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ABSTRACT: Transferrin (TF) is widely used as a tumor-
targeting ligand for the delivery of anticancer drugs because
the TF receptor is overexpressed on the surface of various fast-
growing cancer cells. In this article, we report on TF
nanoparticles as an siRNA delivery carrier for in vivo tumor-
specific gene silencing. To produce siRNA carrying TF
nanoparticles (NPs), both TF and siRNA were chemically
modified with sulthydryl groups that can build up self-cross-
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linked siRNA-TF NPs. Self-polymerized S’-end thiol-modified siRNA (poly siRNA, psi) and thiolated transferrin (tTF) were
spontaneously cross-linked to form stable NPs (psi-tTF NPs) under optimized conditions, and they could be reversibly degraded
to release functional monomeric siRNA molecules under reductive conditions. Receptor-mediated endocytosis of TF induced
rapid tumor-cell-specific uptake of the psi-tTF NPs, and the internalized NPs resulted in a downregulation of the target protein in
red-fluorescent-protein-expressing melanoma cancer cells (RFP/B16F10) with negligible cytotoxicity. After systemic
administration, the psi-tTF NPs showed marked accumulation at the tumor, leading to successful target-gene silencing in
vivo. This psi-tTF NP system provided a safe and effective strategy for in vivo systemic siRNA delivery for cancer therapy.

B INTRODUCTION

RNA interference (RNAi) is induced by 21 to 25 nucleotides of
small interfering RNA (siRNA), which participates in target-
gene silencing by binding the RNA-induced silencing complex
to degrade complementary mRNA molecules.' > During the
past decade, siRNA has attracted considerable attention as a
potential therapeutic agent and as a potent therapeutic strategy
for incurable diseases because of its high specificity in targeted
gene silencing.”™* The technique of siRNA-mediated gene
silencing offers a feasible strategy for cancer treatment because
the overexpression of a variety of oncogenes is often closely
related with tumorigenesis and cancer progression.”* However,
clinical use of siRNA for therapeutic purposes is still limited
because of problems with siRNA delivery as a result of the
instability and poor cellular uptake of siRNA.

To overcome these limitations, a variety of viral and nonviral
vector systems have been engineered for effective siRNA
delivery. Viral vectors generally demonstrate a higher trans-
fection efficiency, but current RNAI research studies are mainly
focused on nonviral vectors because of their low cost, safety,
and ease of manufacturing.>~” Cationic polymer-based vehicles
have been the most commonly used because of their strong
electrostatic affinity to nucleic acids, leading to the formation of
condensed nanosized complexes.g’9 Unfortunately, cationic
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polymers show low transfection efficiency and have consid-
erable toxicity, limiting their clinical use.%'* Furthermore,
cationic polymer-based vehicles are more severely restricted by
low target specificity, especially when administered systemically.

An ideal siRNA delivery system for cancer therapy should
satisfy both safety and selectivity criteria. From this perspective,
transferrin (TF), a serum protein, is a good candidate for an
siRNA carrier because of its biocompatibility and tumor-
targeting ability. Transferrin has been widely used as a cancer-
targeting agent because proliferating and malignant cancer cells
usually overexpress transferrin receptors on their cell sur-
face.'""* In practice, several transferrin conjugates as drug
carriers demonstrated prolonged circulation in the blood and a
high affinity for cancer cells because of the TF receptor-
mediated endocytosis mechanism."*~'® However, natural TF
does not possess sufficient binding affinity for negatively
charged nucleic acids and thus cannot be utilized as a gene
carrier.

The purpose of this study was to investigate the utility of TF
as a biocompatible and tumor-targetable siRNA carrier for use
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in systemic administration in cancer therapy. To improve the
binding affinity between TF and siRNA, both molecules were
chemically modified with sulfhydryl groups. The resulting
thiolated TF (tTF) built self-cross-linked transferrin nano-
particles (NPs), and self-polymerized $'-end thiol-modified
siRNA (poly siRNA) was encapsulated in the NPs.
Consequently, the encapsulated siRNA molecules were
protected from degradation by nucleases in the serum and
delivered to the cytoplasm of the cancer cells by receptor-
mediated endocytosis. Moreover, the siRNA-carrying tTF NPs
(psitTF NPs) showed an extended circulation time in the
blood and a marked accumulation at the tumor site in vivo. The
results may provide useful tools for expanding the potential
applications of TF for cancer therapy using siRNA.

