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double-stranded RNA molecule, which

can degrade the complementary mRNA
suppressing the expression of disease-
related genes.' 3 Currently, siRNA is regarded
as a new paradigm therapeutic agent for the
treatment of various diseases caused by ge-
netic disorder or viral infection. Nevertheless,
the development of siRNA therapeutics has
been impeded by the lack of efficient deliv-
ery systems of siRNA in the body.** Various
kinds of materials, like cationic polymers,®’
Iipids,8 and nanoparticles,9 have been ex-
ploited to overcome these technical hurdles.
More recently, silica,'® iron oxide,"" and gold
nanoparticles (AuNPs)'>~ ' have been in-
vestigated extensively as emerging delivery
carriers of siRNA. Especially, AUNPs have many
advantages such as biocompatibility, simple
synthesis, easily tunable size, facile surface
modification, and versatile conjugation with
biomolecules.'® '8 Elbakry et al. developed
layer-by-layer assembled AuNPs incorporat-
ing siRNA with polyethyleneimine (PEI) for
gene silencing applications.'® PEl with a mo-
lecular weight (MW) of 25 kDa has been
exploited as an efficient nonviral gene de-
livery carrier due to its strong endosomal
escape capacity.'® Song et al. also reported
the preparation of PEI-capped AuNPs with a
uniform structure and a narrow size distri-
bution showing an effective reduction of
targeted green fluorescent protein expres-
sion in MDA-MB-435s cells.'* In addition,
Lee et al. developed AuNP—siRNA conju-
gate via the formation of disulfide linkage
which was coated with poly(S-amino ester)
sequentially.'® However, all these systems had
two common limitations: positively charged
surface characteristics and nonspecific de-
livery systems. The positive surface charge

Small interfering RNA (siRNA) is a short
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ABSTRACT Target-specific intracellular delivery of small interfering RNA (siRNA) is regarded as
one of the most important technologies for the development of siRNA therapeutics. In this work, a
cysteamine modified gold nanoparticles (AuCM)/siRNA/polyethyleneimine (PEI)/hyaluronic acid (HA)
complex was successfully developed using a layer-by-layer method for target-specific intracellular
delivery of siRNA by HA receptor mediated endocytosis. Atomic force microscopic and zeta potential
analyses confirmed the formation of a AuCM/siRNA/PEI/HA complex having a particle size of ca.
37.3 nm and a negative surface charge of ca. —12 mV. With a negligible cytotoxicity, AuCM/siRNA/
PEI/HA complex showed an excellent target-specific gene silencing efficiency of ca. 70% in the
presence of 50 vol % serum, which was statistically much higher than that of siRNA/Lipofectamine
2000 complex. In the competitive binding tests with free HA, dark-field bicimaging and inductively
coupled plasma—atomic emission spectroscopy confirmed the target-specific intracellular delivery
of AuCM/siRNA/PEI/HA complex to B16F1 cells with HA receptors. Moreover, the systemic delivery of
AuCM/siRNA/PEI/HA complex using apolipoprotein B (ApoB) siRNA as a model drug resulted in a
significantly reduced ApoB mRNA level in the liver tissue. Taken together, AuCM/siRNA/PEI/HA
complex was thought to be developed as target-specific siRNA therapeutics for the systemic

treatment of various liver diseases.
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of nanoparticles might induce nonspecific
binding with blood serum components re-
sulting in aggregation and embolism in the
body.?° Moreover, nonspecific binding of
positively charged nanoparticles to nega-
tively charged cell membrane might induce
nonspecific delivery of siRNA resulting in a
drastically reduced therapeutic effect.*®

To circumvent these problems, hyaluro-
nic acid (HA) was introduced to the outer
layer of siRNA delivery systems using AuNPs.
HA has been exploited for a variety of medical
applications including target-specific and
long acting delivery of biopharmaceuticals
and tissue engineering.?' "2* As a drug de-
livery carrier, HA has several advantages such
as the negligible nonspecific interaction with
serum components due to the polyanionic
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characteristics,?> and the highly efficient target-speci-
fic delivery to the liver tissues with HA receptors like
cluster determinant 44 (CD44), hyaluronan receptor for
endocytosis (HARE), and so on.?~2® We previously re-
ported the target-specific delivery of HA derivatives
with an HA modification degree less than ca. 25 mol %
to the liver using quantum dots (QDots).*® In this work,
a new target-specific siRNA delivery system was devel-
oped using a layer-by-layer assembled cysteamine-
modified gold nanoparticles (AuCM)/siRNA/PEI/HA com-
plex. The AuCM/siRNA/PEI/HA complex was characterized
by transmission electron microscopy (TEM), atomic force
microscopy (AFM), dynamic light scattering (DLS), and
UV—vis spectra with MTT cytotoxicity tests. The target-
specific intracellular delivery of the AuCM/siRNA/PEI/
HA complex was assessed by competitive binding tests
with free HA using dark-field bioimaging and induc-
tively coupled plasma—atomic emission spectroscopy
(ICP—AES). Then, in vitro target-specific gene silencing
of the AuCM/siRNA/PEI/HA complex was investigated
in the absence and presence of free HA. Finally, target-
specific systemic delivery of the AuCM/siRNA/PEI/HA
complex was carried out using apolipoprotein B (ApoB)
siRNA and discussed for the treatment of various dis-
eases in the liver with HA receptors.

