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Abstract: A small interfering RNA (siRNA) nanovector with dual targeting specificity and dual
therapeutic effect is developed for targeted cancer imaging and therapy. The nanovector is
composed of an iron oxide magnetic nanoparticle core coated with three different functional
molecules: polyethyleneimine (PEI), siRNA, and chlorotoxin (CTX). The primary amine group
of PEI is blocked with citraconic anhydride that is removable at acidic conditions, not only to
increase its biocompatibility at physiological conditions but also to elicit a pH-sensitive cytotoxic
effect in the acidic tumor microenvironment. The PEl is covalently immobilized on the nanovector
via a disulfide linkage that is cleavable after cellular internalization of the nanovector. CTX as
a tumor-specific targeting ligand and siRNA as a therapeutic payload are conjugated on the
nanovector via a flexible and hydrophilic PEG linker for targeted gene silencing in cancer cells.
With a size of ~60 nm, the nanovector exhibits long-term stability and good magnetic property
for magnetic resonance imaging. The multifunctional nanovector exhibits both significant cytotoxic
and gene silencing effects at acidic pH conditions for C6 glioma cells, but not at physiological
pH conditions. Our results suggest that this nanovector system could be safely used as a potential
therapeutic agent for targeted treatment of glioma as well as other cancers.
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1. Introduction

RNA interference (RNAi) using small interfering RNA
(siRNA), a 19—21 base pair double stranded RNA, has been
touted as a potential therapeutic breakthrough for genetic
disorders such as cancers by specific and efficient target-
gene inhibition."? An effective delivery vector system that
can accommodate the highly negative charge and rigid
structure of siRNAs, but also ensure efficient processing

through endosomal escape remains an essential yet chal-
lenging component for successful clinical application of
RNAI. Inorganic nanoparticles, including quantum dots, gold
nanoparticles, and iron oxide nanoparticles with siRNAs
directly conjugated by covalent bonds or by physical
adsorption onto their surfaces, have been studied as siRNA
carriers.>® Of these, biodegradable superparamagnetic iron
oxide nanoparticles (NPs) are an attractive option, as they
afford efficient delivery of siRNA in vitro and in vivo with
minimal toxicity, but also endow the added benefit of
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localization using magnetic resonance (MR) imaging.*"~°

Surface modifications of NPs with polymers such as poly-
ethylenimine (PEI), poly-L-lysine (PLL), and polyethylene
glycol (PEG) increase intracellular delivery of these NPs as
well as improve their stability and circulation time.*310~12
PEI is a well-characterized and commercialized cationic
polymer with a high charge density, one protonable nitrogen
per every third atom. PEI has been widely used as a coating
material of inorganic nanoparticles as well as a carrier itself
for gene delivery because of its strong electrostatic affinity
to nucleotides as well as efficient endosomal escape via the
proton sponge effect after intracellular uptake.'*>~'> However,
its nonspecific cytotoxicity caused by destabilization of
cellular and mitochondrial membranes and activation of
intracellular apoptotic signals limit its clinical application.'® '8
Various chemical modifications to reduce its nonspecific
cytotoxicity while maintaining its superior gene delivery
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efficiency, using small molecules, natural polymers, and
peptides, have been vigorously investigated.®'*'*~2! Citra-
conic anhydride (2-methylmaleic anhydride), a derivative of
maleic anhydride, reacts with primary amine groups, resulting
in amide linkages with terminal carboxylates which can be
hydrolyzed only under acidic conditions.''** This reversible
modification of the primary amine group to carboxylate could
induce charge conversion between positive and negative in
an acidic pH sensitive manner, which may reduce the
cytotoxicity and minimize nonspecific cellular uptake at
physiological pH conditions. According to previous studies,
the hypoxic conditions due to high metabolic rate and
abnormal blood vessels in tumors accumulate lactic acid and
promote accelerated oxidation of CO,, providing an acidic
extracellular tumor microenvironment (pH 5.8—7.1).%%"%°
This acidic pH has been used as a triggering signal for the
cancer-targeted delivery of nanoparticles with drugs.''-26728
Conjugations of either targeting ligands or environment-
sensitive moieties have been investigated for targeted delivery
of nanoparticles with siRNA for diagnostic and therapeutic
purpose, >48:11:28-30

In our previous study, amine-functionalized iron oxide
nanoparticles with highly stable and homogeneous properties
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were developed for biomedical applications.' In the present
study, three different molecules possessing distinctive func-
tions were coated onto the amine-functionalized iron oxide
nanoparticles for diagnostic and therapeutic purposes. After
blocking of primary amine group in PEI using the acidic
pH sensitive citraconic anhydride, the resulting amine
blocked PEI was conjugated to NP for enhanced biocom-
patibility at pH 7.4 and recovered cytotoxic effect at acidic
pH via deblocking of the amine group. Both anti-GFP siRNA
and chlorotoxin (CTX) were immobilized onto NP as a
therapeutic moiety and targeting ligand for glioma, respec-
tively. The surface charge, size, stability and morphology
of NP coated with amine blocked PEI, siRNA, and CTX
(NP-PEIb—siRNA—CTX) were examined using dynamic
light scattering and transmission electron microscopy (TEM).
To investigate whether NP-PEIb—siRNA—CTX retains suf-
ficient magnetism as a contrast agent for MRI, its magnetic
property was analyzed. After conjugation of CTX, enhanced
intracellular uptake of NP-PEIb—siRNA—CTX to C6 rat
glioma cells was verified by the ferrozine-based assay. The
cytotoxicity and gene silencing effect by NP-PEIb—
siRNA—CTX was quantitatively examined at both pH 7.4
and pH 6.4 with C6 glioma cells.

