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Abstract

Gene therapy offers the potential of mediating disease through modification of specific cellular
functions of target cells. However, effective transport of nucleic acids to target cells with minimal
side effects remains a challenge despite the use of unique viral and non-viral delivery approaches.
Here we present a non-viral nanoparticle gene carrier that demonstrates effective gene delivery
and transfection both in vitro and in vivo. The nanoparticle system (NP-CP-PEI) is made of a
superparamagnetic iron oxide nanoparticle (NP), which enables magnetic resonance imaging,
coated with a novel copolymer (CP-PEI) comprised of short chain polyethylenimine (PEI) and
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poly(ethylene glycol) (PEG) grafted to the natural polysaccharide, chitosan (CP), which allows
efficient loading and protection of the nucleic acids. The function of each component material in
this nanoparticle system is illustrated by comparative studies of three nanoparticle systems of
different surface chemistries, through material property characterization, DNA loading and
transfection analyses, and toxicity assessment. Significantly, NP-CP-PEI demonstrates an
innocuous toxic profile and a high level of expression of the delivered plasmid DNA in a C6
xenograft mouse model, making it a potential candidate for safe in vivo delivery of DNA for gene
therapy.
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biomaterials; superparamagnetic nanoparticles; DNA; drug delivery; gene therapy

1. Introduction

The use of viral vectors for gene therapy has been met with some success in recent clinical
trials,[1-3] but there is still a major concern about their safety causing researchers to turn to
non-viral vector solutions.[4-6] The growing interest in non-viral vector systems for in vivo
gene therapy has provided a strong incentive to develop advanced materials for delivery of
DNA and siRNA with high efficiency, stability, and minimal toxicity.[7-11] Cationic
magnetic nanoparticles are one class of such materials that have been investigated for the
transfection of plasmid DNA (pDNA)[12] and oligonucleotides[13] in mammalian cells.
These nanoparticles, owing to their superparamagnetism, are desirable because they enable
non-invasive monitoring of gene delivery in real-time through magnetic resonance imaging
(MRI).[14] Of the materials utilized to engineer such nanovectors, polyethylenimine (PEI), a
synthetic polymer, is most widely investigated because of its ability to effectively complex
and condense DNA and transfect a broad range of cell lines with high efficiency.[15-17]
However, the in vivo applicability of these nanoparticles has been limited due to concerns
over toxicity, stability in biological fluids, and sufficient protection of the payload. This has
led to a recent interest in research aimed towards the development of alternative magnetic
nanoparticles with more favorable properties for in vivo gene delivery.[18,19]

Materials developed for in vivo gene delivery need to be engineered to overcome several
challenges imposed by biological systems. To achieve successful transfection, the
nanoparticle system must (1) be sufficiently cationic to complex and condense DNA, (2)
remain colloidally stable after DNA loading, (3) protect the DNA from external molecules
such as nucleases in complex biological solvents, and (4) be able to escape the harsh
environment of the late endosome to preserve and allow expression of the DNA.[20,21]
Furthermore, for magnetic nanoparticle based delivery system, the nanoparticle:DNA
complex must maintain the detectability by MRI after DNA loading. Much of these
properties are dictated by the design of the polymeric coatings used to functionalize and
stabilize the nanoparticles engineered for gene therapy.

Here we describe the development and characterization of a superparamagnetic iron oxide
nanoparticle (SPION) system with a novel polymeric coating consisting of chitosan,
polyethylene glycol (PEG), and low molecular weight PEI (1.2 kDa). Chitosan, a natural,
biocompatible polysaccharide, can serve as an effective coating to stabilize SPIONS,
preventing particle agglomeration. While chitosan coated SPIONs have not been used in
binding and delivering DNA, free polymeric chitosan has been shown to be able bind and
deliver DNA to cells for transfection,[22] and grafting PEI to chitosan polymer could
dramatically improve the transfection efficiencies due to the high positive charge of PEI.
[23-27] Furthermore, the PEI provides a means of escaping the late endosome through the
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proton sponge effect wherein the influx of protons and counter-ions into the endosome
increases the osmotic pressure leading to swelling and rupture of endosomes and the release
of the PEI:DNA complex.[28] However, as noted above, the large positive charge that
makes PEI so efficient is also highly toxic to cells through disruption of the cellular
membrane.[29,30] Grafting poly(ethylene glycol) (PEG) to PEI to create a PEI-PEG
copolymer has been shown to lessen PEI’s toxicity by providing a physical barrier between
the cell and PEI.[31-34] Furthermore, the presence of PEG may increase the nanoparticle’s
colloidal stability through steric hindrance and provide non-fouling properties.[35,36] Here,
by grafting PEG and low molecular weight PEI to chitosan, we combine the
biocompatibility of chitosan and the steric stabilization of PEG with the large positive
charge of PEI to create a nanoparticle system capable of stably binding, protecting, and
delivering DNA for gene expression while maintaining superparamagnetic properties and
high biocompatibility, as established through the material characterization of
nanoparticle:DNA complexes, DNA binding assay, toxicity study, and MR phantom
imaging. Lastly, we investigate the potential use of this new nanoparticle system in vivo in a
C6 xenograft tumor mouse model.