RESULTS AND DISCUSSION

Preparation of AuCM/siRNA/PEI/HA Complex. Figure 1a
shows a schematic representation for the preparation
of the AuCM/siRNA/PEI/HA complex. AuCM was synthe-
sized by reducing HAuCl, with NaBH, in the presence of
cysteamine dihydrochloride as described elsewhere.'®
The formation of AuCM with a particle size of ca. 13 nm
was confirmed by TEM image analysis (Figure 1b). The
concentration of Au>" in AuCM aqueous solution was
measured to be 0.14 mg/mL by ICP—AES. Then, the
molar concentration of AUCM was determined to be
10.45 nM by the calculation as reported elsewhere.*
Then, negatively charged siRNA with a dimension of
5.5 nm x 2.0 nm was mixed with the positively charged
AuCM. For efficient binding of siRNA to AuCM by
electrostatic interaction, AuCM solution was added
into siRNA solution in a dropwise manner and the
mixture stirred slowly for 1 h. The molar ratio of AuCM
to siRNA was optimized at a value of 1.57 x 102
to obtain a stable AuCM/siRNA complex with a high
loading efficiency of siRNA (Supporting Information,
Figure S1). The AuCM/siRNA complex was purified by
centrifugation at 15000g for 15 min and redispersion in
deionized (DI) water. The absorbance of the super-
natant at 260 nm revealed that ca. 70% of siRNA in the
mixture was attached to the AuCM, resulting in the
loading of ca. 44 siRNA strands to one AuCM. PEI was
selected as a polycation to be bound on the neg-
atively charged AuCM/siRNA complex, because PEI can
form a stable complex with nucleic acid by electrostatic
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interaction and has a strong endosomal escape capa-
city by the so-called proton sponge effect.'® The purified
AuCM/siRNA complex was added into 1 mg/mL of PEI
solution. After stirring for 30 min, unbound PEI was
removed by the centrifugation at 15000g for 15 min
and redispersion in DI water four times. The unbound
PEI required complete removal to exclude the complex
formation of free PEI with consecutively added HA. The
amount of PEl in the supernatant was determined by
the CBQCA assay for the detection of amines, which
revealed that the N/P ratio of PEIl to siRNA was ca. 3.6 in
the AuCM/siRNA/PEI complex. Finally, AuCM/siRNA/
PEI/HA complex was obtained by the incubation with
4 mg/mL of HA solution for 30 min. Then, unbound HA
was removed by the centrifugation at 15000g for
15 min and redispersion in DI water twice. The amount
of HA in the supernatant was determined by the carba-
zole assay as described elsewhere,3" which revealed that
the weight ratio and the charge ratio of HA to PEl were ca.
15.7 and ca. 1.6, respectively.

Characterization of AuCM/siRNA/PEI/HA Complex. The layer-
by-layer assembled AuCM/siRNA/PEI/HA complex was
characterized by the analyses of TEM, AFM, DLS, and
UV—vis spectra. First, the morphology of Au-based
siRNA complexes was investigated by TEM as shown
in Supporting Information, Figure S2 and Figure 1c. The
electrostatic interaction between AuCM and siRNA
resulted in the formation of AuCM/siRNA clusters. There
was no further aggregation by the layer-by-layer as-
sembly with PEl and HA. Figure 1c shows the TEM image
of AuCM/siRNA/PEI/HA complex revealing the poly-
electrolyte coating of AuCM/siRNA clusters. According
to the vertical distance analysis of the Au-based siRNA
complexes on AFM images, the particle size of AuCM,
AuCM/siRNA, AuCM/siRNA/PEI, and AuCM/siRNA/PEI/
HA complexes increased gradually with the mean dia-
meters of 13.8 +3.2,27.1 £8.9,33.1+ 10.5,and 37.3 +
8.8 nm, respectively (Figure 2). The hydrodynamic size
of the Au-based siRNA complexes was also analyzed by
DLS. The hydrodynamic size of AuCM, AuCM/siRNA,
AuCM/siRNA/PEI, and AuCM/siRNA/PEI/HA complexes
increased gradually with mean diameters of 21.4 + 3.2,
104.9 4+ 6.6, 137.7 £ 5.6, and 165.5 £ 9.9 nm with low
polydispersity indexes, respectively, (Supporting Infor-
mation, Figure S3). The hydrodynamic size determined
by DLS was larger than the particle size determined by
AFM. The results can be explained by the fact that DLS
analyzes the mean diameter calculated from the diffu-
sional properties of dynamic nonspherical Au-based
siRNA complexes in the hydrated state, whereas AFM
analyzes the vertical height of Au-based siRNA com-
plexes in the dried state.3>*3 The size and stability of
nanoparticles are important factors for in vivo applica-
tions. Nanoparticles with a size in the range of 20—
200 nm were reported to result in the reduced reticu-
loendothelial system (RES) uptake and the efficient pas-
sive tumor-targeting by enhanced permeation and
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Figure 1. (a) Schematic representation for the preparation of layer-by-layer assembled cysteamine-modified gold nanoparticles
(AuCM)/small interfering RNA (siRNA)/polyethyleneimine (PEl)/hyaluronic acid (HA) complex. Transmission electron micro-
scopic images of (b) AuCM and (c) AuCM/siRNA/PEI/HA complex. Arrows indicate the polyelectrolyte-layers of PEl and HA