B EXPERIMENTAL PROCEDURES

Materials. Human holo-transferrin was used in this study
because TF receptor proteins from mouse and human have
significant similarity, exhibiting about 90% identity at the amino
acid level."”'® TE (holo-transferrin >98%, M,, = 75 kDa), 2-
iminothiolane HCI, N-(2-hydroxyethyl) piperazine-N’-ethane-
sulfonic acid (HEPES), ethylenediaminetetraacetic acid
(EDTA), 1,4-dithiothreitol (DTT), fluorescein isothiocyanate
(FITC) isomer, and ethidium bromide (EtBr) were purchased
from Sigma (St. Louis, MO, USA). Near-infrared fluorescence
(NIRF) dye Flamma (FPR-675) was obtained from Bioacts
(Seoul, Korea). RFP-targeted siRNA for visualizing gene
suppression as well as the scrambled sequence of siRNA was
synthesized and annealed at Bioneer (Seoul, Korea). The
sequence of the RFP-targeted sense strand is 5'-UGU AGA
UGG ACU UGA ACU CdTdT-3/, and the antisense strand
sequence is 5-GAG UUC AAG UCC AUC UAC AdTdT-3".
The sequence of the scrambled sense strand is 5'-UGA AGU
UGC ACU UGA AGU CdTdT-3/, and the antisense strand
sequence is 5'-GAC UUC AAG UGC AAC UUC AdTdT-
3792 Cell culture reagents and RNase-free distilled water
were from Invitrogen (Carlsbad, CA, USA), and all of the
solutions were prepared in RNase-free distilled water and
autoclaved prior to use.

Preparation of Poly siRNA, Thiol-Modified TF, and psi-
tTF NPs. The 5’ end of each sense and antisense strand of
siRNA (1 mg, 0.076 pmol) was thiol-modified to enable it to be
self-polymerized.”’ Dithiol-modified siRNA molecules in
DEPC-treated ultrapure water were incubated with DTT (S
mM) for 1 h to expose the functional thiol groups. Then, they
were purified using a Nap-10 desalting column (GE Health-
care) for lyophilization. The lyophilized siRNA molecules were
self-polymerized in HEPES buffer (10 mM, pH 8.0) under mild
oxidative conditions. The conformation and reducibility of poly
siRNA were visualized on an 8% polyacrylamide gel. The
reducibility of the poly siRNA was investigated using gel
electrophoresis with 1 ug of poly siRNA after DTT treatment
(10 mM, 3 h).

TF was functionalized by introducing the thiol groups to
prepare self-cross-linked TF NPs to encapsulate poly siRNA.
TF was thiolated using 2-iminothiolanes under oxygen-limiting
conditions, and the extent of the thiolation was determined by
Ellmann’s assay.”> A total of 10 mg of TF and 1 mg of 2-
iminothiolane HCI (1:50 mol ratio) was dissolved in 1 mL and
100 uL of 0.1 M sodium phosphate EDTA buffer (pH 8.0, PB
buffer), respectively. The mixing solution was then reacted at 4
°C for 1 h. The solution was dialyzed for 7 h at 4 °C in distilled
water (molecular weight cut off = 3 kDa) and lyophilized prior
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to use. To optimize the mixing ratio (psi/tTF) of the psi-tTF
NPs, the lyophilized tTF was dissolved in RNase-free PB buffer
(pH 8.0, 10 pg/uL) and immediately mixed with poly siRNA in
RNase-free HEPES buffer (pH 8.0, 1 ug/uL) at a weight ratio
ranging from 1:5 to 1:20. Each mixture solution in the test tube
was sealed and incubated at 37 °C. To optimize the incubation
time, gel retardation and size distribution were time-depend-
ently monitored. The complex formation was confirmed using a
gel-retardation assay and transmission electron microscopy
(TEM) imaging (CM 200 electron microscope, Philips). Under
the optimized conditions, unthiolated TF and monomeric
siRNA (mono-siRNA) were also tested to identify their binding
potential and their affinity for forming complexes.

Characteristics of the psi-tTF NPs. To measure the size
and the zeta potential of the particles, dynamic light scattering
(DLS; Spectra Physics Laser, Model 127-35, Mountain View,
CA, USA) and an electrophoretic light-scattering spectrometer
(Ostuka, Electronics Co., Ltd., Japan) were used. The
morphology of the NPs was observed by TEM. To visualize
the stability of the psi-tTF NPs against RNase degradation,
each poly siRNA and psi-tTF, including 1 pg of siRNA, was
incubated with 0.3 U of RNase A at 37 °C for 0 to 12 h. After
the incubation, disulfide linkages were cleaved by DTT
treatment (10 mM), and the remaining RNA molecules of 21
bp were quantitatively compared using gel imaging (MiniBIS
Pro, DNR Bio-Imaging Systems, Jerusalem, Israel).

