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Introduction

This project at Johns Hopkins University serves as the In Vivo Delivery System Development
Core of the Phase I Vesicant Therapeutics Collaborative Core Research Program (VT-CCRP). The
Mission of this Core is focused on achieving Aim 3 of the Parent Grant at the USAMRICD. This Core
aims to develop, evaluate, and downselect a nanotechnology-based system for in vivo RNAi
delivery. This will be a critical component of validating therapeutic targets identified by the Target
Discovery and In Vitro Validation Core in in vivo models of vesicant exposure.
The Specific Aims are to evaluate nanotechnology-based delivery systems for RNAi delivery, to
confirm delivery to target tissues in vivo, confirm knockdown of target in vivo, and to select the most
effective delivery system for validation of targets in vivo.
Two delivery systems, chitosan
nanoparticles and PEG-PPA nanoparticles, will be under development and evaluation.
The proposed tasks are:
(i). Develop chitosan/siRNA nanoparticles and PEG-PPA/siRNA nanoparticles with well
characterized biophysical properties.
(ii). Characterize nanoparticle activities in vitro and identify the most effective nanoparticle
formulation for each type of target cells.
(iii). Develop an imiquimod cream-based nanoparticle formulation for animal experiments testing
transdermal delivery efficacy (to be conducted at USAMRICD).
(iv). Confirm delivery to target tissues and knockdown of target though intranasal instillation in
mouse and rat models.
(v). Confirm delivery to target tissue and knockdown of target for ocular delivery.

At the advise by USAMRMC and VT-CCRP at USAMRICD, we abandoned items (iii) and (iv), and
focused on nanoparticle assembly and ocular delivery only. Therefore, the revised tasks are:
(i). Develop chitosan/siRNA nanoparticles and PEG-PPA/siRNA nanoparticles with well
characterized biophysical properties.
(ii). Characterize nanoparticle activities in vitro and identify the most effective nanoparticle
formulation for each type of target cells.
(iii). Confirm delivery to target tissue and knockdown of target for ocular delivery.
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Body
In Phase I of the Delivery System Development Core, we have developed siRNA micellar
nanoparticle systems prepared from cationic copolymer carriers including poly(ethylene glycol-bphosphoramidate) (PEG-b-PPA) copolymers, and graft copolymers of linear polyethyleneimines and
polyethylene glycol (PEG). Two important approaches were developed to effectively condense siRNA
to small and uniform nanoparticles (~50 nm) and to markedly enhance the colloidal and complex
stability of siRNA in in physiological buffer and serum-containing media. These properties have been
correlated with significantly improved siRNA delivery and gene knockdown efficiency (70–80%).
We will then summarize the key findings in the report here. Just to clarify at the outset that we
quickly tested the efficiency of chitosan-siRNA nanoparticles and found that the transfection and gene
knockdown efficiency is much lower than linear PEI/siRNA and PPA/siRNA nanoparticles. Thus, we
focused on two most effective nanoparticle systems we have screened.
1. PEG-b-PPA ternary nanoparticles with improved condensation ability and uniform particle
size
Nanoparticle Synthesis.
Despite of the success of
mediating DNA delivery, compacting siRNA with polymeric
carrier into distinct, small and stable nanoparticles has been
challenging due to the much lower molecular weight and
condensation ability of siRNA as compared with plasmid
DNA. We have developed a convenient method to enhance
the condensation between PEG-b-PPA and siRNA with Fig. 1. Schematic of preparation of PEG-b-PPA/
sodium tripolyphosphate (TPP) via ionic crosslinking (Fig. siRNA/TPP ternary micellar nanoparticles formed
1).32 Smaller and more uniform nanoparticles were formed through ionic crosslinking with sodium
in relatively low concentration of TPP at lower N/P ratios. tripolyphosphate (TPP).
The major advantages of TPP as a
stabilization crosslinker is low toxicity nature
of TPP (an inert small molecular weight salt,
widely used as food additive, and on FDA’s
generally regarded as safe–GRAS–list) and
the convenience of simply mixing TPP and
siRNA solution before complexing with PEGb-PPA solution. TPP was first used to
prepare chitosan nanoparticles by forming
ionic crosslinks between positively charged
amino groups of chitosan and negatively
charged phosphates in TPP.33,34 Among
many polyanionic crosslinkers investigated,
TPP is the most popular for chitosan
crosslinking because of its non-toxic nature
and effective crosslinking ability. In addition,
the inclusion of TPP did not interference with
Fig. 2. The z-average (left ordinate) and PDI (right ordinate) measured
the complexation between PEG-b-PPA and
by dynamic light scattering analysis of nanoparticles formed at various
siRNA.
P’/N ratios and N/P ratios of 4 (A) and 8 (B), respectively, before (●, ○)
Although PEG-b-PPA and siRNA
formed complexes at N/P ratios of 4 and 8,
particles were irregular shaped with wide
size distribution (Fig. 2). The addition of TPP
drastically improved the condensation

and after (■, □) incubation with 150 mM NaCl for 5 hours. Values
represent Mean ± SEM (n = 3). (C) TEM images of nanoparticle formed
at P’/N ratios of 0 and 0.5 for N/P ratios of 4 and 8, respectively. (D)
Zeta-potential of nanoparticles prepared at various P’/N ratios for N/P
ratios of 4 (■) and 8 (□), respectively. Values represent Mean ± SEM (n
= 3).
4

efficiency, forming spherical nanoparticles with small and distinct sizes at P’/N ratio as low as 0.2.
The mechanism of enhanced condensation is likely through intermolecular electrostatic interaction,
due to the multivalent anionic nature of TPP. PEG-b-PPA solutions were incubated with a mixture of
siRNA and TPP at N/P ratios (the molar ratio of total side-chain amino groups in PEG-b-PPA to
phosphates in siRNA) of 4 and 8 and a variety of P’/N ratios (the molar ratio of phosphate groups to
side-chain amino groups in PEG-b-PPA) to form polyelectrolyte complexes (Fig. 2). At P’/N ratio of
4‒8, there is no significant particle formation (z-average size < 10 nm) with large PDI. On the other
hand, gel electrophoresis analysis showed that migration of siRNA was retarded or retained at the
same set of N/P and P’/N ratios (Fig. 3A and D). These results indicate that siRNA could only bind to
PEG-b-PPA strand through electrostatic interaction without forming distinct particles. When TPP was
used during the condensation, particle formation was observed at P’/N ratio of 0.1 or higher. The
mean particle size of the assembled nanoparticles increased to 80 to 100 nm as measured by DLS
(Figs. 2A, B). Of interest, PDI of nanoparticles prepared with TPP was less than 0.1 and the
histogram analysis showed unimodal distribution of the nanoparticles. These data indicated that TPP
was highly effective in facilitating siRNA condensation and nanoparticle formation.
The
encapsulation
efficiency
of
siRNA
into
nanoparticles was confirmed by agarose gel electrophoresis
(Figure 3A, D). No evidence of free siRNA was seen in all
the samples, including nanoparticles prepared without TPP.
This result suggests good complexation ability of PEG-b-PPA
with siRNA which does not compromise upon addition of TPP
at all P’/N ratios used. At all P’/N ratios tested TPP was not
found replace siRNA from the polymer. To test whether
addition of TPP would cause replacement of siRNA from the
polymer we carried out agarose gel electrophoresis (Figure
3A, D). No evidence of free siRNA suggested that
complexation ability of PEG-b-PPA with siRNA does not
compromise upon addition of TPP at all P’/N ratios used.

Fig. 3. Gel retardation assay of complexation
efficiency for siRNA at various P’/N ratios for N/P
ratios of 4 and 8, respectively. Nanoparticles
prepared at various conditions were incubated
with PVSK for 1 and 5 hours at 37 °C at a molar
ratio of sulfate groups in PVSK to phosphate
groups in siRNA of 5.