encapsulating the AuCM/siRNA cluster.

retention (EPR).>* The layer-by-layer complex forma-
tion was also confirmed by the surface charge analysis
with a zeta-potential analyzer. The surface charge of
AuCM, AuCM/siRNA, AuCM/siRNA/PEI, and AuCM/siR-
NA/PEI/HA complexes was changed alternately with
the values of +34.85 + 1.3, —21.6 + 0.8, +22.5 £+ 3.3,
and —12.1 + 1.5 mV, respectively (Figure 3a). The UV—
vis spectra of AuCM, AuCM/siRNA, AuCM/siRNA/PEI,
and AuCM/siRNA/PEI/HA complexes showed increased
surface plasmon resonance (SPR) bands with the va-
lues of 527, 550, 554, and 559 nm. It was reported that
the resonance curves shifted to higher wavelengths as
AuNPs were aggregated or the thickness of the ad-
sorbed molecules increased.'®* The considerable red
shift from 527 to 550 nm and the slight broadening of
AuCM/siRNA complex in SPR band confirmed that
several AuCMs were assembled into an AuCM cluster
by the electrostatic interaction with siRNA. It was re-
ported that nanoclusters of metal particles were for-
med by self-assembly with polymers, and the size and
physical properties of nanoclusters could be controlled
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by modulating the interaction between ligand-capped
gold particles and polymers.3%3” In contrast, the slight
red shift in SPR band after coating with polyelectrolytes
indicated that PEI and HA were layer-by-layer as-
sembled without further aggregation of the AUCM/siRNA
clusters (Figure 3b). The results were well matched with
those by TEM image analysis (Supporting Information,
Figure S2). All these results supported the successful
formation of a layer-by-layer assembled AuCM/siRNA/
PEI/HA complex.

Cellular Uptake of AuCM/siRNA/PEI/HA Complex. As shown
in Supporting Information, Figure S4, the stability of
AuCM/siRNA, AuCM/siRNA/PEI, and AuCM/siRNA/PEI/
HA complexes was confirmed during the incubation
with B16F1 cells in the medium containing serum for
up to 24 h. Although AuCM/siRNA and AuCM/siRNA/
PEI complexes gradually aggregated and precipitated
with increasing time in the cell culture medium con-
taining serum, the AuCM/siRNA/PEI/HA complex was
very stable without aggregation and precipitation even
after incubation for 24 h. Because of the stiff and rodlike
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Figure 2. Atomicforce microscopicimages for the particle size analysis of (a) AuCM, (b) AuCM/siRNA, (c) AuCM/siRNA/PEI, and

(d) AuCM/siRNA/PEI/HA complexes.

morphology of siRNA with a length of ca. 5.5 nm, it can
be difficult for siRNA to wrap around AuCM with a di-
mension of ca. 13.4 nm."* Accordingly, AuCM/siRNA
complex might be unstable and the exposed siRNA
might be degraded by nuclease in the cell culture me-
dium containing serum. For the case of PEl coated NPs,
PEl can interact strongly with serum components re-
sulting in the aggregation of a AuCM/siRNA/PEI com-
plex. In contrast, the AuUCM/siIRNA/PEI/HA complex showed
the enhanced stability in the presence of serum, which
might be attributed to the outer-layer of HA. It is well-
known that HA can minimize the nonspecific interac-
tion with serum components.>® Then, the cellular uptake
of Au-based siRNA complexes was visualized by TEM
analysis after incubation for 24 h. Figure 4a shows the
attachment of aggregated AuCM/siRNA complexes to
the membrane of B16F1 cells. In the case of AuCM/
siRNA/PEI complexes, some of the complexes were bound
to the cell membrane and others were up-taken to the
cells in the form of large aggregates (Figure 4b). On the
other hand, AuUCM/siRNA/PEI/HA complexes were taken
up by B16F1 cells without large aggregates and well
distributed in the cytosol (Figures 4c,d). The size of
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AuNPs was reported to strongly influence the cellular
uptake of AuNPs.*® The enhanced serum stability and
the effective cellular uptake by HA receptor mediated
endocytosis might be attributed to the HA in the outer
layer of AUCM/siRNA/PEI/HA complex.