2. Experimental Section

2.1. Preparation and Characterization of Primary
Amine Blocked PEI. Two types of amine blocked PEIs
(BPEI), the less amine group blocked PEI (PEIa) and highly
amine blocked PEI (PEIb), were prepared for this study. After
performing 1/10 dilution of citraconic anhydride with di-
methyl sulfoxide, predetermined amounts of citraconic
anhydride (0.33 mg, 0.66 mg) were reacted with branched
PEI (MW25k, 1 mg) in PBS for 2 h at room temperature
for the preparation of PEIa and PEIb, resulting in citraconic
anhydride/primary amine group in PEI with molar ratios of
0.42 and 0.84, respectively. To inhibit intra- and intermo-
lecular ionic interactions, reaction was performed in the
presence of high salts (0.5 M NaCl). After citraconylation
of PEI, the remaining amine groups were activated with
SPDP (2.3 mg) overnight at room temperature to prepare
pyridyldithiol modified BPEI. After the reaction, the solution
was purified using Zeba Spin Desalting Columns (MWCO
7k) to remove excess SPDP. The relative amounts of primary
amine groups in both BPEIs and pyridyldithiol activated
BPEIs were determined by the fluorescamine assay according
to the manufacturer’s protocol. Ten microliters of fluores-
camine solution in acetone at a final concentration of 7 mg/

(29) Lai, J. J.; Hoffman, J. M.; Ebara, M.; Hoffman, A. S.; Estournes,
C.; Wattiaux, A.; Stayton, P. S. Dual magnetic-/temperature-
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Hansen, S. J.; Kwok, D.; Munoz, N. M.; Sze, R. W.; Grady,
W. M.; Greenberg, N. M.; Ellenbogen, R. G.; Olson, J. M. Tumor
paint: a chlorotoxin:Cy5.5 bioconjugate for intraoperative visu-
alization of cancer foci. Cancer Res. 2007, 67 (14), 6882-8.
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mL was mixed with each polymer solution in PBS (100 uL)
and protected from light. After incubating for 10 min at room
temperature, the fluorescent intensity was measured at
excitation and emission wavelengths of 390 and 475 nm,
respectively. To examine the cleavage of the blocking group
from BPEI, pyridyldithiol modified PEIb was incubated in
HEPES buffer at pH 7.4, 6.4, 4.5, and 0.3 for 24 h. The
amount of exposed amine groups at each pH condition was
determined by the fluorescamine assay, as reported previ-
ously.”!

To examine cell cytotoxicity of both naked PEI and
modified PEI, C6 cells were seeded on 24-well plates at a
density of 1 x 10° cells per well, and treated with each
polymer at various concentrations (0, 1, 2, 4, 8, 16, 32, 64,
128 ug/mL) for 24 h in DMEM medium supplemented with
10% FBS. After incubation, cells were washed with PBS
three times and treated with DMEM containing 10% Alamar
Blue solution for 2 h, according to the manufacturer’s
protocol. Fluorescence intensity in each sample was mea-
sured by Spectra Max microplate reader with an excitation
and emission wavelength at 470 and 486 nm, respectively.
The relative cell viability was determined by assuming
untreated cells having 100% viability.

2.2. Preparation and Characterization of Multifunc-
tional Iron Oxide Nanoparticles. Oleic acid coated iron
oxide nanoparticles with a 12 nm core diameter were
synthesized via thermal decomposition of iron oleate complex
and coated by PEG with terminal amine groups for the
preparation of amine functionalized nanoparticles (NP-NH,),
according to previous studies.'®** After synthesis of NP-
NH,, the concentration of Fe was analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
The number of amine groups per NP (~70 NH,/NP) was
determined by quantifying pyridine-2-thione using SPDP,
according to the manufacturer’s protocol. The NP (280 ug)
in 0.1 M sodium bicarbonate buffer (pH 8.5) was mixed with
Traut’s reagent (245.7 ug) for the preparation of thiol
modified NP (NP-SH). Excess Traut’s reagent was removed
using Zeba spin desalting columns (MWCO 40k) according
to the manufacturer’s protocol. Pyridyldithiol activated PEIb
(75 ug) was added to NP-SH at a 1:50 molar ratio of NP:
PEIb and reacted for 24 h to prepare amine-blocked PEI
coated NP (NP-PEIb). To prepare siRNA with a free thiol
group (siRNA-SH), 100 uL of 1 M dithiothreitol (DTT) in
DW was added to 100 uL of 5-end thiol-blocked siRNA
(0.96 mM) in PBS. The final pH of the solution was adjusted
to 8.0 using 5 N NaOH. After an overnight reaction, the
reactant was purified using Zeba spin desalting columns
(MWCO 7k). Both siRNA-SH (134.4 ug) and SM(PEG),
(4.25 ug) were added to NP-PEIb and reacted for 10 h for

