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Abstract

Safety and efficacy are of critical importance to any nanomaterial-based diagnostic and therapy.
The innocuity and functionality of a nanomaterial in vivo is largely dependent on the
physicochemical properties of the material, particularly its surface coating. Here, we evaluated the
influence of polycationic coating on the efficacy, clearance organ uptake, and safety of magnetic
nanovectors designed for siRNA delivery. Polyethylene glycol (PEG) coated superparamagnetic
iron oxide nanoparticles (NPs) of 12 nm in core diameter were modified with a polycationic
coating of either poly-L-arginine (pArg) or polyethylenimine (PEI) and further covalently
functionalized with siRNA oligonucleotides. The produced NP-pArg-siRNA and NP-PEI-siRNA
nanovectors were similar in hydrodynamic size (21 nm and 22 nm, respectively), but significantly
differed in zeta potentials (+2.1 mV and +29.8 mV, respectively). Fluorescence quantification
assays revealed that the NP-pArg-siRNA nanovector was 3-fold more potent than NP-PEI-siRNA
in delivering siRNA, and 1.8-fold more effective in gene silencing when tested in rat C6
glioblastoma cells. In vivo, both nanovector formulations were similarly taken up by the spleen
and liver as determined by histopathological and hemopathological assays. However, PEI coated
nanovectors elicited severe hemoincompatibility and damage to the liver and spleen while pArg
coated nanovectors were found to be safe and tolerable. Combined, our findings suggest that
polycationic coatings of pArg were more effective and safer than commonly used PEI coatings for
preparation of nanovectors. The NP-pArg-siRNA nanovector formulation developed here shows
great potential for in vivo based biomedical applications.
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INTRODUCTION

RNA interference (RNAI) is an intrinsic biological pathway through which cells can
regulate gene expression.! The RNAI pathway can be exploited for the treatment of many
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debilitating diseases where aberrant gene expression contributes to its pathogenesis, such as
cancer.2 Successful in vivo delivery of small interfering RNA (siRNA) to diseased cells in
the body remains a major impediment to the clinical application of RNAI based
therapeutics.3 One emerging technology aimed at addressing this challenge are
nanomaterial-based non-viral vectors (nanoparticles) as carriers for delivery of SiRNA.* For
such applications, the development of superparamagnetic iron oxide nanoparticles (SPIONSs)
as nanovectors is of particular interest because of their safe toxicity profile and magnetic
property that can be exploited for in vivo magnetic resonance imaging (MRI).%: © Critical to
the success of magnetic nanovectors is the apt design and integration of coatings to improve
biocompatibility, produce desirable pharmacokinetics, and promote effective intracellular
trafficking.

To date, numerous materials have been evaluated as coatings for magnetic nanovectors
including polymers, lipids, and peptides.5: 7 Among these materials, cationic polymers, such
as polyethylenimine (PEI) derivatized coatings, have been most commonly studied for
construction of magnetic nanovectors.’”~14 PEI derivatized coatings are desirable because
they endow a net cationic character to nanovectors at physiological pH that can be exploited
for electrostatic adsorption of negatively charged nucleic acids. Additionally, the positive
charge of the PEI coating facilitates intracellular delivery of nanovectors through adsorptive
mediated endocytosis.” After cellular internalization, nanovectors must escape endosomal
vesicles for proper intracellular trafficking to their site of action (e.g., nucleus for DNA,
perinuclear region for siRNA). PEI can facilitate endosomal escape via the “proton sponge
effect” wherein the influx of protons and counter-ions into the endosome increase the
osmotic pressure leading to swelling and rupture of endosomes and release of its contents.1®
While PEI derivatized magnetic nanovectors have proven to be effective in vitro, this
success has not always translated directly in vivo because of safety concerns and poor in
vivo pharmacokinetics.

