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Figure 2. (A) Change in the diffusion coefficient of Cy3-siRNA upon polyionic complexation with PEG-PLL-SH in 10 mM Hepes
buffer (pH 7.2) (Cy3-siRNA concentration = 10 nM). Results are expressed as mean and standard deviation (n = 10). (B)
Diffusion coefficients of Cy3-siRNA-containing PICs prepared at [PEG-PLL-SH]/[siRNA] = 1.0 in various media (Cy3-siRNA
concentration = 10 nM). Results are expressed as mean and standard deviation (n = 10).

of single 21mer/21mer siRNA and form uPICs through
charge-matched polyionic complexation (Figure 1).
The obtained PEG-PLL with TFA protective groups
(PEG-PLL(TFA)) was determined to possess the DPp
of 38 in 'TH NMR spectrum (data not shown). The
primary amine in the w-end of PEG-PLL(TFA) was
further modified with LC-SPDP for thiol-gold coordi-
nate bonding, and the quantitative introduction of LC-
SPDP was confirmed in "H NMR spectrum (Figure S1,
Supporting Information (SI)). After successive removals
of TFA and pyridyl groups with sodium hydroxide and
dithiothreitol (DTT), respectively, the thiolated PEG-PLL
(PEG-PLL-SH) was mixed with Cy3-labeled siRNA (Cy3-
siRNA) at varying mixing ratios in 10 mM Hepes buffer
(pH 7.2), and then characterized by fluorescence
correlation spectroscopy (FCS). Note that FCS can
determine a diffusion coefficient (D) of highly dilute
fluorescent molecules even in serum-containing
media.?'?? The D values of PEG-PLL-SH/Cy3-siRNA
mixtures decreased progressively with a molar ratio
of PEG-PLL-SH to siRNA ([PEG-PLL-SHI/[siRNA]) and
leveled off at [PEG-PLL-SH]/[siRNA] = 1 (Figure 2A).
The initial decrease in the D indicates PIC formation
between Cy3-siRNA and PEG-PLL-SH. The following
plateau region in the D strongly suggests that all
the Cy3-siRNAs were complexed with PEG-PLL-SH at
[PEG-PLL-SHI/[siRNA] = 1, and an excess amount of
PEG-PLL-SH at [PEG-PLL-SH]/[siRNA] > 1 did not bind to
siRNA. The PIC prepared at [PEG-PLL-SH]/[siRNA] = 1
was further characterized by analytical ultracentrifuga-
tion (AUC) based on the absorbance at 260 nm for a
precise structural determination. The molecular weight
(MW) of PICs in 10 mM Hepes buffer (pH 7.2) containing
150 mM NaCl was calculated by combining the AUC
(sedimentation equilibrium) data with a partial specific
volume (PSV) of PICs (0.602 cm®/g) and the buffer
density (1.005 cm3/g). Note that the PSV of PICs was
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determined as a mass average of PSV of siRNA
(0.508 cm®/g) and PSV of PEG-PLL (0.753 cm®/g). The
major parameters used for the calculation of MW of
PICs are summarized in Table S1 (SI). The PIC exhibited
a MW of approximately 22 kDa, consistent with the
formation of a uPIC comprising a single pair of PEG-PLL
(MW = 7200 Da) and siRNA (MW = 13300 Da). Single
siRNA loading in uPIC was confirmed by using FCS. The
association number of siRNA in the PIC was determined to
be 0.9 £ 0.1 using 10 nM Cy3-siRNA. It was calculated by
normalizing the fluorescent particle number (or ampli-
tude number particle) of the PIC to that of naked siRNA.
Note that the diffusion coefficient of uPICs determined
at 10 nM siRNA (~50 um?/sec) was maintained even
at much higher concentrations, i.e., 20 and 40 uM
siRNA (Table S2 (SI)), indicating that the similar uPICs
were also prepared under the preparation condition of
UPIC-AuNPs (17 uM siRNA). The uPIC formation with
a single pair of siRNA and PEG-PLL (DP of PLL = ~40)
can be further validated from the standpoint of
their molecular structures. Considering the fact that
siRNA adopts a right-handed A-form helix with 11 bp
per helical turn, a helical pitch of 2.8 nm, and a
diameter of 2.3 nm,?® PLL segment having the maxi-
mum main chain length of 4.1 nm per 11 amino
acids and the maximum side chain length of 0.65 nm
can completely make ion pairs with siRNA phos-
phates along the helical structure. Nevertheless, the
complete ion pair formation between siRNA and
PLL remains to be evidenced in further studies. The
stability of uPICs prepared at [PEG-PLL-SH]/[siRNA] =
1 was further investigated by FCS (Figure 2B). The
addition of 10% fetal bovine serum (FBS) and a
physiological salt hardly affected the D values of
the uPICs, indicating stable PIC formation under the
biological conditions. These results demonstrated
that the stable uPICs were selectively prepared using
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Figure 3. (A) UV—vis absorbance spectra of various sample solutions. Bare AuUNP: AuNPs without PICs in 10 mM Hepes buffer
(pH 7.2), uPIC-AuNP: uPIC-loaded AuNPs in 10 mM Hepes (pH 7.2) containing 150 mM NaCl, uPIC w/o thiol + AuNP:
the mixture of AuNPs and uPICs prepared with nonthiolated PEG-PLL in 10 mM Hepes (pH 7.2) containing 150 mM NaCl,
and PEG-PLL-SH + AuNP: the mixture of AuNPs and thiolated PEG-PLL without siRNA. (B) TEM image of uPIC-AuNPs. (C)
Intensity-based DLS histograms of various sample solutions. Bare AuNP: AuNPs without PICs in 10 mM Hepes buffer (pH 7.2),
uPIC-AuNP: uPIC-loaded AuNPs in 10 mM Hepes (pH 7.2) containing 150 mM NacCl (solid line) or 10% FBS (dashed line), and
uPIC w/o thiol + AuNP: the mixture of AuNPs and uPICs prepared with nonthiolated PEG-PLL in 10 mM Hepes (pH 7.2)
containing 150 mM NacCl. All samples were incubated overnight at ambient temperature (AuNP concentration: 12 nM).