In Vitro Cellular Uptake of the psi-tTF NPs. To visualize
the cellular uptake of the psi-tTF NPs, FITC-labeled TF and
FPR-675-labeled poly siRNA were used for complexation.
Cancer cells from squamous cell carcinoma and melanoma that
overexpress the TF receptor were used in this study.>*~>*
Murine squamous cell carcinoma cells (SCC-7; American Type
Culture Collection, Rockville, MD, USA) and melanoma cells
(B16F10; donated from Kyungpook University, Korea) (1 X
10° cells per 35 mm cover-glass on the bottom of a culture
plate) were treated with dual-labeled psitTF NPs (100 nM
siRNA included) in serum-free opti-MEM media for S h. After
fixation, the nuclei were stained with diamidino-2-phenylindole
(DAPI). The fluorescence microscopic images were acquired
using an IX81-ZDC focus drift compensating microscope
(Olympus, Tokyo, Japan). We also validated receptor-mediated
endocytosis of the psi-tTF NPs through a TF receptor
competition-binding assay. In the competition experiments,
the cellular uptake of the psi-tTF NPs was investigated in the
opti-MEM media supplemented with 100 pg/mL of free TF.

Cytotoxicity and in Vitro Gene Silencing of the psi-tTF
NPs. The cytotoxicity of the psi-tTF NPs was evaluated using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. The SCC-7 cells (5 X 10 cells in 96-
well plates) were exposed to different concentrations of psi-tTF
NPs containing 25—400 nM siRNA at 37 °C for 48 h followed
by the addition of 20 uL of MTT solution. Cell viability was
determined by measuring the differences in the optical
absorbance at 570 nm.

The gene-silencing efficacy of the psi-tTF complexes was
visualized with RFP-e;gpressing B16F10 cells (RFP/B16F10) as
previously described.”® The RFP/B16F10 cells (1 X 10° cells
per 35 mm dish) for psi-tTF NPs treatment were replaced with
serum-free opti-MEM media 1 h prior to the transfection, and
the cells were exposed to the psi-tTF NPs at a dose of 200 nM
siRNA. The RFP poly siRNA formulated in the commercial
transfection reagent Lipofectamine (LF; Invitrogen, Carlsbad,
CA, USA) was used as a positive control. Opti-MEM media
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Scheme 1. Schematic Diagram of (A) Poly siRNA, (B) Thiolated TF, and (C) psi-tTF NPs
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without siRNA complexes and scrambled poly siRNA in tTF
NPs (psi(sc)-tTF NPs) were used as negative controls. Each
formulation was treated for S h, and the media was replaced
with fresh RPMI media after the transfection. After 48 h of
further incubation, the cells were fixed to observe the RFP
signals using fluorescence microscopy at 100X magnification.
The number of total cells and RFP-expressing cells were
counted in four random fields (400X magnification), and the
ratio of the RFP-expressing cells to total cells for the control
was defined as 100%.

Animal Tumor Models. All of the animal experiments were
performed in compliance with the relevant laws and institu-
tional guidelines of the Korea Institute of Science and
Technology (KIST). To avoid fluorescence interference by
the melanin pigment of the B16F10 cells, we decided to
monitor the in vivo real-time psi-tTF complex distribution with
only SCC-7 tumor-bearing mice. SCC-7 tumor-bearing mice
were prepared by subcutaneous injection of 5 X 10° SCC-7
cells suspended in 60 yL of serum-free media into male athymic
nude mice (n = 4, Institute of Medical Science, Tokyo). To
determine the in vivo gene silencing, RFP/B16F10 tumor-
bearing mice (n = 10) were also prepared by subcutaneous
inoculation of RFP/B16F10 cells (5 X 10° cells in 60 uL of
serum-free media) into the left flank of nude mice.

In Vivo Distribution of the psi-tTF NPs. After 14 days
from the time of tumor-cell implantation, FPR-675-labeled psi-
tTF NPs and naked poly siRNA were intravenously injected
into the SCC-7 tumor-bearing mice at a dose of 40 ug of poly
siRNA. Time-dependent whole body NIRF imaging was
monitored using the eXplore Optix System (Advanced
Research Technologies Inc.,, Montreal, Canada) for up to 24
h, and the total photon flux in the tumor tissue was quantified
using Analysis Workstation software. After the imaging, tumors
and major visceral organs were excised from the mice to
compare the NIRF intensity using a KODAK imaging station
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(4000 MM; Kodak, New Haven, CT, USA). The NIRF in the
organs was quantified to compare the relative accumulation of
siRNA molecules in the tumors.