One major challenge is that cationic nanovectors interact with negatively charged serum
proteins and cell membranes which can elicit many deleterious responses including:
opsonization of nanovectors, rapid clearance, erythrocyte aggregation, and damage to blood
vessels and clearance organs.® To circumvent these limitations researchers have primarily
focused on approaches to neutralize the surface charge of cationic nanovectors in an effort to
improve their safety.”- 10 For example, our group and others have shown that derivatization
of PEI with polyethylene glycol (PEG) can reduce the cytotoxicity of PEI based
nanovectors.10: 16-18 Fyrthermore, alkylated PEI coated onto magnetic nanocrystals was
shown to be both effective and tolerable in an siRNA delivering nanovector in vivo.13 These
studies indicate that derivatization of PEI to achieve a delicate balance of minimizing
cationic charge without compromising gene delivery efficacy may improve its cytotoxicity.
However, the long-term accumulation of non-biodegradable, synthetic polymers, such as
PEI, is still a major concern. Furthermore, no in vivo studies have proved the systemic
safety and clearance of PEI derivatized nanovectors, both critical for clinical use.

An alternative to PEI for coating magnetic nanovectors is the naturally occurring
polypeptides of arginine (pArg).”: 9 Magnetic nanovectors coated with pArg are alternatively
trafficked through a transcellular membrane diffusion pathway, and are more potent in
delivering siRNA to cancer cells in vitro compared to PEI coated nanovectors.® In this
study, we aimed to investigate the safety and efficacy of NP-pArg-siRNA in comparison to
NP-PEI-siRNA for in vivo use. We evaluated their dose response for intracellular delivery
and subsequent gene silencing in a C6 glioblastoma cell line in vitro. We further evaluated
both the in vitro and in vivo safety profile of each nanovector formulation by examining
their respective cytotoxicity, hemocompatibility, clearance organ uptake, and systemic
toxicity.
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MATERIALS AND METHODS

Materials

All reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise
specified. Cy5 and Thiol modified siRNA (5’Cy5-GCAAGCUGACCCUGAAGUUCUUZ'-
antisense, 5’ thio- GAACUUCAGGGUCAGCUUGCUU3-sense) designed to knockdown
green fluorescent protein (GFP) was purchased from Integrated DNA Technologies, Inc
(IDT, San Diego, CA)

NP-pArg-siRNA and NP-PEI-siRNA Synthesis

The nanovectors NP-pArg-siRNA and NP-PEI-siRNA were prepared as previously
described.? 19 Briefly, amine terminated PEG-coated iron oxide nanoparticles (NPs) were
modified with cationic polymers of pArg (MW 10,000) or PEI (MW 10,000) through the
formation of a thioether bond between thiolated polymers and NPs activated with iodoacetyl
groups. Thiol modified siRNA oligonucleotides were then conjugated onto the nanoparticles
through non-labile covalent bonds.

Gel Retardation Assay

Successful attachment of sSiRNA to NPs was assessed using gel retardation assays. A 4%
low melting point agarose gel was prepared with 0.05 mg/mL ethidium bromide. While
maintaining a uniform concentration of SiRNA, samples of NP:sSiRNA complexes were
prepared at weight ratios of 0:1, 0.5:1, 1:1, 5:1, 10:1, and 20:1 (Fe mass of NP to siRNA
mass in NP:siRNA complex). The molar concentration of NPs can be calculated from the Fe
mass for each 10 nm nanoparticle crystal assuming a volume of 5.2 x 1072 m3 and a
density of 5.2 kg/m?3 based on the Feg0, crystal structure.2? Using this method, we
calculated that at a ratio of 20:1 (Fe mass of NP to sSiRNA mass NP:siRNA) approximately
4.3 molecules of siRNA are bound to each Fe304 nanoparticle crystal. Electrophoresis was
run at 100 V for 1.5 hrs. Images were acquired on a Gel Doc XR (Bio-Rad Laboratories,
Hercules, CA) and quantitated using the Quantity One software package (Bio-Rad
Laboratories, Hercules, CA).

Nanovector Size and Zeta Potential Characterization

Hydrodynamic sizes and zeta potentials of the nanoparticle formulations were analyzed as
100 pg/mL (Fe equivalent) suspensions in 20 mM HEPES buffer (NaCl-free) (pH 7.4) using
a DTS Zetasizer Nano (Malvern Instruments, Worcestershire, UK).

Cell Culture and Transfection Experiments

Enhanced green fluorescent protein (EGFP) expressing C6 rat glioma cells were produced as
previously described.8 Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Invitrogen, Carlshad, CA) supplemented with 10% FBS (Atlanta Biologicals,
Lawrenceville, GA), 1 mg/mL G-418, and 1% antibiotic-antimycotic (Invitrogen, Carlsbad,
CA) at 37°C and 5% CO,.