2. Results and Discussion

2.1. Nanovector Development

To better illustrate the design scheme and evaluate the efficacy of our DNA delivery system,
three nanoparticle (NP) systems were prepared and their abilities to bind and protect DNA
and enable DNA transfection were compared: NP coated with (1) high molecular weight PEI
(25 kDa) (NP-PEI), (2) PEG grafted chitosan (chitosan-g-PEG) (NP-CP), and (3) a
combination of CP and low molecular weight PEI (1.2 kDa) (NP-CP-PEI) (see Fig. 1 for
conjugation scheme). NPs coated with low molecular weight PEI only were also prepared,
but found to be unstable and thus excluded from further study. Low molecular weight PEI
was pursued because of its low cytotoxicity, despite its lower transfection efficiencies
compared with high molecular weight PEI.[37-39] Fortunately, transfection efficiencies with
low molecular weight PEI has been shown to improve upon crosslinking with biodegradable
polymers such as chitosan.[40-43]

The presence of the constituent polymers on the prepared nanoparticles was verified by
proton NMR (:H-NMR) (Fig. 2) in D,0. The characteristic 1H-NMR peak of PEG’s
ethylene group at 6 = 3.65 ppm (peak 1) is resolved on the NP-CP spectrum. Peaks
associated with chitosan are not visible in the spectra because sample concentrations were
low to reduce the amount of peak broadening due to Fe in solution. The characteristic 1H-
NMR peaks of the ethylenimine (-NH,—CH,—CHy—) repeat unit of PEI at 6 = 3.6-3.0 ppm
(peak 1) along with the peak of PEG on NP-CP-PEI indicate covalent attachment of PEI to
the NP-CP.

2.2. NP:DNA Complex Formation

A fundamental requirement for gene delivery is that the vector must be able to efficiently
complex with nucleic acids. Here, the abilities of the three NP systems (NP-CP, NP-PEI,
and NP-CP-PEI) to condense DNA at varying weight ratios of nanoparticles (iron content)
to DNA (pEGFP-CS2) (NP:DNA ratio, wt:wt) were evaluated with a gel retardation assay,
as shown in Figure 3a. In this assay, DNA bound to the NPs remained in the loading wells,
while unbound DNA migrated down the agarose gel. It was evident that DNA migration was
not completely retarded by NP-CP until a NP:DNA ratio of 5:1. Alternatively, NP-PEI and
NP-CP-PEI provided complete retardation at a ratio of 0.1:1 and 0.5:1, respectively,
illustrating the role of PEI in enhancing DNA binding to NPs.
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The gel retardation analysis also provided information about DNA protection by the
nanoparticles from the environment. Here, it was observed that DNA bound by NP-CP at a
ratio of 10:1 was not protected from staining by ethidium bromide, evidenced by staining in
the loading well. On the other hand, NP-PEI and NP-CP-PEI fully protected bound-DNA
from staining above ratios of 0.1:1 and 1:1, respectively, obviated by a lack of visualized
DNA in the wells. Protection of DNA from agents such as nucleases and destructive
enzymes within the endolysosome is critical in preventing degradation of the DNA in
transfection experiments. Exposure to these agents may induce nucleic acid breakdown and
reduce transfection efficiencies. The addition of PEI to NP-CP was necessary to provide
improved binding capacity and protection of DNA. However, complete binding and
protection of DNA does not necessarily ensure successful transfection because (1) the size
of the nanoparticle:DNA (NP:DNA) complex must be small enough to traverse the body and
enter the target cell, and (2) there must be sufficient cationic surface charge to allow cell
binding and later induce the proton sponge effect.