Gene Silencing of the psi-tTF Complex in Tumor-
Bearing Mice. When the diameter of the RFP/B16F10 tumors
increased to 4 £+ 0.5 mm in size, the mice were divided into
RFP-matched pairs, with each pair showing an equal amount of
RFP expression. In the three RFP-matched pairs, psi or the psi-
tTF NPs was injected (40 pg of poly siRNA/mouse) via the tail
vein every 48 h on days 0, 2, and 4. To exclude RFP
downregulation by a nonspecific mechanism in vivo, two
matched pairs were prepared as nontreated and psi(sc)-tTF
NPs treated controls. To evaluate the in vivo gene-silencing
efficacy of the psi-tTF NPs, the fluorescence intensity of the
RFP tumor was monitored in paired mice using the KODAK
imaging station. After 6 days, all of the mice were sacrificed to
obtain the tumor tissues to measure the fluorescence intensity.
The illumination conditions (lamp voltage, filter set, exposure
time, etc.) were identical for each tumor imaged. To assess
further the RFP expression in the tumor tissues, the excised
tumors were embedded in optimum cutting temperature tissue
compound (OCT compound, Sakura, Tokyo) for cryosection-
ing. Each 8 um thick frozen section was stained with DAPI and
observed with fluorescence microscopy.

B RESULTS

Preparation and Physiochemical Properties of psi-tTF
NPs. Scheme 1 shows a schematic representation of the
preparation of the psi-tTF NPs. First, we prepared poly siRNA
from the self-polymerization of 5'-end thiol-modified siRNA
molecules (Scheme 1A).>' Thiol-modified sense and antisense
strands of siRNA molecules were successfully self-polymerized
to give a higher molecular weight of poly siRNA. To use the
TF-based NPs as poly siRNA carriers, natural TF was also
modified with 2-iminothiolane HCI (Scheme 1B). A molecule

dx.doi.org/10.1021/bc400226b | Bioconjugate Chem. 2013, 24, 1850—1860



Bioconjugate Chemistry

A poly-s:RNA B C

Marker( )DTT (+)DTT

1000 bp

100 bp

50 bp

21bp

D Weight ratio (psi'tTF NP) E
110 1:20
sk B [siHTF 6h
psiHTF 12h
= Bl psi+TF 24h
=
>
B
=
2
E 10
0 1 1 1 L n
150 30 450 60 750

Particle size (nm)

Figure 1. Development of psi-tTF NPs and physicochemical characterization. (A) Poly siRNA and a reduction test of poly siRNA by adding DTT.
(B) TEM images of natural TF. (C) TEM images of tTF. (D) Gel-retardation assay of complexes of poly siRNA with tTF at different weight ratios
(1:5, 1:10, and 1:20). (E) Time-dependent particle-size distribution of the psi-tTF NPs. (F) TEM images of psi-tTF NP.
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Figure 2. Ability to build nanostructures before thiol modification of TF and siRNA. (A) Gel-retardation assay of mono siRNA natural TF and mono

siRNA tTF. (B) TEM images of mono siRNA TF. (C) TEM images of mono siRNA tTF. (D) Gel-retardation assay of psi-TF. (E) TEM images of
psi-TF.

of unthiolated TF, which consists of a single chain of 679 amino were introduced in a TF molecule. During the incubation, poly
acids including S8 lysine residues, has surface primary amine siRNA and tTF formed psi-tTF conjugates through a chemical
residues for introducing free sulthydryl groups. Among the cross-linking reaction. Finally, the psi-tTF conjugates sponta-
exposed primary amines, 8.7 sulthydryl groups, on average, neously formed dense and stable NP structures through
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Figure 3. Disruption of psitTF NPs under reductive conditions and stability of siRNA under RNase A treatment conditions. (A) Gel-retardation
assay of psi-tTF NPs after DTT treatment. (B) TEM image of psi-tTF NPs after DTT treatment. (C) Stability of naked poly siRNA and psi-tTF

after RNase A treatment.
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Figure 4. In vitro cellular uptake of psi-tTF NPs. Fluorescence images of SCC-7 cells (A) and B16F10 cells (B) treated with naked psi (upper) and
psi-tTF NPs in the absence (middle) or presence (lower) of free TF. FITC-labeled tTF and FPR-675-labeled siRNA are shown in green and red,
respectively. The merged images are shown in yellow, representing the colocalization of tTF and poly siRNA. The transfections of psi-tTF NPs were
carried out at the dose of 30.8 yg/mL, which included 100 nM siRNA.

