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NA interference (RNAi) is a highly
Rconserved biological mechanism that
uses small noncoding RNAs to silence

gene expression. The endogenous small
RNAs, called micro RNAs, are processed from
hairpin precursors and regulate the impor-
tant genes involved in cell death, differen-
tiation, and development.' RNAi is funda-
mentally induced by 20- to 30-nucleotide
double-stranded small interfering RNA (siRNA),
which becomes incorporated with the RNA-
induced silencing complex (RISC) and gui-
des endonucleolytic cleavage of the com-
plementary target mRNA.%® RNAi has been
of great interest not only as a powerful
research tool to suppress the expression of
atarget gene but also as an emerging thera-
peutic strategy to silence disease genes.*
However, the therapeutic applications of
siRNA have been limited by its rapid enzy-
matic degradation and poor cellular uptake.>®
siRNA is quickly degraded by ribonucleases
(RNases) activity in serum, and the anionic
siRNA does not readily penetrate the cellular
membranes by passive diffusion mechanisms.
To achieve the efficient cytoplasmic deli-
very of siRNA in vitro and in vivo, various
siRNA delivery methods have been devised,
including viral delivery systems, nonviral
delivery systems (e.g., liposomes or nano-
particles), and chemical modifications of
SIRNA.” The viral vectors delivering siRNA
in the form of a viral genome have been
shown to efficiently achieve gene silencing
for an extended period,®~'? but safety con-
cerns such as the risk of mutagenesis and
carcinogenesis and difficulties with large-
scale manufacture may limit their use for
siRNA delivery in clinical setting.">'* Non-
viral gene delivery systems including lipid-
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ABSTRACT For the efficient cytoplasmic delivery of siRNA, we designed a chimeric capsid protein
composed of a capsid shell, integrin targeting peptide, and p19 RNA binding protein. This
recombinant protein assembled into a macromolecular container-like structure with capsid shell and
provided a nanocarrier for siRNA delivery. Our capsid nanocarriers had dual affinity both for siRNA
within the interior and integin receptors on the exterior, and the capsid shell structure allowed the
encapsulated siRNAs to be protected from the external nucleases, leading to the enhanced stability
of siRNA in serum conditions. The capsid nanocarriers could complex with siRNA in a size-dependent
and sequence-independent manner and showed the pH-dependent complexing/dissocation beha-
viors with siRNA. Moreover, RGD peptides on the exterior surface of the capsid shell enabled the
capsid nanocarriers to deliver siRNA into the cytosol of the target cells. Here, we demonstrated the
superior efficiency of our siRNA/capsid nanocarrier complexes in RFP gene silencing, compared to
untreated cells. These results provide an alternative approach to enhancing the stability of siRNA as

well as to achieving targeted siRNA delivery.
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based agents, cationic polymers,
and cationic polypeptides'®2' have been
efficiently employed as the siRNA carriers as
a result of their low immunogenicity, rela-
tively low production cost, or reproducibi-
lity.>**®> However, the dose-dependent
toxicities found in the components of the
carriers should be preferentially addressed
for their in vivo applications. For example,
polyethyleneimine and poly(L-lysine) have
been shown to trigger necrosis and apop-
tosis in a variety of cell lines.?*?* Also, chem-
ically modified siRNA is known to have a
greatly prolonged half-life in plasma,®**” but
there are some potential risks that it may
reduce RNAi efficiency’® and also that its
degradation may generate metabolites that
might be unsafe or trigger unwanted effect.”

To overcome these limitations in siRNA
delivery, we synthesized a nanocarrier for
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siRNA delivery by mimicking the gene delivery func-
tion of hepatitis B virus (HBV) capsid proteins. The
resulting chimeric proteins, that is, capsid nanocarriers,
are composed of a capsid shell, p19 RNA binding
protein, and integrin-binding peptide (RGD peptide)
and can assemble into a macromolecular container-
like structure with a capsid shell. Depending on the
complexing property of the p19 protein with siRNA,
our chimeric capsid proteins bind dsRNA in a size-
dependent and sequence-independent manner but
do not bind ssRNA or dsDNA. In particular, one capsid
nanocarrier allows about 120 p19 protein molecules to
be located in the interior cavity of the capsid shell and
thus drives the siRNA molecules to be encapsulated
within the capsid shell. Consequently, the encapsu-
lated siRNAs are protected from the nucleases present
in serum and their stability is greatly enhanced. More-
over, the RGD peptides multivalently exposed on the
exterior surface of the capsid shell can target tumor
vasculature expressing o5 intergrin® and thus allow
the encapsulated siRNA to be efficiently delivered to
the cytosol of cancer cells. The cellular uptake of our
capsid nanocarriers was investigated by competition
experiment and endocytic inhibitor studies, and the
efficiency of siRNA/capsid nanocarrier complexes for
siRNA delivery was confirmed through in vitro red
fluorescent protein (RFP) gene silencing.

RESULTS AND DISCUSSION

To design an efficient siRNA carrier, we modified the
HBV capsid protein, which was previously reported to
be a robust platform for genetic and chemical mani-
pulation.3®*" The electron microscopy analysis shows
that a single HBV capsid protein truncated after residue
149 forms a shell particle that contains 240 subunits
and has an overall diameter of 36 nm.*° The dimer
clustering of the subunits produces spikes on the sur-
face of the shell particle and the surface-exposed spike
tip corresponds to the loop segment consisting of the
residues from D78 to D83 of the capsid protein. For
precise targeting, we replaced A80 and S81 in the
loop segment with the RGD peptides (CDCRGDCFC)
to multivalently expose them on the shell surface of
the synthesized chmeric nanoparticles (Figure TA).