Significant differences in particle morphology were also
observed in transmission electron microscopy (TEM) analysis between nanoparticle preparations in
the presence and absence of TPP. TEM images of nanoparticles prepared with TPP showed that
these particles were mostly spherical with diameters ranging from 80 to 100 nm (Figure 2C),
corroborated well with the average size (98.2 ± 10.2 nm) measured by DLS method. On the other
hand, the TEM images of particles formed without TPP revealed aggregates with irregular shape and
sized ranged from 20 to 100 nm, correlated with higher PDI. Nanoparticles with TPP showed much
higher contrast than that without TPP in TEM images, indicating that the TPP-condensed
nanoparticles may have more compact polyplex core than that without TPP.
The most striking consequence of TPP co-condensation is the change in nanoparticle surface
charge (Fig. 3D). The ζ-potential of the ternary nanoparticles reduced drastically to neural at a P’/N
ratio of 0.5. This may significantly impact the in vivo nanoparticle transport and stability, as positively
charged nanoparticles are prone to opsinization and passive adsorption with abundant negatively
charged serum proteins, leading to particle aggregation and uptake by macrophages.
Enhanced stability of nanoparticles at physiological ionic strength. The complex stability of
nanoparticles was assessed by monitoring changes in size, PDI and SLI of nanoparticles prepared
with lower P’/N ratios (0.1-0.2) showed much larger sizes after incubating in 0.15 M NaCl, whereas at
higher P’/N ratios there were only slightly increases in average particle size (~110 and ~100 nm, for
N/P = 4 and 8, respectively) and low PDI. In addition, smaller particle size increase at higher P’/N
ratios was observed (Fig. 3). These data demonstrated that TPP crosslinked nanoparticles could
stabilize siRNA nanoparticles in solution with physiological ionic strength.
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The stability of the nanoparticles was also analyzed by characterizing the release profile of the
incorporated siRNA from nanoparticles in polyanion-exchange reaction (Figs. 3B, C, E, and F).35
There exists various types of anionic polymers including anionic proteins, sulfated polysaccharides,
nuclear chromatin and messenger RNA (mRNA) as essential cellular components and exchange
reaction of polycation with these negatively-charged polymers may take place under the biological
environment. As a result, siRNA is released from nanoparticle through the intermolecular exchange
and the released siRNA can facilitate a series of subsequent RNAi processes for gene silencing. On
the other hand, nanoparticles should be sufficiently stable to resist decomplexation and release of
siRNA before they reach the cytosol of target cells. Therefore, maintaining a balanced complex
stability is important to successful transfection and knockdown approach.
Another advantage of the PEG-b-PPA/siRNA/TPP
nanoparticle system is the tunable stability. The complex
stability of the ternary nanoparticles was found to be
dependent on N/P and P’/N ratios. The stabilization effect of
TPP increased with P’/N ratio, and was more pronounced at
lower N/P ratio. In general, the PEG-b-PPA/siRNA/TPP
ternary nanoparticles were smaller and more stable at higher
N/P and P’/N ratios. Based on the required stability for
different gene knockdown applications, it may be possible to
fine-tune the stability of the ternary nanoparticles to maintain
sufficient stability for nanoparticles to transport to target
cells, escape endolysosomal compartment, reach the cytosol
of target cells, and allow intracellular release of siRNA in
physiological ionic strength and in the presence of
polyelectrolytes.

Fig. 4. Gel retardation assay of complexation
efficiency for siRNA at various P’/N ratios for N/P
ratios of 4 and 8, respectively. Nanoparticles
prepared at various conditions were incubated with
PVSK for 1 and 5 hours at 37 °C at a molar ratio of
sulfate groups in PVSK to phosphate groups in
siRNA of 5.

Transfection and knockdown efficiency of PPA-bPPA/siRNA nanoparticles. The knockdown efficiency of PPA-b-PPA/siRNA nanoparticles in vitro
was assessed in two different types of cells, human epithelial cervical cancer cells (HeLa) and human
retinal pigment epithelial cells (D407) (Fig. 4). In this experiment, HeLa and D407 cells were
transiently transfected respectively with the two kinds of reporter gene P-Luc and R-Luc, followed by
the treatment with nanoparticles prepared at different P’/N ratios (0 to 1.0) with siRNA against P-Luc.
The expression level of R-Luc was used as an internal reference for the initial transgene expression
level. At 44 h after transfection, the inhibition of P-Luc expression was assayed by measuring the
relative expression ratio of P-Luc/R-Luc at a concentration of 100 nM siRNA.
Although PEG-b-PPA/siRNA complexes without TPP mediated an average of 24% and 58%
knockdown efficiency at an N/P ratio of 4 and 8, respectively, TPP-crosslinked nanoparticles resulted
in higher knockdown efficiency at both N/P ratios in both cell lines. As the P’/N ratio increases, the
gene knockdown efficiency increased gradually. At an N/P ratio of 4, the knockdown efficiency
reached the plateau (~60%) at P’/N ratio of 0.5 in HeLa cells, and the highest at P’/N ratio of 1.0 in
D407 cells. The knockdown efficiency was much higher at an N/P of 8, and was less dependent on
the P’/N ratio—reached 76% for P’/N ratio of 0.2 to 1.0 in HeLa cells and 75% at P’/N ratio of 1.0 in
D407 cells. Clearly, stabilization by ionic crosslinking by TPP improved nanoparticle-mediated
transfection and gene knockdown efficiency.
Cytotoxicity of PEG-b-PPA/siRNA nanoparticles. The potential cytotoxicity of PEG-b-PPA/siRNA
nanoparticles was assessed in HeLa cells and D407 cells under the transfection conditions. The cell
viability was determined by WST assay using water-soluble tetrazolium salt (data not shown). Nearly
100% of cell viability was observed for all transfection conditions in HeLa cells, and over 90% of cell
viability of D407 cells was observed under the same conditions. There was no significant difference in
cell viability was observed between nanoparticles prepared with and without TPP co-condendation.
These results demonstrate that the addition of TPP into nanoparticle assemblies did not influence
their cytotoxicity.
6
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2. Hyaluronic acid-coated siRNA nanoparticles–corneal-tissue targeted siRNA nanoparticles
To improve the mucoadhesive properties of the ternary nanoparticles, we conjugated
hyaluronic acid (HA) to the nanoparticle surface. HA has been show to exhibit mucoadhesive and
penetration enhancement properties (2). More importantly, corneal epithelial cells and limbal
epithelial stem and progenitor cells express CD44, which is the receptor for HA (3-5). HA-coated or
conjugated nanoparticles have been shown to significantly enhance their cellular uptake (6) via a
caveolin-dependent endocytic pathway (5). Using the same TPP crosslinking strategy described
above, we have optimized a protocol for preparing siRNA nanoparticles with polycation/siRNA-loaded
core with HA corona for corneal
delivery (Fig. 5). We used linear
PEI (LPEI) and branched PEI
(BPEI) as the polycation to
show the versatility of this
approach in applying to different
polycation carriers. Here we will
focus on data with LPEI, due to
its high transfection activity and Fig. 5. Schematic illustration for synthesizing quarternary siRNA nanoparticles by
coating of hyaluronic acid (HA) onto TPP-crosslinked lPEI/siRNA nanoparticles.
lower cytotoxicity.
TPP-stabilization
of
the
complex core.
Discrete nanoparticles were
prepared with N/P ratio of higher than 9 for lPEI
and P’/P ratio (ratio of phosphate in TPP to
phosphate in siRNA) of 4 or higher.
LPEI/TPP/siRNA formed nanoparticle with positive
charged surface at N/P’ ratios before reaching to
electroneutral mixing ratio, where large aggregates
were formed. TEM images of LPEI/TPP/siRNA
ternary nanoparticles showed spherical shape with
diameters ranging from 70 nm to 100 nm with a
unimodal distribution prior to HA coating (Fig. 6).
Fig. 6.

TEM images and size distribution of nanoparticles

HA-coating confer negative surface charge to prepared before (left panels) and after (right panels) HA-coating
siRNA nanoparticles. HA coating can only be for lPEI/TPP/siRNA (charge ratio of 10:10:4:1) nanoparticles.
achieved with TPP-stabilized siRNA nanoparticles.
Through optimization of HA to PEI to TPP to siRNA, we identified the range of compositions to yield
stable nanoparticles. The obtained quaternary nanoparticle have the size from 90 to 120 nm in
diameter. The z-potential values of near electrostatic neutrality of ternary nanoparticles with TPP
sharply decreased to – 47 mV when HA to siRNA charge ratio increased from 0 to 10. Agarose gel
electrophoresis revealed the encapsulation efficiency of siRNA into nanoparticles was 100%. Free
siRNA was not observed for all samples including HA-coated quaternary nanoparticles, highlighting
the good condensation ability and stabilization ability of TPP. The electronegative surface may be
advantageous in preventing nanoparticles from aggregation when applied in physiological media.
Complex stability of nanoparticles at physiological ionic strength or in serum-containing
medium. To investigate the effect of HA-coating on colloidal stability in 0.15 M of NaCl solution or in
medium containing 10% serum, the colloidal stability of ternary and quaternary nanoparticles were
assessed by monitoring changes in size (data not shown). No significant difference on the stability
was observed between HA-uncoated and HA-coated nanoparticles in the salt solution. In salt
solution, the size of nanoparticles was maintained for at least 6 h at 37°C. Ternary nanoparticles
prepared with PEI showed increased sizes after incubating in 10% serum. This is probably due to the
fact that positively-charged ternary nanoparticles interact with anionic serum proteins in the medium,
7
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resulting in the aggregation. On the other hand, HA-coated quaternary nanoparticles exhibited
improved colloidal stability in serum containing medium (Data not shown). HA-coated quaternary
nanoparticles showed increased colloidal stability. This indicates that HA shell of TPP-stabilized
nanoparticle, could stabilize siRNA nanoparticles in a solution with physiological ionic strength.
Transfection and Knockdown Efficiency of siRNA-loaded Nanoparticles was assessed in
different types of cells, human epithelial cervical cancer cells (HeLa) and human corneal epithelial
cells (HCE-2) and human corneal limbal epithelial cells (HCLE). These cells were selected because
they express CD44. As the amount of HA/PEI/TPP increased, the gene knockdown efficiency
increased up to 80 to 90% in serumcontaining medium (Fig. 7a). Negatively
charged quaternary nanoparticle with HA
shell showed a similar level of the gene
knockdown efficiency to the positively
charged
ternary
nanoparticles.
Nonetheless,
these
two
types
of
nanoparticles enter the cells through
different
mechanisms:
Cationic
nanoparticles adsorbed onto negatively
charged cell surface, thus triggering
endocytosis,
whereas
HA-coated
nanoparticles naturally are repelled by the
electrostatic repulsion, but can bind to cells
Fig. 7. TEM images and size distribution of nanoparticles prepared before
through CD44 receptor, and enter cells (left panels) and after (right panels) HA-coating for lPEI/TPP/siRNA
through
CD44-HA
complex-mediated (charge ratio of 10:10:4:1) nanoparticles at siRNA dose of 0.6 µg/well.
endocytosis.
To test this hypothesis that HA-coated nanoparticles show selective cellular uptake via CD44
receptor-mediated endocytosis, a competitive cell-binding assay was performed in HeLa cells. The
gene knockdown efficiency of HA-coated quaternary nanoparticles was significantly reduced to ca.
10% when incubated together with 1 mg/mL concentration of free HA in culture media in HeLa cells
(Fig. 7b). Furthermore, polyacrylic acid (PAA)-coated PEI/TPP/siRNA nanoparticles yielded nearly
background level of transfection. These data confirmed that HA-coated nanoparticles can mediate
CD44-specific cell uptake and transfection.
We next verified the transfection and knockdown
efficiency of HA-coated nanoparticles in human corneal
epithelial
cells
in
HCE-2
and
HCLE
cells.
LPEI/TPP/siRNA ternary nanoparticle with the size of 100
nm showed 35 to 50% of gene silencing efficiency and
HA-coated quaternary nanoparticles showed the highest
efficiency of knockdown of 65% (Fig. 8). These results
again confirmed that TPP-stabilized core is important to
achieving high gene silencing activity of the nanoparticles.
Fig. 8. Gene silencing efficiency mediated by HAcoated, siRNA(against firefly)-loaded nanoparticles
(HA to PEI charge ratio = 1) in human corneal
epithelial (HCE-2) cells and human corneal limbal
epithelial (HCLE) cells. The dose of siRNA was 100
nM (~ 0.6 µg per well).
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3. Improved siRNA condensation and transfection efficiency.
We previously developed a series of PEG-b-PPA block copolymers for the purpose of
condensing DNA. Complexation of these copolymers with plasmid DNA yielded uniform (<100 nm),
stable, self-assembled micellar nanoparticle structures. Furthermore, we have shown that the
condensation of DNA can be controlled by using copolymers with different molecular weight blocks to
form nanoparticles with dimensions similar to virus particles (1, 7-11). Using the same approach, we
have developed a method to effective condense siRNA into small and discrete nanoparticles as small
as 50 nm and rod-like particles (Fig. 9).