intermolecular cross-linking of the tTF molecules, resulting in analyzed, and 68% of poly siRNA molecules, on average, were
psi-tTF NPs (Scheme 1C). above 100 bp. On average, poly siRNA showed 6 times more

The poly siRNA showed a ladderlike migration pattern in 8% anionic charges per molecule compared to mono siRNA. The
polyacrylamide gel electrophoresis (PAGE). The molecular- poly siRNA was reversibly degraded into mono-siRNA
weight distribution of the poly siRNA was between 21 and molecules under reductive conditions (Figure 1A), suggesting

1000 bp. Each band fraction of poly siRNA was quantitatively that the poly siRNA could be uncondensed to release

1854 dx.doi.org/10.1021/bc400226b | Bioconjugate Chem. 2013, 24, 1850—1860



Bioconjugate Chemistry

A

I psi-{TF NP

Gell viabllity (%)

-3 20 100 20 400
psi concentrations (nM)

100F —

Relatlve RFP expression rate (%)

Figure S. Cytotoxicity and in vitro gene-silencing efficacy of psi-tTF NPs in RFP-expressing BI6F10 cells. (A) Cytotoxicity of psi-tTF and psi-LF
complexes at various concentrations of siRNA formulation from 25 to 400 nM. (B) Relative RFP-expression rate after the transfection using psi-tTF
and psi-LF (200 nM siRNA). * p < 0.0S compared to control. (C) Fluorescence microscopic images of REP/B16F10 cells after transfection using

psi(sc)-tTF NPs, psi(RFP)-tTF NPs, and psi-LF.

functional siRNA molecules in the cytosol. Before thiolation,
TF showed a sharp peak of 12.0 &+ 1.2 nm in the dynamic light-
scattering measurement and appeared as small particles in TEM
images (Figure 1B). After thiolation, tTF formed self-cross-
linked NP structures in aqueous solution. The average
hydrodynamic diameter of the tTF NPs was 1242 + 4.5 nm
as measured by DLS, and the TEM images also demonstrated
uniformly spherical tTF NPs, which were around 100 nm in
size (Figure 1C).

To produce stable and compact psi-tTF NPs, poly siRNA (1
ug/1 uL HEPES buffer) was slowly added to the tTF (10 ug/1
uL PB buffer) and incubated for 24 h at 37 °C. In a gel-
retardation assay, poly siRNA and 8.7 of amine-modified tTF
built stable psi-tTF NPs at a weight ratio of 1:10 (Figure 1D).
The initial particle-size distribution of the poly siRNA and tTF
mixture showed a broad range of particle sizes from 10 nm to 1
um, but NPs with a narrow size distribution were achieved at

1855

24 h postincubation (Figure 1E). It was certified that
monomeric and oligomeric tTF coexist under the buffer
conditions, which means reversible inter- and intramolecular
disulfide cross-linking between tTF monomer. However, a
narrow size distribution of poly siRNA and tTF mixtures was
achieved from 6 h postincubation, indicating that the self-
conjugated tTF oligomers also react with poly siRNA to form
stable psi-tTF NPs. On the basis of the observed PAGE gel and
time-dependent changes in the particle size, the optimal mixing
ratio of the poly siRNA and tTF was 1:10, and the optimum
incubation time was 24 h. Under the optimized conditions, over
90% of the siRNA molecules were successfully encapsulated in
the NPs and condensed by a chemical cross-linking reaction.
The resulting psi-tTF NPs were compact, with a diameter of
343.2 &+ 25.5 nm, which is larger than the diameter of natural
TF and tTF self-assembled NPs (Figure 1F).
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Figure 6. In vivo real-time and ex vivo NIRF imaging of psi-tTF-injected tumor-bearing mice. (A) Whole-body NIRF imaging of SCC-7 tumor-
bearing mice after intravenous injection of psi (upper) and psitTF (lower). (B) Time-dependent NIRF intensity at the tumor site after the systemic
injection of psi-tTF NPs. (C) Distribution of psi (upper) and psi-tTF (lower) in excised visceral organs and in the tumor. (D) Comparison of the

NIRF intensity in excised tumors and visceral organs.

