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Precise Engineering of siRNA Delivery
Vehicles to Tumors Using Polyion
Complexes and Gold Nanoparticles

Hyun Jin Kim," Hiroyasu Takemoto,* Yu Yi,® Meng Zheng,™ Yoshinori Maeda,’ Hiroyuki Chaya,*
Kotaro Hayashi,® Peng Mi,* Frederico Pittella,~ R. James Christie,~ Kazuko Toh,* Yu Matsumoto,*
Nobuhiro Nishiyama,* Kanjiro Miyata,* and Kazunori Kataoka™/*

*Department of Materials Engineering, Graduate School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan, *Polymer Chemistry Division, Chemical
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ABSTRACT For systemic delivery of siRNA to solid tumors, a size-regulated and lﬁov_»;q;;n:iros&d
Ul ol
reversibly stabilized nanoarchitecture was constructed by using a 20 kDa siRNA- 4riCs

loaded unimer polyion complex (uPIC) and 20 nm gold nanoparticle (AuNP). The

{ 3

g
uPIC was selectively prepared by charge-matched polyionic complexation of a ﬁ 5
poly(ethylene glycol)-b-poly(i-lysine) (PEG-PLL) copolymer bearing ~40 positive wpi*
charges (and thiol group at the w-end) with a single siRNA bearing 40 negative

charges. The thiol group at the w-end of PEG-PLL further enabled successful

Gold
nanoparticle

conjugation of the uPICs onto the single AuNP through coordinate bonding, Size regulated carrier

generating a nanoarchitecture (uPIC-AuNP) with a size of 38 nm and a narrow size

distribution. In contrast, mixing thiolated PEG-PLLs and AuNPs produced a large aggregate in the absence of siRNA, suggesting the essential role of the
preformed uPIC in the formation of nanoarchitecture. The smart uPIC-AuNPs were stable in serum-containing media and more resistant against heparin-
induced counter polyanion exchange, compared to uPICs alone. On the other hand, the treatment of uPIC-AuNPs with an intracellular concentration of
glutathione substantially compromised their stability and triggered the release of siRNA, demonstrating the reversible stability of these nanoarchitectures
relative to thiol exchange and negatively charged AuNP surface. The uPIC-AuNPs efficiently delivered siRNA into cultured cancer cells, facilitating significant
sequence-specific gene silencing without cytotoxicity. Systemically administered uPIC-AuNPs showed appreciably longer blood circulation time compared
to controls, i.e., bare AuNPs and uPICs, indicating that the conjugation of uPICs onto AuNP was crucial for enhancing blood circulation time. Finally, the
uPIC-AuNPs efficiently accumulated in a subcutaneously inoculated luciferase-expressing cervical cancer (Hela-Luc) model and achieved significant
luciferase gene silencing in the tumor tissue. These results demonstrate the strong potential of uPIC-AuNP nanoarchitectures for systemic siRNA delivery to

solid tumors.

KEYWORDS: siRNA delivery - unimer polyion complex - gold nanoparticle - cancer therapy

induces the sequence-specific degrada-

tion of mMRNA in the cytoplasm (termed
RNA interference (RNAI)), has attracted much
attention in cancer therapy."? However,
systemically administered siRNA is rapidly
degraded by RNases in the bloodstream
and/or eliminated through kidney filtra-
tion because they are smaller than 6 nm.3*
Thus, siRNA carriers need to be developed
in order to overcome these issues for suc-
cessful therapy. A variety of synthetic na-
nocarriers have been constructed mainly
with cationic nanomaterials, such as lipids,

Small interfering RNA (siRNA), which

KIM ET AL.