Fig. 9. The morphologies and size distribution of copolymer/siRNA nanoparticles prepared in solvents with
different polarities to strengthen the condensation of siRNA and control the particle shape and size. (A) prepared
in pure water; (B) prepared in water/DMF (1/1, v/v) mixture solvent; (C) prepared in water/DMF (3/7, v/v) mixture
solvent. The first and second column of panels shows TEM images of the same set of samples at different
magnifications. The third column of panels shows size distribution of copolymer/siRNA nanoparticles measured
by dynamic light scattering (DLS). (D) Size distribution profiles of nanoparticles of these nanoparticles before
(top panel) and after (lower panel) reversible disulfide crosslinking to confer the stability of the nanoparticles with
incubation in 0.15 M NaCl solution measured by dynamic light scattering for nanoparticle (C).

Reversible crosslinking strategy to
stabilize nanoparticles. In order to
retain
the
shapes
of
the
nanoparticles and also improve the
stability of the nanoparticles in
physiological medium, we have
adopted
a
strategy
that
we
developed previously for DNA
nanoparticles
using
reversible
disulfide bonds to crosslink the
micelle core (Fig. 10a). We have
shown that micelles prepared with
this method not only retained high
colloidal stability (Fig. 10b), but also
released the siRNA effectively when
the nanoparticles were treated with
dithiothreitol (DTT), a reducing agent
mimicking the function of glutathione

Fig. 10. Crosslinked micelles (a) remained similar sizes when treated with 10%
serum (b). (c) shows the release of siRNA from disulfide-crosslinked LPEI17K-gPEG10K/siRNA nanoparticles. Samples were incubated with DTT (50 mM) and
polyanions (sodium dextran sulfate) followed by gel electrophoresis.
9
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(GSH) inside the cytosol (Fig. 10c). These nanoparticles showed much improved stability in buffer
with physiological ionic strength and bile-containing media (data not shown).
Condensed nanoparticles mediate effective gene knockdown in vitro. We first tested the
transfection efficiency of the siRNA nanoparticles using two cell lines. This assay serves to
demonstrate the bioactivity of these nanoparticles. Results showed that all three sets of nanoparticles
have similar transfection efficiency in both HeLa cells and HEK293 cells (Fig. 11). It is worth noting
that the micelles were less cytotoxicity in comparison with the nanoparticles prepared with
LPEI/siRNA nanoparticles.

Fig. 11. In vitro gene silencing efficiency in Hela (a) and HEK293 (b) cells. Control
groups include crosslinked LPEI17K-g-PEG10K/scrambled siRNA nanoparticles with
sphere morphology and 50 nm in diameter; non-crosslinked LPEI17K-g-PEG10K/GL3
siRNA nanoparticles, and LPEI17K/GL3 siRNA nanoparticles. Bars represent mean ±
SD (n = 4).

Micellar nanoparticles mediated high knockdown efficiency in vivo. As a proof of principle, we
first tested the gene knockdown efficiency using either intravenous injection or intrabiliary infusion as
models for systematic and localized delivery systems. After local
delivery “directly” to the liver hepatocytes and by-passing the first
contact with Kupffer cells and serum albumin, all nanoparticle
formulations showed good gene knockdown activity ranging from 50
to 80% at 2 days following infusion (Fig. 12). Among them, rod-like
micellar nanoparticles, at a siRNA dose as low as 10 µg per rat,
showed the highest efficiency, similar to lPEI/siRNA particles. Given
the low cytotoxicity of micelles, this result is very promising.
To further test the effect of improved stability of nanoparticles
on transfection and gene knockdown efficiency, we injected
nanoparticles to rats using intravenous injection at a siRNA dose of
80 µg per rat. Using the same bioluminescence imaging analysis, we
have shown that the stabilized siRNA nanoparticles exhibited
significantly high level of transfection and gene knockdown efficiency
after systematic delivery (Fig. 13). In contrast, lPEI/siRNA were
nearly ineffective. Among the micellar nanoparticles, small siRNA
nanoparticles achieved nearly 80% gene knockdown at 24 h after
infusion, the other two nanoparticles showed about 30 to 40%
efficiency. Despite the fact that gene knockdown efficiency was
recovered gradually, a more sustained knockdown effect can be

Fig. 12.
Remaining luciferase
expression in rat liver at 48 hours after
gene knockdown treatment by
retrograde intrabiliary infusion of
various nanoparticle formulations. Bars
represent mean ± SD (n = 4).
10
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easily achieved by repeated i.v. injections. Although less relevant to ocular delivery, these results
highlight the effectiveness of our strategy in condensing and stabilizing nanoparticles in promoting
their gene knockdown activity in vivo.

Fig. 13. Remaining luciferase expression in rat liver at 24 and 48 hours after gene knockdown treatment by intravenous
injection. Bars represent mean ± SD (n = 4).

Key Research Accomplishments
We have achieved the following milestones over the past two years. To make it easier to compare,
the tasks in the original proposal are list here as well.
(i). Develop chitosan/siRNA nanoparticles and PEG-PPA/siRNA nanoparticles with well characterized
biophysical properties.
We have developed three sets of nanoparticles specifically designed for packaging
siRNA to confer high stability, smaller size, higher size uniformity (Figs. 2, 6, and 9).
These nanoparticles have been thoroughly characterized and they have been shown to
be highly effective in condensing, protecting and preserving siRNA activity.
(ii). Characterize nanoparticle activities in vitro and identify the most effective nanoparticle formulation
for each type of target cells.
At least two of the three nanoparticle-formulations can effectively transfect and
knockdown targeted genes in human corneal epithelial cells and human corneal limbal
epithelial cells (Figs. 4 and 7). The testing of the third nanoparticles in these cell type
is ongoing.
(iii). Confirm delivery to target tissue and knockdown of target for ocular delivery.
Dr. Al Ruff’s group has helped us testing two nanoparticle formulations (Figs. 8 and 11)
through subconjunctival injection over the past six to eight months. Unfortunately, we
have failed to observe detectable gene knockdown activity. We have also tested
fluorescently labeled nanoparticles by this administration route. There were plentiful
nanoparticles found at or near the site of injection. We are trouble-shooting this issue.
When Phase II project starts, we plan to continue to solve this problem and identify an
effective nanoparticle system for ocular delivery. As soon as we observe gene
knockdown activities, we will characterize the effectiveness of these nanoparticles
through eye drop applications.
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Conclusion and Outlook