As a control, natural free siRNA did not have sufficient
binding affinity to build nanostructures with both natural TF
and tTF NPs. In the gel-retardation assay, large amounts of
unbound mono siRNA molecules were observed in both mono-
siRNA-TF and mono-siRNA-tTF incubated samples (Figure
2A). TEM images also confirmed that the mono siRNA did not
form any particular structure with both natural TF and tTF
(Figure 2B,C). The natural TF and the poly-siRNA mixture
formed amorphous aggregates, with a partial disappearance of
the band fraction of poly siRNA in the gel-retardation assay
(Figure 2D). This might be due to the partial charge—charge
interactions between them, resulting in loosely bound poly
siRNA-TF conjugates, which were confirmed by TEM (Figure
2E).

In particular, the psi-tTF NPs produced were degradable and
released mono siRNA under reductive conditions, and they
protected the siRNA from enzymatic degradation. In general,
animal cells have high levels of glutathione (5—10 mM) in their
cytosol, and the cytosolic glutathione leads to a major
destabilization of disulfide bonds.”® In the gel-retardation
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assay, a large amount of mono siRNA was released from the
particles after 10 mM DTT treatment (Figure 3A). In the TEM
images, the DTT-treated psi-tTF NPs also showed a decrease
in size and in electron density, with a loss of their spherical
structure, pointing to the reversible degradation of the psi-tTF
NPs in the reductive environment of the cytosol (Figure 3B).
In addition, the psi-tTF NPs enhanced the RNase-resistant
stability of the siRNA molecules in the blood. RNase-mediated
siRNA degradation was gradually increased in both samples
with increasing incubation time, but the siRNA formulated in
the psi-tTF NPs was protected in the RNase-positive buffer for
up tol2 h (Figure 3C).

Receptor-Mediated Cellular Uptake of the psi-tTF
NPs. The cellular uptake and intracellular distribution of the
psi-tTEF NPs were observed by fluorescence microscopy. The
FPR-675-labeled poly siRNA (100 nM)-treated SCC-7 cells
showed only marginal red fluorescence around the cell
membrane, indicating extremely low cellular uptake of free
siRNA. In contrast, the same dose of siRNA-formulated psi-tTF
NPs-treated SCC-7 cells presented intense dual fluorescence

dx.doi.org/10.1021/bc400226b | Bioconjugate Chem. 2013, 24, 1850—1860
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Figure 7. In vivo gene-silencing effects of the psi-tTF NPs in RFP/B16F10 tumor-bearing mice. (A) Time-dependent tumor RFP expression of
paired psi and psi-tTF injected mice (yellow circle indicates the tumor site). (B) Ex vivo imaging of the excised tumors after 6 days (upper) and
measured tumor RFP intensity (lower). The data represent the average + SD from three mice. (C) Fluorescence images of the tumor tissues of
paired mice 6 days postinjection. * p < 0.05 compared to the psi group.

that was excited by FITC-labeled tTF and FPR-675-labeled
poly siRNA matched wavelengths (Figure 4A). This suggested
that the psi-tTF NPs were internalized in the cytosol at the 30.8
ug/mL dose, which included 100 nM siRNA molecules. In a
receptor competition-binding assay, the cellular uptake of the
psi-tTE NPs was obviously reduced in the presence of free TF
in the transfection medium. This was attributed mainly to the
competitive binding of free TF to the TF receptors on the
cancer cell membrane. The cellular uptake of the psi-tTF was
also observed in B16F10 cells (Figure 4B). In the BI6F10 cells,
the psi-tTF NPs also showed enhanced cytoplasmic delivery of
siRNA molecules. The cellular uptake of psi-tTF NPs in
B16F10 cells was also reduced in TEF-positive transfection
media. On the basis of these results, we concluded that the
enhanced delivery of siRNA by the psi-tTF NPs in vitro was
closely associated with the transferrin receptor-mediated
endocytosis pathway.

In Vitro Cytotoxicity and Gene Silencing of the psi-tTF
NPs. To evaluate the cytotoxicity of the psi-tTF NPs, an MTT
assay of RFP-expressing melanoma cancer cells (RFP/B16F10)
was performed. As a positive control, poly siRNA formulated in
a LF (psi-LF) was used to compare the cytotoxicity and the
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transfection efficiency. The psi-LF showed considerable toxicity
in the MTT assay when the psi-LF concentration was >12.7
pug/mL (200 nM siRNA). The cell viability of the psi-LF-
treated cells was 51.7 and 42.8% at siRNA concentrations of
200 and 400 nM, respectively. By contrast, the cell viability of
the psi-tTF NPs was close to 96.8% at a concentration of 61.6
ug/mL (400 nM siRNA) (Figure SA).

