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A Fabricated siRNA Nanoparticle for Ultralong Gene

Silencing In Vivo

Seung Koo Lee and Ching-Hsuan Tung*

Persistent gene silencing is crucially required for the successful therapeutics
of short interfering RNA (siRNA). Here, a nanoparticle-based delivery system
is presented which assembles by layering siRNAs between protease degra-
dable polypeptides to extend the therapeutic window. These tightly packed
nanoparticles are efficiently taken up by cells by endocytosis, and the fabri-
cated siRNAs are gradually released following intracellular degradation of the
polypeptide layers. During cell division, the particles are distributed to the
daughter cells. Due to the slow degradation through the multiple layers, the
particles continuously release siRNA in all cells. Using this controlled release
construct, the in vivo gene silencing effect of siRNA is consistent for an
ultralong period of time (>3 weeks) with only a single treatment.

1. Introduction

Short interfering RNAs (siRNAs)-mediated gene regulation in
mammalian cells was first discovered about two decades ago
and siRNA has since shown immense potential in treating var-
ious diseases by silencing abnormally up-regulated genes.'™!
However, delivering the highly charged siRNA to the targeted
cells and enabling the specific target gene silencing effect to
persist remains challenging.©! Although huge efforts have been
invested to develop effective non-viral siRNA delivery systems,
including polyplexes, micelleplexes, and exosome nanoparti-
cles,l®”] various physiological limitations still hinder the suc-
cessful clinical translation.®® The main drawbacks of gene
silencing using synthetic siRNA are transient silencing due to
the biodegradation of siRNA, siRNA dilution upon cell division,
and its nonrenewable-nature.['% To obtain a consistent silencing
effect in vivo, it usually requires repetitive administration of the
agent.l'!l However, such repeated injections have resulted in a
substantial impediment to patient treatment, as evidenced by
decreased enrollment in clinical trials and decreased patient
compliance.”l Complete and prolonged gene silencing with
a single treatment would offer enormous benefits for chronic
diseases, scaling down the administration frequency in dosing
schedule.l3]

To achieve long-lasting controlled release and gene silencing
effects, various groups have developed novel delivery systems for
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slow and sustained release of the oligonu-
cleotide or siRNA.'*18] Several trials have
also extended into primary T lymphocytes
and human stem cells for prolonged gene
silencing.l'*?%  Although promising cell
culture results were obtained in those
studies, the actual in vivo efficiency
remains to be demonstrated. Viral vec-
tors have shown great efficiency in in vivo
siRNA delivery,2!l however, introducing a
foreign gene into patients is also a clinical
concern.[?223 Recently we have developed
a fabrication method to prepare multilayer
siRNA delivery nano-vector and a long-
lasting nanoparticle-based fluorescent
label for extended cell imaging.*#?%! Onto
an inert gold nanoparticles (AuNPs), negatively charged siRNAs
were layered between the oppositely charged polypeptide layers
which are sensitive to proteases. The initial results with this
multi-layered siRNA delivery vector suggest several advantages
over other non-viral delivery systems, including uniform size,
efficient cell translocation, and enhanced siRNA stability. In
this study, we further optimized this nanodelivery system and
determined its exceptional gene silencing effect was persistent
for more than three weeks in vivo.

2. Results and Discussion

To prepare the multilayered siRNA-coated AuNPs (sRAuNPs),
the negatively charged AuNPs (size: 40 nm) in water were
dropped into the positively charged poly-L-lysine (PLL) solution
(average M,, = 22.5 kDa; Figure 1a). After a 30-min incubation
at room temperature with shaking and several washes with
sterilized water, the positively charged PLL-coated AuNPs were
added to the negatively charged siRNA solution. After incuba-
tion, free unbound siRNAs were removed by centrifugation and
an additional PLL layer was added so the resulting positively
charged AuNPs (sR1P) had one layer of siRNA and two layers
of PLL. By repeating this procedure again, AuNPs (sR2P) with
two layers of siRNA and three layers of PLL were successfully
fabricated by electrostatic interactions. A zigzag pattern of the
surface zeta-potential of each layer supported the success of
the layering (Figure 1b). The final particle size, determined by
dynamic light scattering (DLS) measurement, was found to be
approximately 150 nm (Figure 1b).