(31) Oh, 1. K.; Mok, H.; Park, T. G. Folate immobilized and PEGylated
adenovirus for retargeting to tumor cells. Bioconjugate Chem.
2006, 17 (3), 721-17.
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of monodisperse nanocrystals. Nat. Mater. 2004, 3 (12), 891-5.
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the preparation of NP-PEIb—siRNA at a 1:100 molar ratio
of NP: siRNA.

Chlorotoxin (CTX, MW8000) was recombinantly synthe-
sized in Escherichia coli using a method reported previ-
ously.>® Talon resin pure CTX was further purified using
size exclusion liquid chromatography, and characterized
using polyacrylamide gel electrophoresis. CTX (500 ug) in
PBS was reacted with Traut’s reagent at a 1:1 molar ratio
of Traut’s reagent:CTX for 1 h at room temperature. The
pH of the reactant solution was adjusted to 8.0 using 1 N
NaOH. Thiolated CTX (200 xg) and SM(PEG),, (12.97 ug)
were added to NP-PEIb—siRNA at a 1:200 molar ratio of
NP:CTX and reacted overnight. The resultant NP-PEIb—
siRNA—CTX was purified using Zeba spin desalting col-
umns (MWCO 40k) equilibrated with PBS, and stored at 4
°C. TEM samples were observed on a Phillips CM100 TEM
(Philips, Eindhoven, The Netherlands) operating at 100 kV.
The surface charge and hydrodynamic size of nanoparticles
were analyzed using a Malvern Nano Series ZS particle size
analyzer (Worcestershire, U.K.).

2.3. Quantification of Intracellular Iron Content. C6
cells were maintained in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville,
GA) and 1% antibiotic—antimycotic (Invitrogen, Carlsbad,
CA) at 37 °C and 5% CO,. C6 cells stably expressing GFP
(GFP+ C6) were prepared by transfecting C6 cells with the
pEGFP-N1 vector using Effectene transfection reagent
(Qiagen, Valencia, CA) according to the manufacturer’s
protocol. The day before transfection, cells were plated at a
density of 3 x 10° cells per well in 12-well plates. Cells
were then treated with five types of iron oxide nanoparticles,
NP, NP-SH, NP-PEIb, NP-PEIb—siRNA, and NP-PEIb—
siRNA—CTX, at an Fe concentration of 4 ug/mL for 6 h at
pH 7.4 and pH 6.4. After incubation, cells were washed with
PBS and lysed with 400 uL of 50 mM NaOH solution.
Intracellular Fe content was determined by the colorimetric
ferrozine-based assay as previously described.** Absorbance
of each sample was measured at 562 nm using the Spectra
Max microplate reader. The number of cells was also
determined by the Coomassie Blue assay according to the
manufacturer’s protocol.

2.4. In Vitro MRI. C6 cells (5 x 10’ cells/well) were
seeded on a 12-well plate 24 h before treatment. Cells were
treated with nanoparticles in growth medium (20 ug of Fe/
mL) at pH 6.4 and incubated for 24 h. After incubation, cell
pellets were prepared by centrifugation at 1500g for 5 min.
Cell pellets were resuspended in 50 uL of 1% agarose. For
nanoparticle samples, 25 uL. of nanoparticles at various Fe
concentrations (0.125, 1.25, 2.5, 5, 10 ug/mL) in PBS was
mixed with 25 uLL of 1% agarose. T2 relaxation measure-
ments were performed on a 4.7 T Bruker magnet (Bruker

(33) Deshane, J.; Garner, C. C.; Sontheimer, H. Chlorotoxin inhibits
glioma cell invasion via matrix metalloproteinase-2. J. Biol. Chem.
2003, 278 (6), 4135-44.

(34) Riemer, J.; Hoepken, H. H.; Czerwinska, H.; Robinson, S. R.;
Dringen, R. Colorimetric ferrozine-based assay for the quantitation
of iron in cultured cells. Anal. Biochem. 2004, 331 (2), 370-5.

Medical Systems, Karlsruhe, Germany) equipped with Varian
Inova spectrometer (Varian, Inc., Palo Alto, CA). A 5 cm
volume coil and the spin—echo imaging sequence were used
to acquire T2-weight images. Images were acquired using a
repetition time (TR) of 3000 ms and echo times (TE) of 13.6,
20.0, 40.0, 60.0, 90.0, and 120.0 ms. The spatial resolution
parameters were as follows: acquisition matrix of 256 x 128,
field-of-view of 35 x 35 mm, section thickness of 1 mm
and two averages. The T2 map was generated by NIH ImageJ
(Bethesda, MD) based on the equation, SI = A exp(—TE/
T2) + B, where SI is the signal intensity, TE is the echo
time, A is the amplitude, and B is the offset. R2 maps were
generated by taking the reciprocal of T2 maps.