The hydrodynamic sizes of NP-CP, NP-PEI, and NP-CP-PEI bound with DNA at different
NP:DNA ratios were determined using dynamic light scattering (Fig. 3b). The size of NP-
CP:DNA did not change appreciably with increasing NP:DNA ratios, remaining around 150
nm. This can be attributed to the weak interaction between NP-CP and DNA as observed in
the gel retardation assay. NP-PEI:DNA formed at a ratio of 0.1:1 had a size of 184 + 6 nm,
but the size increased sharply to 744 + 122 nm at a ratio of 0.5:1. The size decreased as the
NP:DNA ratio further increased, and reached to a small value of 139 £+ 2 nm at a ratio of 2:1
and remained stable for higher ratios. A similar trend was observed for NP-CP-PEI:DNA,
though occurred at different NP:DNA ratios: the size increased sharply at ratio 0.5:1 (244 £
2 nm), reached a maximum at 2:1 (712 + 180 nm), then decreased for further increase in
NP:DNA ratio, and stabilized at ratio 5:1 (102 = 9 nm) and above. This phenomenon can be
better understood in terms of electric charges of NP:DNA complexes, as measured by zeta
potential. Figure 3¢ shows the zeta potentials of the NP:DNA complexes prepared in this
study as a function of NP:DNA ratio. It is noted that all the sharp changes in size as shown
in Figure 3b occurred at NP:DNA ratios when the zeta potential underwent a transition from
negative to positive values (Fig. 3c). These represent the unstable states of NP:DNA
complexes, at which the complexes are neither completely negatively nor positively
charged, leading to the complex agglomeration, and thus the sharp changes in size. We can
also see large standard deviations in size at these ratios, further suggesting that the
agglomeration occurred because the sizes of agglomerates can vary vastly. The possibility of
the agglomeration can be reduced or eliminated when the NP:DNA complexes are fully
charged either positively or negatively and thus repeal each other. This is indeed the case as
shown in Figures 3b and 3c. Conversely, the zeta potential of NP-CP:DNA remained
negative for all the ratios tested, and thus no sharp change in size was observed. It is also
noted that the transition of the zeta potential from negative to positive values for NP-
PEI:DNA occurred at lower NP:DNA ratio than for NP-CP-PEI:DNA. This is because PEI
is highly positive, while introducing CP into the polymer coating partially shields the PEI’s
positive charge. We also compared the sizes of nanoparticle systems prepared in this study
with three commercially available transfection agents: Lipofectamine 2000, PolyMag, and
PEI polymer (Fig. 3d). The size of NP-CP-PEI:DNA is 102 + 9 nm at a ratio of 5:1 and 90 +
1 nm at a ratio of 10:1, comparable to the sizes of the Lipofectamine 2000 (90 + 2 nm),
PolyMag (129 + 3 nm), and PEI (62 £ 0.4 nm) after complexed with DNAs.

The zeta potential of a NP:DNA complex not only determines its colloidal stability, but also
influences the effectiveness of its interaction with negatively charged cell membranes and
thus the transfection efficiency. The zeta potential of NP-CP:DNA remains negative for all
the NP:DNA ratios studied, indicating that NP-CP is probably not a good gene transfection
vector. In addition, the lack of protection of DNA by NP-CP, as shown by the gel retardation
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assay, would increase the chances of DNA degradation. NP-PEI:DNA has positive zeta
potentials for all NP:DNA ratios above 0.1:1. The large positive zeta potential and DNA
protection provided by NP-PEI suggest that it might provide a high transfection efficiency.
NP-CP-PEI:DNA has negative zeta potentials at low NP:DNA ratios, but becomes
positively charged at a ratio of 2:1 and above. Like NP-PEI, NP-CP-PEI shows promise as a
transfection agent due to its positive zeta potential and protection of DNA. However, as NP-
CP-PEI:DNA has a zeta potential lower than NP-PEI:DNA, we expect that it also has a gene
transfection efficiency lower than NP-PEI:DNA can provide. The zeta potentials of the NP-
CP:DNA, NP-PEI:DNA, and NP-CP-PEI:DNA complexes at DNA binding ratios of 10:1
were also compared to the commercial transfection agents, Lipofectamine 2000 and
PolyMag, and 25 kDa PElI, all complexed with DNA (Fig. 3e). Lipofectamine 2000 is a lipid
based transfection agent, soluble in the cell membrane. The zeta potential of the
Lipofectamine:DNA complex created following the manufacturer’s protocol, is 28 + 1.3
mV, while PolyMag and 25 kDa PEI loaded with DNA have zeta potentials of 27 £ 0.4 mV
and 25 + 2.9 mV, respectively. Our NP-CP-PEI:DNA has a zeta potential (22.3 = 10.4)
comparable to those of the commercial transfection agents. The transfection efficiency of
our NP-CP-PEI:DNA complexes is thus expected to be close to the efficacies of the
commercial transfection agents.