Two reported siRNA sequences, termed siLuc-Na and siLuc-
Ba, 2% against two different regions of the luciferase gene were
used because maximal gene silencing effect has been reported
with simultaneously applied multiple siRNAs.[?”28 sRAuNPs
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Figure 1. Preparation of the SRAUNPs. a) The process of preparing multilayered siRNA-coated
AuNPs by electrostatic interaction. b) The average size (orange bar) and zeta potential (black

circle) of multilayered sRAUNPs.

were fabricated with one or two siRNAs. sR2P (Ba + Na) was
prepared with siluc-Ba on the first layer and siLuc-Na on the
second layer, and the order of siRNA in sR2P(Na + Ba) was
reversed. A scramble siRNA (siLuc-Sc), which has the same
length but randomly sequenced of siLuc-Na, was included as a
negative control.

To demonstrate the success of packing and intracellular
delivery of sSRAuNPs, the two siRNAs, siLuc-Ba and siLuc-Na,
were labeled with cy5 and cy3 fluorescent reporters, respec-
tively. Various sRAuNPs (1.58 x 108 particles), including sR1P
(Ba-cy5), sR1P (Na-cy3), and sR2P (Ba-cy5 + Na-cy3), were incu-
bated for 24 h with MDA-MB231-luc2 cells. The presence of
siRNA in cells was investigated using fluorescence microscopy
(Figure 2). Because a cy3 or cy5 reporter was anchored to each
siRNA, the fluorescence images using cy3 and/or cy5 channels
reveal the location of the released siRNA. We observed a spotty
fluorescence signal diffused into the cytoplasm (Figure 2b—d).
The images of both cy5 and cy3 fluorescence signals after
treatment with sR2P (Ba + Na) clearly indicated the presence
of two kinds of siRNA (Figure 2d). These cellular-uptake data
indicate that SRAuNPs enter cells without a transfection agent.
Once they are internalized, the siRNA could be freed from the
particles by intracellular proteolysis.

An initial gene-silencing screening experiment was per-
formed by incubating MDA-MB231-luc2 cells with sR1P (Na),
sR1P (Ba), sR2P (Na + Na), sR2P (Ba + Ba), sR2P (Na + Ba),
and sR2P (Ba + Na) for 2 days (Figure 3a,b). A control sR2P
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gene in two different cancer cell lines and
show both sequences have similar inhibition
effects. For comparison, commercially avail-
able and widely used Lipofectamine 2000,
which is used in nucleic acid delivery, was
tested in both cell lines. However, the gene
silencing effect was not as remarkable as those treated with
sRAuUNPs even in the presence of same amount of siRNA (each
siRNA 0.2 nmole; Supporting Information Figure S1). Addi-
tionally, similar luciferase signals were observed in cells treated
with Lipofectamine 2000 alone and Lipofectamine 2000 for-
mulated with siRNA. From these initial short-term inhibition
results, SR2P (Ba + Na) was selected as the construct to be used
in long-term gene silencing studies.

MDA-MB231-luc2 cells were treated for 2 days with sR2P
(Ba + Na) in a 6-well plate (each siRNA 2.0 nmole; 1.58 x 10°
particles). The cells were washed and aliquoted into sepa-
rate 96-well plates for the time course study (up to 10 days).
As shown in Figure 4a,b, the efficiency of gene silencing after
treatment with sR2P (Ba + Na) on day 1 was 14% when the
initial luminescent intensity of control cells was set as 100%.
This significant gene silencing effect was sustained for at least
10 days (48%). In contrast, the luminescent signal increased
with time as the control untreated cells divided. The lumines-
cent signal of the untreated cells was approximately 400%, but
the signal of the treated cells was less than 50% of the original
signal. The experiment was forced to end at day 10, because of
the physical constraint of the wells.

Although toxicity of surface modified AuNPs decorated with
other polycationic polymers has been reported,?>3% cytotox-
icity of our prepared sRAuNPs was not observed. As shown
in Supporting Information Figure S2, no significant toxicity
was detected in any sRAuNPs-treated MDA-MB231-luc2 or
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sR2P (Ba-cy5 + Na-cy3)

Figure 2. Cellular uptake of multilayered sRAuUNPs. Images of released siRNA from various
sRAuNPs were visualized using fluorescence microscopy with different filters after 24 h incuba-
tion in a) the absence or presence of b) sR1P (Ba-cy5), c) sR1P (Na-cy3), and d) sR2P (Ba-cy5 +

Na-cy3) in MDA-MB231-luc2 cells.