2.5. Cell Viability and Gene Silencing Effect. Cells were
seeded on 24-well plates at a density of 1 x 103 cells per
well, and treated with nanoparticles (8 ug Fe/mL) for 48 h
in DMEM supplemented with 10% FBS at pH 7.4 and pH
6.4. After incubation, cell viability was examined by the
Alamar blue assay. To quantify the degree of GFP gene
silencing, the cells were transfected with various amounts
of nanoparticles (0, 0.5, 1, 2, 4, 8 ug Fe) for 24 h in the
presence of serum at pH 7.4 and pH 6.4 and incubated for
an additional 24 h after changing medium with DMEM with
10% FBS. After transfection, cells were washed with PBS
three times and treated with a cell lysis solution (1% Triton
X-100 in PBS). GFP protein expression was measured at an
excitation and an emission wavelength of 488 and 520 nm,
respectively. The extent of GFP fluorescence was normalized
by the total viable cells, which was determined by the Alamar
Blue assay. Relative GFP expression levels were then
calculated based on the GFP expression percent of nontrans-
fected C6 cells used as a 100% control.

3. Results

3.1. Preparation and Characterization of Amine Group
Blocked PEI. The scheme for synthesis of primary amine
blocked PEI (25k) is shown in Figure 1a. The primary amine
group of PEI was blocked by citraconic anhydride, an acid
pH specific amine blocker. After citraconylation reaction,
the primary amine groups are replaced with carboxyl groups,
which changes the total cationic charge in PEI. The remain-
ing amine groups in PEI are then activated with SPDP to
produce 2-pyridyl disulfide activated PEI for the following
conjugation onto iron oxide nanoparticles (NPs). After each
reaction, the amount of remaining amine groups was
quantitatively examined using the fluorescamine assay. As
shown in Figure 2a, two different types of amine blocked
PEI, less amine blocked PEI (PEla) and highly amine
blocked PEI (PEIb), were prepared by adding different
amounts of citraconic anhydride. Molar fractions of primary,
secondary, and tertiary amine groups in PEI were 0.307,
0.395, and 0.297, respectively. Based on this, the molar ratios
of citraconic anhydride per primary amine group in PEI for
the preparation of PEIa and PEIb were 0.42:1 and 0.84:1,
respectively. After citraconylation, 64.9 & 3.8 and 28.9 £
12.4% of primary amine groups in PEIa and PEIb remained,
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Figure 1. Chemical schemes for development of the multifunctional nanovector and illustration of extracellular and
intracellular trafficking of the nanovector. Schemes for the preparation of (a) the amine blocked PEI and (b)
multifunctional NP-PEIb—siRNA—CTX nanovector. (c) Schematic diagram illustrating the intracellular uptake,
extracellular trafficking and processing of NP-PEIb—siRNA—CTX in tumor cells.

respectively. Approximately 10% of amine groups were also
activated by SPDP in both PEIs.

To examine whether blocking of primary amine groups
in PEI could reduce nonspecific cytotoxicity, cell viability
was examined after treatment with naked PEI, PEla, and
PEIb (Figure 2b). Both naked PEI and PEla treated cells
showed severe cell toxicity with increasing PEI concentra-
tions, while the PEIb group demonstrated negligible cytotoxic
effect. To confirm the removal of blocking groups in PEI in
an acidic pH-dependent manner, the amount of exposed
amine in PEIb was quantitatively examined after incubating
PEIb at different pHs (Figure 2c). The extent of exposed
primary amine groups in PEIb at pH 7.4, 6.4, and 4.5 was
1.9 £ 2.1, 88 £ 2.0, and 39.5 £ 6.4%, respectively,
demonstrating that the deblocking of the primary amine
groups occurs only in acidic pH conditions.
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To confirm that the deblocking of primary amine groups in
PEIDb in acidic conditions could recover cell toxicity comparable
to naked PEI, cytotoxicities by naked PEI and PEIb before and
after acid treatment were examined (Figure 2d). The PEIb
treated with acid treatment exhibited significantly increased
cytotoxicity compared to PEIb at pH 7.4, suggesting that the
cytotoxicity of this polymer can be elicited by an acidic
environment. However, the extent of cytotoxic effect by PEIb
treated with acid was a little reduced compared to that by naked
PEI, which is probably due to the noncleavable blocking of
primary amine groups in PEI by SPDP.