To incorporate the molecule(s) of interest into the
designed carrier, we genetically added the p19 RNA
binding protein to the C-terminus of the truncated HBV
capsid subunit protein. p19 proteins from many viruses
are known to function as a viral suppressor of RNA
interference, and they recognize siRNA in a sequence-
independent manner because direct and water-mediated
intermolecular contacts are restricted to the backbone
phosphates and sugar 2/—-OH groups of siRNA.3%%3
Since the p19 proteins form a homodimer with a
concave surface made of eight 5-strands in the middle
of the dimer, each p19 dimer specifically binds double-
stranded siRNA with nanomolar affinity, especially
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Figure 1. Three-dimensional structure of a chimeric capsid
protein nanocarrier for siRNA delivery. (A) As a result of
structural simulation, te siRNA/capsid nanocarrier complex
is drawn in molecular structure. A dimer cluster is magnified
to show a chimeric capsid-p19 fusion protein structure. A
schematic diagram at the bottom explains how each com-
ponent is connected to the other in a monomer. siRNA is
colored magenta, and each color of the molecular structure
corresponds to that of the schematic diagram. In addition to
the exterior surface, the interior of the siRNA/capsid nano-
carrier complex is also shown to depict encapsulated siR-
NAs. (B) Part of the shell surface is viewed down a local
3-fold axis. Three neighboring dimers with the relation of
3-fold symmetry form a channel to penetrate the shell
surface, and these channels allow siRNAs to go in and out
the shell surface. The molecular structures were prepared
by the Pymol program, and the structures of HBV capsid
protein and siRNA/p19 RNA binding protein complex are
from the Protein Data Bank (PDB IDs: 1QGT, 1RPU).

binding double-stranded 21-bp RNA with a 2-base
overhang and a 5’ phosphate most efficiently. The 3D
structural simulation using the Pymol program showed
that a 31-amino-acid linker peptide inserted between
the capsid subunit protein and p19 protein allows the
p19 proteins to form the dimer in the interior cavity of
the capsid (Figure 1A). Theoretically, one capsid shell
could accommodate 120 p19 protein molecules. The
capsid shell is fenestrated by the channels along a local
3-fold axis on the exterior (Figure 1B), and these chan-
nels were reported to allow accessibility of deoxynu-
cleotides to the capsid interior.>* Notably, our simula-
tion results also showed that double-stranded siRNA
molecules with a size range of 20—30 nucleotides
could pass through the channels and reach the interior
of the capsid shell.

The high affinity of p19 proteins for siRNA allows the
capsid nanocarriers to form the siRNA/capsid nanocar-
rier (SiRNA/CN) complexes, an important prerequisite
for siRNA delivery. In the determination of the quanti-
tative molar ratio between the bound siRNA and capsid
nanocarrier, the relatively low concentration of capsid
nanocarriers showed that the majority of siRNA mol-
ecules appeared in the unbound form at the lower
band on a gel (Figure 2A). However, when the capsid
nanocarriers' concentration was increased relative to
the fixed amount of siRNA for each lane, the amount of
the complexed siRNA proportionally increased, resulting
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Figure 2. (A) Complexing of capsid nanocarriers with siRNA
at various molar ratios. FITC-labeled siRNA (20 «g) in RNase-
free distilled water was complexed with various amounts of
capsid nanocarriers, at a molar ratio from 4 to 240 (siRNA
per capsid nanocarrier), and then a gel retardation assay
was performed; the amount of siRNA is kept constant for
each lane, while that of CN is increasing from left to right.
The native capsid protein did not complex with the FITC-
labeled siRNA at a molar ratio of 120 (siRNA per capsid
particle). For quantitative analysis, the fluorescence inten-
sities of the uncomplexed siRNA bands on a gel were
measured by Kodak Image Station, and each was corrected
relative to the value obtained from the control. Results are
presented as mean =+ SE (n = 5). This result shows the
quantitative molar ratio between the bound siRNA and
capsid nanocarriers. Results are presented as mean + SE
(n = 5). (B) Transmission electron microscopy images of the
empty native HBV capsid nanoparticles and siRNA/CN
complexes. The molar ratio (siRNA to CN) of the siRNA/CN
complexes was 120. Negative staining was performed
using a droplet of a 2 wt % aqueous uranyl acetate solution.
(C) Size exclusion chromatography elution profile of FITC-
siRNA/CN complexes was monitored using UV absorbance
at 280 nm, and subsequently emission spectra of the high-
lighted fractions were scanned at a fixed excitation wave-
length (1., = 488) by fluorescence spectrophotometer (blue
line in the right panel). As a positive control, the emission
spectra of uncomplexed FITC-labeled siRNA were obtained
at two different concentrations (green and red line). For
comparison, the emission spectrum of the uncomplexed
capsid nanocarriers with the equal protein concentration
was scanned at 1., = 488 (brown line).
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in the shifted siRNA bands. Over a certain concentra-
tion of the capsid nanocarrier, the uncomplexed free
siRNA was not seen on a gel anymore. From these
studies, we could determine the maximum molar ratio
between the bound siRNA and capsid nanocarrier as 120,
that is, approximately 120 siRNA molecules can complex
with one capsid nanocarrier. These results coincided with
the theoretical molar ratio expected from the simulated
structure of the capsid nanocarrier. The native capsid
particles as a control sample did not complex with siRNA,
and these results indicate that because the bacterially
originated RNA in the cultured E. coli might already
occupy the interior of the capsid, the FITC-labeled siRNA
cannot associate with the capsid.