Cell Transfection with Nanovectors

The day before transfection, cells were plated at 100,000 cells per well in 12-well plates. For
transfection of cells with a nanovector formulation, cells were treated with the nanovector
for 12 hrs under normal growth conditions. After the 12-hour incubation the media were
replaced and cells incubated for an additional 48 hrs before analyses.
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Cell Viability and Gene Silencing

Potential cytotoxicity was examined by the Alamar blue viability assay. After treatment,
cells were washed thrice with PBS and incubated for 2 hrs with 10% Alamar blue (110 g/
mL resazurin) in DMEM (supplemented with 10% FBS and 1% antibiotic—antimycotic).
The percent reduction of Alamar blue was determined following the manufacturer’s protocol
and used to calculate percent viability of treated samples (untreated cells represent 100%
viability).

To quantify the degree of siRNA delivery and GFP gene silencing, treated cells were
washed thrice with PBS and lysed with 1% Triton X-100 in PBS. Fluorescence from Cy
labeled siRNA or GFP protein expression was measured using a SpectraMax microplate
reader (Molecular Devices, Sunnyvale, CA). GFP fluorescence levels were normalized to
the total number of viable cells, as determined by the Alamar blue viability assay. Relative
GFP expression levels were then calculated based on the reduction in GFP expression as
compared to non-transfected cells.

Transmission Electron Microscopy (TEM)

One million C6 cells were seeded in 25 cm? flasks 24 hrs before treatment. Cells were then
treated with nanovector formulations as described for gene silencing experiments. Cells
were then washed thrice with PBS and incubated with ice-cold Karnovsky’s fixative for 24
hrs. Following fixation, cells were processed directly from flasks for sectioning. Cell
sections were stained with osmium tetroxide, lead citrate, and uranyl acetate for TEM-
contrast enhancement. Cell samples were then imaged with a Philips CM100 TEM at 100
kV with a Gatan 689 digital slow-scan camera.

Erythrocyte Aggregation and Lysis Assays

For the erythrocyte aggregation assay, whole blood (1 mL total) was collected from nude
mice into tubes containing EDTA. Erythrocytes were pelleted through centrifugation at
1000x g and washed thrice with PBS before resuspending into 3 mL PBS. Nanovectors were
mixed with erythrocytes in 400 pL PBS in 24-well plates to a final NP concentration of 100
png/mL and a final 40-fold dilution of erythrocytes. Mixtures were incubated at 37°C for 1 hr
before bright-field imaging.

For the erythrocyte lysis assay, whole blood was collected from nude mice into tubes
containing heparin. Whole blood was mixed 1:1 with nanovectors for a final NP
concentration of 100 pg/mL and incubated at 37°C for 45 min. PBS and 1% Triton X-100
were used as negative and positive controls, respectively. Erythrocytes were then pelleted by
centrifugation at 1000x g and supernatants transferred to wells of a 96-well plate.
Absorbance at 540 nm was measured on a SpectraMax microplate reader and normalized to
samples without erythrocytes to correct for background NP absorbance. Percent hemolysis
was calculated from the PBS subtracted NP absorbance divided by the PBS subtracted
Triton X-100 absorbance.

Histopathological Evaluation and Hematology Assay

All mouse studies were conducted in accordance with University of Washington
Institutional Animal Care and Use Committee (IACUC) approved protocols. Whole organs
(liver, kidney, and spleen) of C57BL/6 mice were removed through necropsy and preserved
in 10% formalin for 48 hrs. Tissues were then embedded in paraffin wax, sliced into 5 um
tick sections, and stained with hematoxylin and eosin (H&E) or Prussian blue/Nuclear Fast
Red using standard clinical laboratory protocols. Microscopic images of tissues were
acquired using an E600 upright microscope (Nikon) equipped with a CCD camera. Blood
cell panels and serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
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levels were quantified 48 hours after intravenous administration of NP-PEI-siRNA (n = 5),
NP-pArg-siRNA (n = 5), and mice receiving PBS injections (n = 5), and compared to the
normal ranges reported in the literature. Three hundred microliters of blood was drawn from
each mouse through cardiac puncture bleeds. Samples were then submitted to a veterinary
pathology laboratory (Phoenix Laboratories, Everett, WA) for analysis.