PEG-PLL bearing ~40 positive charges, allowing their
use as monodispersed building blocks for nano-
construction.

Preparation and Characterizations of the Smart uPIC-AuNP
Nanoarchitecture. uPICs were used as monodispersed
building blocks for the construction of smart uPIC-AuNP
nanoarchitectures (Figure 1). Specifically, the uPICs,
which were prepared at [PEG-PLL-SH]/[siRNA] = 1 in
10 mM Hepes buffer (pH 7.2), were mixed with 20 nm
AuNPs at a molar ratio ([siRNA]J/[AuNP]) = 360 in the
same buffer, then incubated at 4 °C for 8 h. Unbound
uPICs were removed thoroughly by repeated centrifu-
gal steps and the resulting uPIC-AuNPs were dispersed
in 10 mM Hepes buffer (pH 7.2) containing 150 mM
NaCl. The successful conjugation of uPICs onto AuNP
was verified by UV—vis absorbance spectra, transmis-
sion electron microscopy (TEM), and dynamic light
scattering (DLS). The absorbance spectrum of uPIC-
AuNPs suggested that flocculation of AuNPs hardly
occurred during the conjugation process, as a notable
change in the absorbance spectra based on the surface
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plasmon resonance was not observed between bare
AuNPs and uPIC-AuNPs (Figure 3A). Furthermore, the
TEM image depicted that the uPIC-AuNPs were com-
posed of single AuNP without particle aggregation,
as their spherical shapes with a narrow size distribu-
tion (Figure 3B) were similar to those of the bare
AuNP templates (Figure S2 (SI)). On the other hand,
the intensity-based DLS histograms clearly show
an increase in size of AuNPs after uPIC conjugation
(Figure 3C). The peak top in the histogram was shifted
from ca. 23 nm in bare AuNPs to ca. 38 nm in uPIC-
AuNPs. Considering that the siRNA length is ca. 6 nm**
and a hydrodynamic radius of PEG (MW = 2200) in
a random coil is ca. 1.5 nm,?> this size increase is
consistent with the conjugation of uPICs on AuNP, as
illustrated in Figure 1B. In addition, the zeta-potential of
UPIC-AuNPs was determined to be —24.7 + 0.4 mV. This
value was significantly higher in the positive direction
than that of bare AuNPs (—31.3 £ 1.2 mV), consistent
with the presence of PEG outer shell in uPIC-AuNPs. It
should be noted that the uPIC-AuNPs maintained their
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size and size distribution even after overnight incuba-
tion in 10% FBS-containing media (Figure 3C), indicat-
ing the high stability of these nanoarchitectures in
the biological media. These results clearly demonstrate
that the uPIC-AuNPs were successfully constructed in
a size-regulated and monodispersed manner.

Next, the number of uPICs (or siRNAs) loaded in
the uPIC-AuNPs was determined using a fluorescently
labeled siRNA. The uPIC-AuNPs prepared with
Alexa647-labeled siRNA (Alexa-siRNA) were treated
with an excess amount of mercaptoethanol (12 mM)
to induce a thiol exchange reaction on the AuNP
surface.'® The amount of released uPIC was quantified
from its fluorescence intensity in the supernatant
according to the standard curve (Figure S3 (SI)), and
normalized by the amount of AuNP in solution. The
number of loaded uPICs was calculated to be ca. 20 per
AuNP. This value is slightly smaller than that for previous
siRNA-loaded AuNP systems, where thiolated siRNAs
were directly attached to AuNPs and the number of
loaded siRNA amounted to ca. 30 per AuNP® The
difference between these two formulations could be
explained by their different spacer length between thiol
and the charged segment. The thiolated siRNA had a
longer spacer than the present PEG-PLL-SH polymer,
alleviating the steric repulsive effects on the AuNP surface.

With regard to the nanoconstruction of uPIC-
AuNPs, it was verified whether the preformation of
UPICs and the thiol moiety in PEG-PLL-SH were indis-
pensable for successful preparation of the uPIC-AuNPs.
When PEG-PLL-SH polymers were directly mixed with
AuNPs prior to PIC formation (or in the absence of
siRNA), visible flocculates were formed as indicated
by the red-shift in their UV—vis absorbance spectrum
(Figure 3A),"8 probably due to consecutive electrostatic
binding between negatively charged citrate-stabilized
AuNPs and oppositely charged PLL segments. On the
other hand, the mixing between AuNPs and uPICs
prepared with nonthiolated PEG-PLL led to the forma-
tion of considerably larger nanoparticles (DLS peak top:
~120 nm) with a broader size distribution (Figure 3C)
and a slightly broader absorbance spectrum (Figure 3A)
compared to the uPIC-AuNPs. This result indicates that
a large number of AuNPs aggregated into larger parti-
cles under the physiological salt condition as a result of
low colloidal stability through ineffective surface PEGy-
lation in the absence of thiol-gold coordinate bonding.
Note that bare AuNPs immediately aggregated to
form visible flocculates by salting-out effect under the
same condition (data not shown). Thus, the successful
preparation of uPIC-AuNPs may stem from (i) the
charge-neutralization of cationic PLL segment with
siRNA, which reduces the electrostatic adsorptions
between PLL chains and AuNPs, and (ii) the effective
conjugation of uPICs (or PEG chains) onto AuNPs
through thiol-gold coordinate bonding, which en-
hances colloidal stability.
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The reversible stability of uPIC-AuNPs was verified
by mimicking cytoplasmic reductive conditions as well
as the extracellular conditions. The nanoarchitectures
were incubated in a heparin solution with or without
10 mM GSH, which corresponds to the cytoplasmic
concentration. In this stability assay, heparin was used
as a representative of glycocalyx that is a major com-
ponent of extracellular matrices and is abundant in the
renal basement membrane. Glycocalyx is considered
as a major obstacle for PIC-based siRNA delivery be-
cause PICs might be disrupted through electrostatic
interactions with the negatively charged matrices.?’
In the absence of heparin and GSH, almost no bands
derived from siRNA were observed for both uPICs
and uPIC-AuNPs (Figure 4A), confirming the polyionic
complexation of siRNA as indicated by the FCS result
(Figure 2A). It should be noted that the staining of
siRNA with SYBR Green Il was significantly impaired
when siRNA forms PICs with PEG-PLL, leading to almost
no fluorescence signal from the siRNAs loaded by uPICs
as well as uPIC-AuNPs. The heparin treatment induced
a concentration-dependent siRNA release from uPICs
and uPIC-AuNP by counter polyanion exchange. How-
ever, this release required more heparin in the case of
UPIC-AuNPs compared to uPICs. In particular, while the
released siRNA was clearly observed upon treatment of
uPICs with 1 ug/mL of heparin, almost no band was
detected for uPIC-AuNPs under the same conditions.
These results indicate that uPICs conjugated onto the
AuNP were more stable than free uPICs. This enhanced
PIC stability may be attributed to the PEG outer layer
surrounding uPIC-AuNP.