According to transmission electron microscopy
(TEM) image analysis, the truncated HBV capsid parti-
cles and the siRNA/CN complexes formed spherical
nanoparticles with average diameters of 36 + 0.8 and
36 £ 0.4 nm [mean =+ SDJ, respectively (Figure 2B).
Similarly, dynamic light scattering analysis showed that
the truncated HBV capsid particles and siRNA/CN
complexes had average diameters of 37 + 0.5 and
36 £+ 0.8 nm [mean =+ SD], respectively. Also, the size
exclusion chromatography (SEC) analysis suppor-
ted that the siRNA/CN complexes assemble into the
capsid structures, because their elution volume (approxi-
mately 9 mL) coincided with that of the assembled native
capsid structure (approximately 9 mL) (Figure 2C). More-
over, when the FITC-labeled siRNA was used to complex
with the capsid nanocarriers, the peak fractions of the SEC
chromatogram showed representative emission spectra
of the FITC fluorophore on the fluorescence spectro-
photometer (1., = 488) (Figure 2C), whereas the uncom-
plexed capsid nanocarriers did not show such emission
spectra. Taken together, these results indicate that the
HBV capsid-derived nanocarriers expressed in the E. coli
system assemble into the capsid architecture and these
capsid nanocarriers can encapsulate siRNA into their
interior. Moreover, the siRNA binding to capsid nanocar-
riers did not change either particle shape or particle size
when compared to the native particles. In addition, by
isolating siRNA from the siRNA/CN complexes present in
the peak fractions of the SEC chromatogram, the amount
of siRNA in the interior of the capsid nanocarriers could
be measured by spectrophotometry (260 nm). These
results also show that approximately 120 siRNA mol-
ecules are in the interior of one capsid nanocarrier.

When considering the efficient RNAI in vivo by deli-
vering exogenous siRNA, the naked siRNA is relatively
unstable in its native form and especially in blood be-
cause it is rapidly cleared via degradation by RNases.>*
To test the stability of the encapsulated siRNA against
RNases, free siRNA and siRNA/CN complexes were in-
cubated with RNases present in 50% fetal bovine
serum (FBS). The free siRNA was fully degraded within
1 h, but the siRNA/CN complexes showed a distinguish-
able protecting effect against the RNases (Figure 3A).
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Figure 3. (A) Stability test of free siRNA and siRNA/CN
complexes in serum conditions. The free siRNA and siRNA/
CN complexes were incubated in 50% FBS solution (pH 7.4)
for the indicated times and then analyzed by the gel
retardation assay. Prior to incubation in serum conditions,
each sample were incubated in PBS buffer (pH 7.4) for

15 min at room temperature. FITC-labeled siRNAs were used
to enhance a detection limit, and their fluorescent images
were obtained by Kodak Image Station. Results are pre-
sented as mean =+ SE (n = 5). (B) pH effect on siRNA—capsid
nanocarrier interaction. The capsid nanocarriers show pH-
dependent complexing/dissociation behaviors with siRNA.
In the various pH conditions, dissociation of siRNA from the
siRNA/CN complexes was examined by gel electrophoresis.
The encapsulated or dissociated siRNA was visualized by
EtBr staining under UV light, and the resulting band inten-
sities were quantified by Minibis Bioimaging system.
Results are presented as mean + SE (n = 5).

This enhanced stability of siRNA was expected to be
derived from the capsid's shell structure surrounding
the siRNAs, because the shielding effect does not allow
access by RNases to the encapsulated siRNAs.

The binding affinity of capsid nanocarriers for siRNA
was investigated in various pH conditions, because the

CHOI ET AL.

gene delivery systems usually utilize the acidic envir-
onment of endosomal or lysosomal compartments for
the cytosolic release of the cargo gene.*® At neutral pH
(7.4), most capsid nanocarriers had complexing cap-
ability with the siRNAs (Figure 3B). However, in the
acidic condition at pH 6.5, the bound siRNAs began to
dissociate from the capsid nanocarriers, and in more
acidic condition (pH 5.5), more than half of the bound
siRNAs were released from the capsid nanocarriers.
When the acidity of the solution shifted to pH 5.0, the
majority of siRNAs were dissociated from the capsid
nanocarriers. These results indicate that the pH drop
inside the endosome or lysosome vesicles may lower
the binding affinity of capsid nanocarrier for siRNA and
facilitate the cytosolic release of siRNA.

Lipofection- or polyethylenimine-based siRNA car-
riers present a substantial toxic effect due to the
high density of charge and limited biodegradability
of cationic lipids or polymer,” and thus such siRNA
delivery systems have a limitation to be utilized in vivo.
However, as shown in Figure 4A, our siRNA/CN com-
plexes did not cause any severe toxicity up to 1 uM, and
even at 1.4 uM the siRNA/CN complex showed reason-
able in vitro cell viability. These results support that our
capsid-derived chimeric protein nanoparticles are bio-
compatible in the cell culture system.

siRNA is an anionic macromolecule that does not
readily enter cells by passive diffusion mechanisms,
and thus an appropriate siRNA delivery system should
enhance its cellular uptake efficiency. With the FITC-
labeled siRNA and Cy5.5-labeled capsid nanocarriers,
we tracked the internalization of the FITC-siRNA/Cy-
5.5-CN complexes in B16F10 melanoma cells. After 1 h
of incubation, we clearly noticed siRNAs (green spots)
and capsid nanocarriers (red spots) inside the cells
(Figure 4B), although whether the siRNAs inside the
cells existed as the encapsulated or dissociated forms
was not clear. As a control, the FITC-siRNA alone was
employed for uptake studies, and its cellular uptake
was not observed as we expected (data now shown).
Therefore, these results indicate that the encapsulated
siRNAs successfully enter the cells through our capsid
nanocarrier system. Notably, even at the prolonged
incubation time, neither siRNAs nor capsid nanocar-
riers were seen in the cell nucleus, and this finding
indicates that our capsid nanocarriers did not enter the
nucleus. In competition experiments using a “cyclic”
RGD peptide, preincubation of B16F10 cells with a
100-, 200-, or 400-fold molar excess of cyclic RGD
peptides significantly reduced the cell uptake of capsid
nanocarriers (Figure 4C). These results can be ex-
plained by the competitive binding of cyclic RGD
and thus provide evidence that cell uptake of capsid
nanocarriers may be mediated by the RGD peptides—
integrin interactions.