The in vitro gene-silencing efficacy was visualized at a
concentration of 200 nM siRNA. Forty eight hours after
transfection, the ratio of the RFP-expressing cells was 53.0%
lower in the psi(RFP)-tTF NP-treated cells (Figure SB). The
number of RFP-expressing cells was also greatly decreased in
the psi(RFP)-LF-treated cells, but the ratio of RFP-expressing
cells was relatively high, resulting in severe cytotoxicity of the
psi-LF cells (Figure SC). The psi(sc)-tTF NPs-treated cells
showed no significant difference in RFP expression compared
to the control group, suggesting sequence-specific gene
silencing of the delivered poly siRNA. In addition, the
improved cell viability of the psi-tTF delivery system may be
attributed to the biocompatibility of TF, which is an integral
characteristic of natural materials.
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Biodistribution of the psi-tTF NPs in Tumor-Bearing
Mice. The psi-tTF NPs were prepared with FPR-675-labeled
poly siRNA conjugates to evaluate the in vivo biodistribution of
the psi-tTF NPs. The in vivo behavior of the naked poly siRNA
and the psi-tTF NPs was noninvasively monitored by real-time
NIRF imaging up to 24 h postinjection (Figure 6A). After the
systemic injection of naked poly siRNA, the NIRF signal was
markedly increased throughout the whole body followed by a
rapid disappearance by renal clearance after 24 h. In contrast,
the psi-tTF NP-injected mice showed intense fluorescence
signals at the tumor site from 3 h postinjection. The
fluorescence at the tumor site gradually increased, and the
highest NIRF intensity in the tumor was observed at 24 h
postinjection (Figure 6B). In particular, the tumor of the psi-
tTF-injected mice was distinctly delineated from the surround-
ing normal tissues, suggesting that the psi-tTF NPs delivered
the siRNA molecules more specifically to the tumor than to
untargeted visceral organs. The ex vivo NIRF images from
excised tissues also supported the accumulation of the psi-tTF
NPs at the tumor site. In the psi-tTF-injected mice, the excised
tumor showed higher NIRF signals than other visceral organs
(Figure 6C). Compared to the naked poly siRNA-injected
group, the psi-tTF NP-injected mice showed a 2.8-fold higher
fluorescence intensity at the tumor site, suggesting tumor
accumulation and an extended circulation time in the blood
(Figure 6D). The longer blood circulation time and the active
targeting property of the psi-tTF NPs contributed to the
enhanced accumulation at the tumor.

In Vivo Gene-Silencing Effect of the psi-tTF NPs. The
in vivo gene-silencing effect of the psi-tTF NPs was visualized
by RFP gene knockdown in an RFP/B16F10-bearing mouse
model. In real-time and noninvasive tumor fluorescence
imaging, the psi-tTF NP-treated group showed significantly
lower levels of RFP expression at tumors from 2 days post-
treatment (Figure 7A). The difference in the RFP intensity was
more distinct in the excised tumor. Compared to the naked
poly siRNA-injected group, the fluorescence intensity at the
tumor was decreased by 42.4%, on average, in the psi-tTF NP-
injected group (Figure 7B). In the histological examination,
tumor cells in the psi-tTF NP-injected mice showed
significantly decreased RFP expression, which is in accordance
with the results of the fluorescence imaging (Figure 7C).

To exclude nonspecific RFP downregulation, we compared
tumor RFP of the psi(sc)-tTF NPs-treated mice with that of
nontreated ones. The tumor RFP was not significantly reduced
in the psi(sc)-tTF NPs-treated mice for S days (see Supporting
Information, Figure S1). This indicated that the psi-tTF NPs
could induce target-gene silencing by a sequence-specific
mechanism.

B DISCUSSION

The main objective of the present study was to develop a new
biocompatible nanodelivery system for tumor-targeted delivery
of siRNA by systemic administration. To achieve this goal, we
considered TF, a natural macromolecule that is abundant in
blood, as a siRNA carrier. TF is a serum protein that circulates
for a longer time in the blood and shows more tumor-specific
accumulation than other serum proteins.”” The structure,
function, and iron-binding properties as well as the potential of
TF and its receptor in biomedical applications have been
studied.*****° On the basis of findings from those studies, we
fully expected that TF would have many advantages as a siRNA
carrier for cancer specificity and biocompatibility.
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Because natural TF rarely forms electrostatic conjugates with
siRNA because of its low charge density, TF was chemically
modified with functional thiol groups to enhance its interaction
and chemical association with siRNA. In addition, we used
structurally modified siRNA to enhance the binding affinity
with tTF. As previously described, prudent structural
modifications of siRNA can improve its physicochemical
properties without a loss of gene-silencing activities.'*?"2*3%3!
Bioreducible poly siRNA with a 5'-end thiol modification has
beneficial physicochemical properties, such as high molecular
weight, high charge density, and functional thiol groups,
enabling it to build stable and condensed nanostructures with
cationic polymers.'”*" A molecule of TF includes 58 lysine and
27 arginine residues (positively charged amino acids). In this
study, the increased charge density of anionic poly siRNA
might interact with partial positive residues of TF. Moreover,
modified thiol groups in poly siRNA can contribute to the
chemical cross-linking reaction of two molecules. It is well-
known that most of thiol groups are converted into disulfide
bonds within 24 h of incubation time>* and that all thiols would
be consumed after the whole conjugation process. Con-
sequently, poly siRNA and tTF conjugates could interact to
form stable and condensed NPs.