3.2. Preparation and Characterization of Multifunc-
tional Iron Oxide Nanovectors. In our previous study, NPs
were modified with amine functionalized PEG to improve
stability and reduce nonspecific cellular uptake for MR
imaging.'® Here, the pH-sensitive PEIb developed above was
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Figure 2. Characterization of the primary amine-blocked and pyridyldithiol-activated PEI. (a) Relative amount of
primary amine groups after amine blocking reaction by citraconic anhydride and pyridyldithiol reaction by SPDP using
two types of PEI (PEla and PEIb), respectively. PEla: less amine blocked PEI. PEIb: highly amine blocked PEI. (b)
Cytotoxicities of PEla and PEIb in C6 rat glioma cells, where the naked PEI is presented as a control. (c) Relative
amount of exposed primary amine groups in PEIb after incubation for 24 h at various pH conditions. (d) Cytotoxicities
on C6 cells by primary amine recovered PEIb at pH 0.3, where the naked PEI is presented as a reference.

used for the surface modification of the NP-NH, (Figure 1a).
Primary amine groups on NP were reacted with Traut’s
reagent to produce free thiol modified NP (NP-SH). The
pyridyldithiol activated PEIb prepared by SPDP reaction was
added to thiol modified NP, which resulted in blocked PEI
coated NP (NP-PEIb). The chemical scheme used to as-
semble siRNA and chlorotoxin (CTX) on the NP surface is
shown in Figure 1b. The thiol-modified siRNA at the sense
5" end was conjugated to the free amine groups available on
PEIb and NP using SM(PEG), as a cross-linker. For
enhanced intracellular delivery of the nanovector for glioma
cells, CTX was also immobilized to the NP-PEIb—siRNA
conjugate. Chlorotoxin, a 36 amino-acid peptide derived from
scorpion Leiurus quinquestriatus, is a well-known targeting
ligand for malignant glioma, medulloblastoma, and prostate
cancers.'?%?33¢ Thiol-modified CTX by Traut’s reagent was
covalently attached to NP-PEIb—siRNA conjugate via
SM(PEG),, cross-linker for the preparation of NP-
PEIb—siRNA—CTX.

(35) Veiseh, O.; Sun, C.; Gunn, J.; Kohler, N.; Gabikian, P.; Lee, D.;
Bhattarai, N.; Ellenbogen, R.; Sze, R.; Hallahan, A.; Olson, J.;
Zhang, M. Optical and MRI multifunctional nanoprobe for
targeting gliomas. Nano Lett. 2005, 5 (6), 1003-8.

To quantify and optimize the extent of conjugated siRNA
to NP, the NP-PEIb—siRNA—CTX nanovector was assessed
by agarose gel electrophoresis (Figure 3a). The siRNA
conjugated to NP-PEIb—siRNA—CTX showed a retarded
and smeared band on agarose gel because of the increased
size of the resulting nanovector compared to naked siRNA
as well as varying numbers of attached siRNA on individual
nanoparticles. The relative amount of siRNA conjugated to
nanoparticles for 1 ug and 2 ug of siRNA was 37.6 + 7.4%
and 28.9 + 7.8% of total feed siRNA, respectively, as
determined by densitometry using ImageJ software (National
Institutes of Health, USA; http://rsb.info.nih.gov/ij/). To
confirm that this retarded migration of NP-PEIb—siRNA—
CTX is not attributed to ionic interaction between siRNA
and PEIb, a physical mixture of siRNA and NP-PEIb at the
same PEIb/siRNA weight ratio as that of the NP-PEIb—
siRNA—CTX conjugates was also examined by gel electro-
phoresis. As shown in Figure 3b, NP-PEIb could not form
ionic complexes with siRNA while naked PEI/siRNA
complexes showed no migration due to ionic interactions,

(36) Shen, S.; Khazaeli, M. B.; Gillespie, G. Y.; Alvarez, V. L.
Radiation dosimetry of 1311-chlorotoxin for targeted radiotherapy
in glioma-bearing mice. J. Neurooncol. 2005, 71 (2), 113-9.
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Figure 3. Gel electrophoresis to confirm the amount of
siRNA on NP and covalent conjugation of siRNA to
nanovector. (a) Agarose gel electrophoresis of NP-
PEIb—siRNA—CTX after conjugation of different amounts
of siRNA on the nanovector, where the naked siRNA
serves as a control. (b) Gel retardation assay for siRNA
physically mixed with naked PEI or NP-PEIb at a PEI/
siRNA weight ratio of 0.18.

suggesting that the retarded migration of siRNA in NP-
PEIb—siRNA—CTX nanovector is due to the covalent linkage
of siRNA to NP rather than the electrostatic interaction between
PEIb and siRNA.