Generally, the intracellular fate of the macromolecular
carriers is strongly affected by the route of entry, and
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Figure 4. (A) In vitro cytotoxicity of RFP/B16F10 cells treated with siRNA/CN complexes was measured by a MTT assay.
The results represent the means + SD (n = 5). (B) Confocal microscopy images of melanoma B16F10 cells (B16F10) after 1 h of
incubation with FITC-siRNA/Cy5.5-CN complexes. Green and red signals inside cells represent FITC-labeled siRNA and Cy5.5-
labeled capsid nanocarrier, respectively. Scale bar = 10 um. (C) Competition experiments with cyclic RGD peptides were performed
to inhibit the capsid nanocarriers from binding the integrin on cell surface. The B16F10 cells were preincubated with a 100-, 200-, or
400-fold molar excess of cyclic RGD peptides and then treated with Cy5.5-labeled capsid nanocarriers. The fluorescence intensities
of the Cy5.5-capsid nanocarriers were quantified and plotted. Each was corrected relative to the value obtained from the image
with capsid nanocarrier alone. We tested three different samples per each experiment, and 100 cells/each experiment (total 300
cells) were randomly selected for imaging analysis. Results are presented as mean + SE (n = 300). Scale bar = 10 um.
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Figure 5. (A) Effects of endocytic inhibitors on internalization of capsid nanocarriers. Prior to treatment of Cy5.5-capsid
nanocarriers, B16F10 cell cultures were preincubated with chlorpromazine (CPZ), filipin Il (Filip), or amiloride (Amil) in serum-free
media for 1 h. The cellular internalization was visualized by a confocal laser scanning microscope. Scale bar = 10 um. (B) The reduced
cell uptake of Cy5.5-capsid nanocarriers was plotted by measuring the fluorescence intensities of the cells. Each was corrected
relative to the value obtained from the image with capsid nanocarrier alone. Results are presented as mean =+ SE (n = 300).

several endocytic pathways for macromolecules are
identified to date: clathrin-mediated endocytosis,
caveolae-mediated endocytosis, macropinocytosis, and
clathrin- and caveolae-independent endocytosis.>"?® In
an effort to identify the uptake mechanisms involved in
the cellular entry of capsid nanocarriers, we employed
several endocytic inhibitors, each known to be specific for

CHOI ET AL.

a particular endocytic pathway. When B16F10 cells were
preincubated with CPZ and Filip to identify the uptake
mechanism through macropinocytosis, the cell uptake
was reduced to approximately 45% compared to that of
control cells (Figure 5). However, preincubation with Amil
and CPZ, which identifies the uptake mechanism through
caveolae-mediated endocytosis, decreased the cell uptake
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Figure 6. (A) siRNA/CN complexes-mediated RFP gene silencing in RFP/B16F10 cells. Confocal images of the cells were
obtained 1 day post-treatment with siRNA/CN complexes (equivalent to 200 nM siRNA). The quantitative analysis of RFP
expression was plotted by measuring the fluorescence intensities of the RFP expressed cells. Each measurement was
corrected relative to a control. The control cells were treated with PBS buffer, and the results of the scrambled siRNA/CN
complexes and empty capsid nanocarriers were also compared. siRNA/Lipofectamine 2000 (siRNA/LF) complexes were
prepared according to the manufacturer's protocol. Results are presented as mean + SE (n = 300). Scale bar = 20 um. (B)
Semiquantitative RT-PCR analysis for RFP mRNA level. The RFP expression reduction was quantified by normalizing with
[-actin expression. Results are presented as mean =+ SE (n = 5). (C) Representative flow cytometry analysis data are shown
for RFP-expressing B16F10 cells either untreated or treated with siRNA/CN complexes. The percentage of RFP positive cells
was determined by gating against RFP/B16F10 cells. The fluorescence-positive proportions of untreated and siRNA/CN
complexes-treated cells are also compared. Results are presented as mean =+ SE (n = 5).

efficacy to approximately 35%. Similarly, preincubation the internalization of capsid nanocarriers is presumably
with Amil and Filip, which identifies the uptake mechanism mediated by more than one cellular uptake mechanism.