polycations, inorganic nanoparticles, and
their hybrid systems.>~'® These nanocar-
riers can protect siRNA from enzymatic de-
gradations and apparently increase its size
to circumvent kidney filtration. This allows
the siRNA payloads to accumulate in tumor
tissues through the leaky tumor vasculature
via the so-called enhanced permeability
and retention (EPR) effect.’’'? In this regard,
several recent studies have revealed that
precise size-tuning promotes the selective
accumulation of nanoparticles in tumor
tissues.”>'* Nanoparticles with a size that
is smaller than 50 nm can efficiently
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Figure 1. Schematic illustration showing the nanoconstruction of uPIC-AuNPs from monodispersed building blocks.
(A) Formation of uPICs comprising a single pair of PEG-PLL and siRNA. (B) Thiol-gold coordination complex between uPICs

and AuNP.

accumulate in tumor tissues, especially in a poorly
permeable pancreatic tumor model."® Thus, the size
of nanocarriers is important for enhancing siRNA accu-
mulation in a variety of tumor tissues.

While multimolecular self-assemblies of siRNA with
oppositely charged nanomaterials have been widely
developed because of their facile and efficient encap-
sulation of siRNA, it is difficult to control the size and
the distribution of these carriers. In contrast, the bot-
tom-up nanocarrier construction with monodispersed
building blocks and a nanotemplate enables more
precise size-tuning at the nanoscale. With regard to
such building blocks, our recent study demonstrated
that a block copolymer of poly(ethylene glycol) and
poly(t-lysine) (PEG-PLL) with a controlled degree
of polymerization of PLL (DPp.) formed a unimer
polyion complex (uPIC)'® comprising a single siRNA
molecule,'®"” potentially serving as a monodispersed
building block. A building-block-loading nanotem-
plate is necessary to satisfy the Janus-type property
requirement for the selective siRNA release into the
cytosol. Gold nanoparticles (AuNPs) are promising
biocompatible nanotemplates, as their size can be
precisely controlled with a narrow distribution, and
also they can be coated with polymers or biomolecules
through thiol chemistry.'®'® This type of bonding is
relatively stable under extracellular conditions, but
these polymers or biomolecules can be competed off

KIM ET AL.

the AuNP with glutathione (GSH), which is abundant
in the cytosol.?° Subsequently, the GSH-coordinated
anionic AuNPs may interact with uPICs to destabilize
them for triggered siRNA release.

To achieve an efficient systemic siRNA delivery to
solid tumors, we developed a size-regulated and re-
versibly stabilized nanoarchitecture (uPIC-AuNP) by
utilizing an AuNP template and a monodispersed uPIC
building block prepared with a single siRNA/PEG-PLL
pair (Figure 1). To this end, a PEG-PLL was prepared
to have a DPp; of ~40 (matched with the negative
charges of 21mer/21mer siRNA) and thiol groups at
the w-end of PLL for coordinate bonding with AuNP.
After confirming stable binding between single siRNA
molecules and copolymers, the resulting uPICs were
conjugated to a 20 nm AuNP to build uPIC-AuNP
nanoarchitectures exhibiting sizes less than 50 nm
and narrow size distributions under biological condi-
tions. The uPIC-AuNPs achieved efficient siRNA accu-
mulation in a subcutaneous tumor model by systemic
administration and successfully induced sequence-
specific gene silencing in the tumor tissue.

RESULTS AND DISCUSSION

Preparation and Characterizations of uPICs Comprising a
Single PEG-PLL/siRNA Pair. PEG-PLL synthesis was targeted
to possess 40 positive charges (or DPp.; = 40), as it
can complementarily neutralize the negative charges
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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-SHI/[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 '"H 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-SH]/[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 cm?®/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, ie., 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-SHI/[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 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 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 Nacl (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 NaCl. All samples were incubated overnight at ambient temperaturé (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-SHI/[siRNA] = 1 in
10 mM Hepes buffer (pH 7.2), were mixed with 20 nm
AuNPs at a molar ratio ([siRNA]/[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

KIM ET AL.

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.2® 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 AuUNP 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),"® 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.

KIM ET AL.

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 + 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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