In Vitro Gene Silencing of AuCM/siRNA/PEI/HA Complex. Be-
fore gene silencing application, the cytocompatibility
of AuCM/siRNA, AuCM/siRNA/PEI, and AuCM/siRNA/
PEI/HA complexes was confirmed in B16F1 cells by
MTT assay with the cell viability higher than 90% (Sup-
porting Information, Figure S5). Then, in vitro gene
silencing of Au-based siRNA complexes was investi-
gated using luciferase-specific siRNA (siLuc) and non-
specific siRNA in B16F1 cells. The gene silencing efficiency
was ca. 30% for the AuCM/siLuc complex and ca. 50%
for both AuCM/siLuc/PEl and AuCM/siLuc/PEI/HA com-
plexes in the presence of 10 vol % serum (Figure 5a). To
simulate in vivo circumstance, the gene silencing effi-
ciency was also assessed in the presence of 50 vol %
serum. The gene silencing efficiency of AuCM/siLuc
and AuCM/siLuc/PElI complexes decreased slightly in
comparison with those in the presence of 10 vol % serum.
However, the AuCM/siLuc/PEI/HA complex resulted in
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an increased gene silencing efficiency up to the range
of 70—80%, which might be ascribed to the serum
stability of the AuCM/siLuc/PEI/HA complex. The results
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Figure 3. (a) Zeta potential analysis of Au-based siRNA
complexes in DI water. The results represent mean -+ standard
deviation (n = 3). (b) UV—vis spectra of Au-based siRNA
complexes.

(a)

can be supported by the previous report that serum
proteins are necessary for the stabilization of Au-based
complexes.”® For further assessment, the gene silen-
cing of the AuCM/siRNA/PEI/HA complex was carried
out using vascular endothelial growth factor-specific
siRNA (siVEGF) in B16F1 cells. There have been many
reports on the therapeutic application of siVEGF for the
treatment of cancer.® The gene silencing efficiency of
AuCM/siVEGF/PEI/HA complex was evaluated by real
time-polymerase chain reaction (RT-PCR) for intracel-
lular VEGF mRNA levels in the presence of 50 vol %
serum. The AuCM/siVEGF/PEI/HA complex resulted in
ca. 70% reduction of the VEGF mRNA level which was
much higher than the ca. 20% by siVEGF/Lipofecta-
mine 2000 complex (Figure 5b). It is well-known that
the gene silencing efficiency of siRNA complexed with
cationic polymers such as PEI decreases drastically in
the presence of 50 vol % serum.>® To alleviate these
problems, we previously reported the development of
siRNA/reducible PEI-b-HA complex.?® Nevertheless, the
gene silencing efficiency of siRNA/(PEI-SS)-b-HA com-
plex was lower in the presence of 50 vol % serum than
that of 10 vol % serum. Considering all these results,
the AuCM/siRNA/PEI/HA complex was thought to be
more effectively exploited for in vivo applications than
the conventional gene silencing systems.

Target Specific Gene Silencing of AuCM/siRNA/PEI/HA Com-
plex. The target-specific cellular uptake of AUCM/siRNA/
PEI/HA complex by HA receptor mediated endocytosis
was investigated by dark-field bioimaging (Figure 6) and

Figure 4. Transmission electron micrographs of B16F1 cells after incubation with (a) AuCM/siRNA, (b) AuCM/siRNA/PEI, and
(c) AuCM/siRNA/PEI/HA complexes, and (d) the magnified image of panel c.
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Figure 5. (a) Luciferase gene silencing in B16F1 cells by Au-
based siRNA complexes: control, Au-based siRNA complexes
using nonspecific siRNA, and antiluciferase siRNA in the pre-
sence of 10 vol % or 50 vol % serum from left to right. (b) VEGF
gene silencing by AuCM/siVEGF/PEI/HA complex in the pre-
sence of 50 vol % serum with the comparison to the control,
AuCM/nonspecific siRNA/PEI/HA complex, and siVEGF/Lipo-
fectamine complex. The results represent mean =+ standard
deviation (n = 3, (x) P < 0.05).