RESULTS AND DISCUSSION

Nanovector Development

SPIONSs (10-12 nm core diameter as determined by TEM) coated with amine terminated
polyethylene glycol (PEG)19 were derivatized with pArg or PEI cationic polymer and
siRNA oligonucleotides to produce NP-pArg-siRNA and NP-PEI-siRNA.? The chemical
scheme of NP-pArg-siRNA and NP-PEI-siRNA is shown in Figure 1. Each magnetic
nanovector consists of a SPION core that is progressively layered with siloxane, PEG, and
cationic polymer and siRNA (Figure 1a and b). The produced magnetic nanovectors were
chemically compiled through covalent linkages consisting of siloxane bonds adhering PEG
to NP cores, and thioether bonds adhering the cationic polymer and siRNA to the PEG layer
(Figure 1c). The successful conjugation of each chemical constituent of the NP-pArg and
NP-PEI formulations was previously verified using 1H NMR.?

Development of nanovector formulations for in vivo applications requires careful
consideration of the physiological environment (e.g., high salinity, digestive enzymes,
charged biomolecules, blood cells) and rational design of nanovectors to ensure stability
under such environments.2! In the conjugation scheme developed for this study, covalent,
non-labile linkages were used to assemble the various chemical constituents of the
nanovector (Figure 1). This approach was designed to ensure that the nanovector construct
remained intact during blood circulation, nanoparticle cellular internalization, and
intracellular trafficking. Covalent attachment of sSiRNA oligonucleotides to nanovectors
using non-labile chemistries have previously been investigated and shown to not interfere
with the functionality of siRNA in promoting RNAI.22 To favor the non-labile thioether
bond formation over electrostatic binding of the negatively charged siRNA with cationic
NP, the reaction was performed in a high ionic strength, slightly basic buffer.

We used a gel retardation assay to assess SiRNA loading onto the nanovectors. NP-PEI-
SiRNA and NP-pArg-siRNA were prepared at various ratios of NP to siRNA ranging from
0:1 to 20:1 (Fe mass of NP:siRNA mass). Without purification, the reaction products were
loaded into agarose gels and unbound siRNA was separated from NP-bound siRNA through
electrophoresis. Figure 2 provides the quantitative values obtained from the gel retardation
assay evaluating siRNA attachment to NP-pArg (Figure 2a) and NP-PEI (Figure 2b). As
shown, siRNA conjugation to NP-pArg reached near completion at a ratio of 20:1
(NP:siRNA). On the other hand, siRNA conjugation to NP-PEI reached completion at a
comparatively lower ratio of 10:1 (NP:siRNA). This variation in conjugation efficiency can
be attributed to the higher amino functional group density associated with PEI polymer
structure as compared to pArg (43 Da mass per amine for PEI vs. 58 Da mass per amine for
pArg). Therefore, PEI provided more reactive groups for covalent attachment of sSiRNA. To
maintain consistency in sSiRNA content within the nanovector formulations, a ratio of 20:1
(NP:siRNA) was used for the preparation of nanovector formulations for subsequent
experiments in this study.

The hydrodynamic size and zeta potential of nanoparticles can drastically influence their in
vivo functionality, clearance, and overall safety.® The hydrodynamic size for each
nanovector formulation was measured by dynamic light scattering (DLS) and shown in
Figure 2c. Mean volume-based diameters were 21 nm for NP-pArg-siRNA and 22 nm for
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NP-PEI-siRNA, reflecting the combined contribution from iron oxide cores, polymeric
coating, and siRNA modification to the overall hydrodynamic size measured for each
nanovector formulation. From these results it is evident that the conjugation scheme
developed for this study does not significantly affect the overall size of the nanovector
regardless of polycationic coating. Notably, the hydrodynamic size distributions for both
nanovectors were favorable for in vivo navigation and evasion of rapid clearance by the
reticuloendothelial system (5 nm < d < 200 nm).23

DLS was also used to evaluate the zeta potential of each nanovector formulation (Figure 2d).
The average zeta potentials were +2.1 mV for NP-pArg-siRNA and +29.8 mV for NP-PEI-
SiRNA. The higher zeta potential of NP-PEI-siRNA is likely a result of the higher charge
density of PEI as compared to pArg. The high cationic charge of NP-PEI-siRNA measured
from our developed nanovector formulation is consistent with other PEI based nanovector
formulations developed for in vivo applications and reported to be tolerable in animal
studies.11: 13.24.25 Thys, the NP-PEI-siRNA formulation developed for our studies is
representative of PEI based nanovectors previously reported in the literature, and serves as a
suitable control for comparative evaluation of PEI and pArg based coatings in nanovector
development.