through clathrin-mediated endocytosis, reduced the cell With our siRNA/CN complexes, we finally investi-
uptake efficacy to approximately 47%. Furthermore, triple- gated the efficacy of gene silencing in the RFP gene
inhibitor studies showed the cell uptake was reduced expressing B16F10 cells (RFP/B16F10). One day after
to 20%. Therefore, our inhibition studies indicate that treatment, the level of RFP expression was analyzed by
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visualizing RFP gene knockdown. As shown in Figure
6A, the fluorescence microscopy images showed that
the treatment of siRNA/CN complexes effectively sup-
pressed the expression of RFP in the cells, compared
to the control cells. This gene silencing efficacy was
similar to that of Lipofectamine 2000 (LF)/siRNA com-
plexes. However, the scrambled siRNA/CN complexes
could not suppress the RFP gene expression in the
cells. As a negative control, the cells treated with the
empty capsid nanocarriers showed RFP gene expres-
sion similar to that of the control cells. In the prolonged
incubation time, RFP gene silencing by the siRNA/CN
complexes was observed until 2 days, but further gene
silencing effect was not seen 3 days post treatment.
These results indicate that at least for 2 days siRNA deli-
vered by our siRNA/CN complexes system may remain
stable in the cells. RT-PCR, which analyzes degradation of
the RFP mRNA, also showed the siRNA/CN complexes
had a great gene silencing efficacy to RFP gene expres-
sion, wherein approximately 90% of RFP gene reduction
was observed compared to untreated control cells
(Figure 6B). Fluorescence activated cell analysis (FACS)
also showed that the RFP fluorescence-positive fraction
of B16F10 cells was 88.5 £ 5.4% in untreated cells but was
significantly reduced to 18.5 & 6.5% in siRNA/CN-treated
cells (Figure 6C). The mean fluorescence intensity was
reduced to 20.2 & 1.5% in siRNA/CN-treated cells when
compared to RFP-expressing B16F10 cells. These results
indicate that the siRNA/CN complexes can break down
the specific mRNA in the cell culture system.

In conclusion, we synthesized a new siRNA delivery
carrier composed of a capsid shell, integrin targeting
peptide, and p19 RNA binding protein, by mimicking
the gene delivery function of the capsid proteins. Our
capsid nanocarriers have two necessary functionalities
for siRNA delivery, to encapsulate the siRNA of interest
and to be taken up by target cells. The shielding effect
derived from the capsid shell structure could enhance
stability of the encapsulated siRNA in serum conditions.
Also, the RGD peptides on the shell surface allowed the
capsid nanocarriers to be recognized by the integrins
overexpressed on the cancer cell surface and be subse-
quently internalized via endocytosis pathways.

Notably, our capsid nanocarriers have specificity to
siRNA size (ie, a size range of 20—23 nucleotides)
and siRNA shape (ie., RNA duplex).3%** Thus, only
double-stranded siRNA with a size range of 20—23
nucleotides can be encapsulated into the interior of

EXPERIMENTAL SECTION

Materials. RFP siRNA and a mismatched scrambled (sc) RFP
siRNA for target RFP gene silencing were synthesized and
annealed by Bioneer (Daejeon, Korea) with the following se-
quences; RFP sense strand: 5-UGUAGAUGGACUUGAACUC-
dTdT-3'; RFP antisense strand: 5-GACUUCAAGUGCAACUUCA-
dTdT-3'; sc sense strand: 5'-UGAAGUUGCACUUGAAGUCTAT-3';
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capsid nanocarriers, whereas other nucleotides including
DNA, single-stranded siRNA, or rRNA cannot be loaded. It
was shown experimentally that 34-bp DNA oligonucleo-
tides may be packaged in vitro by the natural HBV
capsids,®® which have arginine-rich C-terminal domain
required for nucleic acid binding. However, this strategy
for encapsulation of oligonucleotides has the limitations
that removal of the bacterially originated RNA from the
particle interior should be preferentially performed by
RNases immediately after the capsids are dissociated into
dimers; this approach also requires the reassembling
process of the capsids to pack oligonucleotides.

In contrast to the high toxicity of cationic lipids or
polymers utilized in siRNA delivery systems, our pro-
tein-based capsid nanocarriers did not show any se-
vere cytotoxicity in the cell culture system. Retroviruses
are one of the first vectors used to transduce cells with
plasmids expressing hairpin-RNA constructs, but when
integrating their DNA into the host's genomic DNA,
they bring with it the risk of mutagenesis and carcino-
genesis.'® Our capsid nanocarriers mimick the gene
delivery function of the virus particles, but they do not
have the risk of mutagenesis and carcinogenesis ex-
pected in the viral vectors, because our recombinant
proteins do not contain the genetic materials for host
genome interaction and viral replication cycle. Also,
the pH-dependent binding ability of the capsid nano-
carriers for siRNA allowed the complexed siRNA to be
released into the cytosolic space after cell uptake.
Finally, we demonstrated the efficiency of siRNA/CN
complexes for both siRNA delivery and RNAi activity
through in vitro RFP gene silencing.

When a therapeutic siRNA for cancer is encapsulated
to the capsid nanocarrier systems, the shielding effect
of the capsid structure is expected to enhance the
stability of siRNA during body circulation in vivo. In
addition, the RGD-mediated cellular uptake ability of
the capsid nanocarriers may efficiently deliver the the-
rapeutic siRNA to the tumor sites. Besides the RGD
peptides, modification of the exterior of the capsid
shell (e.g., conjugation with target-specific antibodies
or aptamers) would allow the capsid nanocarriers to be
specifically delivered to the target sites. In this article,
our results provide an alternative approach to enhan-
cing the stability of siRNA as well as to achieving the
targeted siRNA delivery and suggest that our capsid
nanocarrier system has the potential of the efficient
siRNA carrier in the therapeutic applications.

and sc antisense strand: 5'-GACUUCAAGUGCAACUUCACTAT-3'.
FITC-labeled siRNA (the 5'-end of RFP sense strand conjugated with
FITC dye) was also purchased from Bioneer. The monoreactive
hydroxysuccinimide ester of Cy5.5 (Cy5.5-ester) was from Amer-
sham Biosciences (Piscataway, NJ). Dimethyl sulfoxide (DMSO) and
methanol were purchased from Merck (Darmstadt, Germany).
Ethidium bromide (EtBr) was obtained from Sigma (St. Louis, MO).
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The cyclic RGD peptides with the sequence H-ACRGDMFGCA-OH
were synthesized by Peptron (Daejeon, Korea). Lipofectamine2000
was purchased from Invitrogen. Chlorpromazine hydrochloride,
filipin lll, and amiloride hydrochloride hydrate were purchased from
Sigma. All other chemicals were purchased as reagent grade and
used without further purification. All solution were made up in
RNase-free distilled water and autoclaved prior to use. The Pymol
program (version 1.4.1) for 3D structural analysis of capsid architec-
ture was obtained from DeLano Scientific LLC.