The average surface charge and hydrodynamic size of the
resulting five different types of nanoparticles were determined
by dynamic light scattering (DLS). (Figure 4a,b). Conjugation
of PEIb onto NP-SH increased surface charge from —12.4
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+ 2.8 mV to —2.6 + 0.7 mV at pH 7.4 due to both remnant
primary amine groups and intact secondary and tertiary amine
groups. However, after siRNA conjugation, the surface
charge of nanoparticles decreased to —14.6 £ 2.2 mV
because of the highly negatively charged siRNA. The surface
charges of NP-PEIb—siRNA—CTX at pH 7.4 and pH 6.4
were —14.1 £ 1.9 mV and —5.2 £ 1.3 mV, respectively.
Considering that there were ~174 primary amine groups per
every PEIL, a 10% recovery of amine groups at pH 6.4 could
substantially increase the surface charge. The hydrodynamic
sizes of each type of nanoparticle at pH 7.4 and pH 6.4 are
shown in Figure 4b. While there were significant changes
in surface charge after conjugation of PEIb and siRNA, little
differences in particle size were observed among NP, NP-
SH, NP-PEIb, and NP-PEIb—siRNA. Despite the significant
differences in surface charge at different pHs, the size of
each nanoparticle was pretty constant, which might be due
to sufficient PEG shielding on nanovector. However, the
diameter of NP-PEIb—siRNA—CTX at pH 6.4 (107.4 £ 6.7
nm) was significantly larger than that at pH 7.4 (63.7 & 8.4
nm) (Figure 4b). Considering that the pore size of 1% agarose
gel was more than 350 nm,*” the nanoparticles with a size
below 70 nm could easily pass through the agarose gel as
shown in Figure 3a.

For biomedical applications, long-term stability of nano-
particles is an important factor considered during design
of nanoparticles. To examine the stability of NP-PEIb—
siRNA—CTX, size distributions of nanoparticles both as
prepared and after 28 days in PBS solution were analyzed.

b
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Figure 4. Physical properties of various iron oxide nanoparticles. (a) Surface charge and (b) hydrodynamic size of
different nanoparticles at pH 7.4 and pH 6.4. (c) Stability of NP-PEIb—siRNA—CTX in PBS, assessed in terms of
hydrodynamic size profile. (d) TEM image of NP-PEIb—siRNA—CTX (scale bar = 20 nm).
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Figure 5. Magnetic property of NP-PEIb—siRNA—CTX
and cellular uptake of various nanoparticles. (a) R2
relaxation as a function of Fe concentration for NP-
PEIb—siRNA—CTX. (b) R2 maps of gel phantoms contain-
ing NP-PEIb—siRNA—CTX at different Fe concentrations.
(c) Intracellular uptake of different nanoparticles by C6
cells in terms of Fe content determined by the colorimet-
ric ferrozine-based assay. All nanoparticles were treated
with cells at pH 6.4 at an Fe concentration of 4 ug/mL.
(d) R2 maps of gel phantoms containing cells treated
with different nanoparticles. All cells were treated with
nanoparticles at a concentration of 20 ug/mL.

As shown in Figure 4c, negligible changes in particle size
were observed between the two, suggesting the high stability
of NP-PEIb—siRNA—CTX. The core particle size and
morphology of NP-PEIb—siRNA—CTX were examined with
TEM (Figure 4d). NP-PEIb—siRNA—CTX was spherical and
well-dispersed, with a core size of ~12 nm, indicating that
there was no aggregation or inter-cross-linking between
particles during conjugation reaction.

3.3. Magnetic Property and Intracellular Uptake of
NP-PEIb—siRNA—CTX. The iron oxide core of this NP
system has been previously shown to possess superior
superparamagnetic properties essential for use as a contrast
agent for MR imaging.'” To evaluate whether NP-
PEIb—siRNA—CTX would retain sufficient magnetism
detectable by MRI, the relaxation of NP-PEIb—siRNA—CTX
at various concentrations of Fe was measured. The transverse
relaxivity (slope of R2) of NP-PEIb—siRNA—CTX was 673
mM~! S!'” (Figure 5a), significantly higher than that of
Feridex (~230 mM ! S!7), a commercial T2 contrast agent,
making NP-PEIb—siRNA—CTX potentially a very effective

(37) Pernodet, N.; Maaloum, M.; Tinland, B. Pore size of agarose gels
by atomic force microscopy. Electrophoresis 1997, 18 (1), 55-8.

T2 contrast agent for MRI. Figure 5b shows that relaxation
(R2) changes of agarose phantom casts with NP-
PEIb—siRNA—CTX with increasing Fe concentration could
be readily detected by MRI in a dose dependent manner.

To confirm that conjugation of CTX could enhance
intracellular uptake of nanoparticles, the amount of intra-
cellular Fe per cell was quantified using a ferrozine-based
assay after treatment of C6 cells with five different nano-
particles at an Fe concentration of 4 ug/mL for 6 h. As shown
in Figure 5c, NP-PEIb—siRNA—CTX exhibited 2—4-fold
higher Fe uptake than NP-SH, NP-PEIb, and NP-PEIb—siRNA
at pH 6.4. The enhanced intracellular uptake of NP-
PEIb—siRNA—CTX over that of NP-PEIb—siRNA despite
the similar surface charge exhibited by the two nanovectors
suggests that the immobilization of CTX facilitated the
cellular internalization of the nanovector. This enhanced
cellular uptake was also visualized by T2-weighted MR
images of cells incubated with different nanoparticles (Figure
5d). Cells incubated with NP-PEIb—siRNA—CTX generated
the darkest image compared to those treated with NP-NH,,
NP-SH, or NP-PEIb.