SiRNA Internalization and Gene Silencing

Both nanovector formulations were evaluated in vitro for siRNA delivery and gene silencing
in a GFP expressing rat glioblastoma cell line C6/GFP+. The internalization of siRNA into
C6/GFP+ cells by nanovectors was evaluated using fluorescently labeled siRNA (Figure 3a).
C6/GFP+ cells were treated with NP-pArg-siRNA or NP-PEI-siRNA over a broad
concentration range (6.25-50 pg of Fe/mL corresponding to 23-188 nM siRNA). The
uptake profiles of both nanovector formulations were similar at low treatment doses of 6.25
and 12.5 pg of Fe/mL. However, at elevated doses, NP-pArg-siRNA significantly
outperformed NP-PEI-siRNA, and was able to deliver an approximately 3-fold higher
concentration of siRNA to C6/GFP+ cells at the highest evaluated dose. These results
indicate that NP-pArg-siRNA formulation was more efficient as an siRNA internalizing
nanovector and capable of facilitating higher doses of siRNA internalization by C6/GFP+
cells in comparison to the NP-PEI-siRNA formulation. This enhanced capability of NP-
pArg-siRNA can be attributed to its ability to enter cells through an energy independent
transcellular diffusion pathway while NP-PEI-siRNA was trafficked through an energy
dependent endocytosis pathway. % 26

We next evaluated the efficacy of each nanovector formulation to promote GFP gene
silencing in C6/GFP+ cells (Figure 3b). NP-pArg-siRNA treatment was more effective than
NP-PEI-siRNA in silencing GFP expression at all treatment doses evaluated. At the highest
treatment dose of 50 jug of Fe/mL, NP-pArg-siRNA (188 nM siRNA) produced a 62% gene
knockdown efficiency compared to 34% by NP-PEI-siRNA, which represents a 1.8-fold
enhancement in gene silencing potency. The 1.8-fold increase in gene knockdown was lower
than the 3-fold increase in siRNA uptake using NP-pArg-siRNA, which was likely caused
by the difference in intracellular trafficking of NP-pArg-siRNA and NP-PEI-siRNA.
Although NP-pArg-siRNA provided more internalization of SiRNA, NP-PEI-siRNA was
more efficient at delivering internalized siRNA to its site of action.

Nanovector Cytotoxicity

Potential cytotoxic effects of the developed nanovector formulations were evaluated using a
combination of Alamar blue cell viability assays and TEM imaging of cellular
ultrastructures (Figure 4). C6/GFP+ cells were treated with NP-pArg-siRNA or NP-PEI-
SiRNA at 50 jug of Fe/mL for 12 hours as described for cell transfection experiments. Forty-
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eight hours post-nanovector treatment, cell viability was measured in comparison to an
untreated control. C6/GFP+ cells treated with NP-pArg-siRNA were found to be
significantly more viable than those treated by NP-PEI-siRNA (Figure 4a). To further
elucidate the mechanism of the increased cytotoxicity associated with NP-PEI-SiRNA
treatment compared to NP-pArg-siRNA treatment, the ultrastructures of nanovector treated
C6/GFP+ cells were examined by TEM. The cellular membrane structure of NP-pArg-
SiRNA treated cells appeared intact, while NP-PEI-siRNA treated cell showed severe
damage in membranes (Figure 4b). Similarly, damage to the mitochondrial organelle
structure could be seen in images from NP-PEI-siRNA treated C6/GFP+ cells as evident by
the destruction of mitochondrial membrane organization (Figure 4c). No mitochondrial
damage was evident in NP-pArg-siRNA treated cells.