2.3. Cytotoxicity and Transfection Efficiency of NP:DNA Complexes

Toxicity effect is a primary concern in development of gene transfection agents for in vivo
use. One of designed functions for incorporating CP in the copolymer coating on NP-CP-
PEI is to suppress the potential toxicity of PEI. We have shown above that by grafting PEI
with CP on nanoparticles, we successfully reduced the zeta potential of NP:DNA complexes
(Fig. 3e) while retaining the effectiveness of DNA binding (Fig. 3a). Here we further
investigate whether such a measure would reduce or eliminate the toxic effect of PEI on
nanoparticles.

C6 rat glioma cells were incubated with different concentrations of NP:DNA complexes at
an NP:DNA ratio of 10:1, and cell viabilities were measured as a function of NP Fe
concentration (Fig. 4a). Of the three nanoparticle systems prepared in this study, NP-
CP:DNA showed minimal to no toxic effect (e.g., cell viability of 101.8 £ 1.2 % at NP
concentration of 20 ug Fe ml™1), as expected, due to the absence of PEI, while NP-
PEI:DNA was highly toxic at NP Fe concentration of only 2 ug Fe mI~1 (cell viability of
12.4 + 0.7 %) and above. NP-CP-PEI:DNA, with the presence of CP coating providing
shielding between PEI and cell membranes, effectively inhibited the potential toxicity of
PEI, exhibiting a cell viability level comparable to NP:CP:DNA.

To evaluate the transfection efficiencies of these NP:DNA complexes, C6 cells were
incubated with the complexes at a concentration of 2 ug DNA ml~1 for 48 hrs, and analyzed
using flow cytometry. As shown in Figure 4b, the NP-CP:DNA complex did not induce any
appreciable transfection, which can be attributed to its negative zeta potential (Fig. 3b). The
NP-PEI:DNA complex showed the highest transfection efficiency among the three
complexes, as expected, but its highly toxic profile (Fig. 4a) weakens its competency as a
gene transfection agent, particularly for in vivo use. The NP-CP-PEI:DNA complex showed
low transfection efficiencies at ratios before DNA was completely bound (see Fig. 3a for
DNA binding), but the transfection efficiencies increased substantially at higher NP:DNA
ratios, and reached 45.2 + 3.4 % at ratio 10:1.

As references, the toxicities and transfection efficiencies of commercially available

transfection agents were compared against those of the nanoparticle systems prepared in this
study (Figs. 4c and 4d). NP-CP:DNA and NP-CP-PEI:DNA formed at ratios of 10:1 showed
minimal to no toxicities, as compared to the commercial transfection agents and PEI (68.3 +
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9.3% viability for Lipofectamine 2000, 66.6 + 2.3% viability for PolyMag, and 10.5 + 0.3%
viability for PEI).

NP-PEI exhibits the highest transfection efficiency (Fig. 4d). The NP-CP-PEI:DNA has a
gene transfection efficiency (45.2 + 3.4%) higher than PolyMag (32.1 + 1.2 %), but lower
than Lipofectamine 2000 (58.1 + 7.1 %) and PEI (85.3 + 21.5 %). However, since no
toxicity was observed with NP-CP-PEI:DNA, NP-CP-PEI:DNA shows promise as a novel
transfection agent with minimal adverse side effects while retaining substantial transfection
efficiency.

