
XUE AND WONG VOL. 5 ’ NO. 9 ’ 7034–7047 ’ 2011

www.acsnano.org

7034

August 13, 2011

C 2011 American Chemical Society

Solid Lipid�PEI Hybrid Nanocarrier:
An Integrated Approach To Provide
Extended, Targeted, and Safer siRNA
Therapy of Prostate Cancer in an
All-in-One Manner
Hui-Yi Xue† and Ho-Lun Wong†,*

†Department of Pharmaceutical Sciences, Temple University School of Pharmacy, 3307 North Broad Street, Philadelphia, Pennsylvania 19140, United States

S
mall-interfering RNA (siRNA) provides
the clinicians a highly promising tool to
selectively turn off pathologic molecu-

lar pathways via the RNA-interference
(RNAi)mechanism.1,2 The prospect of apply-
ing siRNA for cancer therapy is especially
appealing as it has been shown highly
effective for silencing several oncogenic or
chemoresistance pathways.3,4 However,
studies have also begun to identify its clin-
ical limitations.5�7 For instance, free siRNA
molecules are known to have poor transfec-
tion efficiency and biological stability.
Although these problems can be conveni-
ently tackled using nonviral gene carriers,
these carriers are often associated with sig-
nificant normal tissue toxicity.6�10 This toxi-
city issue is further complicated by the fact
that the efficient carriers often cause unac-
ceptable toxicity as a result of strong cell-
carrier nonspecific interactions.11�13 This
poses a serious challenge to the develop-
ment of safe and effective siRNA-based
clinical treatment.
Polyethylenimine (PEI) is one of the most

studied classes of polycationic polymers
used as nonviral gene carriers. The high
charge density of PEI molecules facilitates
formation of well-condensed complexes
with nucleic acids and interaction with cell
surfaces,14,15 and they are able to efficiently
release nucleic acids from the endosomes
by proton sponge effect.16 The transfection
efficiency of PEI is thus high among nonviral
gene carriers. In addition, it is easily modifi-
able. Nevertheless, the aforementioned ef-
ficacy�toxicity correlation still applies to
PEI.11,12 To break this undesirable correla-
tion, different strategies have been studied.
These include the substitution of branched

PEI with the less toxic, linear PEI,17�19 devel-
opment of easily degradable disulfide cross-
linked PEI,11 grafting branched PEI with
hydrophobic moieties, and combining
modified or unmodified PEI with liposomal
ingredients to form “polycation liposomes”
or similar submicrometer carriers.16,20,21 De-
creased toxicity and improved transfection
efficacywas observed using these strategies
for the delivery of DNA, and more recently,
siRNA.
With this issue at least partly addressed,

the next major challenge will be to equip the
PEI-based systems for the more complex,
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ABSTRACT Small-interfering RNA (siRNA) has a high application potential for therapeutic

silencing of pathologic or drug-resistance genes. However, although recent research has led to

several nonviral nucleic acid delivery systems with encouraging transfection performance, there

remains a substantial gap between these systems and an ideal siRNA carrier that can be safely and

effectively used for the more complex delivery tasks such as cancer management. We hypothesized

that by integrating the high transfection performance of linear polyethylenimine (PEI) with the

controlled release properties of solid lipid components, and complementing the resulting lipid�PEI

hybrid nanocarrier (LPN) with receptor-targeting capability, multiple limitations of the conventional

siRNA carriers would be simultaneously overcome. Data comparing this new hybrid system with the

conventional siRNA-PEI polyplexes showed 15 to 21% less loss of siRNA, higher selectivity for

prostate cancer cells over noncancerous prostate cells, and significant reduction in both acute and

delayed carrier toxicity especially to the noncancerous RWPE1 cells (e.g., 71.2% of LPN-treated cells

preserved proliferative capacity versus e30.2% in other groups). We further demonstrated

sustained intracellular siRNA release from LPNs, which was shown translatable into extended in

vitro and in vivo RNA-interference effects for a minimum of one week. Our findings generally support

the use of LPN technology to achieve a longer-acting, less toxic, more efficient, and cancer-specific

form of siRNA therapy in an “all-in-one” manner. This brings the nonviral siRNA delivery approach

one important step closer to its clinical application.