Biosynthesis and Purification of Capsid-p19 Fusion Protein. Follow-
ing PCR amplification with appropriate primers, we prepared
two amplified products for the truncated capsid fragment
(1—149 aa) derived from the HBV core protein (HBVcAg) gene
and full-length p19 RNA binding protein gene derived from
Carnation ltalian ringspot virus (CIRV), respectively. Next, the
overlap extension polymerase chain reaction method*® was uti-
lized to splice two DNA sequences (corresponding to the capsid
fragment and p19 protein, respectively), wherein the linker
gene (corresponding to the 31-mer peptide GSSGGSGSSGG-
SGGGDEADGSRGSQKAGVDE) was incorporated to be located
between two DNA sequences. Through restriction enzyme
cutting and sequential ligation of the gene into plasmid pET-
28a(+), we prepared the capsid-p19 fusion gene clone. To
incorporate RGD peptides to the fusion protein, we replaced
A80 and S81 of the capsid fragment with the RGD4C peptide
(CDCRGDCFCQ) by using a QuickChange Site-Directed Mutagen-
esis kit (Stratagene). After the complete DNA sequencing of the
gel-purified plasmid expression vector, E. coli strain BL21(DE3)
was transformed with the pET-28a(+)/capsid-p19 vector, and
kanamycin-resistant transformants were selected.

For gene expression of the capsid-p19 fusion protein, cells
were grown until ODgq of 0.5 in LB medium containing 50 mg/
mL kanamycin, and then protein expression was induced by
1.0 mM isopropyl-$-p-thiogalactopyranoside (IPTG). After 18 h
of further growth, the cells were harvested, and then the resul-
ting cell pellet was resuspended in the lysis buffer (50 mM Tris-
HCl pH 8.0, 100 mM sodium chloride, 1 mM phenylmethylsulfo-
nyl fluoride). Using an ultrasonic processor, the cells were lysed,
and the soluble fractions were purified with two chromato-
graphic steps: the first step was performed by metal-chelate
chromatography using Ni-NTA resin (Qiagen), and then the
proteins were further purified by size exclusion chromato-
graphy (SEC) using a Superdex 200 10/300 GL column (GE
Healthcare), previously equilibrated with a buffer containing
50 mM Tris-HCl (pH 8.0), 100 mM sodium chloride, and 1 mM
mercaptoethanol.>’ The homogeneity of the purified protein
was assessed by SDS-PAGE,*' and the protein concentration
was calculated by a Bradford assay with bovine serum albumin
as a standard.*? The protein solution was concentrated using
an YM10 ultrafiltration membrane (Amicon). To analyze the
assembled structure of the capsid protein, a standard protein
curve on the size exclusion chromatography was prepared;
24-mer of wild-type ferritin (M, 440 kDa), BSA (M, 67 kDa),
and cytochrome ¢ (M, 14 kDa) were eluted at V. =9—10, 15—16,
and 20—21 mlL, respectively. After purification steps, a protein
yield of the capsid nanocarriers was estimated as 2.5 mg/L
in LB medium, whereas that of the native capsid proteins was
4.5 mg/L.

Labeling of Capsid Nanocarriers with Cy5.5 Dyes. NIR fluorescence
Cy5.5 dyes with the NHS ester group were conjugated to the
amine groups (-NH,) of lysine residues on the exterior surface of
the capsid nanocarriers (CN) to track their cellular internaliza-
tion in cell culture system. The conjugation reaction was stirred
at room temperature for 2 h while protected from light. To
remove the unbound Cy5.5 dyes from the capsid nanocarriers,
the reaction mixture was injected into a size exclusion column,
which simultaneously could monitor UV absorbance by the
protein sample at 280 nm and NIRF from Cy5.5 molecules at
674 nm, respectively. When compared to the standard protein
curve, the Cy5.5-capsid nanocarriers were eluted as a single
peak at an elution volume corresponding to that of the self-
assembled native capsid particles. These results indicated
that the assembled capsid structure did not change during
the Cy5.5 conjugation process. Moreover, the fluorescence
signal from Cy5.5 dyes coincided with an elution peak of the
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capsid nanocarriers, and these results revealed that the Cy5.5
dyes were covalently bonded to the capsid nanocarriers.

Encapsulation of siRNA and Characterization of Capsid Nanocarriers.
The FITC-labeled siRNA (20 ug) in RNase-free distilled water
(200 uL) was complexed with various amounts of capsid nano-
carriers, at a molar ratio from 4 to 240 (siRNA per capsid nano-
carrier). After incubation in the PBS buffer (pH 7.4) for 1 h at
room temperature, the complex formation was confirmed by a
gel retardation assay (20% polyacylamide gel) in the Tris/
Borate/EDTA (TBE) buffer. The bands on the gel were visualized
by a 12 bit CCD camera (KODAK Image Station 4000MM, Japan)
equipped with a special C mount lens and FITC bandpass
emission filter (Omega Optical; 488—530 nm).