ICP—AES (Supporting Information, Figure S6). For com-
petitive binding tests, B16F1 cells with HA receptors
such as CD44 and LYVE-1*° were preincubated in a
medium containing 50 vol % serum with and without
free HA (2 mg/mL) for 1 h, and treated with AuCM/
siRNA/PEI/HA complex. After 24 h incubation and wash-
ing with PBS thrice, bioimages were taken to assess
dark-field light scattering of AuNPs in B16F1 cells.”’
Morphologies of cells were clearly visualized in the
dark by the bright scattering of AuNPs uptaken to the
cells in the absence of free HA (Figure 6b,d). However,
there was no or little dark-field light scattering for the
cases of the untreated control (Figure 6a) and preincu-
bation with free HA (Figure 6¢). In addition, the quanti-
tative analysis of the competitive cellular uptake by
ICP—AES confirmed that the AuCM/siRNA/PEI/HA com-
plex was more internalized to B16F1 cells than AuCM/
siRNA and AuCM/siRNA/PEI complexes in the absence
of free HA (Supporting Information, Figure S6). While
the cellular uptake of AuCM/siRNA and AuCM/siRNA/
PEI complexes was slightly changed in the presence of

Figure 6. Dark-field bioimages of B16F1 cells (a) without
treatment as a control and with the treatment of AuCM/
siRNA/PEI/HA complex (b) in the absence of free HA and (c)
in the presence of free HA (2 mg/mL) for competitive
binding tests, and (d) the magnified image of panel b. Scale
bars indicate 20 um.
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Figure 7. Target-specific gene silencing in the presence of
50 vol % serum: Control along with Au-based siRNA com-
plexes without and with free HA (2 mg/mL) from left to right.
The results represent mean + standard deviation (n =3, (x) P
< 0.05).

free HA, that of the AuCM/siRNA/PEI/HA complex was
drastically reduced with increasing HA concentrations.
To confirm the target-specific gene silencing by HA
receptor-mediated endocytosis of the AuCM/siRNA/
PEI/HA complex, the gene silencing tests were also
carried out in the absence and presence of free HA
(2 mg/mL). As shown in Figure 7, the gene silencing
efficiency in the presence of free HA was statistically
lower than that in the absence of free HA. The results
were well matched with the competitive binding tests
using dark-field bioimaging and ICP—AES. The outer-
layer of HA in AuCM/siRNA/PEI/HA complex was thought
to contribute to the target-specific gene silencing after
the HA receptor mediated endocytosis in B16F1 cells
with HA receptors.

Target-Specific Systemic Gene Silencing of AuCM/siRNA/PEI/
HA Complex. On the basis of the target specificity of HA
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Figure 8. (a) Apolipoprotein B (ApoB) mRNA levels after
target-specific systemic gene silencing with the control and
three kinds of AuCM/siApoB/PEI/HA complexes at the doses
of 0.45, 0.90, and 1.8 nmol of siRNA/mouse. The results
represent mean =+ standard deviation (n = 4, (x) P < 0.05
versus the control). (b) The percentage of AuNPs to injected
dose in various organs after tail vein injection of AuCM/
siRNA/PEI/HA complex. The results represent mean +
standard deviation (n = 4).

to the liver and in vitro gene silencing test results, we
carried out the target-specific systemic delivery of AuCM/
siRNA/PEI/HA complex using ApoB-specific siRNA (siApoB).
ApoB is the essential protein for the formation of low-
density lipoproteins (LDL) which is responsible for car-
rying cholesterol to tissues and expressed mostly in the
liver.*>*® It was reported that the secretion of hepatitis
Cvirus (HCV), the leading cause of liver cirrhosis, was highly
dependent on lipoproteins, and the high level of ApoB
was known to be related with heart diseases.*>** After
tail-vein injection to Balb/c mice, the AuCM/siApoB/PEI/HA

MATERIALS AND METHODS

Materials. Hyaluronic acid (HA) with a molecular weight
(MW) of 100 kDa was purchased from Lifecore Co. (Chaska,
MN). Branched polyethyleneimine (PEI) with a MW of 25 kDa,
chloroauric acid (HAuCl), and sodium borohydride (NaBH,)
were obtained from Sigma-Aldrich (St. Louis, MO). Cysteamine
dihydrochloride was purchased from Tokyo Chemical Industry
Co. (Tokyo, Japan) and dimethyl sulfoxide (DMSO) from Junsei
Chemical Co. (Tokyo, Japan). B16F1 cells of murine melanoma
were obtained from Korean Cell Line Bank (Seoul, Korea).
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum
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complex was effectively delivered to the liver, which
resulted in a drastically reduced ApoB mRNA level
down to ca. 20% in a dose-dependent manner
(Figure 8a). The results might be ascribed to the neg-
ligible nonspecific interaction with serum components
and the target-specific delivery to the liver tissues by
HA in the outer-layer of AuCM/siApoB/PEI/HA complex.
The comparative studies could not be performed with
AuCM/siRNA and AuCM/siRNA/PEI complexes because
the complexes were aggregated and precipitated in
PBS, while the AuCM/siRNA/PEI/HA complex was very
stable in PBS even after 24 h. Furthermore, after the tail-
vein injection of the AuCM/siRNA/PEI/HA complex, the
biodistribution was investigated by ICP—AES.*® Most of
the complexes accumulated in the liver (ca. 40% of
injected dose) and spleen (ca. 17% of injected dose) in
accordance with the systemic gene silencing test re-
sults. On the basis of these results taken together,
AuCM/siRNA/PEI/HA complex was thought to be ap-
plied as novel target-specific siRNA therapeutics to the
treatment of various liver diseases such as chronic
hepatitis, liver cirrhosis, and liver cancer.