34. Cell Toxicity and Gene Silencing Effect by
NP-PEIb—siRNA—CTX. Figure 6a shows the elicited
cytotoxic effect in C6 cells treated with four different types
of nanoparticles at both pH 7.4 and pH 6.2. While no
significant cytotoxicity was elicited by any of these nano-
particles at pH 7.4, nanoparticles coated with PEIDb (i.e., NP-
PEIb—siRNA and NP-PEIb—siRNA—CTX) exhibited greatly
enhanced cytotoxic effect at pH 6.2, indicating that nano-
particles coated with amine group-blocked PEI induced pH-
specific cell-killing for cancer cells. NP-PEIb—siRNA elic-
ited significant cytotoxicity at pH 6.2 but not at all at
pH 7.4. The viabilities of cells treated with NP-PEIb—
siRNA—CTX at pH 7.4 and pH 6.2 were 77.2 £ 3.7% and
19.1 £ 0.8%, respectively. There was no cytotoxic effect
on C6 cells by acidic pH itself down to pH 5.4 (data not
shown). This is likely due to cancer cells having their own
mechanism of survival in acidic extracellular conditions.**

Gene silencing effects by NP-PEIb—siRNA—CTX were
evaluated at both pH 7.4 and pH 6.2 in the presence of 10%
serum (Figure 6b). The extent of GFP gene expression by
cells treated with NP-PEIb—siRNA—CTX at pH 6.2 was
significantly decreased with increasing amount of NP-
PEIb—siRNA—CTX, while little change in GFP gene
expression was observed in cells receiving the same treat-
ments at pH 7.4. As shown in Figure 4a, the negative surface
charge on NP-PEIb—siRNA—CTX at pH 7.4 is nearly 3
times greater than that at pH 6.2. This highly negatively
charged nanovector at pH 7.4 could hinder its cellular
internalization, resulting in substantially reduced gene silenc-
ing. The relative percentages of GFP gene expression after
transfecting C6 cells with 8 ug of NP-PEIb—siRNA—CTX

(38) Chiche, J.; Ilc, K.; Laferriere, J.; Trottier, E.; Dayan, F.; Mazure,
N. M.; Brahimi-Horn, M. C.; Pouyssegur, J. Hypoxia-inducible
carbonic anhydrase IX and XII promote tumor cell growth by
counteracting acidosis through the regulation of the intracellular
pH. Cancer Res. 2009, 69 (1), 358-68.
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Figure 6. Cytotoxic and gene silencing effects of various nanopatrticles in C6 cells at pH 7.4 and pH 6.2. (a) Relative
cell viability after cells were incubated with four different types of NPs for 48 h at a Fe concentration of 4 ug/well in
serum-containing medium. (b) Relative GFP expression by cells treated with NP-PEIb—siRNA—CTX at various Fe
concentrations, showing gene silencing effect. *p = 0.0001,**p < 0.002.

at pH 7.4 and pH 6.2 were 93.8 £ 12.9% and 50.8 + 8.8%,
respectively. However, commercial naked PEI/siRNA com-
plexes at the same weight ratio (the ratio of nitrogen in PEI/
phosphate in siRNA = 1.4) as NP-PEIb—siRNA—CTX did
not showed any gene silencing effect in 10% serum medium
(data not shown). Previous study also indicated that naked
PEI/siRNA complexes showed negligible gene silencing
effect up to nitrogen in PEI/phosphate in siRNA ratio of 8
in the presence of 10% serum.’® NP—siRNA without PEI
coating showed negligible gene silencing or cytotoxic effect,
which is probably due to the limited cellular internalization
and escape from endosomes after intracellular uptake (data
not shown).

4. Discussion

To reduce nonspecific cytotoxicity and hemolysis by PEI
while maintaining superior gene transfection efficiency,
various noncleavable chemical modifications of primary
amine groups such as acylation and alkylation in PEI have
been reported.'*'7?%2! In this study, the primary amines of
PEI were blocked by citraconic anhydride, which showed
excellent biocompatibility. The resultant PEIb exhibited no
cytotoxic effect up to a polymer concentration of 120 ug/
mL, compared to acetylated PEI, which showed severe
cytotoxicity at a polymer concentration of 40 ug/mL.?'
Moreover, the blocking of primary amine groups using
citraconic anhydride is reversible in acidic pH conditions,
enabling triggered cytotoxicity only at acidic pH of the
common tumor microenvironment.