To visualize the gene transfection by each gene transfection agent studied here, the EGFP
transfected C6 cells were seeded onto glass coverslips for 12 hours for cell attachment, and
then incubated with the transfection agents at a concentration of 2 ug DNA ml~1 for 48 hrs
for transfection. The fluorescence images in Figure 5 show the EGFP fluorescence in cells
treated with different transfection agents. Cells receiving no treatment (first column, Fig. 5)
were also imaged for reference. These images again show the ability of NP-CP-PEI to
deliver DNA into cells and induce expression levels similar to those of the commercially
available agents, while little gene transfection can be identified for NP-CP.

2.4. Magnetic Properties of NP-CP-PEI:DNA

The superparamagnetic iron oxide core of our NP-CP-PEI transfection agent is expected to
also act as a contrast agent for MR imaging, which provides a benefit for monitoring gene
delivery. To confirm that NP-CP-PEI would retain sufficient magnetism detectable by MRI
after DNA complexing, both NP-CP-PEI and NP-CP-PEI:DNA at various Fe concentrations
were mixed with agarose and analyzed by MR phantom imaging. Figures 6a and 6b show
the visual and quantitative contrast, respectively, provided by the relaxation (Ry) changes of
agarose phantoms cast with varying concentrations of NP-CP-PEI and NP-CP-PEI:DNA.
The results indicate that the magnetism of the complex was readily datable by MRI. The
relaxivities (slopes of the R, vs. NP concentration curves) of NP-CP-PEI and NP-CP-PEI-
DNA were seen to be similar (262 mM~1 s71 for NP-CP-PEI versus 279 mM~1 s~ for NP-
CP-PEI:DNA), confirming no appreciable change in magnetism after DNA complexing.
Previous studies have shown that clustering of NPs lowers R, resulting in reduced contrast,
[4, 44, 45] and here we show that the relaxivity of NP-CP-PEI is not affected by the addition
of DNA further indicating, along with dynamic light scattering (DLS) data, that no clusters
of NP:DNA complexes were formed.

To investigate the cellular uptake of transfection agents prepared in this study, and the
potential MRI contrast enhancement associated with the uptake of these agents, the
transfection agents complexed with DNA at NP-CP:DNA and NP-CP-PEI:DNA ratios of
10:1 and NP-PEI ratio of 0.5 were incubated with C6 cells for 24 hrs. For comparison, the
commercial PolyMag agent with DNA bound following the manufacturer’s protocol was
subjected to the same procedure. After culture with NP:DNA complexes, cells were washed
to remove unbound agents and encased in an agarose mold for MRI imaging. T2-weighted
MR images of samples containing C6 cells incubated with various complexes are shown in
Figure 6¢. Cells incubated with NP-CP-PEI: DNA displayed the highest contrast
enhancement (darkening) than the cells with NP-PEI:DNA, PolyMag:DNA, and NP-
PEI:DNA. This result indicates not only that the addition of PEI onto NP-CP dramatically
improves the uptake of the NP:DNA complexes by cells, but also that the amount of Fe used
in transfections with NP-CP-PEI:DNA provides much higher contrast that that used with
NP-PEI and PolyMag. This shows that NP-CP-PEI would be much more easily detected in
MRI when tracking treatment in vivo.
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2.5. In Vivo Gene Transfections

To evaluate the ability of NP-CP-PEI to migrate to and transfect cancer cells in vivo, nu/nu
mice with C6 xenograft tumors were injected intravenously with NP-CP-PEI:DNA, our
candidate transfection agent complexed with DNA, in a pilot study. After 48 hrs, the time
allowed for the uptake and expression of the EGFP encoding DNA, the mice receiving NP-
CP-PEI:DNA or no injection were sacrificed and the tumors were excised and imaged using
a Xenogen IVIS imaging system. Figure 7 shows the images of tumors of different sizes
excised from three mice treated with NP-CP-PEI:DNA along with a tumor from the
untreated mouse as reference. It is shown that NP-CP-PEI was able to deliver intact DNA to
the tumors of various sizes for gene expression as evidenced by the high EGFP signal in the
tumors of the NP-CP-PEI:DNA treated mice.