KEYWORDS: small-interfering RNA . nonviral delivery . polyethylenimine .
nanoparticle . cancer therapy
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demanding nucleic acid delivery tasks required for
disease management, for instance, to develop high
efficiency systems tailored for the delivery of the
generally short-lived siRNA, with better control over
the siRNA release kinetics and improved specificity for
the target tissues. This will prove especially valuable for
the management of cancers, which can greatly benefit
from efficient, long-acting therapeutic action in the
cancer cells and low carrier toxicity toward the non-
cancer tissues at the same time.22

Our group has previously reported the development
of polymer�lipid hybrid nanotechnology, in which
noncovalent drug�polymer complexes are efficiently
encapsulated into a nanoscale core of mostly solid
lipids.23,24 Solid lipid ingredients in drug delivery plat-
forms have been shown to extend the release profiles
of diverse compounds and reduce their toxicity.25�28 In
a recent study, we further demonstrated that by
introducing a small quantity of oil into the solid lipids
of a hybrid system and tailoring their relative amounts,

it was feasible to manipulate the nanoparticle internal
structure and subsequently its drug release behaviors
inside cancer cells.29 As a result, controlled and sus-
tained intracellular release kinetics was achievable.
In the present study, a lipid�PEI hybrid nanocarrier

(LPN) incorporating linear PEI with hydrophobic,
hexadecyl groups (hydrophobic hexadecylated poly-
ethylenimine (H-PEI)) was developed and evaluated.
We hypothesized that by integrating the controlled
release and targeted delivery strategies, the resulting
LPN technology would provide solutions or improve-
ments to several key issues of siRNA/PEI systems in an
“all-in-one” manner (see Figure 1a). This includes (1)
physical encapsulation of the siRNA materials instead
of just coating them on carrier surface, (2) reduction of
the loss of siRNA to the extracellular environment but
facilitation of controlled, sustained intracellular siRNA
release, (3) prevention of quick exposure of the cells
to a high level of unencapsulated PEI molecules,
and (4) like other lipid carriers, providing sites for

Figure 1. Design of a solid�lipid polyethylenimine hybrid nanoparticle (LPN), and its size, morphology, and pH response
data. (a) Scheme illustrating thedesignof LPNand thehypothesesof using LPN toprovide extended, targeted and safer siRNA
therapy. siRNA molecules (red wavy curves) complexed with linear PEI molecules modified with hydrophobic groups (blue
lines with short black branches) are physically encapsulated into nanocarrier core consisting mostly of solid lipids (pale
yellow). The green surface groups represent targeting moieties (e.g. folate tagged phospholipids). (b) Size distribution of
LPNs measured with photon correlation spectroscopy. Distribution by intensity is presented. (c) LPN images captured using
scanning electronmicroscopy. Bar indicates 1m. Left panel and right panel present imageswith lowmagnification (10,000�)
and high magnification (25,000�), respectively. (d) pH responses of LPNs. Left panel: particle size; middle panel:
polydispersity; right panel: zeta potential value. Mean values are presented.
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easy surface-engineering (e.g., grafting cell-targeting
moieties).30�33 These hypotheses were tested in both
prostate cancer and noncancerous prostate cells with
emphasis not only on the acute effects, but also on
their delayed responses.

RESULTS

LPN Characterization. Table 1 and Figure 1 present the
size data. After encapsulation of siRNA/H-PEI poly-
plexes (siRNA-H-PEI) to form LPNs, the mean size was
slightly over 200 nm and the polydispersity index (PDI)
was below 0.3, indicating good quality control over the
carrier size distributionwith the encapsulation approach.
These values were both significantly smaller than the
unencapsulated polyplexes (p< 0.05). Figure 1c presents
the electron microscope images of LPNs (low and high
magnification). Consistent with the photon correlation
spectroscopy (PCS) data, the spherical LPNs shown in the
image were mostly around 200�300 nm in diameter.

Table 1 also shows the zeta potential data. When
the values of unencapsulated siRNA-H-PEI polyplexes,
blank LPNs (without siRNA), and LPNs are compared,
it is evident that the lipids bearing negative zeta
potential (�38.2 mV) have screened out the positive
charge of H-PEI/siRNA-H-PEI (þ30.8 mV). As a result,
the zeta potential of LPNs becomes mildly negative
(�20.9 mV).

Figure 1d shows the pH response of LPNs. Overall,
LPNs were physically stable in the pH range from 5 to 9.
Particle aggregation started to appear at pH 4 or lower,
as indicated by the increases in particle size and PDI
values. This was likely due to changes in zeta potential
at low pH values. In general, the aggregation was
moderate. After 24 h incubation in pH 3, the particle
size was around 340 nm.

siRNA encapsulation efficiency values of LPNs and
nf-LPNs (LPNs without folate-PEG-DSPE (1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene
glycol)-2000])) were found to be 83.4 ( 6.2% and
85.3 ( 5.5 (mean ( SD, n = 3), respectively. The
surface-modification did not significantly affect the
siRNA encapsulation (p > 0.05).