In contrast, the GSH-treated uPIC-AuNPs showed a
band of released siRNA with smaller amount of hepar-
in, compared to those in the absence of GSH, demon-
strating the GSH-responsive siRNA release from uPIC-
AuNPs. The underlying mechanism for this GSH-re-
sponsive release can be explained as follows. GSH (or
its cystein thiol) can detach uPICs from AuNP through
the thiol—thiol exchange reaction. The detached uPICs
should become more sensitive for counter polyanion
exchange with heparin as indicated by Figure 4A
(UPIC 4 Heparin lanes vs uPIC-AuNP + Heparin lanes),
resulting in the facilitated siRNA release. This can be
explained by the fact that the cysteine thiol in GSH can
competitively interact with coordinate bonds between
uPICs and AuNP, forming alternative coordinate bonds
with AuNPs (or uPICs) that promote the detachment
of uPICs from uPIC-AuNPs. In this regard, it is worth
mentioning that the GSH-treated uPIC-AuNPs also
released siRNA in the absence of heparin. GSH alone
did not release siRNA from uPICs even at 50 mM
(Figure 4B), suggesting that the coexistence of GSH
and AuNPs should be crucial for the siRNA release.
We assumed that GSH-conjugated AuNPs (GSH-
AuNPs), which should be generated by incubation of
UPIC-AuNPs with GSH, might elicit siRNA release from
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Figure 4. (A) Stability assay of uPICs and uPIC-AuNPs (400 nM siRNA) incubated with heparin (0, 1, 2, and 3 4g/mL) and GSH
(0 and 10 mM). At 10 min after incubation, the solutions were loaded onto 1% agarose gel (1 x Tris/Borate/EDTA (TBE) buffer),
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presence of various GSH concentrations. (C) Gel electrophoresis of AuNPs solutions treated with GSH or cysteine. Arrows
indicate the AuNP positions. (D) Gel electrophoresis of uPICs solutions in the presence of AuNPs pretreated with GSH (GSH-
AuNP) or with cysteine (Cys-AuNP). (E) Schematic illustration of the proposed mechanism for intracellular siRNA release from

uPIC-AuNPs in the presence of GSH.

uPICs; the GSH-AuNPs that have negative surface
charges derived from one excess of carboxyl group
in GSH can bind to oppositely charged PEG-PLL in
UPICs, directed toward siRNA release. To verify this

KIM ET AL.

assumption, an additional release assay was performed
using GSH-AuNPs prepared as a negatively charged
nanoparticle and cysteine-conjugated AuNPs (Cys-
AuNPs) which were prepared as a control nanoparticle
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Figure 5. (A) Gene silencing efficiency of uPICs and uPIC-AuNPs loaded with siLuc or siCont at 100 and 200 nM siRNA in
cultured Hela-Luc cells after 48 h incubation. Results are expressed as mean and standard deviation (n = 4). (B) Flow
cytometry analysis of siRNA cellular uptake efficiency in cultured HeLa-Luc cells incubated for 24 h with uPIC-AuNPs or uPICs
at 200 nM Alexa-siRNA. (C—E) CLSM images of HeLa-Luc cells treated with uPIC-AuNPs at 200 nM Alexa-siRNA for 24 h.

modified with a neutral amino acid. The significant
negative charges of GSH-AuNPs were confirmed by the
agarose gel electrophoresis (Figure 4C), where GSH-
AuNPs were clearly shifted to the positive electrode,
compared to Cys-AuNPs. As expected, GSH-AuNPs
permitted siRNA release from uPICs in a concentra-
tion-dependent manner (Figure 4D). In contrast, much
lower amounts of released siRNA were detected using
Cys-AuNPs (Figure 4D). These results are consistent
with the above assumption that the negative charges
derived from GSH conjugated on AuNPs should be
crucial for the effective release of siRNA from uPICs.
Altogether, it is strongly suggested that the uPIC-
AuNPs internalized by cells should accelerate siRNA
release in response to abundant cytoplasmic GSH, as
illustrated in Figure 4E.

The stability of uPIC-AuNPs was further compared
with a control conjugate without PEG-PLL (siRNA-
AuNP), which was prepared by mixing thiolated siRNAs
with AuNPs. In this stability assay, each conjugate
prepared with Cy5-siRNA was incubated in 10 mM
Hepes buffer (pH 7.2) containing 150 mM NaCl and
10% FBS. The fluorescence intensity derived from Cy5
was sequentially monitored using a plate reader, then
normalized to that of free Cy5-siRNA (Figure S4 (SI)).
The increase in the fluorescence intensity, presumably
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due to the dequenching effect of Cy5, was smaller in
UPIC-AuNPs compared to siRNA-AuNPs, indicating that
the uPIC-AuNPs more effectively suppressed disinte-
gration of the conjugate structure (or degradation of
siRNA) in the serum-containing medium. This result
demonstrates an advantage of the conjugate formula-
tion using PEG-PLL.