3. Conclusions

We have presented a novel transfection agent, NP-CP-PEI that demonstrates effective gene
transfection both in vitro and in vivo. Through comparison studies with NP-PEI and NP-CP
prepared in this work, as well as commercially available transfection agents, we illustrated
that the presence of PEI on NP-CP-PEI is essential to effective DNA binding and
transfection in tumor cells while the incorporation of the copolymer CP into the nanoparticle
coating effectively inhibits the toxic effect of PEI. We also showed that the zeta potential of
a NP:DNA complex can be a helpful indicator of the transfection efficiency of a gene
transfection agent. We further demonstrated that this engineered system is able to function
in vivo and deliver DNA for expression in tumor in a xenograft mouse model. As safety is a
primary concern in the development of nanomaterials for in vivo applications, the present
nanoparticle system is a good candidate for delivering of DNA for gene therapy.

4. Experimental

Materials

Polyethylenimine (PEI; average MW 1.2 kDa and average MW 25 kDa), chitosan, methoxy
poly(ethylene glycol) (mPEG; MW 2 kDa) and other reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified.

Plasmid DNA Preparation

The plasmid pEGFP-CS2 containing enhanced green fluorescent protein (EGFP) encoding
DNA under control of the cytomegalovirus (CMV) promoter was propagated in DH5-a E.
coli and purified using the Plasmid Giga Kit (Qiagen, Valencia, CA). Purified pEGFP-CS2,
with a Aygo/Aggg purity between 1.8 and 1.9, was dissolved in TE buffer at 1 mg/ml and
stored at —20°C.

Nanoparticle Synthesis

PEG was grafted to depolymerized chitosan (chitosan-g-PEG or CP) by a method described
previously[46]. CP coated iron oxide nanoparticles (NP-CP) were prepared in the presence
of chitosan-g-PEG by the co-precipitation of ferrous and ferric chlorides with ammonium
hydroxide. The nanoparticles were then purified into thiolation buffer (0.1 M sodium
bicarbonate, pH 8.0, 5 mM EDTA) through S-200 sephacryl resin (GE Healthcare,
Piscataway, NJ). The modification of NP-CP is outlined in Fig. 1. Amine groups on NP-CP
were modified with an excess of 2-iminothiolane (Traut’s Reagent, Molecular Biosciences,
Boulder, CO) for 1 hr in thiolation buffer before removing unreacted Traut’s Reagent using
a PD-10 column (GE Healthcare, Piscataway, NJ) equilibrated with thiolation buffer.
Concurrently, 1.2 kDa PEI was modified with succinimidyl iodoacetate (SIA, Molecular
Biosciences, Boulder, CO) at a 1:1 molar ratio in 0.1 M sodium bicarbonate buffer (pH 8.5)
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through N-hydroxy succinimide ester chemistry. The modified PEI was then added in excess
to NP-CP-Traut’s for attachment to NPs through the formation a thiol-ether bond. After
reaction overnight at 4°C, unreacted PEI was removed through size exclusion
chromatography using S-200 sephacry! resin equilibrated with 20 mM HEPES buffer (pH
7.4).

25 kDa PEI coated NPs (NP-PEI) were prepared by co-precipitation of ferrous and ferric
chlorides with sodium hydroxide immediately followed by addition of 100 mg of 25 kDa
PEI. The produced NP-PEI was then washed 3x with 20 mM HEPES buffer (pH 7.4), using
a rare earth magnet.

Nanoparticle Characterization

Nanoparticles for H-NMR analysis were prepared by lyophilizing 50 pg of as synthesized
nanoparticles to remove water. 50 ul of DCI and 950 pl of D,O were added to the
lyophilized nanoparticles to dissolve the iron core leaving free polymer coating in solution.
NMR spectra of polymer coatings were obtained using a Bruker Avance 300 spectrometer
operating at 300 MHz (*H) and 325 K (number of scans = 128, acquisition time = 3 s, delay
(D1)=15).

Nanoparticle:DNA Complex Formation

Nanoparticles and DNA (pEGFP-CS2) were mixed in 20 mM HEPES buffer (pH 7.4) at
concentrations corresponding to the wt:wt ratios tested (0.1, 0.5, 1, 2, 5, and 10:1) and
immediately vortexed. The nanoparticle/pEGFP-CS2 solutions were incubated for >10 min
with gentle rocking to allow formation of NP:DNA complexes. Size and zeta potential
analyses of the complexes in HEPES buffer (pH 7.4) were performed using DTS Zetasizer
Nano (Malvern Instruments, Worcestershire, UK).