In Phase I of the Delivery System Development Core, we have successfully developed a couple
of unique strategies to assemble siRNA nanoparticles through molecular design of the gene carriers,
and fine-tuning of the assembly conditions. Specifically, we have developed siRNA micellar
nanoparticle systems prepared from cationic copolymer carriers including poly(ethylene glycol-bphosphoramidate) (PEG-b-PPA) copolymers, and graft copolymers of linear polyethyleneimines and
polyethylene glycol (PEG). Two important approaches were developed to effectively condense siRNA
to small and uniform nanoparticles (~50 nm) and to markedly enhance the colloidal and complex
stability of siRNA in in physiological buffer and serum-containing media. These properties have been
correlated with significantly improved siRNA delivery and gene knockdown efficiency (70–80%).
In Phase II, we plan to apply these nanoparticle systems to ocular delivery，further tailor them
for transfecting corneal cell types and for improving the local tissue retention time. These optimized
nanoparticles promise to delivery target siRNA more efficiently. Nanoparticle transport and delivery
efficiencies in rodent models will be characterized to validate the siRNA targets and to provide
guidance for nanoparticle optimization.
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ABSTRACT
Purpose Polyelectrolyte complex nanoparticles are a promising vehicle for siRNA delivery but suffer from low stability
under physiological conditions. An effective stabilization method is essential for the success of polycationic nanoparticlemediated siRNA delivery. In this study, sodium triphosphate
(TPP), an ionic crosslinking agent, is used to stabilize siRNAcontaining nanoparticles by co-condensation.
Methods siRNA and TPP were co-encapsulated into a block
copolymer, poly(ethylene glycol)-b-polyphosphoramidate
(PEG-b-PPA), to form ternary nanoparticles. Physicochemical
characterization was performed by dynamic light scattering and
gel electrophoresis. Gene silencing efficiency in cell lines was
assessed by dual luciferase assay system.
Results The PEG-b-PPA/siRNA/TPP ternary nanoparticles
exhibited high uniformity with smaller size (80–100 nm)
compared with PEG-b-PPA/siRNA nanoparticles and showed
increased stability in physiological ionic strength and serumcontaining medium, due to the stabilization effect from ionic
crosslinks between negatively charged TPP and cationic PPA
segment. Transfection and gene silencing efficiency of the TPPcrosslinked nanoparticles were markedly improved over PEG-bPPA/siRNA complexes in serum-containing medium. No

significant difference in cell viability was observed between
nanoparticles prepared with and without TPP co-condensation.
Conclusions These results demonstrated the effectiveness of
TPP co-condensation in compacting polycation/siRNA nanoparticles, improving nanoparticle stability and enhancing the
transfection and knockdown efficiency in serum-containing
medium.
KEY WORDS block copolymer gene carrier . siRNA . sodium
triphosphate . stabilization . ternary nanoparticles

INTRODUCTION
Small interfering RNA (siRNA) has been recognized as a
powerful therapeutic agent for effectively silencing a specific
gene on a post-transcriptional level (1–3). Many siRNA
targets and RNA interference (RNAi) strategies have been
devised as a therapeutic approach in the treatment of
diseases such as macular degeneration, hepatitis C infection, and cancer (4,5). In spite of several recent successful
reports (6), therapeutic application of siRNA has been
hampered by limited stability within physiological fluids
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and inefficient cell membrane permeation due to high
density of negative charge in naked siRNA (7,8). Therefore,
development of carriers for efficient siRNA delivery has
emerged as a key issue in siRNA therapeutics (9,10). Recent
studies have successfully demonstrated that siRNA carriers
based on various cationic polymers, lipids and peptides
have been used to form nanosized polyplex with siRNA
(11,12). However, these polycation/siRNA nanoparticles
exhibit poor stability in buffers at physiological ionic
strength or in serum-containing media due to the small
molecular weight of siRNA chains (13,14). In order to
improve the compaction ability and stability of siRNAcontaining nanoparticles, several strategies for in vivo siRNA
delivery have already been proposed, including siRNA
conjugates with cholesterol or proteins, and the incorporation of siRNA into polymeric micelles and micro/nanogels
(15,16). Huang et al. have shown that lipid-coated calcium
phosphate nanoparticles could enhance intracellular delivery
of siRNA (17). Further modifications such as cross-linking
have been developed to stabilize polycation/siRNA nanoparticles in order to achieve high level of transfection. For
example, Kataoka et al. have demonstrated increased stability
of siRNA nanoparticles by cross-linking the core through
disulfide bonds to increase the complex stability under
physiological salt conditions (18).
We previously reported that the condensation of DNA
by block copolymer, poly(ethylene glycol)-b-polyphosphoramidate block copolymer (PEG-b-PPA), yielded the selfassembled micellar nanoparticles with a complex core
surrounded by a PEG corona (19,20). The advantages of
these micellar nanoparticles include smaller and more
uniform size, improved colloidal stability in serum-containing media, higher protection of incorporated DNA against
enzymatic degradation, and prolonged blood circulation
(21,22). Despite the success of mediating DNA delivery, PEGb-PPA condensed micelles with siRNA suffered from low
stability in salt solution, which may be due to the short and
rigid structure of siRNA in contrast to plasmid DNA (13).
Fig. 1 Schematic of preparation
of PEG-b-PPA/siRNA/TPP ternary
micellar nanoparticles formed
through ionic crosslinking with
sodium triphosphate (TPP).

Here we report a new method to stabilize polycation/
siRNA nanoparticles with sodium triphosphate (TPP) via
ionic crosslinking (Fig. 1). TPP was first used to prepare
chitosan nanoparticles by forming ionic crosslinks between
positively charged amino groups of chitosan and negatively
charged phosphates in TPP (23,24). TPP is popular for
chitosan crosslinking because of its non-toxic nature and
effective crosslinking ability (25,26). We hypothesized that
similar crosslinking can form between TPP and positivecharged gene carriers, thus facilitating condensation with
siRNA and increasing stability of nanoparticles. In this
paper, the stability of nanoparticles with TPP-crosslinked
core and the release profile of free siRNA from nanoparticle through an exchange reaction by polyanion were
analyzed. Furthermore, the gene knockdown efficiency of
PEG-b-PPA/siRNA nanoparticles stabilized by TPP was
assessed in HeLa and D407 cells in vitro.

MATERIALS AND METHODS
Reagents
Sodium triphosphate (TPP) and poly(vinyl sulfate) potassium
salt (PVSK) were purchased from Sigma-Aldrich Chemical
Co. Ltd. (Milwaukee, WI, USA). WST-1 was purchased from
Roche (Penzberg, Germany). UltraPure™ DNase/RNaseFree Distilled Water, Dulbecco’s Modified Eagle’s Medium
(DMEM), Opti-MEM™ and Lipofectamine2000™ were
purchased from Invitrogen (Carlsbad, CA, USA). Dualluciferase reporter assay system and pGL3-control and pRLCMV vectors were purchased from Promega (Madison, WI,
USA). The siRNA was purchased from Ambion (Austin, TX,
USA). Formvar-coated carbon grid was purchased from
Electron Microscopy Sciences (Hatfield, PA, USA). The
sequences of siRNA against Photinus pyralis luciferase were as
follows: sense 5′-CUUACGCUGAGUACUUCGAdTdT-3′,
antisense 5′-UCGAAGUACUCAGCGUAAGdTdT-3′.
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Preparation of Nanoparticle with TPP-Crosslinked
Core
PEG-b-PPA (molecular weights: PEG, 12 kDa, PPA,
38 kDa) was prepared as described in the previous report
(19). Ten μL of 4 μM siRNA solution (10 mM Tris–HCl,
pH 7.4) was mixed with 10 μL of TPP solution (10 mM
Tris–HCl, pH 7.4), followed by the addition of 20 μL of
PEG-b-PPA solution (10 mM Tris–HCl, pH 7.4) into the
mixture of siRNA and TPP solution at different mixing
ratios. They were mixed by pipetting, followed by gentle
vortex and spin-down. These particles were then incubated
at room temperature for 1 h before use or further analysis.
The mixing ratio for each formation was determined by
N/P and P′/N: [primary amino group of PPA]/[phosphate
group of siRNA] and [phosphate group of TPP]/[primary
amino group of PPA], respectively. The negative charge
number of TPP is defined as three in this study according to
the report (27).
Measurement of Size and ζ-potential of Nanoparticles
Mean particle hydrodynamic diameter (z-average) and
ζ-potential of the nanoparticles were determined by photon
correlation spectroscopy and laser Doppler anemometry,
respectively, using Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) equipped with a He-Ne laser
(λ=633 nm) as the incident beam. Size distributions were
determined by cumulate and histogram analysis, and results
are shown as the z-averaged size (cumulate mean) with
polydispersity index (PDI) (defined in the ISO standard
document 13 321:1996). All samples were equilibrated to
the defined temperature for 1 h prior to measurement. The
ζ-potential values of the complexes were measured in
10 mM Tris–HCl buffer (pH 7.4) containing 150 mM
NaCl at 37°C. All samples were equilibrated to the defined
temperature for 1 h prior to measurement.

water. The grid was further stained with 2% of uranyl
acetate solution and washed with deoinized water twice.
Transmission electron microscopy was carried out on
Tecnai™ 12 (FEI Company, OR, USA) run at 100 kV.
Gel Retardation Assay
The incorporation of siRNA into nanoparticle assemblies
was determined by electrophoresis on a 0.8% agarose gel.
Electrophoresis was carried out at a constant voltage of
90 V for 0.5 h in TAE buffer (4.45 mM Tris-acetic acid
containing 1.7 mM sodium acetate, pH 8.3). The band of
migrated siRNA was visualized under a UV transilluminator (UVP, Upland, CA) at a wavelength of 365 nm after
soaking the gel in distilled water containing ethidium
bromide (EtBr) (0.5 μg/mL).
Stability of Encapsulated siRNA in Serum-Containing
Medium
The siRNA-incorporated nanoparticles were incubated at
37°C with 50% final concentration of fetal bovine serum
(FBS) for 1 and 4 h, respectively. Samples were then
incubated in 10 μL of 50 mM EDTA for 5 min and 10 μL of
10 mM PVSK was added to displace siRNA from the
nanoparticles. The released siRNA was analyzed by electrophoresis on a 20% polyacrylamide gel prepared in 7 M urea
and TBE buffer (0.089 M Tris base, 0.089 M boric acid, and
2 mM sodium EDTA, pH 8.3). Polyacrylamide–urea gel
(20%) was used due to its high efficiency in separating small
fragments of possibly degraded siRNA. Electrophoresis was
then carried out with 1× TBE buffer at a constant voltage of
100 V for 1 h. The siRNA bands were visualized under a UV
transilluminator after staining for 40 min with a 1:10,000
dilution of SYBR-Green II RNA gel stain (Molecular Probes)
in RNase-free water.
Polyanion-Exchange Analysis

Stability of Nanoparticles in the Physiological Ionic
Strength
The effect of crosslinking on nanoparticle stability in buffers
with the physiological ionic strength was determined using the
Zetasizer Nano ZS90 (Malvern Instruments). The assay was
performed by measuring the size and scattering light intensity
(SLI) of nanoparticles after 24 h of incubation at 37°C in
solutions containing 150 mM of NaCl concentration.