Cellular Delivery of siRNA with uPIC-AuNPs. Cellular deliv-
ery of siRNA by uPIC-AuNPs was first investigated by a
luciferase assay, in which the gene silencing of uPIC-
AuNPs was evaluated from the luciferase activity
(or luminescence intensity) in cultured cervical cancer
cells stably expressing luciferase (Hela-Luc). Nano-
architectures bearing luciferase siRNA (siLuc) or control
siRNA (siCont) were incubated with Hela-Luc cells
for 48 h prior to the measurement of luminescence
intensity. The uPIC-AuNPs carrying siLuc significantly
reduced the luciferase activity, i.e., ~25 and ~40% at
100 and 200 nM siRNA, respectively, whereas siCont-
loaded controls showed no decrease in the luciferase
activity (Figure 5A), demonstrating the sequence-
specific gene silencing effect of uPIC-AuNPs. In sharp
contrast, siLuc-loaded uPICs without AuNPs induced
no gene silencing effect at both siRNA concentrations.
These results indicate that the AuNPs templates were
indispensable in enhancing the gene silencing effect
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of uPIC-AuNPs. The gene silencing efficiency obtained
by uPIC-AuNPs was apparently similar and lower
compared to previously reported siRNA-conjugated
AuNPs?® and their complexes with cationic poly(3-
amino ester)s,”® respectively. The lower efficiency may
be due to the PEG outer layer on uPIC-AuNP surface,
which can compromise the adsorptive endocytosis
of nanoparticles through the steric repulsive effect,’
leading to less cellular uptake of siRNA compared to
the positively charged nanoparticle carrier. Cell viability
was further examined in cultured Hela-Luc cells under
the similar condition to the luciferase assay (Figure S5
(SD). Neither uPIC-AuNPs nor uPICs affected the cell
viability until 400 nM siRNA. Thus, negligible cytotoxic
effect was confirmed for these formulations.

In order to elucidate which step in the cellular
delivery of siRNA generated the dramatic improve-
ment in the gene silencing effect of uPIC-AuNPs, we
further addressed cellular uptake and intracellular
trafficking studies using Alexa-siRNA. The cellular up-
take efficiency of Alexa-siRNA was determined by flow
cytometric analyses for the Hela-Luc cells incubated
with uPIC-AuNPs or uPICs at 200 nM Alexa-siRNA
for 24 h (Figure 5B). Cells treated with uPIC-AuNPs
exhibited 70-fold higher mean fluorescence intensity
than those with uPICs without AuNPs, indicating a
significantly enhanced cellular uptake of siRNA upon
conjugation of uPIC to AuNPs. It should be further
noted that the enhanced cellular uptake of uPIC-AuNPs
was clearly observed even after treating the cells with
a heparin/DTT solution after 6 and 24 h incubation
(Figure S6 (SI)), suggesting that the Alexa-siRNA pay-
loads should be within the cells but not bound to the
cellular surface. This result matches the greater gene
silencing effect of uPIC-AuNPs (Figure 5A). The higher
efficiency of the cellular uptake of uPIC-AuNPs may
be attributed to their higher stability against counter
polyion exchange with negatively charged glycosami-
noglycans, compared to uPICs (Figure 4A). uPIC-AuNPs
should be more stable on the cell surface coated with
anionic glycocalyx,?® facilitating the cellular uptake of
siRNA through charge-neutralization and reduced
electrostatic repulsion between siRNA and the cell
surface. The detailed mechanism for the cellular uptake
of uPIC-AuNPs remains to be further investigated. The
intracellular trafficking of uPIC-AuNPs was observed
by a confocal laser scanning microscope (CLSM)
(Figure 5C—E). While cells treated with uPICs exhibited
almost no fluorescence (Figure S7 (SI)), the fluorescent
signal of Alexa-siRNA was clearly observed in cells
treated with uPIC-AuNPs (Figure 5C), consistent
with flow cytometric results (Figure 5B). The bright
field image depicts that numerous AuNPs were con-
currently internalized by the cells and mainly distrib-
uted in the perinuclear region (Figure 5D). Based
on the overlay image (Figure 5E), the correlation
between intracellular Alexa-siRNA and AuNPs was then
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calculated to be nearly 1 by Mander's correlation
coefficient. This high level of the correlation strongly
suggests that siRNA molecules (or uPICs) are interna-
lized together with AuNPs and subsequently delivered
to the perinuclear regions, such as the late endosome
or lysosome, by microtubule tracking.>® Accordingly,
siRNA translocation from the endosome or lysosome
to the cytoplasm will be one of the critical steps
for improving the gene silencing efficiency in a future
study.

Systemic Delivery of siRNA to a Subcutaneous Tumor Model
using uPIC-AuNPs. As demonstrated in many previous
studies, sub-100 nm-sized nanoparticles featuring
longevity in circulation can efficiently accumulate in
solid tumors through the leaky tumor vasculature and
immature lymphatic drainage via EPR effect.'"'? The
MW of uPICs was determined to be 22000 Da by the
AUC method, thereby they are expected to be elimi-
nated by renal filtration.?" Indeed, it was demonstrated
that 90% of uPICs prepared with Alexa-siRNA were
eliminated from the bloodstream in 10 min after
intravenous injection (Figure S8 (SI)), when the fluo-
rescence intensity from the vein of murine earlobe
was time-dependently monitored by an intravital real-
time confocal laser scanning microscope.**** Thus, we
conjugated uPICs onto AuNPs (20 nm in diameter) to
regulate the carrier size for evading such rapid clear-
ance, directed toward longer blood circulation. The
UPIC-AuNPs (or bare AuNPs as a control) were injected
intravenously into mice and blood samples were col-
lected after a designated time. The concentration
of AuNP in plasma was determined by ion coupled
plasma-mass spectrometer (ICP-MS) and normalized
to the initial dose. Note that the blood circulation time
of uPIC-AuNPs was estimated by ICP-MS instead of
confocal laser scanning microscope because the fluo-
rescence intensity of Alexa-siRNA was considerably
quenched on the AuNP surface. The time for 90%
elimination of uPIC-AuNPs (ca. 180 min) was three
times longer than that for bare AuNPs (ca. 60 min)
(Figure 6A) and 1 order of magnitude longer than that
for uPICs (ca. 10 min). The longer blood circulation time
in UPIC-AuNP should be attributed to its uniformly
controlled size at ca. 40 nm, circumventing renal
filtration. This result also indicates that the uPICs con-
jugated on the AuNP significantly improved the blood
circulation longevity of AuNPs, presumably because
the PEG outer layer reduced nonspecific interactions
with blood components.>**