To examine whether siRNAs were encapsulated into the
interior of capsid nanocarriers, the capsid nanocarriers were
complexed with the FITC-labeled siRNA and subsequently
injected into a SEC column (a Superdex 200 10/300 GL). The
peak fractions corresponding to the high molecular weight of
the capsid assembly were analyzed by a F-7000 fluorescence
spectrophotometer (Hitachi, Jappan). The emission spectra of
the pooled fractions were scanned at a fixed excitation wave-
length (lex = 488 nm). Also, the emission spectrum of the capsid
nanocarrier alone was compared with that of siRNA/capsid
nanocarrier complexes. As a positive control, the emission
spectra of the fluorescent FITC dye were scanned at two
different concentrations.

To determine the amount of siRNA in the siRNA/CN com-
plexes, 1 mL of TRIZOL was added to the peak fractions of the
SEC column and briefly vortexed. Then, 0.3 mL of cold chloro-
form was added and vortexed. The resulting solution was
centrifuged at 12,000 rpm for 15 min. The upper aqueous phase
was removed, an equivalent volume of isopropyl alcohol, about
0.5 mL, was added, and then the tube was placed in a freezer at
—20 °Cfor 10 min. After centrifugation at 12,000 rpm for 15 min,
the supernatant was removed, and the pellet was resuspended
in 0.4 mL of DEPC water. Next, 0.4 mL of cold phenol/chloroform
was added, and the tube was centrifuged at 12,000 rpm at 4 °C
for 15 min. The upper phase was removed, and 37 uL of 3 M
sodium acetate and 800 uL of 100% ethanol were added. After
centrifugation at 14,000 rpm at 4 °C for 30 min, the supernatant
was removed, and the pellet was washed with 75% ethanol.
Another cenrifugation was performed at 14,000 rpm at 4 °C for
30 min, and the supernatant was removed. After the tube was
dried for 5 min, the pellet was resuspended in 200 uL of DEPC
water. The concentration of siRNA was measured at A,go by
spectrophotometry.

For the particle size and morphology measurement, dy-
namic light scattering (DLS) measurement was conducted at
633 nm and 25 °C using a model 127-35 laser (Spectra Physics).
We used a CM30 electron microscope (Philips) for transmission
electron microscopy (TEM) images, operating at an acceleration
voltage of 80 kV. In the TEM measurement, a drop of sample
solution (1 mg/mL) was placed onto a 300-mesh copper grid
coated with carbon. Approximately 2 min after deposition, the
grid was tapped with filter paper to remove surface water and
then air-dried. Negative staining was performed using a droplet
of a 2 wt % aqueous uranyl acetate solution.

siRNA Stability Test and pH-Dependent Complexing of Capsid Nano-
carriers with siRNA. The free siRNA or siRNA/CN complexes con-
taining 0.2 ug of siRNA were incubated with RNases present in
50% fetal bovine serum (FBS) at 37 °C for up to 96 h. The
incubation experiments were performed in PBS conditions
(pH 7.4). According to the incubation times, aliquots from each
sample were electrophoresed on 20% polyacylamide gel in the
TBE buffer. Under the electrophoresis condition, the siRNA
encapsulated by the capsid shell remained in the loading wells,
but the free siRNA entered the gel and ran as a clearly visible
band. The FITC-labeled siRNA was used to enhance the detec-
tion limit and its fluorescent images were obtained by Kodak
Image Station.

In the various pH conditions, dissociation of siRNA from the
siRNA/CN complexes was examined by the gel electrophoresis.
The siRNA/CN complexes were incubated in the indicated
pH conditions ranging from 7.4 to 5.0 for 15 min at room tem-
perature, and then each sample were electrophoresed on 20%
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polyacylamide gel. The media conditions for each pH are
as follows: pH = 7.4 (PBS buffer (7.4)), pH = 6.5 (20 mM sodium
phosphate buffer (6.5), 100 mM NaCl), pH = 6.0 (20 mM
sodium phosphate buffer (6.0), 100 mM NaCl), pH = 5.5
(20 mM sodium acetate buffer (5.5), 100 mM NacCl), and pH =
5.0 (20 mM sodium acetate buffer (5.0), 100 mM NaCl). The
encapsulated or dissociated siRNA was visualized by EtBr stain-
ing under UV light. The bands were observed by Minibis
Bioimaging system (DNR Bio-Imaging Systems Ltd., Israel) and
quantified by GelQuant software.

MTT Assay and Cellular Uptake Studies. /n vitro cytotoxicity of
siRNA/CN complexes was studied in the red fluorescent protein
(RFP) gene expressing murine melanoma cell (RFP/B16F10)
culture system. Briefly, RFP/B16F10 cells were seeded on a 96-
well plate at a cell density of 1 x 10* cells/mL and allowed to
grow for 24 h in RPMI1640 with 10% FBS. Cells were then
transfected with 0.2—1.6 uM siRNA/CN complexes per well.
After 24 h of incubation, 200 uL of MTT (0.5 mg/mL) dissolved
in the PBS buffer was added to each well, and the cells were
incubated for 4 h to produce formazan crystals. The formazan
crystals were subsequently dissolved in 200 uL of DMSO and
25 ul of Sorensen's glycine buffer, and then their quantity was
measured at 570 nm by a microplate reader (Spectra max340,
Molecular Device, CA). The absorbance of the nontransfected
cells was used as a control, and each absorbance was corrected
relative the control value. To examine the cytotoxicity of the
siRNA/CN complexes for the relatively small time range, the cells
were incubated with the siRNA/CN complexes for 12 h, and then
their cell viability was evaluated in a similar manner. In both
cytotoxicity studies, there was no remarkable difference in the
cell viabilities.