Coating of Folate on LPNs Improved siRNA Uptake Efficiency
and Selectivity for Folate-Receptor Expressing Cancer Cells. Fig-
ure 2 shows the effects of different carrier systems on
the siRNA uptake by folate-receptor expressing PC3
cancer cells (Figure 2a) and folate-receptor deficient
noncancerous RWPE1 cells (Figure 2b) as measured by
flow cytometry. Trypan blue quenchingwas performed
to eliminate the extracellular fluorescence so the mea-
sured fluorescence was from the siRNAwithin the cells.
In PC3 cells, the standard, folate-coated LPNs (LPN,
black bar) delivered siRNA at comparable or better rate
than Lipofectamine 2000 (Lf), conventional PEI, or
H-PEI. This high siRNA transfection rate was signifi-
cantly reduced in LPNs without folate modifications
(nf-LPN) or when LPN uptakewas partially blocked by a
high folate level (þþfolate, also black bar). This indi-
cated that the LPN uptake into PC3 cells was largely
receptor-mediated. This was supported by the RWPE1
data. In these cells, both LPNs and nf-LPNs could no
longer rely on the folate-receptor pathway. Conse-
quently, they both demonstrated lower siRNA uptake
than Lf, PEI, and H-PEI. It should be pointed out that the
uptake rates of all carrier types by RWPE1 cells were
generally lower than PC3 cells. A few % reduction in
siRNA transfection by Lf, PEI, H-PEI and nf-LPNs was
observed in each group. These modest cell-type re-
lated differences, however, cannot explain the sub-
stantial reduction of LPN-mediated siRNA transfection
by RWPE1 cells (from 88% to 21% transfection, p <
0.05). This can only be explained by the cancer-target-
ing ability of the folate-coated LPN design.

As a supplementary method, the cellular siRNA
uptake was also measured by fluorescence microplate
reader (Figure S1, see Supporting Information). A
similar trend was observed.

The fact that regardless of the method used, mod-
est LPN uptake remained detectable in RWPE1 cells
indicates that some extent of nonspecific uptake was
still in effect. The carrier-cell interaction was dimin-
ished probably as a result of the more negative zeta
potential value of LPNs, and this was compensated by
the receptor-mediated uptake in PC3 cells. Overall, the

TABLE 1. Size and Zeta Potential Measurementsa

particle diameter (nm), mean ( SD

carrier z-average value PDI zeta potential (mV), mean ( SD

blank PEI 2342 ( 1145 0.72 ( 0.28 þ28.2 ( 1.2
siRNA-PEI polyplex 266.3 ( 70.6 0.62 ( 0.13b þ21.4 ( 5.7
blank H-PEI 70.7 ( 1.4 0.23 ( 0.01 þ45.9 ( 4.5
siRNA-H-PEI polyplexes 312.2 ( 47.7b 0.65 ( 0.16b þ30.8 ( 8.3
LPN (no H-PEI, no siRNA) 145.8 ( 26.4 0.27 ( 0.07 �38.2 ( 4.3
LPN (with H-PEI, no siRNA) 155.0 ( 40.8 0.26 ( 0.01 �7.5 ( 7.2
LPN (with both H-PEI and siRNA) 213.5 ( 22.5b 0.25 ( 0.01b �20.9 ( 8.3

a Particle size values presented were derived from distribution by intensity data. Mean of N g 3 samples were measured for each carrier type. PDI = polydispersity index.
b p < 0.05 comparing unencapsulated siRNA-polyplexes to LPN with encapsulated H-PEI/siRNA.
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data demonstrated a simultaneous reduction in the
nonspecific siRNA uptake and increase in the cell-
specific, receptor-mediated uptake when siRNA was
delivered using folate-coated LPNs. These two trends
worked in combination to effectively improve the
siRNA transfection efficiency and selectivity for the
targeted cancer cells.

LPNs Reduced Extracellular Loss of siRNA. siRNA mol-
ecules that prematurely release from the carrier before
transfection generally do not transfect well. This issue
was investigated by studying the siRNA release in a
buffered medium at 37 �C (Figure 3a). Comparison of
the full profiles showed significantly less loss of siRNA
into themedium from LPNs than the two conventional
PEI formulations (One-way ANOVA: p < 0.05). As sub-
stantial transfection should have occurred within the
first few hours, we highlighted the earlier measure-
ments in the first 5 h (in the small chart). After 4 h, PEI,
and H-PEI lost 35% and 29% of their siRNA, respectively,

significantly more than the 14% loss from LPNs (p <
0.05). The data indicate reduced loss of siRNA from LPNs
to the medium especially by initial burst releases.

siRNA molecules in their carriers may also be phy-
sically lost or degraded during storage. Figure 3b
shows the % of siRNA remained in LPNs after incuba-
tion at different conditions. 100 h storage at high
temperature in medium or 5% dextrose tends resulted
in modest loss (17�35%) of siRNA. siRNA in the lyoph-
ilized samples were generally well retained in LPNs.