Self-assembled nanoparticles prepared above were incubated
with in 10 mM Tris–HCl, pH 7.4 at [sulfonate of PVSK]/
[phosphate of siRNA] ratio of 5 at 37°C for 5 h. The released
siRNA from nanoparticles was analyzed at 1 and 5 h by the
gel retardation assay under the same conditions as described
above.
Knockdown Efficiency by Nanoparticles and Cell
Viability

Transmission Electron Microscopy
An aliquot of 10 μL of nanoparticle solution was added to a
formvar carbon TEM grid and incubated for 5 min at
room temperature, followed by washing with deionized

HeLa cells (human epithelial cervical cancer cell line) and
D407 cells (human retinal pigment epithelial cell line) were
seeded onto 24-well culture plates at a density of 5×104
cells per well in 500 μL of medium, followed by 20 h of
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incubation in DMEM containing 10% fetal bovine serum
(FBS) without antibiotics. Then, 720 ng/well pGL3-control
plasmid encoding Photinus pyralis luciferase (P-Luc) and
80 ng/well pRL-CMV plasmid encoding Renilla reniformis
luciferase (R-Luc) were co-transfected to the cells with
Lipofectamine2000™ according to the manufacturer’s
instructions; cells were further incubated for 4 h. For
nanoparticle-transfection groups, the medium was replaced
with fresh serum-free medium or medium with 10% FBS,
and nanoparticles containing siRNA (100 nM) against
P-Luc with or without TPP crosslinking were applied to
each well and incubated for 4 h. The medium was then
replaced with complete media containing 10% serum,
followed by incubation at 37°C with a 5% of CO2 atm.
After 44 h, cells were rinsed with PBS and subjected to a
luciferase expression assay using the Dual-Luciferase Reporter
Assay System. For each assay, P-Luc and R-Luc luminescence
was measured using FLUOstar OPTIMA plate reader (BMG
LABTECH, Germany) after the addition of appropriate
substrates. P-Luc activities were normalized by R-Luc
activities, and values are expressed as a ratio to the control
value (mean ± SD, n=4). Cell viability was determined using
WST-1 according to the manufacture’s protocol. Incubation
conditions were identical to those used in the transfection
protocol.

RESULTS
Preparation of PEG-b-PPA/siRNA Nanoparticles
and Stabilization with TPP
In order to test whether TPP co-condensation enhances the
nanoparticle formation, we prepared PEG-b-PPA/siRNA
nanoparticles with TPP added to the siRNA solution. PEGb-PPA solutions were incubated with a mixture of siRNA
and TPP at N/P ratios of 4 and 8 and a variety of P′/N
ratios of 0 to 1 to form polyelectrolyte complexes (Fig. 2). In
the absence of TPP (P′/N=0), there is no distinct particle
formation for N/P ratios of both 4 and 8, where the
measured z-average size was less than 10 nm with large
PDI (Fig. 2a and b). On the other hand, when TPP was
used during the condensation, nanoparticle formation was
observed at P′/N ratio of 0.1 or higher. The mean particle
size of the assembled nanoparticles with TPP-cocondensation increased to 80 to 100 nm as measured by
DLS (Fig. 2a and b). Of interest, PDI of nanoparticles
prepared with TPP was less than 0.1, and the histogram
analysis showed unimodal size distribution. These data
indicated that TPP was highly effective in facilitating
siRNA condensation and nanoparticle formation.
Significant differences in particle morphology were also
observed in transmission electron microscopy (TEM)

analysis between nanoparticle preparations in the presence
and absence of TPP. TEM images of nanoparticles
prepared with TPP showed that these particles were mostly
spherical with diameters ranging from 80 to 100 nm
(Fig. 2c), corroborating well with the average size (98.2±
10.2 nm) measured by DLS method. On the other hand,
the TEM images of particles formed without TPP revealed
aggregates with irregular shape and sized ranged from 20
to 100 nm, correlating with higher PDI. Nanoparticles with
TPP showed much higher contrast than that without TPP
in TEM images, indicating that the TPP-condensed nanoparticles may have more compact polyplex core than that
without TPP.
As shown in Fig. 2d, the ζ-potential values of nanoparticles prepared at different P′/N ratios varied significantly and appeared to be highly dependent on P/N ratio.
The ζ-potential values decreased sharply from +15
to −1.5 mV when the P′/N ratio increased from 0.1 to
1.0. The near electrostatic neutrality of the particle surface
at P′/N ratio of 0.5 to 1.0, with a PEG corona, may be
advantageous in preventing nanoparticle aggregation when
applied in physiological media.
Complex Stability of Nanoparticles in Salt Solution
with Physiological Ionic Strength
The complex stability of nanoparticles was assessed by
monitoring changes in size and PDI in 0.15 M of NaCl
solution. No dynamic scattering signals were detected for
nanoparticles prepared without TPP (P′/N=0) at N/P
ratio of 4 or 8 after they were incubated with 0.15 M NaCl
solution, due to the charge screening effect. Nanoparticles
prepared with lower P′/N ratios (0.1 and 0.2) showed
increased sizes after incubating in 0.15 M NaCl. In
contrast, nanoparticles prepared at higher P′/N ratios only
showed slightly increased particle sizes (average size of 110
and 100 nm for N/P of 4 and 8, respectively) and low PDIs
(Fig. 2a and b). This indicates that TPP-crosslinked nanoparticles could stabilize siRNA nanoparticles in a solution
with physiological ionic strength.
Nanoparticle Stability in the Presence of 50% Bovine
Serum
To test whether the encapsulated siRNA showed improved
stability in serum containing medium, nanoparticles were
incubated with 50% of fetal bovine serum (FBS) at 37°C
followed by gel electrophoresis to analyze the integrity of
siRNA. Figure 3 showed that siRNA incubated with 50%
FBS was significantly degraded. On the other hand, siRNA
recovered from nanoparticles only showed trace amount of
degradation for all N/P and P′/N ratios. The siRNA
recovered from nanoparticles with and without TPP were
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Fig. 2 The z-average (left ordinate) and PDI (right ordinate) measured by dynamic light scattering analysis of nanoparticles formed at various P′/N ratios
and N/P ratios of 4 (a) and 8 (b), respectively, before (filled circle, empty circle) and after (filled square, empty square) incubation with 150 mM NaCl for
24 h. Values represent Mean ± SEM (n=3). Particles without TPP crosslinking dissociated after incubation in 150 mM NaCl; therefore, no data points
were included for P′/N=0 for salt incubation lines (filled square, empty square) here. (c) TEM images of nanoparticle formed at P′/N ratios of 0 and 0.5 for
N/P ratios of 4 and 8, respectively. Scale bar=100 nm. (d) Zeta-potential of nanoparticles prepared at various P′/N ratios for N/P ratios of 4 (filled square)
and 8 (empty square), respectively. Values represent Mean ± SEM (n=3).

still more intact for 4 h at all the P′/N ratios. No significant
difference on siRNA integrity in 50% FBS was observed
between nanoparticles prepared with and without TPP.
PEG-b-PPA/siRNA nanoparticles without TPP showed
similar resistance of siRNA to enzymatic degradation for
4 h of incubation with 50% serum as compared to
nanoparticles with TPP.
Complex Stability of Nanoparticles
Against Challenges with Polyanions
The encapsulation efficiency of siRNA into nanoparticles
was confirmed by agarose gel electrophoresis (Fig. 4a
and d). Free siRNA was not observed for all samples
including the complexes prepared with or without TPP,

highlighting the good siRNA condensation ability of PEGb-PPA. More importantly, the complexation ability was not
compromised by the addition of TPP at all P′/N ratios
tested. In combining with the DLS analysis (Fig. 2a and b),
these data indicated that complexation between PEG-bPPA and siRNA was strong enough to inhibit the gel
migration ability of siRNA at both N/P ratios of 4 and 8,
but distinct particle formation was observed only with TPPassisted condensation.
The stability of the nanoparticles was also analyzed by
characterizing the release profile of incorporated siRNA
using a polyanion-exchange reaction (Fig. 4b, c, e, and f)
(28,29). There exist various types of anionic polymers,
including anionic proteins, sulfated polysaccharides, nuclear
chromatin and messenger RNA (mRNA), as essential
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Fig. 3 Gel retardation assay of
siRNA integrity in nanoparticles
against enzymatic degradation in
50% FBS. Nanoparticles prepared
at various conditions were
incubated in 50% FBS for 1 h
(a and c) and 4 h (b and d),
respectively.

