retardation analysis provided information about DNA protection by the mag-micelles.
Figure 4 shows that DNA bound by CS-mag-micelles at a wt ratio of 5:1 or 10:1 was not
protected as evidenced by ethidium bromide staining in the loading wells. On the other
hand, PEI and CP-mag-micelles fully protected bound DNA from staining, as seen by a lack
of visualized DNA in the wells. These results are in concordance with published reports
[25].

3.3 Cell transfection assay

Gene therapy can be performed both ex vivo and in vivo. In the ex vivo method, the plasmid
DNA is first introduced into cells, the cells are allowed to grow and divide for a few days
and then the cells carrying plasmid DNA are injected into the patient. In the in vivo method,
the plasmid DNA is delivered directly into the patient's body. We tested the ability of CP-
mag-micelles to deliver plasmid DNA to various cultured cells in vitro using plasmid DNA
encoding Tomato protein () CMVtdTomato) as a reporter (with excitation and emission
maxima of 554 and 581 nm, respectively). To visualize the gene delivery efficacy, cells
were plated in 96-well plates overnight and then incubated with various transfection agents 2
pag/ml DNA. A magnet was placed under the plate for half hour to enhance the transfection.
The magnet was removed and the cells were incubated for 48 hours. The fluorescent images
in figure 5 (A, B) show that nanocomplexes of PEI:DNA (wt ratio, 10:1) and chitosan-PEI
coated mag-micelles (CP-mag-micelles) irrespective of chitosan:PEI wt ratios, readily
delivered tomato DNA in HEK293 and 3T3 cells. Consistent with gel retardation data,
chitosan-DNA nanocomplexes, even at higher wt ratios (chitosan:DNA, 10:1) did not
transfect cells. Similar results were obtained when PC3 cells were transfected with various
CP-mag-micelles (Figure S4). Cells receiving no treatment were also imaged for reference.
These results demonstrate the ability of CP-mag-micelles to deliver DNA into the cells and
produce expression levels similar to those commercially available transfection agents, such
as lipofectamine.

Transfection efficiency was quantified using Renilla luciferase reporter plasmids (pRE-luc).
HEK?293 cells were transfected with nanocomplexes consisting of various combinations of
CP-mag-micelles and pRE-luc. Results shown in Figure 6A suggest that in HEK 293 cells,
nanocomplexes of CP-mag-micelle with DNA induce luciferase activity similar to
lipofectamine-DNA complex, and higher than with PEI-DNA complexes. The transfection
efficiency of CP-mag-micelles as a function of DNA dose was also evaluated. At 0.5 j.g
DNA/mlI, the transfection efficiency of all three CP-mag-micelle:DNA complexes, with
chitosan:PEI:DNA wt ratios, 7:3:1, 5:5:1 or 3:7:1 is comparable to that of PEI-DNA
complexes. When the dose of DNA was further increased from 1 to 2 ug DNA/mI, the
transfection efficiencies of CP-mag-micelles were much higher than PEI and were
comparable to lipofectamine.

We examined the potential of CP-mag-micelles to deliver DNA to 3T3 cells, since these
cells are resistant to transfection with chitosan-DNA NPs [40].) At low DNA concentrations
(0.5 rg DNA/mI), the transfection efficiency of CP-mag-micelle and PEI for 3T3 cells was
lower than with Lipofectamine (Figure 6B). When the DNA concentration was increased to
1 pg/ml, the transfection efficiency of CP-mag-micelle increased with an increase in PEI wt
ratio. The transfection efficiency of CP-mag-micelle:DNA (with chitosan:PEI:DNA wt ratio,
3:7:1) was higher than Lipofectamine, but significantly lower than PEI:DNA (10:1).
However, at 2 ug DNA/mI, the cell transfection efficiency of all three CP-mag-micelles
increased significantly compared to Lipofectamine. The transfection efficiency of CP-mag-
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micelle:DNA (wt ratios of chitosan:PEI:DNA, 5:5:1 and 7:3:1) was 10-fold more than
Lipofectamine and PEI:DNA (10:1). These results demonstrate that nanocomplexes of CP-
mag-micelles can transfect 3T3 cells with high efficiency compared to Lipofectamine or
PEI.

We next examined the transfection efficiency of CP-mag-micelles in the difficult-to-
transfect cancer cell line, PC3. As shown in Figure 6C, the transfection efficiency CP-mag-
micelles in PC3 cells depended on the dose of DNA irrespective of the PEI wt ratio. At 1 or
2 g DNA/mI, CP-mag-micelle:DNA (with chitosan:PEI:DNA wt ratio, 7:3:1) showed the
highest cell transfection efficiency, which weas significantly higher than Lipofectamine. The
highest transfection efficicency was seen with CP-mag-micelle:DNA (wt ratio of
chitosan:PEI:DNA, 5:5:1) complexed with 3 g/ml DNA. From these results it can be
concluded that the synergistic effect of chitosan and PEI endowed CP-mag-micelles with the
ability to produce a greater transfection efficiency than PEI itself and one that is comparable
to or better than Lipofectamine depending on the dose and cell line.