The combined Alamar blue cell viability and TEM ultrastructure imaging experiments
showed the high cytotoxicity of NP-PEI-siRNA treatment and revealed the mechanism of
toxicity (cell membrane and mitochondria damage). Conversely, the NP-pArg-siRNA
formulation did not induce any alterations to the cellular or mitochondrial membrane
structures and only reduced cell viability by 28% in comparison to the significantly higher
74% reduction in cell viability induced by NP-PEI-siRNA treatments. Previous reports in
the literature have alluded to a potential mechanism for cytotoxicity effects of PEI and
described this mechanism to be related to high cationic nature of the molecule disrupting
cellular and mitochondrial membrane integrities leading to cell necrosis and apoptosis;2’
however, there was no direct experimental evidence for this postulation. Our TEM imaging
experimentally confirmed the induction of these effects through NP-PEI-siRNA treatment of
C6/GFP+ cells. Notably, the lack of any damage to cell membrane integrity after treatment
with NP-pArg-siRNA demonstrated the safety of this formulation and justified further in
vivo evaluations.

Nanovector Hemocompatibility

A major concern in the development of nanovectors for clinical applications is
hemocompatibility.> This is particularly crucial for cationic nanovectors because of the
potential of the charge-charge interaction between cationic NPs and anionic erythrocyte
membranes in the blood that can cause erythrocyte aggregation.28 This can decrease the
blood half-life of the nanovector and also increase the risk of hemolysis and embolism.29: 30
NP-PEI-siRNA and NP-pArg-siRNA formulations were both evaluated using an erythrocyte
aggregation assay (Figure 5). NP-pArg-siRNA showed similar results to the phosphate
buffer saline (PBS) where no evidence of erythrocyte aggregation or lysis was observed.
However, NP-PEI-siRNA samples showed significant erythrocyte aggregation and loss of
erythrocyte structure, which likely indicates the presence of lysis. Quantitative evaluation of
hemolysis further confirmed that NP-PEI treatment did significantly induce a 3-fold higher
degree of hemolysis in comparison to treatment with NP-pArg formulations (Supplemental
Figure 1). Therefore, the hemocompatibility of NP-pArg-siRNA was much greater than NP-
PEI-siRNA.

In Vivo Nanovector Toxicity and Clearance Organ Uptake

A major barrier to the clinical application of nanovectors is the potential toxicity of
developed nanomaterial formulations. We screened the toxicities and clearance routes of the
developed nanovector formulations using wild-type mice. Healthy, wild-type animals were
utilized for these assays to examine specific nanoparticle-induced toxicities while avoiding
possible false malignancies due to tumor-burden. For these experiments C57BL/6 mice were
injected with 200 pL of NP-pArg-siRNA or NP-PEI-siRNA (500 g of Fe/mL) through the
tail vein and sacrificed 48 hours post-injection. Vital clearance organs (liver, spleen, and
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kidneys) and blood were harvested postmortem for hemological and histopathological
evaluations.

Accumulation of NP-pArg-siRNA and NP-PEI-siRNA nanovectors in clearance organs was
assayed through Prussian blue staining of sections of livers, kidneys, and spleens. Organs
were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with Prussian blue
to monitor the presence of iron from the nanovectors (Figure 6). The clearance of both
nanovector formulations appeared to be similar, with accumulations evident in liver and
spleen, but not kidney. This profile is consistent with other nanoparticle formulations
reported in the literature.>=7» 31

To evaluate the liver toxicity of the developed NP-pArg-siRNA and NP-PEI-siRNA
formulations, blood from nanovector injected mice and from control mice receiving PBS
injections were hematologically assayed. Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) liver enzyme serum levels were measured to evaluate any evidence
of hepatotoxicity (Table 1). Liver enzyme serum levels of mice treated with NP-pArg-
siRNA showed no significant elevation in AST and ALT as compared to the PBS control
mice. Furthermore, both AST and ALT levels were within the normal ranges expected for
these animals (Table 1).32: 33 Conversely, treatment with NP-PEI-siRNA produced
significant elevation of both serum ALT and AST levels in comparison to the PBS treated
group, and were above the normal range expected for these animals (Table 1).

Additionally, the white blood cell (WBC) counts of treated animal were assayed to evaluate
evidence of bone marrow toxicity. WBC counts for both NP-pArg-siRNA and NP-PEI-
siRNA were within normal ranges for healthy animals (Table 1).34 Notably, evidence of
hemolysis was present in blood harvested from all animals treated with NP-PEI-siRNA
nanovectors but not in blood samples obtained from PBS or NP-pArg-siRNA treated mice,
corroborating results from the erythrocyte aggregation and hemolysis in vitro assays.
Combined, no appreciable hematological abnormalities were observed in NP-pArg-siRNA
treated mice suggesting that these nanovectors were well tolerated at the dose evaluated in
this study. Conversely, NP-PEI-siRNA treatments produced significant deleterious effects
suggesting hepatotoxicity and hemolysis.