cellular components. Exchange reaction of polycations with
these negatively charged polymers may take place in
biological environment. As a result, siRNA may be released
from nanoparticles through the intermolecular exchange
and facilitate a series of subsequent RNAi processes for
gene silencing. On the other hand, nanoparticles should be
sufficiently stable to resist decomplexation and release of
siRNA before they reach the cytosol of target cells.
Therefore, maintaining a balanced complex stability is
important to successful transfection and subsequent knockdown of the desired target.
Figure 4 showed that nanoparticle stability increased
with increasing P′/N ratio and N/P ratio. Incubation of
nanoparticle with PVSK for 1 h resulted in minimal release
of siRNA from particles formed with N/P ratios of 4 and
8 at various P′/N ratios. However, the differences began to

emerge at a later time point (5 h after incubation). The
intensity of released siRNA bands were easily detected, and
their intensity decreased with increasing P′/N ratio.
Moreover, the observed intensity of migratory siRNA band
at N/P of 8 was slightly weaker than that at N/P of 4.
These data gave comparative stabilities of various nanoparticles prepared with different N/P and P′/N ratios,
confirming that both PEG-b-PPA and TPP contributed to
the stability of nanoparticles.
Transfection and Knockdown Efficiency of PPA-b-PPA/
siRNA Nanoparticles
The knockdown efficiency of PPA-b-PPA/siRNA nanoparticles in vitro was assessed in two different types of cells,
human epithelial cervical cancer cells (HeLa) and human

Fig. 4 Gel retardation assay of complexation efficiency for siRNA at various P′/N ratios for N/P ratios of 4 and 8, respectively. Nanoparticles prepared at
various conditions were incubated with PVSK for 1 and 5 h at 37°C at a molar ratio of sulfate groups in PVSK to phosphate groups in siRNA of 5.
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retinal pigment epithelial cells (D407) in the absence
(Fig. 5a) and presence of serum (Fig. 5b). In this
experiment, HeLa and D407 cells were transiently transfected respectively with the two kinds of reporter genes P-Luc
and R-Luc, followed by the treatment with nanoparticles
prepared at different P′/N ratios (0 to 1.0) with siRNA against
P-Luc. The expression level of R-Luc was used as an internal
reference for the initial transgene expression level. After
transfection period of 44 h, the inhibition of P-Luc expression
was evaluated by measuring the relative expression ratio of
P-Luc/R-Luc at a concentration of 100 nM siRNA.
Although PEG-b-PPA/siRNA complexes without TPP
failed to show distinct measurement of nanoparticles in
DLS, they mediated an average of 24% and 58%
knockdown efficiency in HeLa cells and 40% to 56% in
D407 cells in serum-free medium at N/P ratios of 4 and 8,
respectively. TPP-crosslinked nanoparticles resulted in
higher knockdown efficiencies at both N/P ratios in both
cell lines. As the P′/N ratio increases, the gene knockdown
efficiency increased gradually. At N/P ratio of 4,
the knockdown efficiency reached the plateau of ca. 60%
at P′/N ratio of 0.5 in HeLa cells and the highest
knockdown efficiency of ca. 60% at P′/N ratio of 1.0 in
D407 cells (Fig. 5a). The knockdown efficiency was higher
at N/P of 8 and reached ca. 75% of knockdown efficiency
in both types of cells.
Interestingly, however, when the transfections were
conducted in 10% serum-containing medium, the knockdown efficiency of PEG-b-PPA/siRNA complexes without
TPP stabilization was significantly reduced compared to
that obtained in serum-free condition (Fig. 5b). The
knockdown efficiency for N/P ratio of 4 was 10–12%,
and 23–34% at N/P ratio of 8 in both cell lines. In
contrast, the knockdown efficiency of TPP-crosslinked
nanoparticles was maintained or slightly enhanced as

compared to that obtained in serum-free medium transfection. As the P′/N ratio increased, the gene knockdown
efficiency maintained a similar level in HeLa cells and
moderately increased in D407 cells. At N/P ratio of 4, the
knockdown efficiency reached the plateau of ca. 50% in Hela
cells and a maximum of 70% in D407 cells. Higher
knockdown efficiency was obtained at N/P of 8 for both cell
lines, with 75% to 80% knockdown efficiency obtained in
HeLa cells and D407 cells, respectively, at P′/N ratio of 1.
Cytotoxicity of PEG-b-PPA/siRNA Nanoparticles
The potential cytotoxicity of PEG-b-PPA/siRNA nanoparticles was assessed in HeLa cells and D407 cells under
the transfection conditions. The cell viability was determined by WST assay using water-soluble tetrazolium salt
(Fig. 6). Nearly 100% of cell viability was observed for all
transfection conditions in HeLa cells, and over 90% of cell
viability of D407 cells was observed under the same
conditions. There was no significant difference in cell
viability observed between nanoparticles prepared with
and without TPP crosslinking. Similar cytotoxicity results
were obtained under serum-free transfection condition
(data not shown). These results demonstrated that the
addition of TPP into nanoparticle assemblies did not
influence their cytotoxicity.

DISCUSSION
Compacting siRNA with polymeric carrier into distinct,
small and stable nanoparticles has been challenging due to
the much lower molecular weight and condensation ability
of siRNA as compared with plasmid DNA. Particle size and
size distribution are important determinants for successful

Fig. 5 Gene silencing efficiency mediated by PEG-PPA/siRNA/TPP ternary nanoparticles at various P′/N ratios for N/P ratios of 4 and 8 in HeLa and
D407 cells in the absence (a) and presence (b) of 10% serum. A siRNA dose of 100 nM was used in all transfection groups. Values are expressed as
Mean ± SEM (n=4).
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Fig. 6 Viability of HeLa and D407 cells transfected with PEG-PPA/siRNA/
TPP ternary nanoparticles in 10% serum-containing medium under the
conditions described in Fig 5. Values are expressed as Mean ± SEM (n=4).

gene transfection and transport properties in vivo. It has been
reported that particles in the nanometer-sized range have a
relatively higher cellular uptake and intracellular transport
compared to microsized particles (30–33). Here we proposed
a convenient method to enhance the condensation between
PEG-b-PPA and siRNA. Smaller and more uniform nanoparticles were formed with relatively low concentration of
TPP at lower N/P ratios. The major advantages of TPP as a
stabilization crosslinker are its low toxicity and the convenience of simply mixing TPP and siRNA solution before
complexing with PEG-b-PPA. In addition, the inclusion of
TPP did not interfere with the complexation between PEGb-PPA and siRNA.
Although PEG-b-PPA and siRNA formed complexes at
N/P ratios of 4 and 8, particles were irregularly shaped
with wide size distribution. The addition of TPP drastically
improved the condensation efficiency, forming spherical
nanoparticles with small and distinct sizes at P′/N ratio as
low as 0.2. The mechanism of enhanced condensation is
likely through intermolecular electrostatic interaction, due
to the multivalent anionic nature of TPP. Mixing PEG-bPPA with TPP only (without siRNA) at a P′/N ratio
between 0.1 and 1.0 also formed particles with average size
ranging from 180 to 200 nm and a PDI of ca. 0.3 (data not
shown). This confirms that TPP has the ability to condense
polycations and form nanoparticles through electrostatic
interaction. These particles exhibited much bigger size and
PDI as compared with PEG-b-PPA/siRNA/TPP nanoparticles. Together with the observation of unimodal
distribution of PEG-b-PPA/siRNA/TPP nanoparticles,
these results indirectly confirmed that TPP participated in
forming the ternary nanoparticles, rather than forming
separate populations of PEG-b-PPA/TPP and PEG-bPPA/siRNA particles.
Another advantage of the PEG-b-PPA/siRNA/TPP
nanoparticle system is the tunable stability. The complex

stability of the ternary nanoparticles was found to be
dependent on N/P and P′/N ratios. The stabilization effect
of TPP increased with P′/N ratio and was more pronounced
at lower N/P ratio. In general, the PEG-b-PPA/siRNA/TPP
ternary nanoparticles were smaller and more stable at higher
N/P and P′/N ratios. Based on the required stability for
different gene knockdown applications, it may be possible to
fine-tune the stability of the ternary nanoparticles to
maintain sufficient stability for nanoparticles to transport to
target cells, escape endolysosomal compartment, reach the
cytosol of target cells, and allow intracellular release of
siRNA in physiological ionic strength and in the presence of
polyelectrolytes. On the other hand, siRNA integrity in
serum condition was less dependent on all N/P and P′/N
ratios tested. Resistance of siRNA to enzymatic degradation
is not the major reason for enhanced knockdown efficiency,
because complexes formed without TPP crosslinking showed
similar protection to siRNA in 50% FBS-containing medium. This result was similar to that reported in the case of
PEG-b-polylysine/siRNA complexes (18).
The co-condensation of TPP also significantly modulated the nanoparticle surface charge. The ζ-potential of the
ternary nanoparticles reduced drastically to neural at a P′/
N ratio of 0.5. This may significantly impact the in vivo
nanoparticle transport and stability, as positively charged
nanoparticles are prone to opsinization and passive adsorption with abundant negatively charged serum proteins,
leading to particle aggregation and uptake by macrophages.
This hypothesis remains to be tested in an in-vivo transfection study in the near future.
The improved stability of the ternary nanoparticle
systems correlated well with their enhanced gene knockdown efficiency over PEG-b-PPA/siRNA complexes.
Although the enhancement effect was less pronounced at
higher N/P ratio, the TPP-crosslinked nanoparticles
showed the highest transfection and transgene knockdown
efficiency for all P′/N and N/P ratios tested. More
importantly, the knockdown efficiency of PEG-b-PPA/
siRNA complexes in serum-containing medium was significantly reduced as compared to that obtained in serum-free
transfection in both cell lines, whereas the efficiency was
maintained or enhanced for TPP-crosslinked nanoparticles
in serum-containing medium in both cell lines and at both
N/P ratios. Given that TPP-crosslinked nanoparticles at
higher P′/N ratios showed neutral or negative surface
charges, which likely decreased nanoparticle binding with
cell surface, hence reducing cellular uptake, the higher
knockdown efficiency of ternary nanoparticles may primarily be attributed by the more compact size and increased
complex stability of nanoparticles. Both factors may favor
particle uptake and the protection of siRNA during
endocytosis and in endolysosomal compartment, eventually
leading to improved gene knockdown activity. More