LNCaP-luc2 cells, indicating silencing of the luciferase gene
does not cause of non-specific cytotoxicity. In contrast, some
toxicity was observed with Lipofectamine 2000 in both cell lines
and less than 80% cells were viable.

This 10-day experiment indicated that gene silencing was
effective even after cell division. With an average doubling time
of 31 h for MDA-MB231 cells,3!l the sSRAuUNPs must effectively
inhibit both the mother and daughter cells, otherwise the total
luminescence should rise quickly with time. Because the unpro-
tected siRNA is subjected to rapid nuclease degradation in cells,
a persistent gene silencing effect in the daughter cells should
be the result of gradually released siRNAs. Presumably, the
loaded particles were re-distributed evenly to the cells during
division, and the multi-layered assembly and charge-charge
interaction might contribute to the prolonged gene silencing.
Re-distribution of the loaded particles during cell division has
recently confirmed using a similar particle which was labeled
with layers of fluorescence tags.[?”! The intracellular fluorescent
signal was found evenly distributed to all cells and persisted for
21 days.

The in vivo gene silencing potential was evaluated further by
inoculating MDA-MB231-luc2 cells (3.5 x 10%) and sR2P (Ba +
Na) treated MDA-MB231-luc2 cells (3.5 x 10° in both flanks

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nude mice. The real-time gene silencing
effect was investigated non-invasively by com-
paring the luminescence between the inocu-
lated tumors (Figure 5a). The observed gene
silencing was extremely effective throughout
the tested period. The relative inhibition effi-
ciency at day 1 was 23% and was sustained
until day 20 (39%). Maximal inhibition
was observed at day 7 (9%). All mice tested
revealed similar gene silencing efficien-
cies at all indicated time points (Supporting
Information Figure S3), except at day 20, one
mouse showed large variation (Figure 5b). As
expected, there were no differences in tumor
size between the untreated and sRAuNP,
which targeting luciferase gene, treated
tumors (Figure 5c). This data clearly show
the inhibition of luciferase intensity is not
caused by cytotoxic effect. These long-term
inhibition results further suggest that the
loaded siRNAs were able to silence its target
gene in primary treated cells as well as their
daughter cells for an extended period.

3. Conclusion

In summary, an ultra-long siRNA gene
silencing effect was achieved both in vitro and
in vivo using a functionalized nano-reservoir,
which is consisted of multiple siRNA and
degradable polypeptide layers. By adopting
a layering deposition technology,?*32-34 we
successfully fabricated sRAuNPs by electro-
static interaction, which contain multi-layers
of protease degradable PLL and synthetic
siRNA. The positively charged sRAuNPs were efficiently taken
up by cells and once inside the cells, the PLL was gradually
degraded by intracellular proteases, resulting in the continuous
release of siRNA. These intracellular SRAuNPs act as siRNA
reservoirs, providing siRNA to inhibit its target genes. Upon
cell division, the nano-reservoirs were distributed to daughter
cells and continued to release siRNA for an extended period
of time. Due to extraordinary persistent gene silencing effect,
functionalized multilayered sRAuNPs are expected to have
great potentials in the areas of cancer therapy, in case luciferase
siRNA replaced with siRNA of onco-genes which are predomi-
nantly overexpressed in various tumors. Although this in vivo
siRNA effect was performed using pretreated cells, this simple
experiment demonstrated that a well-defined nanoconstruct
can achieve ultra-long gene silencing effects in vivo. Currently,
we are optimizing the fabrication for systemic treatment.