Finally, we performed histological analyses on the clearance organs (kidney, spleen, and
liver) to examine any signs of acute toxicity. Organs were harvested from NP-pArg-siRNA,
NP-PEI-siRNA, or PBS injected mice 48 hrs after receiving injections, fixed in 10%
formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E,
Figure 7). No significant alterations of tissue structures were evident in liver, kidney, or
spleen sections obtained from NP-pArg-siRNA treated animals as compared to PBS injected
animals. However, liver sections from NP-PEI-siRNA injected animals showed widespread
areas of hepatocyte cell death, and destruction of the vascular bed and sinusoidal structures,
all signs of hepatotoxicity. Further, the spleen sections from mice injected with NP-PEI-
SiRNA showed infiltration of red pulp into the white pulp, which could be a secondary effect
of erythrogenesis consistent with presence of hemolysis observed in blood samples collected
from these animals (Table 1). Combined, these data show that the NP-pArg-siRNA
nanovector formulation was biocompatible and safe. Conversely, the NP-PEI-siRNA
formulation produced acute toxicity to clearance organs.

CONCLUSIONS

Development of safe and effective nanovectors for in vivo siRNA delivery is a major
scientific and technological challenge that has hindered the clinical application of RNAI
based therapeutics. In this work, we compared the safety and efficacy of two formulations of
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magnetic nanovectors, namely NP-pArg-siRNA and NP-PEI-siRNA. We demonstrated that
the uptake, efficacy, and in vivo toxicity were highly dependent on the polymer coating. The
NP-pArg-siRNA nanovector formulation was demonstrated to be safer and more effective as
a siRNA delivery vehicle as compared to NP-PEI-siRNA. Further, we demonstrated that PEI
modified nanovectors produced significant deleterious effects in vivo including hemolysis,
erythrocyte aggregation, and acute organ toxicity. Given the improvement in efficacy and
safety produced through pArg modification of nanovectors, this polymer should be
considered as an alternative to PEI in the development of future nanovector constructs for
improved safety and efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structures of the magnetic nanovectors. (a) Magnetic nanovector architecture. (b)
Chemical structures of the cationic polymers used to functionalize the NP to produce NP-
pArg-siRNA and NP-PEI-siRNA. (c) Chemical composition of produced magnetic
nanovectors.
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Figure 2.

Physicochemical characterizations of NP-pArg-siRNA, and NP-PEI-siRNA. Quantitative
evaluation of the conjugation of siRNA onto (a) NP-pArg and (b) NP-PEI by a gel
retardation assay. Ratios of NP to siRNA correspond to mass of NP (iron equivalent) to
mass of siRNA. (c) Volume based hydrodynamic size distribution of NP-pArg-siRNA and
NP-PEI-siRNA. (d) Zeta potentials of NP-pArg-siRNA and NP-PEI-siRNA.
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Figure 3.

In vitro dose-dependent nanovector internalization and GFP knockdown. (a) Uptake of
nanovectors by target cells. (b) Efficiency of nanovector treatments on silencing GFP
expression in C6/GFP+.
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Figure 4.

Evaluation of nanovector toxicity. (a) Alamar blue cell viability assay (viability was
normalized to untreated cells). TEM investigation of nanovector treatment effects on C6/
GFP+ on plasma membrane structures (b), and mitochondrial membranes (c). The scale bars
correspond to 100 nm.
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Figure 5.
Erythrocyte aggregation in the presence of PBS, NP-pArg-siRNA, or NP-PEI-siRNA
nanovectors. The scale bar corresponds to 50 pm.
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Figure 6.

Histological evaluation of nanovector clearance. Tissue sections from clearance organs
(liver, kidney, and spleen) were collected from mice treated with NP-pArg-siRNA or NP-
PEI-siRNA and stained with Prussian blue iron stain (blue) and nuclear fast red (pink). The
scale bar corresponds to 50 pm.
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Figure 7.
H&E stained tissue sections of mouse liver, kidney, and spleen obtained from PBS, NP-
pArg-siRNA, and NP-PEI-siRNA injected animals. The scale bars correspond to 50 um.
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