TPP Stabilized Polycation/siRNA Micellar Nanoparticles

detailed mechanistic understanding of the intracellular trafficking TPP-crosslinked nanoparticles as a function of
P′/N ratio remains to be investigated.
Finally, this stabilization strategy for PEG-b-PPA/siRNA
complexes has minimal side effect, as the cytotoxicity
profile of the ternary nanoparticles was the same as PEGb-PPA/siRNA complexes without TPP addition. This is
consistent with the low toxicity profile of TPP, which is an
FDA direct food additive (21 CFR 173.310) and is on the
GRAS (generally recognized as safe) list.

CONCLUSIONS
In this study, we demonstrated that co-condensation with
TPP was a safe and effective approach to improve the
complex stability and gene silencing efficiency of PEG-bPPA/siRNA nanoparticles. By simply mixing TPP with
siRNA before condensing with PEG-b-PPA, spherical
ternary nanoparticles with smaller size and narrow distribution were obtained. These ternary nanoparticles showed
improved complex stability in salt and serum-containing
medium and against polyanion exchange reaction. The
stability of ternary nanoparticles increased with increasing
P′/N and N/P ratios. The release of encapsulated siRNA
was observed following incubation with polyanions. The
improved stability correlated well with the enhanced transfection and gene knockdown efficiency of the ternary nanoparticles. The knockdown efficiency of TPP-crosslinked
nanoparticles was much higher than PEG-b-PPA/siRNA
complexes in serum-containing medium. These results
highlight the TPP-co-condensation as a promising strategy
to improve the efficiency of polymer/siRNA nanoparticlemediated gene knockdown approaches.
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ABSTRACT SUMMARY
Dual-sensitive siRNA nanoparticles based on linear
polyethylenimine-graft-poly(ethylene glycol) copolymer
(LPEI-g-PEG) is used for cytoplasmic siRNA delivery.
This graft copolymer could condense siRNA into uniform
LPEI-g-PEG/siRNA nanoparticles, which were further
stabilized by reversible disulfide crosslinks. Delivery of
GFP-22 siRNA with these dual-sensitive nanoparticles
significantly inhibited the endogenous GFP expression in
rat distal pulmonary artery smooth muscle cells (PASMCs)
compared with non-crosslinked LPEI-g-PEG/siRNA
nanoparticles.
INTRODUCTION
Polymer-based gene carriers have been increasingly
proposed as a safer alternative to viral vectors, due to
their advantages on low immune response and cytoxicity,
high versatility in modulating nanoparticle properties and
delivery profile, and the ease of large scale production.1
Linear polyethylenimine (LPEI) is one of the most
efficient and widely studied synthetic carriers for the
delivery of plasmid DNA or siRNA into cells in vitro and
in vivo.2 However, siRNA-containing polyplexes prepared
with high molecular weight LPEI mediate higher
knockdown efficiency, but show relatively high toxicity.
Another major challenge for LPEI/siRNA nanoparticles in
vivo is their poor colloidal stability and serum stability,
which lead to rapid aggregation followed by macrophage
uptake and the premature dissociation of nanoparticles
and release of siRNA payload.
Here, we present a novel dual-sensitive siRNA
nanoparticle system based on LPEI-g-PEG copolymer for
siRNA delivery. In order to decrease cytotoxicity and
improve the colloidal stability of these nanoparticles in
aqueous solution, LPEI was conjugated with hydrophilic
and biocompatible poly(ethylene glycol). We then
introduced reversible reduction-sensitive crosslinking to
stabilize LPEI-g-PEG/siRNA nanoparticles. The resulting
disulfide-crosslinked LPEI-g-PEG nanoparticles showed
dual-sensitivity that offer higher stability in serum and
endolysosomal compartment, upon reduction of disulfide
crosslinks in cytosol, the nanoparticles will became
unstable in physiological ionic strength and hence
facilitate the release of the siRNA cargo inside the cytosol.
EXPERIMENTAL METHODS
Synthesis of LPEI-g-PEG copolymer.
Polyethylene glycol succinimidyl succinate (MW =10 KDa)
was conjugated to LPEI (MW = 17 KDa). Briefly, LPEI (4
mg) was dissolved in 10 mL of 2-(4-morpholino)

ethanesulfonic acid buffer (MES buffer, 0.1 M, pH 6.5),
to which was added polyethylene glycol succinimidyl
succinate (40 mg) in 40 mL of MES buffer. The reaction
was performed at room temperature for 24 h. The product
was purified by dialysis against DI water (MWCO 12 ‒
14 KDa) for 1 day to remove the unreacted PEG, and then,
the purified product was harvested by freeze-drying.
Preparation of polycations/siRNA nanoparticles.
GFP-22 siRNA solution (25 µL) in DI water at a
concentration of 53.2 µg mL-1 was added to an equal
volume of LPEI or LPEI-g-PEG solution in DI water at
N/P ratio 20. The mixture was vortexed and then
incubated for 30 min at room temperature. To prepare
crosslinked nanoparticles, siRNA was incubated with
thiolated LPEI-g-PEG copolymer,3 and then the
nanoparticles suspension was transferred to a Biotechgrade RC float-dialyzer with MWCO of 3,500 Da and
dialyzed against DI water for 24 h to oxidize thiol groups.
The size and size distribution of nanoparticles were
measured by dynamic light scattering (DLS) carried out
on a Malvern Zetasizer Nano ZS90. TEM was performed
on a FEI Tecnai 12 TWIN transmission electron
microscope.
Gene silencing efficiency in cultured cells.
PASMCs which stably express emerald green
fluorescence protein (EmGFP) were seeded in 24-well
tissue culture plate and incubated for 24 h to reach about
70% confluence, and then cells were transfected with
PEI/siRNA, LPEI-g-PEG/siRNA or disulfide-crosslinked
LPEI-g-PEG/siRNA nanoparticles carrying GFP-22
siRNA targeting EmGFP at the concentration of 100 nm
in fresh DMEM containing 10% FBS without penicillin
and streptomycin, and then change to 10% FBScontaining media after 4 h. Gene knockdown efficiencies
were imaged under ZEISS 610 inverted fluorescence
microscope, and cells were trypsinized and analyzed by
FACSCalibur flow cytometer after 48 h. The cell
proliferation WST-1 test was performed to assess cell
proliferation and viability after 48 h of incubation.
RESULTS AND DISCUSSION
The use of PEG for nanoparticle surface
functionalization had led to many favorable results due to
its intrinsic physicochemical properties, such as low
toxicity
and
immunogenicity.
Nanoparticles
functionalized with PEG chains have been described as
long circulating drug delivery systems with potential
applications for systemic drug administration. Moreover,
PEG has been shown to substantially reduce nonspecific
interactions with proteins through its hydrophilicity and

steric repulsion effects, thereby reducing opsonization and
improving nanoparticle stability. In this study, we apply
LPEI-g-PEG copolymer to siRNA delivery. First of all,
we have confirmed that the LPEI-g-PEI copolymer can
condense siRNA to form nanoparticles with high N/P
ratio of 20. As shown in Figure 1, LPEI-g-PEG/siRNA
nanoparticles exhibit more uniform size with an average
diameter around 100 nm measured by DLS and TEM.
Without PEG decoration, LPEI/siRNA nanoparticles will
formed aggregates rapidly upon contact with serumcontaining medium.

Figure 1. TEM images of linear PEI/siRNA nanoparticles
(a), LPEI-g-PEG/siRNA nanoparticles without (b) and with
disulfide-crosslinking (c). Size distributions of the three
sets of particles were measured by dynamic light
scattering (d).