4. Experimental Section

Chemicals and Materials: All  siRNA and poly-L-lysine (PLL)
(M,, =15 000-30 000 g mol™") were obtained from Sigma-Aldrich (St.
Louis, MO). Bare AuNPs (40 nm) particles were purchased from BB
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Figure 3. In vitro gene-silencing effect of multilayered sSRAUNPs. The luminescence signal and the luminescence intensity (photons s™') in a,b) MDA-
MB231-luc2 cells or ¢,d) LNCap-luc2 after incubation for 2 days with various sRAuUNPs. The luminescence intensity of each cell line without treatment
was set as 100%. The results are representative of three independent experiments.
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International (Cardiff, UK), Lipofectamine 2000 was from Invitrogen Preparation and  Characterization  of  Multilayered ~ sRAuUNPs:
(Carlsbad, CA), D-Luciferin was from Regis Technologies (Morton Grove, ~ Using layer by layer (LbL) fabrication method, multilayers of
IL), Matrigel (phenol red-free) was from BD Biosciences (San Jose, CA) siRNA and PLL were successfully deposited on Au surface. The
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Figure 4. Prolonged gene-silencing effect of multilayered sSRAuNPs. a,b) The prolonged gene silencing effect was also evaluated by measuring the
luminescence signal for up to 10 days after treatment with sR2P (Ba + Na) in MDA-MB231-luc2 cells. The luminescence intensity without treatment
at day 1 was set as 100%. The results are representative of three independent experiments.
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Figure 5. In vivo gene-silencing effect of multilayered sSRAuUNPs. a) The luminescence signal
and b) the luminescence intensity of non-treated (left flank) or sR2P (Ba + Na) treated MDA-
MB231-luc2 cells (right flank) were collected up to 20 days after implantation by 1VIS-200. The
luminescence intensity (photons s™') of non-treated cells (left flank) at each time point was set
as 100%. c) Comparison of the tumor size of control versus the sR2P (Ba + Na) treated group
during 20 days. Data represent the tumor volume (mean = SEM) for each group.

5-UUAAUCAGAGACUUCAGGCGGUdTAT-3’, antisense strand:
5-ACCGCCUGAAGUCUCUGAUUAAdTAT-3", siLuc-Nal'l are sense
strand: 5-CGUACGCGGAAUACUUCGAATAT-3’, antisense strand: 5’
UCGAAGUAUUCCGCGUACGATAT-3’, and of control nonsnese siRNA
(siLuc-ctrl) are sense strand: 5-AGCUUCAUAAGGCGCAUGCATdT-3"
and antisense strand: 5-GCAUGCGCCUUAUGAAGCU-3dTdT-3’). AuNPs
solution (3.15 x 10° particles in 0.7 mL) was added dropwisely onto a
PLL solution (0.5 mL of 5 mg mL™") in pure water. After incubating for
30 min in the dark with gentle shaking, the solution was centrifuged for
30 min at 16,100 g using a micro centrifuge (Eppendorf, Hauppauge,
NY). The supernatant was removed, and the gel-like deep red pellet was
re-suspended with pure water and centrifuged for 30 min at 16,100 g.
PLL coated AuNPs were stored in pure water after additional wash. Next
polyelectrolyte layer was deposited by adding PLL coated AuNPs (in
0.5 mL pure water) to siRNA solution (4.0 nmole, 0.5 mL). The reaction
solution was incubated in the dark for 30 min with gentle shaking,
followed by three washes. The deposition procedures were repeated to
have total 5 layers of polyelectrolytes (3 layers of PLL and 2 layers of
siRNA). Sizes and zeta potentials of AuNPs in water were measured
by Zetasizer Nano-ZS (Malvern, Worcestershire, UK) according to the
manufacturer’s instruction.

Cell Lines: The human breast cancer cell line stably expressing firefly
luciferase (MDA-MB231-luc2) and the human prostate cancer cell line
stably expressing firefly luciferase (LNCaP-luc2) were purchased from
Caliper (Alameda, CA). MDA-MB231-luc2 cell line were cultured in
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DMEM medium (Mediatech Inc., Manassas, VA),
while LNCaP-luc2 cell line were cultured in RPMI
1640 medium (Thermo Scientific, Rockford, IL)
and both cell lines were supplemented with 2 mM
L-glutamine, 100 U mL™" penicillin, 100 mg mL™
streptomycin, and 10% heat-inactivated fetal bovine
serum (Sigma-Aldrich) in a humidified atmosphere
of 5% CO, at 37 °C.

Live Cell Imaging for Cellular Uptake of sRAuNPs:
A cy5 fluorochrome was tagged on the 5" end
of the sense siLuc-Ba and a cy3 fluorochrome
was tagged on the 5" end of the sense siLuc-Na.
Fluorescence images of live cells were acquired
using a fluorescence microscopy system (Olympus,
Tokyo, Japan). Briefly, MDA-MB231-luc2 cells were
seeded on a 96-well black clear-bottom culture
plate (Corning Life Sciences, Pittston, PA) at a
density of 5.0 x 10° cells per well. After 1 day, the
culture medium was replaced with sR1P (Ba-cy5),
sR1P (Na-cy3) or sR2P (Ba-cy5 + Na-cy3) AuNPs
(1.58 x 10® particles) containing medium, and
further cultured for 24 h. Cells were then washed
twice with phosphate buffered saline (PBS) and
cultured in the phenol red-free medium and imaged
with a fluorescence microscopy.