Next, the accumulation of systemically adminis-
tered uPIC-AuNPs in subcutaneous Hela-Luc tumors
was evaluated based on the fluorescence intensity of
excised tumors using an in vivo imaging system (IVIS)
instrument and compared with several controls, such
as naked siRNA, uPICs, and the mixture of AuNPs
and uPICs without thiol (Figure 6B). The fluorescence
intensities of Alexa-siRNA delivered by uPICs or the
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Figure 6. (A) Blood circulation property of uPIC-AuNPs (open circle) and bare AuNPs as a control (open triangle) determined
by ICP-MS. Results are expressed as mean and standard deviation (n = 3—4). (B) Subcutaneous HeLa-Luc tumor accumulation
of Alexa-siRNA delivered by each formulation at 4 h after intravenous injection (4.8 ug siRNA/mouse), determined by IVIS.
Results are expressed as mean and standard deviation (n = 4, *: P < 0.01). (C) Increasing rate of luminescence intensity (IRy;)
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Hepes buffer control. The IR, values were calculated as an indicator of luciferase gene silencing activity, as described in the
Materials and Methods. Results are expressed as mean and standard error of the mean (n = 4, *P < 0.05).

mixture of AuNP/uPICs without thiol were similar to
that of naked Alexa-siRNA. In contrast, a significantly
higher fluorescence intensity was observed for uPIC-
AuNPs (p < 0.01 for the other samples), indicating the
enhanced tumor accumulation of uPIC-AuNPs. This
fluorescence intensity in the tumor was converted to
14 £ 4 in terms of % dose/g of tumor using a standard
curve. Note that the fluorescence intensity of uPIC-
AuNPs was likely to be underestimated compared to
free uPICs because of the quenching effect of AuNPs:
ca.65% of the fluorescence signal was quenched in the
UPIC-AuNPs. Apparently, this result is correlated with
the blood circulation property of delivery carriers,
as the efficient tumor accumulation was achieved
by the long-circulating uPIC-AuNPs. Furthermore, the
comparison between uPIC-AuNPs and the mixture
of AuNP/uPICs without thiol reveals the key role of
the strong binding between uPICs and AuNPs for
the enhanced tumor accumulation of siRNA. Weakly
bound uPICs on AuNPs might be readily detached
from the nanotemplate in the circulation, presumably
leading to the renal filtration, similar to uPICs without
AuNPs and naked siRNA.

KIM ET AL.

Finally, the gene silencing efficiency of systemically
administered uPIC-AuNPs was investigated in sub-
cutaneous Hela-Luc tumors by the luciferase assay.
The luminescence intensity emitted from Hela-Luc
tumors was measured using an IVIS instrument after
intraperitoneal injection of a luciferin substrate. An
increasing rate of luminescence intensity was signifi-
cantly reduced to approximately 50% in the tumors
treated with siLuc-containing uPIC-AuNPs, compared
to a buffer-treated control and siCont-containing
uPIC-AuNPs (Figure 6C). Thus, the uPIC-AuNPs were
demonstrated to successfully induce the sequence-
specific gene silencing in the tumor tissue through
systemic administration, probably due to the efficient
tumor accumulation associated with its longevity in
the blood. It should be noted that severe cytokine
induction was not observed after systemic administra-
tion of uPIC-AuNPs at the similar dose (Figure S10 (SI)).
Interestingly, a slight increase in the TNF-a level
observed for bare AuNPs at 6 h after injection
was apparently reduced in uPIC-AuNPs, possibly
due to the biologically inert PEGylated surface of
uPIC-AuNPs.
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Recent studies, including ours, revealed that precise
size controlling below 100 nm had a great impact on
the nanoparticle accumulation and permeation in a
variety of tumor models. Specifically, sub-50 nm-sized
nanoparticles achieved considerably higher accumula-
tion efficiency in thick fibrotic pancreatic tumor tissues
compared to 100 nm-sized controls."* The methodol-
ogy developed in this study can build size-tunable
nanoarchitectures featuring monodispersed uPIC
building blocks and size-preset AuNP nanotemplates.
Consequently, the constructed uPIC-AuNP nanoarchi-
tectures enabled the efficient tumor accumulation
of siRNA and significant in vivo gene silencing effect
in the tumor, demonstrating their potential for siRNA-
based cancer therapies.

CONCLUSIONS

In the present study, the size-tunable and reversibly
stabilized nanoarchitecture was constructed with a
monodispersed building block of uPICs and a size-
preset nanotemplate of AuNPs for systemic siRNA
delivery to solid tumors. The monodispersed uPICs
were prepared with a single charged pair of siRNA

MATERIALS AND METHODS

Materials. ¢-Trifluoroacetyl--lysine  N-carboxy anhydride
(Lys(TFA)-NCA) was prepared by the Fuchs—Farthing method
using triphosgene.35 o-Methoxy-w-amino PEG (PEG-NH,,
M,, = 2200) was obtained from NOF Co., Ltd. (Tokyo, Japan).
N,N-Dimethylformamide (DMF) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Dithiothreitol (DTT),
dimethyl sulfoxide (DMSO), diisopropylethylamine (DIPEA), and
Dulbecco's modified Eagle's media (DMEM) were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). DMSO, DMF, and
DIPEA were purified by distillation under reduced pressure.
Gold nanoparticle (20 nm in diameter) was purchased from
BBInternational (Cardiff, UK). Succinimidyl 6-[3-(2-pyridyldithio)-
propionamido]hexanoate (LC-SPDP) was obtained from Pierce
(Rockford, IL, USA). Hepes (1 M, pH 7.3) was purchased from
Amresco (Solon, OH, USA). The luciferase-expressing human
cervical cancer cell line, Hela-Luc, was purchased from Caliper
LifeScience (Hopkinton, MA, USA). Fetal bovine serum was
provided by Dainippon Sumitomo Pharma Co., Ltd. (Osaka,
Japan). BALB/c nude and BALB/c mice were purchased from
Charles River Japan (Kanagawa, Japan). siRNAs were synthesized
by Hokkaido System Science Co,, Ltd. (Hokkaido, Japan), and the
sequences used are as follows: (1) Firefly GL3 luciferase (siLuc):
5’-CUU ACG CUG AGU ACU UCG AdTdT-3’ (sense), 5'-UCG AAG
UAC UCA GCG UAA GdTdT-3’ (antisense); (2) control (siCont):
5/-UUC UCC GAA CGU GUC ACG UdTdT-3’ (sense), 5'-ACG UGA
CACGUU CGG AGA AdTdT-3’ (antisense). All dyes (Alexa647 and
Cy3) were attached to 5’-end of sense stand of siLuc. All animal
experiments were carried out in accordance with the guidelines
for animal experiments at The University of Tokyo, Japan.