Due to the short and rigid structure of siRNA in
contrast with DNA, polycation/siRNA polyplexes usually
exhibit poor stability in buffers at physiological ionic
strength or in serum-containing media. In our study, the
stability of LPEI-g-PEI/siRNA nanoparticle was
enhanced by introducing disulfide bonds into the core of
these nanoparticles. We have confirmed that LPEI-gPEI/siRNA nanoparticle will dissociate during dialysis or
in the present of 0.9% NaCl without crosslinking.
Therefore, LPEI-g-PEI/siRNA nanoparticles after
disulfide crosslinking exhibited smaller and more uniform
morphology. The size of nanoparticles will play an
important role in modulating cellular uptake and gene
delivery efficiency.
We also test the gene knockdown efficiency
mediated by LPEI-g-PEG/siRNA nanoparticles in
PASMCs. As shown in Figure 2a, disulfide-crosslinked
LPEI-g-PEG/siRNA nanoparticles under the tested
condition decreased the endogenous GFP expression by
40%, which was significantly higher than non-crosslinked
LPEI-g-PEG/siRNA nanoparticles. It was likely that more
condensed and smaller nanoparticles obtained by this
crosslinking method facilitated particle uptake by cells.
When compared with LPEI/siRNA nanoparticles, which

showed about 65% knockdown efficiency, the stealth
effect of PEG segment located in LPEI-g-PEG/siRNA
nanoparticles may decrease cellular association and
internalization, and hence result in lower transfection
efficiency. These unique properties justify further
investigation on delivery efficiency to the lung in vivo.
As shown in Figure 2b, none of the carriers tested show
significant toxicity at the siRNA dose and culture
conditions.

Figure 2. (a) Gene silencing efficiency of GFP-22 siRNA
delivered by the three sets of particles in PASMCs were
measured by FACS. (b) Cytotoxicity to PASMCs was
determined by WST-1 assay. (c) Fluorescence images of
PASMCs with GFP expression silenced by the three sets
of particles. (I) LPEI-g-PEG/siRNA without crosslinking, (II)
disulfide crosslinked LPEI-g-PEG/siRNA nanoparticles
and (III) LPEI/siRNA nanoparticles.

CONCLUSION
LPEI-g-PEG copolymer was able to condense
siRNA into more uniform nanoparticles and the stability
of these nanoparticles can be enhanced by further
disulfide crosslinking. Delivery of GFP-22 siRNA with
disulfide crosslinked LPEI-g-PEG/siRNA nanoparticles
significantly reduced the endogenous GFP expression in
PASMCs,
suggesting
that
these
dual-sensitive
nanoparticles can serve as an efficient gene delivery
carrier.
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Target-specific systemic delivery using polyelectrolyte complex nanoparticles is a promising approach for siRNA delivery.
However, polycation/siRNA complexes suffer from low stability in physiological media. In addition, the positive surface
charge leads to serum protein adsorption, opsonization and non-specific uptake by macrophages. An effective
stabilization, passivation and targeting strategy is essential to the success of polycationic nanoparticle-mediated siRNA
delivery. We have recently reported that sodium triphosphate (TPP) as an anionic stabilization agent can significantly
improve the stability of polycation/siRNA nanoparticles and results in enhanced gene knockdown. Here, we show that
these TPP-stabilized siRNA nanoparticles can be coated by hyaluronic acid (HA) to further improve their colloidal stability
in serum containing medium. This strategy is applicable to several polycations used to condense siRNA, including
branched and linear polyethylenimine (BPEI and LPEI). BPEI or LPEI were used to condense siRNA in the presence of TPP
according to the method we reported previously, followed by coating with HA. These two sets of nanoparticles exhibited
spherical (80-180 nm) and highly uniform morphology (Fig. 1). Both TPP crosslinking and HA-coating are essential to
maintaining the high complex stability and colloidal stability for these nanoparticles. In the absence of TPP stabilization,
irregular shaped, large aggregates were obtained when BPEI/siRNA complexes were coated with HA. The quaternary
nanoparticles showed increased stability in a solution with the physiological ionic strength and serum condition.

Using dual luciferase assay, we have shown that gene silencing efficiency of HA-coated siRNA nanoparticles was enhanced
by co-condensation with TPP for both BPEI and LPEI in serum-containing media, compared with that of nanoparticles
without TPP (Fig. 2). The results highlight the effectiveness of TPP-co-condensation as a useful strategy to improve the
gene silencing efficiency of HA-coated siRNA nanoparticles.
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Background

Materials

A. RNA Intereference (RNAi)

C. Problems of siRNA-loaded polyelectrolyte complex

RNA interference (RNAi) is a highly evolutionarily conserved mechanism of gene
regulation. The classic RNAi occurs at the post-transcriptional level and is triggered by
short double-stranded RNA (dsRNA) also known as short interfering RNA (siRNA)
which is processed from long dsRNA by the RNase III enzyme Dicer or introduced into
a cell exogenously. After being loaded into the so-called RNA-inducing silencing
complex (RISC) in the cytoplasm, the siRNA would
causes sequence-specific
degradation of its homologous mRNA sequences. RNAi was first discovered in 1998
by Andrew Fire and Craig Mello in the nematode worm Caenorhabditis elegans and
later found in a wide variety of other organisms, including mammals.

B. Polyelectrolyte complex nanoparticle
DNA or
siRNA

polycation

Condensation
via electrostatic interaction

PEG Corona
+
polycation

siRNA

Condensation

+

Weak binding or dissociation
due to complex instability

Polyelectrolyte
Complex

• Nano-sized particle (Diameter：100-300 nm)
• Colloidal stablity in physiological condition.
• Delivery of negative charged genes through cell membrane
• Higher protection of incorporated gene against enzymatic degradation
• Prolonged blood circulation

Tripolyphosphate (TPP)
• ionic gelation agent
• Approved by FDA

TPP has been used as an effective cross-linking agent for polycations (e.g.
chitosan) because of its non-toxic nature.

Fig. 2 The z-average (left ordinate) and PDI (right ordinate) measured
by dynamic light scattering analysis of nanoparticles formed at various
P’/N ratios and N/P ratios of 4 (a) and 8 (b), respectively, before (filled
circle, empty circle) and after (filled square, empty square) incubation
with 150 mM NaCl for 24 h. Values represent Mean ± SEM (n=3).
Particles without TPP crosslinking dissociated after incubation in 150
mM NaCl; therefore, no data points were included for P'/N=0 for salt
incubation lines (filled square, empty square) here.

TPP

Nanoparticle
Scale bar = 100 nm

B. Polymeric Carrier
Poly(ethylene glycol)-block-polyphosphoramidate
(PEG-PPA)
Mw = 12k-38k, Mw/Mn = 1.5

CH3O CH2CH2O
Hypothesis: Similar crosslinking can form between TPP and gene carrier, thus
facilitating condensation with siRNA and increasing stability of nanoparticle.

Physicochemical Properties of Nanoparticles Cross-linked by TPP
Complex Stability of Nanoparticles

siRNA

Zeta-potential

Fig. 4 Gel retardation assay of siRNA integrity in
nanoparticles against enzymatic degradation in
50% FBS. Nanoparticles prepared at various
conditions were incubated in 50% FBS for 1 h (a
and c) and 4 h (b and d), respectively.
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C. Nanoparticle Formation
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Fig. 1 (left) Dynamic light scattering histgram of nanoparticles (P’/N = 0.2 for N/P 4).
(right) TEM images of nanoparticle formed at P’/N of 0 and 0.5 for N/P of 4 and 8.

Transfection and Knockdown Efficiency / Cell viability

Nanoparticle Stability in 50% Serum

Fig. 3 Zeta-potential of nanoparticles
prepared at various P’/N ratios for N/P
ratios of 4 (filled square)
and 8 (empty square), respectively.
Values represent Mean ± SEM (n=3).

<Definition>
N/P = [Amine of PPA]/[Phosphorus of siRNA]
Ionic cross-linking (TPP) P’/N = [Phosphorus of TPP]/[Amine of PPA]

Self-assembly

siRNA-loaded complex suffers from low stability under physiological condition
probably due to the short and rigid structure of siRNA in contrast to plasmid DNA.
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Ternary complex nanoparticles were prepared
by various P’/N ratios for N/P ratios of 4 and
8.

PEG-PPA

NaCl

D. Tripolyphosphate (TPP) as ionic crosslinker

+

A. Scheme

serum

Dual Luciferase Assay (firefly/renilla)
In the absence of serum
In the presence of serum

Fig. 6 Gene silencing efficiency mediated by PEG-PPA/siRNA(against firefly)/TPP
ternary nanoparticles at various P’/N ratios for N/P ratios of 4 and 8 in HeLa and
D407 cells in the absence (a) and presence (b) of 10% serum. A siRNA dose of 100
nM was used in all transfection groups. Values are expressed as Mean ± SEM (n=4).
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Fig. 7 Viability of HeLa and D407 cells transfected with
PEG-PPA/siRNA/TPP ternary nanoparticles in 10%
serum-containing medium under the conditions described
in Fig 5. Values are expressed as Mean ± SEM (n=4).

Conclusion
• Co-condensation with TPP was a safe and effective approach to improve the complex stability and gene silencing efficiency of PEG-b-PPA/siRNA
complex nanoparticles.
• Spherical ternary nanoparticles with smaller size (80 - 100 nm) and narrower distribution (PDI < 0.01) were obtained by simply mixing TPP with siRNA
before condensing with PEG-PPA.
• These ternary nanoparticles showed improved complex stability in salt and serum-containing medium and against polyanion exchange reaction.
• The stability of ternary nanoparticles increased with increasing P’/N and N/P ratios.
• The improved stability correlated well with the enhanced transfection and gene knockdown efficiency of the ternary nanoparticles.
• The knockdown efficiency of TPP-crosslinked nanoparticles was much higher than PEG-b-PPA/siRNA complexes in serum-containing medium.
• These results highlight the effectiveness of TPP co-condensation strategy for improving the stability and transfection efficiency of polymer/siRNA
nanoparticles.
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