The degree of synergy between chitosan and PEI depends on the structure of the NPs and
the type of cell line, as reported [21, 41]. The ability of chitosan/PEI to transfect cells better
than chitosan alone can be attributed to the higher amine content in the complex and the
PEI's proton sponge effect that facilitates the escape of DNA from endosomes. The
transfection efficiency of chitosan/PEI is higher than that of PEI alone due in part to the
weaker condensation ability of the complex, which would result in an easier release of DNA
from the complexes inside the cells [42].

3.4 Cell viability test

To determine the cytotoxicity of CP-mag-micelles, cell viability was measured by WST
assay. PC3 and HEK?293 cells were incubated in the presence of different combinations of
CP-mag-micelles for 72 hrs. Cells without NPs were used as a positive control with a cell
viability of 100%. The results in Figure 7 show that CS-mag-micelles and CP-mag-micelles
show some dose-dependent cytotoxicity but lower than PEI. The CP-mag-micelles with
chitosan:PEI wt ratios of 7:3 and 5:5 did not show any cytotoxicity even at the high
concentration of 80 pwg/ml in PC3 cells. However, CP-mag-micelles with chitosan:PEI at a
wit ratio, 3:7 showed a dose-dependent increase in cytotoxicity . These results indicated that
CP-mag-micelles with chitosan:PEI wt ratios of 7:3 and 5:5 are ideal for delivering genes
with no toxicity. Since CP-mag-micelleCP-mag-micelle with chitosan:PEI wit ratio, 5:5
demonstrated high transfection efficiency without cytotoxicity, it was chosen for further
studies.

3.5 Cell uptake mechanism

NPs can be internalized either by receptor-mediated endocytosis or by macropinocytosis,
caveolae-mediated endocytosis or lipid raft-mediated endocytosis on cell membranes via
hydrophaobic or electrostatic interactions [43]. In order to determine the mechanism of
cellular uptake and intracellular distribution of CP-mag-micelle:DNA nanocomplexes, PC3
cells were transfected with NPs for 24 hrs, then trypsinized, fixed and analyzed by TEM. As
shown in Figure 8(a), NPs attached to the plasma membrane (Figure 8(a)A) were
endocytosed by macropinocytosis (Figure 8(a)D) or lipid raft-mediated endocytosis (Figure
8(a)E). The NPs were present inside endosomes in the cytoplasm as shown in Figure 8(a).
After endocytosis, the NPs in endosomes can move into the cytoplasm by the aid of PEI
[44], which absorbs the protons produced during the acidification process in the mature
endosome. In order to maintain electric neutrality, a parallel influx of CI-1 ions and water
accompanies the influx of protons. This process can induce swelling and eventual rupture of
the endosome membrane allowing its contents to escape. Figure 8(a) H shows the rupture of
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the membrane of the endosome and escape of NPs moving toward the nuclear membrane.
Some particles pass through the nuclear membrane via nuclear pores and enter the nucleus
as shown in Figure 8(a) B, F, G . Further, some NPs were taken up by the liposome as
shown in Figure 8(a) C. Similar results were observed in HEK 293 cells as shown in figure
S5.

To better visualize the escape of NPs from endosomes, the CP-mag-micelles were
complexed with Cy5.5, a near-infrared imaging dye to track the NPs after transfection.
HEK?293 cells were transfected with Cy5.5 complexed with CP-mag-micelle (chitosan:PEI
wit ratio, 5:5) for 3 hours, nuclei were stained blue with the DNA-staining agent, DAPI, and
the distribution of NPs inside the HEK 293 cells was examined by confocal fluorescent
microscopy (Figure 8(b)). Results showed the CP-mag-micelles distributed throughout the
cells, which indicated that endosomes were being disrupted and releasing the Cy5.5- CP-
mag-micelles into the cytoplasm. Furthermore, some NPs were observed in the nucleus.