LPNs Extended Intracellular siRNA Release. Flow cytome-
try measurements of the decline of 5-FAM-siRNA levels
in PC3 cells (2 days to 7 days after transfection) are
shown in Figure 4a. Two days after transfection, LPN
group showed the highest intracellular siRNA level.
However, the difference between LPN group and H-PEI
group was not significant at that point. Seven days
after transfection, the siRNA level in the LPN-treated
cells was significantly higher than all other groups.

Figure 2. Flow cytometry measurement of the siRNA transfection efficiency of different carriers. (a) Cancerous, folate-
receptor expressing PC3 cells and (b) noncancerous, folate-receptor negative RWPE1 cells were transfected with siRNA using
different carriers, followed by trypan blue quenching before flow cytometry measurement. Negative controls include
untreated cells (Blank) and cells treated with LPNs carrying non-fluorescent, inactive siRNA (-ve). Treatments include 50 nM
FAM-siRNA delivered by different carriers including Lipofectamine-2000 (Lf), linear PEI (PEI), PEI grafted with hydrophobic
hexadecyl groups (H-PEI), regular LPNs (LPN) and LPNswithout folate-linkedmoieties (nf-LPN). A groupwas treatedwith LPNs
in the presence of a high folic acid level (0.1 mM) to block the folate receptor (þþfolate). Left panels present the histogram
data (y-axis: cell count; x-axis: fluorescence intensity using FL1/FITC channel) and right panels present the % of cells
successfully transfected after treatment (20,000 cells permeasurement,n=3 andmean( SDpresented). * p<0.05 comparing
LPN group to all other groups; # p < 0.05 comparing LPN group to Lf, PEI and H-PEI but no significant difference comparing to
nf-LPN and þþfolate.
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Approximately 30% cells still contained high siRNA level.
In comparison, less than 10% cells transfected by Lipo-
fectamine (Lf), PEI, or H-PEI had significant intracellular
level of siRNA. Interestingly, although the initial siRNA
level in the nf-LPN groupwas only around 20%, less than
half when comparing to the H-PEI group on day 2, it
became higher than all other groups except LPN on
day 7. All these flow cytometry findings are consistent
with the fluorescence images presented in Figure 4b.
Similar to the standard LPNs, a visibly detectable level of
siRNA persisted on day 7 in nf-LPN group. This suggests
that even though the cellular uptake was diminished by
eliminating the receptormediated uptake, the sustained
intracellular release feature was preserved in nf-LPNs.

LPNs Exhibited Reduced Acute and Delayed Carrier Toxicity.
Figure 5 presents the results of four assays comparing

the acute and delayed cellular toxicity of LPNs to PEI
and H-PEI systems (all carrying inactive siRNA). The
responses of the noncancerous RWPE1 and cancerous
PC3 cells are reported. As the solid lipid and phospho-
lipid components of LPN are substantially less toxic
than cationic materials,28,29,34 we focused on compar-
ing the carriers on the basis of the amount of PEI
fraction instead of the whole carrier. Figure 5a presents
the membrane integrity data measured by lactate
dehydrogenase (LDH) assay. High level of LDH leakage
into the culture medium indicated cell membrane
damages subsequent to the cell exposure to PEI. It
was shown that significantly less cell membrane da-
mages were inflicted by LPNs at the same PEI dosing
level (p < 0.05, one-way ANOVA). This translated into
better short-term cell viability (Figure 5b) measured
with trypan blue assay, as demonstrated by the highest
LD50 values LPN groups. The acute carrier toxicity to
both cell types was mitigated by the use of LPNs.

The delayed toxicity was evaluated with MTT assay
and clonogenic assay. Figure 5c presents theMTT assay
results. Two dosing levels (1 and 5 μg/mL PEI) were
tested. We selected these two levels because they did
not cause strong acute toxicity (<10% LDH leakage in
Figure 5a, >90% viability in Figure 5b) so we could
focus on the delayed component. At a high dosing
level, LPNs were significantly less toxic to both cell
types, but at a lower dosing level, LPNs were signifi-
cantly less toxic to RWPE1 only. This trend persisted in
the result of clonogenic assay (Figure 5d) which mea-
sures the cell proliferation capability. RWPE1 cells
remained substantially more proliferative after LPN
treatment than the other two groups especially after
5 μg/mL treatment. After normalization, 73% of LPN-
treated RWPE1 cells were able to form colonies com-
pared to only 29% of H-PEI treated cells. LPN was still
less toxic, albeit not statistically significant, to the PC3
cells when compared to the conventional PEI groups
after 5 μg/mL treatment. Overall, LPN was able to
mitigate both the acute and delayed toxicity. The
reduction in the delayed toxicity to the noncancerous
RWPE1 cells was particularly strong.