CONCLUSION

A layer-by-layer assembled AuCM/siRNA/PEI/HA com-
plex was successfully developed for target-specific
gene silencing applications. The AuCM/siRNA/PEI/HA
complex had a mean particle size of 37.3 4 8.8 nm with
a negative surface charge of —12.1 £ 1.5 mV. TEM,
dark-field bioimaging, and ICP—AES analyses con-
firmed the effective cellular uptake of the AuCM/siRNA/
PEI/HA complex to B16F1 cells by HA receptor-mediated
endocytosis. With a negligible cytotoxicity, the gene
silencing efficiency of AuCM/siRNA/PEI/HA was extra-
ordinarily high in the range of 70—80% in the presence
of 50 vol % serum. The HA in the outer layer of the
AuCM/siRNA/PEI/HA complex was thought to contri-
bute to the stability and the target-specific gene silen-
cing. Moreover, target-specific systemic delivery of the
AuCM/siRNA/PEI/HA complex resulted in a drastically
reduced ApoB mRNA level down to ca. 20% in a dose-
dependent manner. The AuCM/siRNA/PEI/HA complex
might be successfully exploited for target-specific treat-
ment of various liver diseases.

(FBS), antibiotics, phosphate buffered saline (PBS), Trizol, and
Lipofectamine 2000 reagent were purchased from Invitrogen
Co. (Carlsbad, CA). MTT assay kit, pVMC luciferase plasmid, lysis
solution, and luciferase assay reagents were obtained from Pro-
mega Co. (Madison, WI), and jetPEl was obtained from Polyplus-
transfection Co. (New York, NY). First strand cDNA synthesis
kit and Taq DNA polymerase were purchased from Takara Bio
Inc. (Shiga, Japan). Anti-pVMC-Luc siRNA (siLuc), anti-VEGF
siRNA (siVEGF), and antiapolipoprotein B siRNA (siApoB) were
purchased from Bioneer Co. (Daejeon, Korea). The sequences
of siLuc are 5-UUGUUUUGGAGCGAAAdTAT-3’ (sense) and
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5-UUUCGCUCCAAAACAACTAT-3' (antisense). The sequences of
SIVEGF are 5-AUGUGAAUGCAGACCAAAGAATTATAT-3' (sense)
and 5-UUCUUUGGUCUGCAUUCACAATTATAT-3' (antisense). The
sequences of siApoB are GUCAUCACACUGAAUACCAAUCTAT-3’
(sense) and 5-AUUGGUAUUCAGUGUGAUGACATAT-3' (anti-
sense). All reagents were used without further purification.

Synthesis of Cysteamine-Modified Gold Nanoparticles. AuCMs were
prepared by the reduction of HAuCl, with NaBH, in the pre-
sence of cysteamine dihydrochloride as described elsewhere.'®
Briefly, 800 uL of cysteamine hydrochloride aqueous solution (0.2 M)
was added to 80 mL of HAuCl, aqueous solution (1.4 mM). After
stirring for 20 min, 2 mL of NaBH, aqueous solution (1 mM) was
added to the solution in a dropwise manner, which stirred at
room temperature for 12 h. The resulting solution was poured
into a prewashed dialysis membrane tube (MWCO 10 kDa) and
dialyzed against DI water for 12 h. The concentration of Au*" in
AuCM aqueous solution was measured by ICP—AES (ICAP 6000
series, Thermo scientific, Soeul, Korea). The molar concentration
of AuCM was determined by the calculation as reported else-
where*°