3.6 In vitro MRI

In addition to delivering the gene-expressing plasmid, the CP-mag-micelles were also
designed to act as an MRI contrast agent to allow monitoring of the outcome of gene
therapy. To determine whether CP-mag-micelles retained sufficient magnetism to be
detectable by MRI, mag-micelles, CP-mag-micelles and CP-mag-micelles:DNA complexes
with chitosan:PEI wt ratio, 5:5 were analyzed by MR phantom imaging. Figure 9A and 9B
show the visual and quantitative contrast respectively, provided with various Fe
concentrations. The r, relaxitivity of mag-micelles (162.9 mM~1S~1) were similar to CP-
mag-micelles (141.7 mM~15~1) and CP-mag-micelles:DNA (111.7 mM~1S~1) confirming
that coating with cationic polymers did not alter magnetism significantly. These relaxitivity
r, values were significantly larger than those for SPION-dextran NPs (30-50 Fe mM~1571)
[45] and Fe304-PEG-PAE (poly(b-amino ester) micelle (92.7mM™1 s™1[46]). These r,
values were also comparable to the values of reported SPION micelles:110.4 for folate-free
SPION-DOX-micelles [31], 121.2 for PEG4.3k—PCL7.2k—-SPION [36], 207.99 Pluoronic-
F127-SPION micelles [37].

3.7 Biodistribution and clearance of CP-mag-micelles in vivo

Iron oxide NPs coated with PEI-PEG-chitosan are considered safe for gene delivery [25].
However, CP-mag-micelles differ from the above particles by having (i) SPIONSs in the core
of the PEG-PLA micelles, which is expected to increase the plasma/tissue half-life of these
particles, (ii) a modified composition of chitosan and PEI in the polymeric layer, and (iii) a
novel method of preparation. These modifications necessitated determinations of the
biodistribution, clearance and safety of CP-mag-micelles.

For biodistribution studies, mice were injected with 500 pl of 1 mg/ml Cy5.5-CP-mag-
micelles by i.p or i.v. Four hours after administration, lungs, liver, kidney, spleen and
prostate tissues were excised and scanned for Cy5.5 expression using the 1VV1S-100 imaging
system, as shown in Figure 10A. The average Cy5.5 intensity of different organs obtained
by photon emissions divided by the weight of organs was shown in figure 10B. Tissue
binding was higher in spleen, liver and kidney than other tissues. Moreover, i.v.
administration showed better tissue accumulation of NPs in all organs than i.p.
administration, with the exception of the prostate tissue.

The in vivo clearance of CP-mag-micelles was determined by Prussian blue staining
accompanied with H&E staining of fixed paraffin tissue sections 1, 2 and 7 days after i.p.
administration of CP-mag-micelle:DNA nanocomplexes (wt ratio of chitosan:PEI:DNA,
5:5:1) in mice (n = 6). Figure 11(a) shows the H&E staining of liver 1, 2 and 7 days after i.p.
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administration. At the same time, Prussian blue staining was used to determine accumulation
of iron particles inside the organs. Despite relatively high levels of NP accumulation in liver,
spleen, lung and prostate, which were confirmed by the presence of iron, no morphological
alterations in the histology of the organs were observed. Overall, this study indicates that the
CP-mag-micelles were well tolerated in mice and could be cleared by the body in 7 days.

The intracellular SPIONs get degraded by hydrolytic enzymes in lysosomes through low pH
exposure, and iron ions are incorporated into the hemoglobin pool [47, 48]. We examined
whether SPIONs were degraded following treatment with CP-mag-micelles:DNA
complexes. Liver sections were stained with Prussian blue for iron detection. As shown in
figure 11(a), positive Prussian blue staining was observed one day after i.p injection, which
gradually decreased from day 2 to day 7. Very little Prussian blue staining was observed at
day 7, indicating nearly complete degradation of SPIONSs. These studies demonstrate that
CP-mag-micelles are biocompatible and nontoxic, and can be cleared from tissues within
one week.

3.8 Gene transfection efficiency of CP-mag-micelles in vivo

To evaluate the potential of CP-mag-micelles to deliver genes in vivo, CP-mag-
micelles:DNA (wt ratio of chitosan:PEI:DNA, 5:5:1) were administrated i.p. to male mice (n
= 6). After 1, 2 and 7 days, the mice receiving CP-mag-micelle:DNA or PBS (control) were
euthanized and the organs were collected. Red-fluorescent protein (Tomato) expression in
the liver and prostate was observed by staining the frozen sections with anti-RFP and DAPI,
as shown in Fig. 11(b). The CP-mag-micelles were able to deliver DNA as evidenced by the
high tomato protein expression in the liver and prostate tissues of NP-treated mice. It is
evident that gene expression started as early as day 1, increased on day 2, and continued up
to day 7. Furthermore, the gene expression was not restricted to the edge of the tissue, but
was seen distributed inside the organs.