Synthesis of PEG-PLL(TFA). PEG-PLL(TFA) was prepared by
ring-opening polymerization of Lys(TFA)-NCA, as previously
described.” Briefly, Lys(TFA)-NCA (1 g, 3.7 mmol) was dissolved
in DMSO (40 mL). After the addition of the macroinitiator PEG-
NH, (176 mg, 88.8 umol) to DMSO (7.0 mL), the reaction solution
was stirred at 25 °C for 72 h under Ar. The resulting solution was
precipitated into an excess amount of diethyl ether and dried
in vacuo. The prepared PEG-PLL(TFA) was characterized by
gel permeation chromatography (GPC) and "H NMR (400 MHz,
ECS-400, JEOL, Tokyo, Japan). The DP of Lys(TFA) units was
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and PEG-PLL-SH with the DPp | = ~40 based on the
charge-matched polyionic complexation. Then, the
uPICs were conjugated onto the AuNP having 20 nm
size through the thiol-gold coordinate bonding.
Successful construction of the nanoarchitecture uPIC-
AuNPs was achieved by the preformation of uPICs and
the stable bonding between uPICs and AuNP. The size
of generated uPIC-AuNPs was precisely controlled in
the range of less than 50 nm by the sizes of nano-
template AuNP and surrounding uPICs, The uPIC-
AuNPs efficiently delivered siRNA into cultured cancer
cells, allowing the significant sequence-specific gene
silencing without apparent cytotoxicity. The systemi-
cally administered uPIC-AuNPs showed much longer
blood circulation property and significantly enhanced
accumulation of siRNA in a subcutaneous cervical
cancer model, compared to their component controls
(bare AuNPs and uPICs). Ultimately, uPIC-AuNPs
achieved the significant gene silencing in the tumor
tissue through systemic administration. These results
demonstrate the potential of uPIC-conjugated nano-
architectures for systemic siRNA delivery toward RNAi-
based cancer therapy.

calculated to be 38 in the 'H NMR spectrum from the peak
intensity ratio of the /3, y, and d-methylene protons of lysine
(—=(CH3)3—, 6 = 1.4-1.8) to the oxyethylene protons of PEG
(—(OCH,CH;)—, 6 = 3.7). The GPC system (HLC-8220, TOSOH
CORPORATION, Tokyo, Japan) equipped with two TSK gel
columns (TSK-gel Super AW4000 and Super AW3000) was
eluted with DMF containing lithium chloride (10 mM) at
0.8 mL/min. Molecular weight distribution (M,,/M,,) of the block
copolymer was determined to be 1.07.

Synthesis of PEG-PLL(TFA)-LC-SPDP. PEG-PLL(TFA) (46.5 mg,
4.47 umol) was dissolved in DMF (2 mL) and stirred overnight
at 40 °C under Ar. LC-SPDP (20.5 mg, 44.7 umol) in DMF (1 mL)
was added to the polymer solution and further stirred at 35 °C
for 4 h. DIPEA (4 uL, 22.4 umol) in DMF (0.4 mL) was added to the
reacting solution and stirred overnight. The resulting solution
was dialyzed against methanol and then deionized water,
followed by lyophilization. The prepared PEG-PLL(TFA)-LC-SPDP
was characterized in MeOD at 40 °C by "H NMR (400 MHz, ECS-
400) from the peak intensity ratio of the methylene protons
of dithiopropionyl group (—COCH,CH,SS—, 6 = 2.3) to the
oxyethylene protons of PEG (—(OCH,CH;)—, & = 3.7). The
conjugation ratio of LC-SPDP was calculated to be ~70%.

Deprotection of TFA and Pyridyl Groups. PEG-PLL(TFA)-LC-SPDP
(20 mg) was dissolved in a mixed solvent of methanol (9 mL)
and 1 N NaOH solution (1 mL), and then reacted at 35 °C for 8 h.
The mixture was dialyzed against 0.01 N HCl and then deionized
water. The final solution was lyophilized to obtain PEG-PLL-LC-
SPDP in the chloride salt form. The deprotection of the TFA
groups was confirmed in D,0 at 80 °C by "H NMR (400 MHz, ECS-
400) from the peak shift of the e-methylene protons from 3.0 to
3.3 ppm. For deprotection of pyridyl group, PEG-PLL-LC-SPDP
(9 mg) was incubated with DTT (0.8 mg) at ambient temperature
for 1 hin 10 mM sodium phosphate buffer (pH 7.2). The solution
was dialyzed against 0.01 N HCl containing 1 mM EDTA for 2 h,
1 mM EDTA for 1 h, and then deionized water at 4 °C for 1 h.
Finally, the product was lyophilized to obtain PEG-PLL-SH.
Deprotection of pyridyl group was confirmed by Ellman's assay
(data not shown).