An nf-LPN group was included in the colony forma-
tion assay to evaluate the effect of cell-targeting on cell
toxicity (Figure 5d). Significant difference in colony
formation rates between the standard, folate-coated
LPNs and nf-LPNs was observed in PC3 but not RWPE1
cells. This indicates that the reduced toxicity of LPNs in
RWPE1 cells is at least in part due to their lower
expression of folate receptors and thus the decreased
uptake of the folate-coated LPNs.

LPNs Increase Duration of the Effects of siRNA on mRNA
Expression and Survivin Knockdown. Figure 6 panels a and b
show the extended in vitro knockdown effects of siRNA-
loaded LPNs on mRNA expression and protein level.
Survivin served as the model target in these studies. In
Figure 6a, only LPNs carrying survivin-targeting siRNA

Figure 3. LPNs reduce the extracellular loss of siRNA. (a)
Fraction of siRNA released from carriers, including linear
2500 Da PEI (PEI), PEI grafted with hydrophobic hexadecyl
groups (H-PEI) and LPN, in colorless RPMI 1640 medium
supplemented with 10% phosphate buffered saline (pH =
7.4) at 37 �C. The main chart presents the whole release
profiles in 96 h, while the small chart within magnifies the
first 5 h portion to highlight the initial burst releases.
*Indicates significant differences (p < 0.05, n = 3) between
LPN and other groups at the same time point. (b) Stability
study of LPNs: The quantities of siRNA remained in LPNs
after storing them at different conditions are normalized
against the same amount of freshly made samples and
presented as means S. (n = 3). Medium: colorless RPMI 1640
medium/PBS (90:10 v/v), D5W: 5% dextrose in water, refri-
gerated: 4 �C, RT: room temperature or 25 �C.
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(survivin-siRNA) maintained strong suppression on
the survivin mRNA (to around 20% of the control)
on day 7. In Figure 6b, the in vitro survivin knockdown
effect of LPNs was found to last for 7 days, versus 3�5
days in the H-PEI group. This agrees with the imaging
result presented in Figure 4b and shows that the sus-
tained intracellular presence of siRNA could translate into
extended in vitro RNAi activity. LPNs carrying inactive
siRNA (-ve group) were included in both experiments. No
significant effect on survivinmRNAandprotein levels was
observed. The carrier effect was thus ruled out.

LPNs Carrying Survivin-siRNA Provide Significant, Extended in
Vivo RNAi Activity. Figure 7a compares the survivin levels
in PC3 tumors after intravenous administration with
different carriers loaded with survivin-siRNA. The original

images (left) and the corresponding images of brown-
ness (indicating the survivin level) extracted using
ImageJ software (right) are shown. The tumor survivin
levels remained significantly suppressed (i.e., reduction
in brownness) to day 7 in the LPN group. In compar-
ison, modest survivin knockdown effect was noticed in
the H-PEI group on day 2, but this effect quickly wore
off on day 7. Figure 7b shows the tumor size measure-
ments. Significant tumor growth suppression was ob-
served comparing the LPN to all other groups (p <
0.05). It should be pointed out that although survivin
has a direct antitumor effect, its key strength lies in its
broad-spectrum chemosensitization effect (please see
Discussion), so the tumor growth suppression was only
moderate. Figure 7c presents the body weight data.