The nanoparticles conjugated with blocked PEI showed
significant increase in surface charge at pH 6.4 compared to
that at pH 7.4, while there were negligible differences in
surface charge of NP-NH, and NP-SH at these two different

(39) Mok, H.; Park, T. G. Self-crosslinked and reducible fusogenic
peptides for intracellular delivery of siRNA. Biopolymers 2008,
89 (10), 881-8.
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pH conditions. This might be attributed to both the removal
of blocking groups in primary amine groups and protonation
of secondary/tertiary amines in PEI This increase in surface
charge in acidic pH resulted in enhanced intracellular uptake
of nanovectors in the tumor microenvironment. The presence
of CTX on NP-PEIb—siRNA—CTX further enhanced the
nanovector uptake by target cells.

Nanoparticles designed for in vivo applications are pre-
ferred to have a diameter less than 100 nm to facilitate their
navigation through the body, retain a long blood circulation
time, and enhance permeability through blood vessels in the
tumor microenvironment.*>*! The size of the resulting
nanovector (NP-PEIb—siRNA—CTX) at the physiological
condition was ~63 nm, suggesting that these nanovectors
could be accumulated in tumor tissues via the enhanced
permeability and retention effect. The increased hydrody-
namic size of NP-PEIb—siRNA—CTX at pH 6.2 could be
attributed to stretching out of CTX conjugated via dodeca-
ethyleneglycol as a spacer. CTX is a cationic peptide with
three lysines and two arginines per every 36 amino acids.
The removal of blocking groups at acidic pH could result in
increased surface charge, which may induce more favor-
able exposure of cationic CTX outward from NP-PEIb—
siRNA—CTX via electrostatic charge repulsion.

In the design of this nanovector (Figure Ic), it was
hypothesized that the NP-PEIb—siRNA—CTX is highly
negatively charged at the physiological pH but increases its
surface charge in the acidic tumor extracellular microenvi-
ronment via both deblocking of some primary amine groups
and protonation of remnant amine groups in PEIL. Both the
increased surface charge at acidic pH and the presence of

(40) Gupta, A. K.; Gupta, M. Synthesis and surface engineering of
iron oxide nanoparticles for biomedical applications. Biomaterials
2005, 26 (18), 3995-4021.

(41) Nie, S.; Xing, Y.; Kim, G. J.; Simons, J. W. Nanotechnology
applications in cancer. Annu. Rev. Biomed. Eng. 2007, 9, 257—
88.
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targeting ligand CTX on the nanovector would enhance
cellular uptake of the nanovector. Once the nanovector is
endocytosed, the secondary and tertiary amine groups in PEI
on the nanovector would facilitate its endosomal escape via
the proton sponge effect.*> Upon escape from the endosome,
the siRNA is released from the nanovector by cleavage of the
disulfide linkage in the reductive cytosolic condition and
provides therapeutic effect through gene silencing. As expected,
NP-PEIb—siRNA—CTX exhibited significantly increased
gene silencing effect at pH 6.2, compared to that at pH 7.4
(Figure 6b). It should also be noted that PEI was conjugated
to NP via cleavable disulfide linkage in this study, which
could be dissociated in the reductive cytosol.! The PEI with
recovered primary amine groups could be released from NP
in the cytosol, which might facilitate destabilization of
mitochondrial membranes and activation of apoptotic signals
for cytotoxic effect. There was no cytotoxic effect on C6
cells by acidic pH itself up to pH 5.4 (data not shown). This
is likely due to cancer cells having their own mechanism of
survival in acidic extracellular conditions.>**® At pH 6.4,
NP-PEIb—siRNA—CTX elicited the most significant cyto-
toxicity, as compared to other nanoparticles, as a result of
both the deblocking of the primary amine groups on PEIb
and enhanced cellular internalization of the nanovector by
CTX. NP-PEIb—siRNA—CTX elicited a slightly higher
cytotoxic effect (~20%) than NP-PEIb—siRNA at pH 7.4,
which might be attributed to the partial deblocking of the
primary amine groups of PEIb in the endosomal/lysosomal

(42) Yezhelyev, M. V.; Qi, L.; O’Regan, R. M.; Nie, S.; Gao, X.
Proton-sponge coated quantum dots for siRNA delivery and
intracellular imaging. J. Am. Chem. Soc. 2008, 130 (28), 9006—
12.

acidic environment®*>** after the cellular uptake of NP-

PEIb—siRNA—CTX. This can be attributed to the enhanced
intracellular uptake of NP-PEIb—siRNA—CTX due to the
presence of CTX as compared to NP-PEIb—siRNA.

In this study, superparamagnetic iron oxide nanoparticles
have been successfully modified with three different func-
tional molecules for enhanced cytotoxicity and gene silencing
in cancer cells. NP-PEIb—siRNA—CTX retained sufficient
magnetism for MR imaging. CTX conjugation to nanopar-
ticles induced significantly enhanced intracellular uptake of
nanovectors by C6 glioma cells. Moreover, cytotoxicity and
gene silencing effect by NP-PEIb—siRNA—CTX were only
observed in acidic pH conditions. These results suggest that
this nanovector system, with dual targeting specificity and
dual therapeutic effect, could be safely applied as a potential
therapeutic imaging agent for the targeted treatment of glioma
as well as other cancers.
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