Cytotoxicity Assessment of sRAuNPs: A cell
proliferation assay was performed to assess the
cytotoxicity of Lipofectamine 2000 (Invitrogen)
and the preparations of sRAuNPs. Briefly, MDA-
MB231-luc2 cells were collected by trypsinization,
counted, and plated in a 96-well culture plate at
a density of 5 x 10° (or 2.5 x 10* of LNCaP-luc2)
cells per well. One day later, sRAUNPs (1.58 X
108 particles) or Lipofectamine 20000 (0.2 uL) were
added and the cells were further cultured for 48 h.
For Lipofectamine 20000, due to toxicity issue, fresh
complete medium were replaced after incubation
with Lipofectamine 2000 for 4 h and further cultured
for additional 44 h. At day 3, 20 puL CellTiter solution
(Promega) was added to each well after replacing
with fresh medium and incubated for an additional
3 h, and then the absorbance of the solution was
measured at 490 nm using a Spectramax M2 plate
reader (Molecular Devices).

In Vitro Gene Silencing Effect: For the examination of the gene
silencing effect in vitro, bioluminescence measurement was performed
after incubating with various multilayered AuNPs. Briefly, MDA-MB-
231 cells were seeded in a 96-well black clear bottom culture plate at
a density of 5 x 10° (or 2.5 x 10* of LNCaP-luc2) cells per well. One
day later, different sRAUNP (1.58 x 10% particles) were added to
each well and cultured for additional 48 h and replaced with fresh
medium. Manufacturer’s instruction was followed for transfection with
Lipofectamine 2000. Bioluminescence measurement was performed
using IVIS-200 (Caliper) immediately after addition 125 pg mL™ of
D-Luciferin (Regis). To investigate in vitro long-term gene silencing
effects, MDA-MB231-luc2 cells were seeded in a 6-well culture plate (BD
Falcon, San Jose, CA) at a density of 2.0 x 10° cells per well. One day
later, sSR2P (Ba + Na) (1.58 X 10° particles) were added to each well and
cultured for additional 48 h. sRAuUNPs treated MDA-MB231-luc2 cells in
6-well plate were collected by trypsinization, counted, and re-plated in a
96-well black clear bottom culture plate at a density of 1.5 x 10° cells per
well. Bioluminescence measurement of each well appropriate from day
1 to day 10 was performed using IVIS-200 (Caliper) immediately after
addition 125 pg mL™" of D-Luciferin (Regis).

In Vivo Gene Silencing Effect: All animal studies were performed
in compliance with the approved animal protocols and guidelines
of Institutional Animal Care and Use Committee at The Methodist
Hospital Research Institute. To evaluate gene silencing effect in vivo,

D 20D

19D 20D
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bioluminescence measurement was performed after implantation
of sR2P (Ba + Na) treated or non-treated MDA-MB231-luc2 cells to
female nude (nu/nu) mice. MDA-MB-231 cells were seeded in a 6-well
culture plate (BD Falcon) at a density of 2.0 X 10° cells per well. One
day later, sR2P (Ba + Na) (1.58 x 10° particles) were added to each
well and cultured for additional 48 h. sSRAuNPs treated or non-treated
MDA-MB231-luc2 cells were collected by trypsinization, counted, and
implanted bilaterally (3.5 x 106 cells in 200 puL of PBS including 50 uL
of Matrigel) in the posterior flanks of mice. Bioluminescence imaging
was carried out with a group of 3 mice. Bioluminescence of tumor-
bearing mice was imaged using a small animal optical imaging system
(IVIS-200, Caliper) immediately after injecting 2 mg (in 150 uL of PBS)
of D-Luciferin (Regis) per mouse up to 20 days after cell implantation.
Tumors were measured at the indicated time with digital calipers, and
volumes were calculated according to the formulal®3 as 0.5 x (length) x
(width)2.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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