4. Conclusions

The core shell-structured CP-mag-micelles reported here have high MRI relaxivity and can
efficiently transfect various cell lines, such as HEK 293, 3T3 and PC3 cells in vitro. These
particles can deliver genes with higher transfection efficiency than Lipofectamine or PEI, in
part due to the synergistic effect of chitosan and PEI cationic polymer coatings. TEM and
confocal images show that endocytosis is the likely mechanism of cellular uptake and that
the NPs are released by endosome escape inside PC3 and HEK 293 cells. The cell viability
studies demonstrated that CP-mag-micelles with chitosan to PEI wt ratios of 7:3 and 5:5 are
nontoxic to cells. The biodistribution experiments in mice showed that most CP-mag-
micelles accumulate in the liver, lung, spleen and prostate. The in-vivo clearance studies of
CP-mag-micelles further demonstrated that these particles are biocompatible and safe.
Furthermore, these NPs were able to deliver genes efficiently into mice, which persisted for
at least 7 days. Collectively, these results suggest that CP-mag-micelles are a promising
vehicle for gene delivery and for MRI monitoring both ex-vivo and in-vivo.
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Figure 2.

XRD spectra of SPION (A), Magnetization vs. magnetic field of SPIONs 300K (B). TEM of
SPIONs (C), mag-micelle (D), CP-mag-micelle (chitosan:PEI wt ratio, 5:5) (E), and CP-
mag-micelle:DNA (wt ratio of chitosan:PEI:DNA, 5:5:1) (F).
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FTIR spectrum of mMPEG-OH and mPEG-PLA-OH (A) and NMR of mPEG-PLA (B).
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Figure4.

Gel electrophoresis of the complexes of mag-micelles and DNA at different wt ratios, CS-
mag-micelles and DNA at different wt ratios, PEI and DNA at different wt ratios, CP-mag-
micelles and DNA with different chitosan:PEI:DNA wt ratios.
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Figurebs.
Cells were transfected with indicated NPs complexed with Tomato red-fluorescent protein

plasmid. Forty-eight hours after transfection, tomato protein expression was examined.
Confocal microscopic images (200x) of HEK293. Nuclei were stained with DAPI (A).
Fluorescence images (400x) of 3T3 cells (B).
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Transfection efficiencies of HEK 293 cells (A), 3T3 cells (B) and PC3 cells (C) treated with

either CS-mag-micelle:DNA (10:1) (

CS),CP-mag-micelle:DNA complexes with varying wt

ratios, chitosan:PEI:DNA (7:3:1), chitosan:PEI:DNA (5:5:1), chitosan:PEI:DNA (3:7:1),
PEI:DNA (10:1) (PEI), and Lipofectamine (lipo).
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Figure7.
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Viability of PC3 (A) and HEK293 (B) cells treated with different concentrations of CS-mag-
micelles, CP-mag-micelles (7:3), CP-mag-micelles (5:5), CP-mag-micelles (3:7) and PEI.
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Figure8.

(a) TEM images showing uptake and intracellular distribution of CP-mag-micelle:DNA (wt
ratio of chitosan:PEI:DNA, 5:5:1) by PC3 cells. A-C images are expanded from Cell-1. (b)
Laser confocal microscopic images (600x) of HEK293 cells incubated with Cy5.5-CP-mag-
micelles (wt ratio of chitosan:PEl, 5:5) for 3 h: Cy5.5(A), DAPI(B), overlay(C).
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Figure9.

Magnetic properties of NPs: (A) T2-weighted MRI-images of mag-micelles, CP-mag-
micelles (chitosan:PEI wt ratio, 5:5) and CP-mag-micelle:DNA (wt ratio of
chitosan:PEI:DNA, 5:5:1) (B) corresponding r, values of mag-micelles (l),CP-mag-
micelles (4),CP-mag-micelle:DNA (A).
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Figure 10.

Biodistribution of Cy5.5-conjugated CP-mag-micelles in mice by Xenogen imaging. (A)
Mice were given PBS (control) or Cy5.5-CP-mag-micelles (1jeg/pl, 500pl) by i.p (n=2) or
i.v. Cy5.5-CP-mag-micelle (5pg/pel, 200wl) (n=2). Four hours after administration,
fluorescence images of whole organs were acquired using the Xenogen imaging system. The
spectrum gradient bar corresponds to the fluorescence intensity unit p/sec/cm2/sr. Since PBS
treated mice (i.p. and i.v.) showed little fluorescence intensity, only representative sections
from one of the PBS treated mice are shown. B) Relative photon intensity per mg organ
weight is shown.
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Figure 11.

(a) H&E staining of paraffin-fixed liver tissues: control (A), one day (D1, B), two days (D2,
C), seven days (D7, C). Prussian blue staining of fixed paraffin-embedded liver tissues:
control (E), one day (D1, F), two days (D2, G), seven days (D7, H). (b) in vivo gene
transfection of liver with control (A) at one day (D1, B), two days (D2, C) and seven days
(D7, D); in vivo gene transfection of prostate with control (E) at one day (D1, F), two days
(D2, G) and seven days (D7, H)
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