Preparation of the AuCM/siRNA/PEI/HA Complex. The AuCM/siRNA/
PEI/HA complex was prepared using the layer-by-layer method.
First, 4.5 mL of 10.45 nM AuCM solution was added to 0.5 mL of
6 1M siRNA solution in a dropwise manner. After stirring for 1 h,
the AuCM/siRNA complex was purified by centrifugation at
150009 for 15 min and redispersion in DI water twice. The binding
efficiency of siRNA to AuCM was analyzed by measuring the
absorbance of the supernatant of AuCM/siRNA complex at 260 nm
with an Uvikon 941 spectrophotometer (Kontron Instruments
GmbH, Germany). The amount of siRNA was determined using a
standard calibration curve. The AuCM/siRNA complex was
redispersed in 1 mg/mL of PEI solution. After stirring for 30 min,
the AuCM/siRNA/PEI complex was purified by centrifugation at
150009 for 15 min and redispersion in DI water four times. The
amount of PEl bound to the AuCM/siRNA complex was analyzed
with an ATTO-TAG CBQCA amine-derivatization kit (Invitrogen
Co., Carlsbad, CA) following the manufacturer's protocol. Finally,
the AuCM/siRNA/PEI complex was redispersed in 4 mg/mL of
HA solution. After stirring for 30 min, AuCM/siRNA/PEI/HA com-
plex was purified by centrifugation at 15000g for 15 min and
redispersion in DI water twice. The amount of HA bound to the
AuCM/siRNA/PEI complex was analyzed by the carbazole assay
as described elsewhere.?'

Characterization of AuCM/siRNA/PEI/HA Complex. The morphology
and particle size of AuCM, AuCM/siRNA, AuCM/siRNA/PEI, and
AuCM/siRNA/PEI/HA complexes were analyzed by TEM (Hitachi,
Tokyo, Japan) and AFM (VEECO Instrument Co., New York, NY).
For the TEM analysis, each 10 uL drop of the Au-based siRNA
complex solutions was placed on 300 mesh copper TEM grids
with a carbon film, air-dried, and analyzed with the TEM operating
at 300 kV. For the AFM analysis, each 100 uL of the Au-based siRNA
complex solutions was placed on a silicon wafer. The silicon wafer
was air-dried for 5 h and then the remaining solution on the silicon
wafer was blown away using a syringe pump. The average
complex particle size was determined from the vertical distance
of 100 particles of AuCM, AuCM/siRNA/PEI, and AuCM/siRNA/PEI/
HA complexes, and 60 particles of AUCM/siRNA complex on the
AFM images. The hydrodinamic diameter and the surface charge
of Au-based siRNA complexes in DI water were characterized by
DLS (Zetasizer Nano, Malvern Instrument Co., UK). The Au-based
siRNA complexes were also analyzed with an UV—vis spectro-
photometer (S-3100, Scinco Co., Seoul, Korea).

TEM Imaging for the Cellular Uptake. Forthe TEM imaging, B16F1
cells were grown in 100 mm culture dishes to 90% confluency.
Cells were treated with AuCM/siRNA, AuCM/siRNA/PEI, and
AuCM/siRNA/PEI/HA complexes in DMEM with 50 vol % FBS.
After incubation for 24 h, cells were washed with PBS thrice,
detached, pelleted by centrifugation, fixed with 2% glutaralde-
hyde in cacodylate buffer overnight, and rinsed with 0.1 M
cacodylate buffer. Postfixation was performed for 100 min in 1%
osmium tetroxide at 4 °C. After several washing steps with 0.1 M
cacodylate buffer, the sample was embedded in agarose and
dehydrated in a graded series of ethanol (70, 80, 90, 95,
and 100 vol %). Then, the sample was embedded in Epon.
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Ultrathin sections with a thickness of ca. 70 nm were imaged
at 20 kV using a TEM (JEM-1011, JEOL LTD, Tokyo, Japan).