Figure 4. LPNs extend the intracellular siRNA release. (a) Flow cytometry measurement of the decline of FAM-siRNA level in
PC3 cells from 2 days to 7 days after transfection. Upper panel presents the histogram data (y-axis: cell count; x-axis:
fluorescence intensity using FL1/FITC channel) and lower panel presents the % of cells containing significant level of siRNA
(20,000 cells per measurement, n = 3, mean( SD presented). # p < 0.05 comparing LPN to all other groups except H-PEI; * p <
0.05 comparing LPN to all other groups. (b) Fluorescence microscope images of PC3 cells comparing the intracellular kinetics
of rhodamine-siRNA delivered by different PEI carriers including PEI, H-PEI, LPNs and LPNs without folate (nf-LPN) on day 2 or
7 after transfection. Red fluorescence indicates siRNA and far red (as blue pseudo-color) indicates the cell nuclei stained by
DRAQ5 nuclear dye. Scale = 100 m.
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Figure 5. Comparison of the carrier toxicities of LPN to other PEI-based systems. (a) LDH assay to determine the cell membrane
integrity after treatment. Treatments includingunmodified, linear 2500DaPEI (PEI), PEI graftedwithhydrophobic hexadecyl groups
(H-PEI) and LPN. They were tested on the noncancerous RWPE1 cells (left panel) and cancerous PC3 cells (right panel). Results are
normalized against the vehicle control (5%dextrose, as baseline) and 1mg/mLPEI (positive control, as 100%).Meanþ SD (n=3) are
presented. (b) Trypanblue assay to evaluate cell viability as a functionof the acute carrier toxicity. Conditions usedwere sameas (a).
Thedotted line in eachgraph intersects the50%viability. LD50values of PEI, H-PEI andLPNgroupswere found tobe15, 55, and120
g/mL in RWPE1 cells and 24, 45 and 87 g/mL in PC3 cells, respectively. (c) MTT assay to evaluate the delayed toxicity on RWPE1 (left
panel) andPC3cells (rightpanel) 2or5daysafter treatment. Results arenormalizedagainst the correspondingvehicle control group
(as 100% viable), and mean þ SD are presented (n = 3 ). LPN and H-PEI groups were compared and p values were shown. (d)
Clonogenic assay to evaluate the delayed effects of carriers on cell proliferation in a longer-term. Results are normalized against the
corresponding vehicle control group (as 100% viable colony formation), and mean þ SD are presented (n = 3). An non-folate
receptor targeting LPN group (nf-LPN) was included to evaluate the role of targeted delivery feature in toxicity reduction. In all
figures, * represents significant difference (p < 0.05, one-way ANOVA used for (a) and (b), two-tailed Student's t-test for (c) and (d)).
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All groups lost less than 10% body weight after treat-
ment. Both LPN groups (LPN, LPNs carrying survivin-
siRNA; -ve, LPNs carrying inactive siRNA) did not cause
significantly higher body weight when compared to
the vehicle control (VC).

DISCUSSION

PEI is a nonviral gene deliverymaterial of vast potential.
However, the conventional approaches of utilizing PEI
clearly have substantial room for further development.
Currently, polyplexes are typically prepared by freely
complexing nucleic acids with PEI molecules or pre-
formed PEI-based systems. There is a general lack of
effective means to control the behaviors of their payload
release, limit their nonspecific interactionand toxicitywith
the healthy tissues, and equip the polyplexes for more
favorable biodistribution. We thus proposed to simulta-
neously overcome these multiple limitations by integrat-
ing the controlled release properties of a solid lipid based
platformwith a receptor-targeting strategy in the form of
LPN technology.

Recently, researchers have increasingly realized the
advantages of adding lipid or phospholipid compo-
nents to PEI. Two strategies are often adopted. The first
strategy relies on direct lipidation of PEI and using
the modified PEI for direct siRNA delivery,16,21,35 and
the second one involves combining preformed
siRNA/PEI polyplexes with phospholipids to form PEI-
liposomes.20,36 Direct lipidation of PEI was shown to
significantly reduce the degradation of bound siRNA.35

The findings on the more sophisticated PEI-liposomes,
or lipopolyplexes, are evenmore interesting. It was shown
that the biological properties of these lipopolyplexes are
primarily determined by the liposome shell.36 In other
words, the choice of the lipids may serve as the key to
control the siRNA/PEI behaviors, overcome their limita-
tions, and even improve their performance. This is in
support of the general theme of LPN technology.
Solid lipids have been shown to provide a stable yet

biodegradable and biocompatible diffusion barrier to
protect diverse encapsulated compounds and control
their release.24�29 This controlled release feature
was exploited here for three potential benefits. First,
the premature release of siRNA could be reduced.
Figure 3a shows significantly less siRNA dissociated
from LPNs into the buffered medium when compared
to the two unencapsulated PEI groups. Figure 3b
shows that the siRNA molecules loaded in LPNs re-
mainedmostly encapsulated during extended storage.
Literature6,37,38 and our uptake data in Figure S1 (see
Supporting Information) have demonstrated the low
transfection efficiency and poor in vitro and in vivo

stability of free, released siRNAmolecules. By encapsu-
lating siRNA molecules in lipids to reduce premature
release, it is expected to improve the efficiency of their
usage to start with.
Dye-binding (RiboGreen) method was used for eva-

luation of extracellular siRNA release from LPNs in this
study. This is a well-establishedmethod to evaluate the
dissociation of siRNA molecules from their carriers.39