Characterization studies provided evidence for the formation
of siRNA-carrying tTF NPs. More than 95% of RNA molecules
were encapsulated in the NPs, and the psi-tTF NPs were
degraded to release mono siRNA molecules under reductive
conditions. After the cellular uptake, the psi-tTF NPs were
expected to release monomeric siRNA by glutathione in the
cytosol. The released siRNA molecules under cytosol-mimetic
reductive conditions were confirmed by a gel-retardation assay,
and the band fraction of the siRNA molecules was mainly
distributed in 21 bp of monomeric form. The TEM images also
showed changes in the psi-tTF NPs, suggesting disruption of
the psi-tTF NPs. The released siRNA molecules were
biologically active, and the target RFP was successfully
downregulated in the RFP/B16F10 cells.

Because chemical modification may influence the affinity of
TF for its receptor,'* the binding affinity of the psi-tTF NPs for
the TF receptor was examined. A receptor competition-binding
assay verified that the cellular uptake of the psi-tTF NPs was
critically dependent on the TF receptor-mediated endocytosis
pathway. Although the cellular uptake of the psi-tTF NPs was
not completely impeded by added free TF, it was markedly
decreased for competitive binding of natural TF. This implies
that the psi-tTF NPs retain considerable TF receptor-binding
affinity and that they have receptor-binding residues on their
surfaces. In common with other NPs that have a similar size
distribution, the tumor-specific accumulation of the psi-tTF
NPs might be primarily due to the effects of enhanced
permeation and retention.>***** The psitTF NPs could
provide additional advantages for receptor-specific, ligand-
based targeting.

The in vivo tumor-targeted siRNA delivery of the psi-tTF
NPs is attributed to their properties of tumor accumulation and
efficient cellular uptake. Time-dependent whole-body NIRF
imaging showed gradually increased NIRF at the tumor site of
the psi-tTF NP-injected mice, suggesting that the psi-tTF NPs
circulate for a long time in the blood. A longer blood circulation
time allows the psi-tTF NPs to reach their therapeutic target
and to accumulate in high numbers. Consequently, the psi-tTF
NP-injected mice demonstrated significantly reduced tumor
RFP throughout the experimental period. In addition to the
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tumor specificity, the major benefit of using TF as a siRNA
delivery vector is its biocompatibility. The psi-tTF showed very
low toxicity at a transfection dose of 200 nM siRNA, whereas
LF treatment resulted in severe toxicity, with the cell viability
being under 50%. TF appeared to retain its biocompatibility
even after thiolation and complexation with poly siRNA. Our
study demonstrates the feasibility of using TF as a gene carrier.
Although several challenges remain in relation to optimizing
the preparation method for commercialization, the TF-based
poly siRNA formulation could be a promising system for
systemic siRNA delivery, particularly because of its prolonged
circulation time in the blood and its high stability and
biocompatibility.

B CONCLUSIONS

We designed and synthesized a new nanosized siRNA carrier
system utilizing TF and poly siRNA. Thiol-introduced TF was
produced by modification of the primary amine of TF with a
sulfhydryl group, and the resulting tTF spontaneously
interacted with poly siRNA to form NPs. Our study revealed
that psi-tTF NPs can protect siRNA from enzymatic
degradation to transport siRNA molecules to tumor cells in a
TF receptor-specific manner. After intravenous administration,
the psi-tTF NPs accumulated in high numbers at the tumor
region, presumably because of their prolonged circulation time
in the blood and their tumor specificity. More importantly, the
current study demonstrated effective target-gene silencing in
vitro and in vivo without remarkable cytotoxicity. Considering
their biocompatibility and tumor-homing properties, psi-tTF
NPs could be a powerful candidate for a systemic siRNA
delivery system for cancer therapy.
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