With the FITC-labeled siRNA and Cy5.5-labeled capsid nano-
carriers, we tracked the cellular internalization of either siRNAs
or capsid nanocarriers in murine melanoma cells (B16F10). After
siRNA/CN complexes treatments (10 ug/mL), the cells were
washed twice with PBS containing Mg*™ and Ca*" and then
fixed with formaldehyde/glutaraldehyde-combined fixative for
15 min. The fluorescence images were obtained by a FV1000
confocal laser scanning microscope (Olympus) equipped with
argon (488 nm) and HeNe (543 nm) lasers. Cross-talk between
FITC and Cy5.5 signal channels was removed by using Line
Sequential Action software.

In the competition experiment using cyclic RGD peptides,
the B16F10 cells were preincubated with a 100-, 200-, or 400-
fold molar excess of cyclic RGD peptides for 1 h, and then the
cellular internalization of the Cy5.5-labeled capsid nanocarriers
was examined by a confocal laser scanning microscope. The
sequence of the cyclic RGD peptides was derived from the
integrin-binding RGD peptides indentified by phage display
and has been found effective for cell binding and inter-
nalization.”

The effects of several membrane entry inhibitors on the
capsid nanocarrier's uptake were examined by incubating the
B16F10 cell cultures with chlorpromazine (10 #g/mL) to inhibit
the formation of clathrin vesicles, filipin Ill (1 #g/mL) to inhibit
caveolae, or amiloride (50 #M) to inhibit macropinocytosis.
Chlorpromazine (CPZ) dissociates clathrin from the surface
membrane to inhibit the clathrin-mediated endocytosis.*® Fili-
pin Il (Filip) inhibits the caveolae-mediated endocytosis by
blocking of caveolae formation.** Amiloride (Amil) inhibits the
macropinocytosis by blocking the Na*/H* exchange required
for macropinocytosis.*> Because the capsid nanocarriers were
labeled with the fluorescent Cy5.5 dyes, their cellular internali-
zation could be visualized under a confocal laser scanning
microscope. The nucleus in each cell was stained with DAPI
(blue) following the supplier's protocol. The statistical analysis
was carried out using ASW2.0c software. Statistical analysis for
the quantification approach was carried out using one-way
ANOVA, and the results were reported as mean £ SD. In all
cases, p < 0.05 was considered significant.

RFP Gene Silencing in Cell Culture System and RT-PCR. /n vitro gene
silencing efficacy of siRNA/CN complexes was evaluated with
RFP gene expressing B16F10 cells. The cells were plated at a
density of 1 x 10*well in slideglass bottomed 35 mm culture
dishes. After 24 h of incubation, cell culture media were
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replaced with serum-free transfection media, and siRNA/CN
complexes or scrambled siRNA/CN complexes (equivalent to
200 nM siRNA) were treated to the cells for 4 h. As a positive
control for gene silencing test, siRNA/Lipofectamine 2000
(siRNA/LF) complexes were prepared according to the manu-
facturer's protocol. After 4 h treatments, transfection media
were removed and replaced with fresh RPMI media containing
10% FBS, and then the cells were further incubated for 20 h at
37 °C. After the cells were fixed, we observed RFP signals of each
sample using a confocal laser scanning microscope. For RFP
fluorescent imaging, autofluorescence originally emitted in
B16F10 cells was examined and could be removed by precisely
controlling laser intensities. Offset action software equipped in
a confocal microscope allowed the background signals to be
removed.

Also, we performed reverse transcription-polymerase chain
reaction (RT-PCR) to analyze the RFP gene silencing efficacy of
siRNA/CN complexes in the RFP/B16F10 cell culture system.
After 24 h post incubation, the cells were harvested and lysed,
and total RNAs were extracted by using a RNeasy mini kit
(QIAGEN, Valencia, CA), according to the manufacturer's proto-
col. The residual DNA was removed by on-column DNase
digestion using the RNase-Free DNase Set, and the DNase was
efficiently removed in subsequent wash steps. Ayeo/Azgo ratio of
the extracted RNA was 1.86, and the RNA was expected to be of
sufficient quality and suitable for RT-PCR application. Reverse
transcription was performed by MultiScribe Reverse Transcrip-
tase contained in the High-capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Foster city, CA). The PCR primers (for
B-actin: forward 5-AGAGGGAAATCGTGCGTGAC-3/, reverse 5'-
CAATAGTGATGACCTGGCCGT-3/, for RFP: forward 5'-GGCTG-
CTTCATCTACAAGGT-3/, reverse 5-GCGTCCACGTAGTAGTAG-
CC-3') were synthesized and purified by Bioneer (Daejeon,
Korea). Twenty nanograms of cDNA per reaction was amplified
during 20 cycles using the primers. The sizes of the PCR-
amplified products were 138 and 245 bp, respectively, and they
were separated in 2% agarose gel electrophoresis. The relative
expression levels of RFP gene were normalized against expres-
sion of the S-actin gene and quantified by TINA Image analysis
software. When the extracted RNA was incubated without
reverse transcriptase and subsequently amplified via PCR,
PCR-amplified product was not detected on 2% agarose gel.
The relative expression level of RFP gene was presented as
mean + SE (n = 3). Also, RFP expression was assessed using
fluorescence activated cell analysis (FACS) (FC-500 flow cyto-
meter, Beckman Coulter, Miami, FL). Ten thousand cells were
investigated for RFP expression by FACS, and cells were de-
tached from plates with trypsin-ethylenediamine tetraacetic
acid.
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