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Abstract
The safe and effective delivery of RNA therapeutics remains the major barrier to their broad clinical
application. Here we develop a new nanoparticulate delivery system based on inorganic particles and
biodegradable polycations. First, gold nanoparticles were modified with the hydrophilic polymer
poly(ethylene glycol) (PEG), and then small interfering RNA (siRNA) was conjugated to the
nanoparticles via biodegradable disulfide linkages, with ~30 strands of siRNA per nanoparticle. The
particles were then coated with a library of end-modified poly(β-amino ester)s (PBAEs), previously
identified as capable of facilitating intracellular DNA delivery. Nanoparticulate formulations
developed here facilitate high levels of in vitro siRNA delivery, facilitating delivery as good or better
than the commercially available lipid reagent, Lipofectamine 2000.

RNA interference (RNAi) is an endogenous process whereby double-stranded RNA (dsRNA)
can mediate the catalytic destruction of its homologous mRNA target. Short 22 nt dsRNA
fragments called small interfering RNA (siRNA), are intermediates in the process and have
shown their potential as therapeutics.1–4 The development of RNAi based upon synthetic
siRNA has led to a variety of potential therapeutic applications for diseases whose conventional
treatments are limited.5–9 The safe and effective intracellular delivery of siRNA remains the
most challenging barrier to the broad application of siRNA in the clinic.10–14 To date a number
of carriers have been investigated for their potential as siRNA delivery agents15 including
cationic polymers,16,17 lipids8 or lipid-like materials,18 iron oxide nanoparticles,19 gold
particles,20–22 and semiconductor nanocrystals.23,24 Alternatively, siRNA has been
chemically modified and conjugated to small organic molecules25,26 or polymeric
materials12,27,28 to enhance its stability and cellular uptake.15

Poly(β-amino ester)s (PBAEs) have shown potential as delivery agents for DNA in various
cell lines and therapeutic models.29–36 To the best of our knowledge, however, these materials
have not yet demonstrated their ability to deliver siRNA. The disorderly interactions of siRNA
with polymer are likely to result in incomplete condensation of the polymer into a particulate
due to the stiffer nature of an RNA molecule relative to DNA (Figure 1A).37 We hypothesized
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that “assembled” multiple siRNA strands attached to a particle could facilitate PBAE
interaction and nanoparticle formation.

Herein, we present a multicomponent nanoparticulate siRNA into cells using PBAEs as a
delivery enhancer, and gold nanoparticles (AuNPs) as a scaffold to assemble siRNA strands
(Figure 1B,C). AuNPs have a number of desirable properties, including low cytotoxicity,38

easy size control,39 and well-developed surface chemistry for dense loading of functionalities.
40–42 siRNA strands were assembled onto the AuNPs (siRNA–AuNPs) through a cleavable
disulfide linkage. The presence of a disulfide bond between siRNA and gold was chosen due
to its potential to facilitate cytoplasmic release of the siRNA from AuNPs under the reductive
cytosolic conditions.43 To enhance the cellular uptake and further endosomal escape, a number
of different PBAEs were chosen based upon structures previously identified as useful for DNA
delivery,29–36 and assembled onto the particles.

The synthesis of the siRNA–AuNP conjugates (Figure 1B) begins with modifying AuNPs with
HS–PEG–NH2 (Mw 1000 Da, see Supporting Information). PEG was used to isolate the gold
surface from disulfide bonds, since AuNPs could react with the disulfide bonds and induce
release of siRNA. These NH2–PEG-modified AuNPs (NH2–PEG–AuNPs) exhibit excellent
salt stability and can be salted up to 2.5 M NaCl. This high salt stability was important to
facilitate siRNA conjugation procedures and will be discussed in detail below. To introduce
disulfide bonds on the particles, we conjugated N-succinimidyl 3-(2-pyridyldithio)propionate
(SPDP) as a disulfide-containing linker to the terminal NH2 group of PEG on AuNPs (Figure
1B, see Supporting Information). After SPDP was conjugated to NH2–PEG–AuNPs (SPDP–
PEG–AuNP), we conjugated thiolated siRNA (antifirefly luciferase, HS-siRNA) to SPDP by
the addition of excess HS–siRNA at pH 8.5 to displace the 2-pyridyldithio group of SPDP,
still maintaining the disulfide linkage.