However, this method is limited for measurement of
free siRNA in the absence or at low level of serum, as in
the case of the current study. In the presence of serum
such as in systemic circulation, the loss of siRNA from
the carrier is expected to be even faster as the binding
of charged serum may dissemble the siRNA-carrier com-
plexes.40 The role of the carrier to protect its load of siRNA
before reaching the disease site thus becomes evenmore
critical. As a result, theadvantageof LPNscould turnout to
be more obvious. To test this hypothesis, a more sophis-
ticatedmethod such asfluorescence fluctuation spectros-
copy, which is able to measure the integrity of siRNA-
carrier complexes in full human serum, can be applied.41

This issue will be investigated in our future studies.
Second, we hypothesized that LPNs will also help

siRNA to stay inside the cells for longer time after trans-
fection. Figure 4 demonstrates this short intracellular life-
span of siRNA when delivered by the unencapsulated

Figure 6. LPN increases the duration of the effects of siRNA
on (a)mRNA expression (b) survivin knockdown. (a) Relative
survivin mRNA expression in PC3 cells two or seven days
after siRNA treatment was determined by RT-PCR. 50 nM
survivin-siRNA was delivered by different carriers (Lf: Lipo-
fectamine-2000, H-PEI: hexadecyl PEI, and LPN). Negative
controls include vehicle control (VC, blank medium, first
lane from left) and LPN carrying inactive siRNA control (-ve,
second lane from left). GADPH was used as an internal
control. Right panel presents the relative expression nor-
malized against the VC group. (b) The effect of carriers on
the time profiles of survivin knockdown was evaluated by
Western immunoblotting. The survivin levels from Day 1 to
Day 11 after transfection were monitored and compared.
Treatments and controls are the same as (a). Cells in the VC
and “-ve” groups were harvested three days after transfec-
tion. β-actin was used as the total protein loading control.
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PEI systems (PEI and H-PEI). The cellular siRNA levels
rapidly declined and became barely detectable on day 7.
In comparison, LPNs were able to prolong the intracellu-
lar presence of siRNA to g7 days. The detailed mechan-
ism underlying this sustained siRNA release still warrants
further investigation. Our previous studies of the intra-
cellular behaviors of solid lipid-based carriers indicate
that this is, at least in part, attributable to the controlled

degradation of the solid lipid components by the intra-
cellular enzymes (e.g., lysosomal acid lipase).29 An inter-
nalizednanoparticlewith a relativelyfirm structuredue to
the high content of high melting point lipids tends to
respond slowly to the enzymatic activities. In the case of
LPNs, this could lead to gradual release of its siRNA
payload to the cell content, so they effectively served
as a long-acting intracellular source of siRNA.

Figure 7. LPNs carrying survivin-siRNA provide significant, extended in vivo RNAi activity. (a) Immunohistochemical staining
of PC3 tumors each treatedwith 0.5 nmol of survivin-siRNA carried byH-PEI or LPNs by tail-vein injection. VC (Vehicle control)
group and “-ve” groupwere treatedwith 5%dextrose for injection and LPNs carrying 0.5 nmol of inactive siRNA, respectively.
Upper panel presents the immunohistochemically stained tumor sections and the corresponding images of their “brown-
ness” (indicating the survivin level). Lower panel presents the image analysis data indicating the normalized tumor survivin
levels (meanþ SD,n=3, VC as 100%). (b) and (c) Timeprofiles of average tumor volumeand bodyweight of animals (meansþ
SD for (b), SD not shown in (c) for clarity. n = 3 per group). Arrow in each graph indicates the time of treatment. * p < 0.05
comparing LPN to other groups.
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As a third benefit, in addition to the siRNA, H-PEI was
also encapsulated in LPNs. This prompted us to hy-
pothesize that the controlled release feature would
prevent direct exposure of the cells to a full dose of the
fairly toxic PEI molecules. PEI was previously shown to
cause both acute toxicity and delayed toxicity.10,42