Preparation of Single siRNA-Loaded uPICs and uPIC-installed Gold
Nanoparticle (uPIC-AuNP). PEG-PLL-SH and siRNA were separately
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dissolved in 10 mM Hepes buffer (pH 7.2) and mixed at varying
molar ratios of PEG-PLL-SH to siRNA ([PEG-PLL-SH]/[siRNA]) to
form UPICs (siRNA concentration: 17 #M). The uPIC solution was
incubated for 1 h at ambient temperature. AuNP solution was
concentrated to 60 nM by centrifugation (14 000 rpm, 10 min) in
20 L and mixed with uPIC solution at a molar ratio of siRNA to
AuNP ([siRNA]/[AuNP]) = 360. 10 mM Hepes buffer (pH 7.2) was
added to the mixture for maintaining pH at 7.2, followed by 8 h
incubation at 4 °C. Then, 2 M NaCl was added to the solution
(final NaCl concentration: 150 mM). The solution was further
incubated for 8 h. Unbound uPICs were removed by repeated
centrifugations in 10 mM Hepes buffer (pH 7.2) containing
150 mM NaCl (14,000 rpm, 10 min). Finally, the uPIC-AuNPs
were dispersed in 10 mM Hepes buffer (pH 7.2) containing
150 mM NaCl (AuNP concentration: 11 nM).

Diffusion Coefficient Measurements by Fluorescence Correlation Spec-
troscopy (FCS). FCS analyses were performed using a LSM510 con-
focal laser scanning microscope (CLSM, Carl Zeiss, Oberlochen,
Germany) equipped with the Zeiss C-Apochromat 40x water
objective and Confocor3 module. A He—Ne laser (543 nm)
was used for Cy3-siRNA excitation and emission was obtained
through a 560—615 nm band-pass filter. Samples were placed
into 8-well Lab-Tek chambered borosilicate cover glass (Nalge
Nunc International, Rochester, NY, USA) and measured at ambient
temperature. The uPIC stability was evaluated in 10 mM Hepes
buffer (pH 7.2) with or without 150 mM NaCl, as well as PBS
containing 10% FBS. The uPICs prepared at 5 4M Cy3-siRNA were
diluted with each media up to 10 nM Cy3-siRNA. After overnight
incubation at 37 °C, the measurements were carried out with a
sampling time of 10 s (10 measurements). The obtained auto-
correlation curves were fitted with the Zeiss Confocor3 software
package to calculate the diffusion coefficient.

Measurement of Molecular Weight (MW) of PICs by Analytical Ultra-
centrifuge (AUCQ). MW of PICs (MWpic) was determined by sedi-
mentation equilibrium experiments with AUC equipped with
absorbance optics (Beckman Coulter, CA, USA). The PIC solution
was diluted up to 0.6 uM siRNA concentration with 10 mM
Hepes buffer (pH 7.2) containing 150 mM NaCl. Absorbance at
260 nm was measured as a function of centrifugal radius (r) at
20 °C, and the obtained data was analyzed by ORIGIN soft-
ware (Beckman Coulter, CA, USA) to determine the MWpc by
the following equation based on the values of partial specific
volume of PICs (PSVpic) and the buffer density.

IN(C(n)/Clro)) = MWpic x (1 —PSVpic X pg) X w?
x (r? —ro?)/2RT

where C(r) is a concentration of siRNA at r, w is rotational speed,
R is the gas constant, T is the temperature, and C(rp) is a con-
centration of siRNA at a reference radial distance. PSVpc was
determined as a mass average of PSVigna and PSVpgg.pi -

PSVpic = (Mpeg-pLL X PSVpec-pLL + Msirna
X PSVsirna)/ (Mpec-pLL + Msirna)

where Mpeg pi. and Mgigna are the mass of PEG-PLL and siRNA,
respectively, in the solution. Each value was calculated from
the density of siRNA or PEG-PLL solution measured by a density
meter DMA4500/DMA5000 (Anton Paar, Graz, Austria). All
the siRNA and PEG-PLL solutions were diluted up to 1, 2, and
5 mg/mL with 10 mM Hepes buffer (pH 7.2) containing 150 mM
NaCl, and then the density measurements were performed
at 20 °C. The PSV of component i (PSV;) was calculated from
the following equation:

PSV; = (1 —dp/dc)/p,

where pg is the density of buffer, p is the density of solution,
and c is the concentration of solute. From the experiments,
PSVpic and MWpic were determined to be 0.602 cm?/g and
22000 g/mol, respectively.

Physicochemical Characterizations of uPIC-AuNPs. UV—vis absor-
bance spectra of uPIC-AuNPs and the other control samples
at 12 nM AuNP were measured using NanoDrop (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Sample sizes were
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determined at 25 °C by dynamic light scattering (DLS) method
using a Zetasizer (Malvern Instruments Ltd., Worcestershire, UK)
equipped with a He—Ne laser (A =633 nm) as the incident beam
at a detection angle of 173°. The data obtained from the rate
of decay in the photon correlation function were analyzed by
the histogram method. Zeta-potentials of samples were also
determined using the same apparatus.

Transmission Electron Microscopy (TEM) Observation. The morphol-
ogies of AuNPs and uPIC-AuNPs were examined using a TEM
(JEM-1400, JEOL, Tokyo, Japan) at an acceleration voltage of
100 kV and a beam current of 40 uA. Each sample was stained
with uranyl acetate solution (2 w/v%) and placed on 400-mesh
copper grids.

Gel Electrophoresis. uPIC or uPIC-AuNP solution was mixed
with heparin and GSH, and the mixtures were incubated for
10 min at room temperature (siRNA: 400 nM, heparin: 0, 1,2, and
3 ug/mlL, GSH: 0 and 10 mM). Then, the mixtures were analyzed
by gel electrophoresis (1% agarose, 1 x TBE buffer, 100 V,
15 min). After staining with SYBR Green II, the band from siRNA
was detected using a Molecular Imager FX (BIO-RAD) (Ex/Em:
488/530 nm) equipped with Quantity One software (BIO-RAD).
In the other experiments, (i) uPIC solutions were incubated with
GSH for 15 min at room temperature (GSH concentrations; 0, 10,
20,30, and 50 mM), (i) AuNP solutions were treated with 10 mM
GSH or 10 mM cysteine for 10 min at room temperature, and
then mixed with uPIC solutions, followed by additional incuba-
tion for 10 min (siRNA: 400 nM, AuNP: 0, 2, 4, and 10 nM), and (iii)
AuNPs were treated with 10 mM cysteine or 10 mM GSH for
10 min at room temperature (AuNP: 4 nM).