Gel Retardation Assay

NP:DNA complexes were added to the wells (500 ng DNA per lane) of a 1% agarose gel
containing 0.05 pug mi~1 ethidium bromide and run at 100 V for 1 hr. Images were obtained
on a Gel Doc XR (Bio-Rad Laboratories, Hercules, CA).

Cell Culture

C6 rat glioma cells (American Type Culture Collection, Manassas, VA) were cultured in
DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic (Invitrogen, Carlsbad,
CA). Cultures were maintained at 37°C in a humidified incubator with 5% CO,.

Cell Transfections

C6 rat glioma cells were seeded at 125,000 cells/well in 24-well plates 16 hrs prior to
transfection. Nanoparticle:DNA complexes prepared at different wt:wt ratios were added to
1 ml of fully supplemented culture media to give a final DNA concentration of 2 ug DNA
ml~L in each well and gently rocked to mix. The cells were incubated with complexes for 48
hrs and the media were replenished every 12 hrs. Transfections using the commercial agents,
Lipofectamine 2000 and PolyMag, were performed following the manufacturer’s protocol.
Transfections using 25 kDa PEI were performed at a PEI:DNA weight ratio of 2.5:1. A final
concentration of 2 ng DNA ml~1 was used for all the transfection agents for transfection
study.

Alamar Blue Viability Assay

The viability of cells treated with the different transfection agents was determined using the
Alamar blue viability assay following the manufacture’s protocol (Invitrogen, Carlsbad,

Adv Funct Mater. Author manuscript; available in PMC 2010 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kievit et al.

Page 9

CA). Briefly, treated and untreated cells were washed with PBS before adding 1 ml of 10%
Alamar blue in phenol-free DMEM to the wells. Cells were incubated for 1 hr, then the
Alamar blue solution was transferred to a 96-well plate, and Ag7g and Aggg were read on a
SpectraMax M5 microplate reader (Molecular Devices, Union City, CA).

Flow Cytometry

To determine the transfection efficiencies of the nanoparticles, 48 hours after treatment, C6
cells were washed with PBS, trypsinized, and suspended in PBS containing 2% FBS.
Analysis of at least 10,000 cells for each sample was performed on a BD FACSCanto flow
cytometer (Beckton Dickinson, Franklin Lakes, NJ), and data was analyzed using the
FlowlJo software package (Tree Star, Ashland, OR).

Confocal Microscopy

For each transfection agent, 125,000 C6 cells were seeded onto 24 mm glass cover slips 12—
16 hrs prior to transfection. Cells were transfected as described above, then 48 hrs after
transfection, were washed with PBS and fixed with 4% formaldehyde (methanol free,
Polysciences Inc., Warrington, PA) in PBS for 30 min. Fixative was then removed and cells
were washed with PBS to remove the formaldehyde. The slides were mounted using
ProLong Gold antifade solution containing DAPI (Invitrogen, Carlsbad, CA) and imaged
using a LSM 510 Meta confocal fluorescence microscope (Carl Zeiss Inc., Peabody, MA)
equipped with a 405 nm diode and 488 nm laser for collection of DAPI and FITC emission
signals, respectively.

MR Phantom Imaging

NP-CP-PEI and NP-CP-PEI:DNA were diluted into 20 mM HEPES buffer (pH 7.4) to
concentrations of 0, 0.25, 2.5, 5, 10, and 20 pg Fe mI~L. 50 pl of the diluted NP-CP-PEI or
NP-CP-PEI:DNA were mixed with 50 pl of melted 1% agarose and added to a pre-solidified
1% agarose mold. The mold was then placed at 4°C until the nanoparticle dilutions
solidified. For the study of NP uptake by cells, 500,000 cells were treated with each agent to
be examined for one day, washed, diluted into 100 pl of melted 1% agarose, and added to
the pre-solidified 1% agarose mold. MR images were obtained using a 4.7-T Bruker magnet
(Bruker Medical Systems, Karlsruhe, Germany) equipped with a Varian Inova spectrometer
(Varian Inc., Palo Alto, CA) and an in-house built 5 cm half volume RF coil in a loop gap
resonator type using a conventional multi-spin echo pulse sequence (TR =000 ms, TE =
13.7, 16, 20, 40, 60, 90, 120, and 170 ms).