To maximize the siRNA loading, we optimized the reaction conditions by monitoring the
number of siRNA per particle as a function of the salt concentration and the reaction time
(Figure 2A,B). The number of siRNA strands per particle was quantitatively analyzed by
cleaving the disulfide bond with dithiothreitol, followed by RNA analysis using commercially
available RNA assay kits (RiboGreen, Invitrogen, see Supporting Information). The loading
increased as the salt concentration was increased, presumably due to decreased repulsion
between the negatively charged siRNA strands (Figure 2A).44 Figure 2B shows that as the
reaction time of the conjugation of HS-siRNA to the SPDP–PEG–AuNPs increases, the loading
of siRNA per AuNP increases. Importantly, the loading of siRNA per AuNP without SPDP
was low, indicating that HS–siRNA is conjugated primarily to SPDP, not to the AuNP surface
by displacing NH2–PEG–SH from gold (Figure 2B). The maximum loading of siRNA per
particle was found to be ~40 strands after 80 h at 2.5 M NaCl. As we observed slight formation
of AuNP aggregates after 40 h, however, the optimum conjugation time for HS–siRNA to
AuNPs was determined to be 40 h, resulting in ~30 strands of siRNA per particle (Figure 2B).
These loadings are comparable to those of siRNA on a 13 nm AuNP without PEG and SPDP
(~33 strands/AuNP at 0.3 M NaCl).21 The high loading of siRNA per AuNP was hypothesized
to be important both to facilitate PBAE complexation and potentially to increase potency per
particle. Over the entire synthetic procedure at each step, the conjugated AuNPs exhibited high
stability and low aggregation under the conditions studied, as characterized by the unique
surface plasmon resonance of AuNPs around 525 nm in the UV–vis spectra (Figure 2C).

After the synthesis of siRNA–AuNPs, we synthesized and screened a focused library of PBAEs
for their ability to facilitate functional siRNA delivery, in vitro. Previous studies had identified
poly(butane dioldiacrylate coaminopentanol) (C32, Figure 3A) as a leading DNA delivery
polymer.34 Modification of the terminal groups of C32 can enhance delivery efficiency
significantly, depending on the type of end-modifying amines.32,35,36 On the basis of these
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studies, we selected five of the best amines previously identified as useful for DNA delivery
in previous studies (103, 116, 117, 118, and 122)32,35,36 and additionally seven new amines
(208, 210, 212, 213, 221, 225, and 228), for a total of 12 primary diamines for the end
modification of C32 (Figure 3B,C). Unmodified C32 and a more hydrophobic PBAE, D60,
were also tested without the end modification for comparison (Figure 3D). The 14 PBAEs were
synthesized following the synthetic schemes in our previous literature36 (Figure 3A,B) and
combined with siRNA–AuNP for complexation (PBAE–siRNA–AuNPs, see Supporting
Information). In all cases, no particle aggregation was observed after the addition of PBAEs
(Figure 2C). The ζ-potential of the siRNA–AuNPs was ca. −34 mV but increased to ca. +13
mV when complexed with PBAEs, which was expected to facilitate delivery via interaction
with the negatively charged cell membranes. The core–shell structure (AuNP@PBAE) of the
PBAE–siRNA–AuNPs with a diameter of ~100 nm was also characterized by transmission
electron microscopy (TEM) analysis (Figure 4).

To verify the cellular transfection of the PBAE–siRNA–AuNPs, gene knockdown was
evaluated in a modifed HeLa cell line, where the HeLa cells were genetically engineered to
express both firefly luciferase and Renilla luciferase.18 As the sequence of siRNA was designed
to selectively reduce the firefly luciferase expression, delivery efficacy can be identified by
specific reduction in firefly luciferase, without reduction in the nonspecific Renilla luciferase
signal. The particles complexed with different PBAEs (Figure 3) were applied to the HeLa
cells in a 96-well format for screening and incubated for 4 h at 37 °C. After 24 h, the
luminescence from each luciferase was measured, respectively, by a commercially available
assay kit (Dual Glo Luciferase Assay System, see Supporting Information). Figure 5A shows
the selective knockdown of the firefly luciferase expression depending on the type and the dose
of PBAEs. Importantly, the best two PBAEs (C32-228 and 221) exhibit significantly better
efficiency than the commercially available liposome-based delivery agent
(Lipofectamine2000, Invitrogen) used as a positive control in accordance with manufacturer
instructions (see Supporting Information). No significant toxicity was observed (see
Supporting Information). In contrast to this result, the corresponding amount of unassembled
siRNA combined with PBAEs did not exhibit any silencing effect regardless of the dose,
indicating that assembling siRNA strands on AuNPs was required for the intracellular delivery
of siRNA (Figure 5B). Note that siRNA–AuNPs without PBAEs (“siRNA–AuNP Only”) also
did not exhibit any silencing effect (Figure 5A), despite their structural similarity to the AuNP-
based gene silencing agent by Mirkin at el.21