In Vitro Luciferase Assay. Hela-Luc cells were seeded on a
96-well plate at a density of 5000 cells/well in DMEM containing
10% FBS (DMEM/FBS). siLuc or siCont-loaded uPIC-AuNPs were
added to the cells and incubated for 48 h. Next, the cells were
lysed using the cell lysis buffer (Promega, Fitchburg, Wi, USA).
Luminescence intensities of cell lysates were measured using
the Luciferase Assay System (Promega) on a luminescence
microplate reader (Mithras LB 940, Berthold technologies,
Bad Wildbad, Germany). The relative luciferase activity was
determined by normalizing the luminescence intensity of the
sample-treated lysates to the amount of proteins contained
in the lysates (determined using a BCA assay kit), followed by
further normalization to buffer-treated controls (n = 4).

Flow Cytometric Analysis. Hela-Luc cells were seeded on a
6-well plate at a density of 100000 cells/well in DMEM/FBS.
uPIC-AuNPs or uPICs prepared with Alexa647-labeled siRNA
were added to the cells at 200 nM siRNA. After 24 h incubation,
the media was removed and the cells were washed with cold
PBS twice. The cells were treated with a trypsin-EDTA solution
for 2 min and then suspended in cold PBS. The fluorescence
intensity of Alexa647-labeled siRNA from the cells was mea-
sured using a BD LSR i (BD Biosciences, San Jose, CA, USA).
The cells treated with 10 mM Hepes buffer (pH 7.2) containing
150 mM NaCl were used as a control.

Confocal Laser Scanning Microscopic (CLSM) Observation. Hela-Luc
cells were seeded on a 35 mm glass-based dish (Iwaki, Tokyo,
Japan) at a density of 50 000 cells/well in DMEM/FBS. The uPIC-
AuNPs loading Alexa647-labeled siRNA were added to the cells at
200 nM siRNA. After 24 h incubation, the culture media was removed
and the cells were washed with cold PBS twice. Each dish was
observed using a CLSM (LSM 510, Carl Zeiss) equipped with a Zeiss
C-Apochromat 63 x objective (Carl Zeiss). The excitation wavelength
was set at 633 nm (He—Ne laser) for Alexa647-labeled siRNA, and
the emission was detected between 651 and 704 nm.

Quantification of Blood Circulation of uPIC-AuNPs. siCont-loaded
UPIC-AuNPs were intravenously injected (AuNP: 3.3 x 10'?
particles/mouse, siRNA: 1.4 ug/mouse) into the tail vein of
mice (BALB/c, female, 8 week old). The mice were sacrificed at
a designated time and the collected blood was centrifuged
(1500 rpm, 3 min) to obtain the plasma (20 uL). The plasma was
treated with 90% HNO; by heating and stored in 1% HNO;
solution overnight. The resulting sample solution was filtered
using a 0.45 um pore size membrane filter and further diluted
to a desired concentration using 1% HNOj; solution. The
Au content was determined by ICP-MS (7700 Series, Agilent
Technologies, Santa Clara, CA, USA).
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Accumulation of uPIC-AuNPs in a Subcutaneous Hela-Luc Tumor. Tu-
mor accumulation of uPIC-AuNPs was determined in mice
bearing a subcutaneous Hela-Luc tumor. Tumors were pre-
pared by injecting 5 x 10° cells under the skin in the left rear
flank of mice (BALB/c nude, female, 8 week old), and were
allowed to mature for 2 weeks (n = 4). Mice were fed with an
alfalfa-free chow for 2 weeks before sample injection. uPIC-
AuNPs or the other control samples (naked siRNA, uPICs, and
the mixture of uPICs without thiol and AuNPs) prepared with
Alexa647-labeled siRNA were injected into the tail vein of mice
(4.8 ug siRNA/mouse). After 4 h, mice were sacrificed and tumor
was excised. The excised tumor was imaged using an VIS
instrument (Caliper LifeScience, Hopkinton, MA, USA) in the
fluorescence mode with appropriate filters for excitation
(640 nm) and emission (720 nm). Data were analyzed using
Living Image software (Caliper LifeScience) by drawing ROls
around the tumor to determine the fluorescence intensity
and normalized with the background signal from nontreated
tumors. Accumulation of siRNA in the tumor was expressed as
an average of fluorescence intensity/tumor area.

In Vivo Luciferase Assay in Subcutaneous Hela-Luc Tumor. /n vivo
luciferase gene silencing ability was determined for mice bear-
ing subcutaneous Hela-Luc tumors, following the scheme
shown in Figure S9A (SI). Tumors were prepared by injecting
5 % 10° cells under the skin in the right rear flank of mice
(BALB/c nude, female, 8 week old) at day 0. The uPIC-AuNPs
containing siLuc or siCont were intravenously injected into the
tail vein of mice at days 17 and 18 (5.8 ug siRNA/mouse/shot).
The luminescence intensity (IL) from the tumors was measured
at days 17, 18, and 19 by an VIS instrument equipped with a
Living Image software (PerkinElmer). The luciferase gene silen-
cing ability of uPIC-AuNPs was estimated from an increasing
rate of LI (IR,)) associated with the tumor growth. By assuming
that the LI from the tumor should be proportional to the tumor
volume (or the number of cancer cells), the IR can be expressed
as In(Lle,q/Ll,), where Ll; is the luminescence intensity from
the tumor at day t, according to the calculating formula of the
growth rate of tumor (GR): GR = In(V,..1/V}), where V,is the tumor
volume at day t.3® The IR, values between days 17 and 18 (after
first injection), and days 18 and 19 (after second injection) were
calculated using the LI measured at each day (Figure S9B (SI)),
and further averaged to estimate the overall IRy, ie.,
(In(Liyg/Lly7) + In(Liyo/Li;g)1/2, as an indicator of luciferase gene
silencing activity (Figure 6C).
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