In Vivo Studies

All animal experiments were conducted in accordance with IACUC approved protocols.
Flank xenograft tumors of C6 cells were prepared by subcutaneous injection of 1 million
cells suspended in serum free media and Matrigel (BD Biosciences, MA) into male nu/nu
mice (Charles River, MA). Tumors were allowed to grow for 4 weeks before mice were
injected intravenously through the tail vein with 200 pl of nanoparticle:DNA complex (0.4
mg Fe mI™1) prepared at a wt:wt ratio of 5:1 for a final dose of 16 ng pEGFP-CS2 per
animal. 48 hours after treatment tumors were excised and imaged using a Xenogen IVIS —
100 system (Xenogen, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synthesis of NP-CP-PEI. As synthesized NP-CP was modified with Traut’s Reagent (2-
iminothiolane) and then reacted with SIA modified PEI to produce the NP-CP-PEI.
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Figure 2.

Proton NMR analysis of NP-CP, PEI, and NP-CP-PEI showing the incorporation of PEI
onto NP-CP. The characteristic peak of the -O-CH,—CH,— group of PEG (peak I) on NP-
CP and -NH,—CH,—CH,— group of PEI (peak I1) are all present in the NP-CP-PEI spectrum.
All samples were analyzed in D,0.
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Figure 3.

Ability of NP-CP, NP-PEI, and NP-CP-PEI to bind plasmid DNA and their physiochemical
properties. a) Gel retardation assay of NPs complexing plasmid DNA at different weight
ratios of nanoparticle to DNA. b) and ¢) Hydrodynamic sizes and zeta potentials,
respectively, of NP-CP, NP-PEI, and NP-CP-PEI complexed with plasmid DNA at different
weight ratios. d) and e) Comparison of hydrodynamic sizes and zeta potentials, respectively,
of NP:DNA prepared in this study and control transfection agents complexed with DNAs.
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Figure 4.

Toxicity and transfection efficiency of NP:DNA complexes. a) Viability of cells treated with
different concentrations of NP-CP:DNA, NP-PEI:DNA, and NP-CP-PEI:DNA. b)
Transfection efficiencies of cells treated with either NP-CP:DNA, NP-PEI:DNA, or NP-CP-
PEI:DNA of different NP:DNA ratios (all with DNA concentration of 2 ug mi~1). ¢) and d)
Viability and transfection efficiency, respectively, of cells treated with NP:DNA complexes
prepared in this study in comparison with control transfection agents (NP:DNA ratios of NP-
CP:DNA, NP-PEI:DNA, and NP-CP-PEI:DNA are all 10:1).
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Figure 5.

Confocal fluorescence images of C6 cells treated with different transfection agents
complexed with DNA. The DAPI nuclear stain is shown in blue and EGFP fluorescence is
shown in green. The scale bar corresponds to 20 um.
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Figure 6.

Magnetic properties of NP-CP-PEI and NP-CP-PEI:DNA, and MRI contrast enhancement
by cellular uptake of NP:DNA complexes. a) Phantom images of NP-CP-PEI and NP-CP-
PEI:DNA samples as a function of nanoparticle concentration. b) Relaxation (R,) plot of
NP-CP-PEI and NP-CP-PEI:DNA samples as a function of nanoparticle concentration
showing NP-CP-PEI retained the magnetism (magnetic relaxivity, i.e., the slop of the curve)
after complexing with DNA (262 mM~1 s~1 for NP-CP-PEI versus 279 mM~1 s71 for NP-
CP-PEI:DNA). ¢) T, weighted images (TR =s, TE = 60 ms) of C6 cells incubated with
NP:DNA complexes prepared in this study and commercial PolyMag:DNA showing the
degree of uptake of these NP:DNA complexes by C6 cells and enhanced contrast provided
by cellular uptake.
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Figure 7.

Xenogen IVIS fluorescence images of flank xenograft C6 tumors of different sizes excised
from three mice injected with NP-CP-PEI:DNA and a mouse receiving no injection. The
scale bar corresponds to 5 mm.
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