In Vitro Gene Silencing. B16F1 cells were dispersed into 24-well
plate at a population of 2 x 10* cells/well and incubated at 37 °C
for 24 h. B16F1 cells were pretransfected with PVMC-Luc
plasmid as described elsewhere.?® Briefly, cells were pretrans-
fected with 0.5 mL of serum-free DMEM containing 1 ug of
PVMC-Luc vector using a jetPEl reagent following the product
instruction. After incubation for 3 h and the subsequent wash-
ing with PBS several times, the Au-based siLuc complexes were
transfected at a siRNA concentration of 100 nM for gene silencing
in DMEM containing 10 vol % and 50 vol % FBS, respectively.
After incubation for 24 h, the transfected cells were lysed with a
lysis buffer of 1 wt % Triton X-100, and then 10 uL of the lysed
solution was mixed with 25 uL of luciferase assay solution. In
comparison to the gene silencing by nonspecific siRNA, the
luciferase activity was measured with a luminescence micro-
plate reader (Luminoskan Ascent, Lab systems, Germany). Further-
more, the target-specific gene silencing of AUCM/siRNA/PEI/HA
complex in B16F1 cells was investigated by the competitive
gene silencing tests in DMEM containing 50 vol % FBS and 2 mg/mL
of free HA. For VEGF gene silencing tests, AuCM/siVEGF/PEI/HA
complex was prepared using the same protocol as described
above. B16F1 cells were seeded on a 6-well plate at a density of
1 % 10° cells/well and incubated at 37 °C for 24 h. AuCM/siVEGF/
PEI/HA complex was transfected to the cells in DMEM contain-
ing 50 vol % FBS for 24 h in comparison with AuCM/nonspecific
siLuc/PEI/HA complex and siVEGF/Lipofectamine 2000 complex
following the manufacturer's protocol. The cells were lysed with
Trizol and RNA was extracted from the cells. Then, 1 ug of the
RNA was reversely transcribed to cDNA using the first strand
cDNA synthesis kit following the manufacturer's protocol. The
VEGF mRNA level was measured by RT-PCR with Tag DNA
polymerase and normalized with the GAPDH mRNA level. The
primer sequences were as follows. GAPDH: forward, 5'-AGGCC-
GGTGCTGAGTATGTC-3'; and reverse, 5-TGCCTGCTTCACCACC-
TTCT-3'. VEGF: forward, 5'-GGAGATCCTTCGAGGZGCACTT-3'; and
reverse, 5-GGCGATTTAGCAGCAGATATAAGAA-3'. PCR para-
meters were as follows: initial denaturation for 5 min at 95 °C
followed by 40 cycles of 30 s at 95 °C and 30 s at 53 °C.

Dark-Field Bioimaging. B16F1 cells were seeded on 8-well
culture slides (Bedford, MA) at a density of 1 x 10* cells/well
and incubated for 24 h. Then, culture medium was exchanged
with DMEM containing 50 vol % FBS with and without 2 mg/mL
of free HA. After incubation for 1 h, the cells were treated with
AuCM/siRNA/PEI/HA complex at 37 °C for 24 h. The B16F1 cells
without treatment were used as a negative control. The cells
were washed with PBS thrice, fixed with 4 vol % paraformalde-
hyde, and analyzed by dark-field bioimaging (Axioplan 2 Micro-
scope, Carl Zeiss, Germany).

Target-Specific Systemic Gene Silencing. The systemic target-spe-
cific gene silencing of AuCM/siApoB/PEI/HA complex was as-
sessed by measuring the ApoB mRNA level using RT-PCR and
normalizing with GAPDH mRNA level. Four groups of male Balb/c
mice at an average age of 5 weeks were treated with the control
of PBS and three kinds of AuCM/siApoB/PEI/HA complexes at
the doses of 0.45,0.90, and 1.8 nmol of siRNA/mouse in 0.2 mL of
PBS, respectively. After 24 h, the mice were sacrificed and the
dissected livers were lysed with Trizol to extract RNA from
the liver cells. Then, 1 ug of the RNA was reversely trans-
cribed to cDNA using the first strand cDNA synthesis kit follow-
ing the manufacturer's protocol. The cDNA was amplified using
Taq DNA polymerase. The primer sequences were as follows.
GAPDH: forward, 5-AGGCCGGTGCTGAGTATGTC-3'; and re-
verse, 5'-TGCCTGCTTCACCACCTTCT-3'. ApoB: forward, 5'-TTT-
TCCTCCCAGATTTCAAGG-3'; and reverse, 5'-TCCAGCATTGGTA-
TTCAGTGTG-3'.

Biodistribution. Male Balb/c mice at an average age of 5
weeks were treated with the negative control of PBS and
AuCM/siLuc/PEI/HA complex at a dose of 1.8 nmol siRNA/mouse
in 0.2 mL of PBS. After 24 h, the mice were sacrificed and the dis-
sected organ samples were dried. The Au>" content was deter-
mined by ICP—AES.*® The organ samples were dissolved in 10 mL
of freshly prepared aqua regia with heating until the solution
became transparent. After evaporation, 10 mL of 50% HCl and
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10 mL of 50% HNO3 were added, filtered using a filter paper, and
diluted to the final volume of 50 mL with DI water. The samples
(n = 4) were analyzed by ICP—AES (ICAP 6000 series, Thermo
scientific, Soeul, Korea). Samples treated as described above but
without addition of AuNPs were used as the control for back-
ground subtraction. Using the Au peak at 267.6 nm, all stan-
dards were made with gold(lll) chloride at a concentration of
0.1, 0.5, 1, 5, and 10 ppm. All measurements of standards and
samples were carried out with the ICP—AES system performed
ata RF power of 1350 W, a pump rate of 50 rpm, and a nebulizer
gas flow of 0.6 lpm Ar.

Statistical Analysis. The data are expressed as means =+ stan-
dard deviation from several separate experiments. Statistical
analysis was carried out via t-test using the software of Sigma-
Plot 10.0, and a value for P < 0.05 was considered statistically
significant.
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