Finally, the role of PBAEs for the cellular uptake of siRNA–AuNPs was further confirmed by
TEM analysis. The PBAE–siRNA–AuNPs were prepared with C32-221, the PBAE showing
the best delivery efficiency, and exposed to the cell culture media under the same conditions
studied for the gene knockdown experiments. A typical TEM image of the HeLa cell transfected
by the PBAE–siRNA–AuNPs is shown in Figure 6A. Numerous particles are observed as
aggregates, in certain cases confined within endosomes in the cytosol. This indicates the
cellular uptake of the particles in the presence of PBAEs. Interestingly, on the other hand, the
siRNA–AuNPs and unmodified AuNPs, each in the absence of PBAEs, were not observed in
the cells under the conditions studied (Figure 6B,C). The importance of the surface properties
and their potential to facilitate uptake of AuNPs for cellular transfection has been investigated
and reported in other formats.45–48

In conclusion, we describe the development, optimization, and characterization of a new
nanoparticulate siRNA delivery vehicle using PBAEs and AuNPs. Future studies will address
the potential of these particles in other cell types, as well as in vivo. It is possible that this
method could be generalized to facilitate intracellular movement of other negatively charged
particles associated with drugs or genes by the complexation with positively charged PBAEs
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The scheme illustrating incomplete nanoparticle formation of siRNA combined with
PBAEs. (B) The synthesis of siRNA-modified AuNPs (siRNA–AuNPs) with a disulfide
linkage. (C) The complexation of siRNA–AuNPs with PBAEs, followed by cellular
transfection.
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Figure 2.
(A) The loading of siRNA on 15 nm AuNPs at each NaCl concentration after 12 h of incubation.
(B) The loading of siRNA on 15 nm AuNPs at 2.5 M NaCl concentration with or without SPDP.
(C) UV–vis spectra of unmodified AuNPs (black), NH2–PEG-modified AuNPs (red), SPDP–
PEG-modified AuNPs (green), siRNA-modified AuNPs (siRNA–AuNPs, dark blue) and
PBAE-complexed siRNA–AuNPs (light blue). The PBAE used to complex siRNA–AuNPs is
C32-221 (see Figure 3). Note that the data in parts A and 2B were collected in triplicate.
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Figure 3.
(A) The synthesis of poly(β-amino ester)s (PBAEs) for C32. (B) The end modification of
PBAEs for C32. (C) Amines used for the end modification of C32. (D) The diacrylate and
diamine monomers used for the synthesis of D60. Note that the alphabetical and numeric
designations are adopted from our previous publications.29–36
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Figure 4.
A representative TEM image of PBAE-complexed siRNA–AuNPs. The PBAE used to
complex siRNA–AuNPs is C32-221 (see Figure 3). The image was taken by a Tecnai G2 Spirit
at HV = 120 kV. The complex particles were observable without additional staining.
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Figure 5.
(A) In vitro screening of PBAEs for siRNA–AuNP delivery. Dose response of each PBAE–
siRNA–AuNPs to gene knockdown in HeLa cells was obtained in triplicate. The data obtained
from untreated cells (control), siRNA–AuNPs without PBAEs (siRNA–AuNPs only), and the
commercially available gene delivery reagent (Lipo2000) are also shown for comparison. (B)
In vitro screening of the best six PBAEs from Figure 5A for the delivery of the corresponding
amount of naked siRNA without AuNPs. No gene knockdown in HeLa cells was observed.
Data were obtained in triplicate in the presence of 10% fetal bovine serum (FBS).
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Figure 6.
Representative TEM images of the HeLa cells exposed to 3 nM (A) PBAE–siRNA–AuNPs,
(B) siRNA–AuNPs without PBAEs, (C) unmodified AuNPs, and (D) no nanoparticles
(control). The TEM analysis was performed with more than 10 images from a large area of
each sample. The PBAE used for the complexation with siRNA–AuNPs is C32-221 (see Figure
3). The images were taken with a Tecnai G2 Spirit at HV = 80 kV.
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