Figure 5 panels a and b show that LPNs are effective
in reducing the nonspecific, acute cellular toxicity.
Decreases in the membrane damage and improve-
ments of cell viability by several folds were observed in
the LPN group, especially in the range used for high
dose transfection (5�50 μg/mL PEI). The toxicity re-
duction effect of LPNs was more noticeable in RWPE1
than PC3 probably because the targeting feature of
LPN only applied to PC3 cells, as reflected by the
further reduction in toxicity of nf-LPNs to PC3 cells
only (see Figure 5d). Nevertheless, LPNs still caused
considerably less acute toxicity in the PC3 cells than
the two PEI polyplexes even they were taken up by
the cells at a comparable or higher rate (Figure 2).
This further highlighted the toxicity reduction func-
tion of the lipids in LPNs.
Given all the benefits associated with the controlled

release feature of LPNs, we also noted that this strategy
was associated with a number of potential issues. First,
we were concerned that the strategy of gradually
exposing the cells to H-PEI, while lessening the acute
carrier toxicity, would exacerbate the delayed toxicity
component. This was ruled out by the data of MTT
assay (Figure 5c) and clonogenic assay (Figure 5d),
which measured the delayed cell death (day 2 and 5)
and cell proliferation (>10 days), respectively. Instead
of increasing the delayed toxicity, the data showed that
LPNs remained relatively less toxic in a longer term
especially to the noncancerous RWPE1 cells. We there-
fore conclude that the cells are able to handle a low,
sustained level of the PEI molecules that gradually
become free from the lipids.
The second issue concerned whether the siRNA

molecules delivered by LPNs would remain intact
and biologically functional, or were simply trapped
in the LPNs. Using a highly expressed protein survivin
as the model target, our data in Figure 6 and 7
demonstrated that the survivin-siRNA in LPNspreserved
their functionality, and the sustained intracellular siRNA
release was translatable into in vitro and in vivo ex-
tended RNAi activities. The duration of survivin knock-
down was approximately doubled. It should be noted
that survivin is a clinically valuable target. Its knockdown
was found to sensitize several drug-resistant cancers
(e.g., prostate cancer) to chemotherapy compounds.43,44

By expanding the time-window of survivin knockdown,
the LPN-treated cancer will be in a sensitive state to
chemotherapy for considerably longer time, which is
therapeutically desirable considering that the antican-
cer effects ofmany chemotherapy drugs (e.g., docetaxel
for prostate cancer) are time-dependent.45

Our third concern derived from the weakened non-
specific carrier-cell interactions. The positive charges of
the physically encapsulated PEI molecules were hid-
den by the lipids (Table 1). This would potentially
compromise the transfection performance. The dimin-
ished siRNA uptakes in the nf-LPN group in Figure 2
versus the two PEI-polyplexes showed that this was a
legitimate concern. We addressed this issue by inte-
grating a receptor-targeting strategy for cell-specific
uptake. The lipids of LPNs provide ample convenient
sites for grafting targeting moieties to exploit the
receptor-mediated endocytosis pathways. Using folate-
receptor as a model target and folate-tagged lipids as
the targeting agent, our data of siRNA uptake (Figure 2)
andmicroscope imaging (Figure 4b) both show that the
receptor-mediated uptake is sufficient to compensate
for the diminished nonspecific component in cancer
cells, and this is beneficial as the interaction between
the carrier and noncancerous cells is reduced and so
is the nonspecific toxicity (Figure 5). In effect, the
targeted delivery strategy has covered the most
critical concern of the controlled release strategy
by shifting the PEI-mediated siRNA transfection from
a predominantly nonspecific event to a cell-specific
one. Here we demonstrated that these two strategies
complement each other and should be implemented
in an integrated fashion.
Finally, Table 1 shows that LPNs are significantly

smaller and less polydispersed than the uncoated siR-
NA-PEI and siRNA-H-PEI polyplexes, which are over
250 nm in diameter with high PDI. This finding is in
apparent contradiction to the recent studies of siRNA-PEI
by Kostka et al. and Mao et al.,46,47 which both reported
smaller size (in the range of 120�150 nm) of the formed
polyplexes with low polydispersity. This discrepancy is
probably attributable to the differences in the materials
used and the preparation conditions. In those studies,
PEI molecules were tagged with hydrophilic compo-
nents such as N-(2-hydroxypropyl)methacrylamide co-
polymer or PEG. This may stabilize the formed
polyplexes and prevent their aggregation. Additional
steps such as filtration of the complexes over 0.22 μm
PVDF filters presaturated with PEI were also included to
further improve their size control.46 It should be noted
that the larger size of the siRNA-H-PEI used in the present
studies may have adversely affected their uptake by
cells. One must therefore keep in mind that there are
other PEI modification approaches other than lipidation
and lipid encapsulation to control the size and increase
the performance of siRNA�PEI polyplexes. The key
strength of the LPN technology remains to be over-
coming multiple limitations of siRNA and cationic poly-
mers in a convenient, well-integrated fashion.

CONCLUSIONS

This study reports an all-in-one, nanomedicine-based
approach to overcome multiple key limitations of the
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promising siRNA�PEI therapy. By exploiting the
strengths of the polymer�lipid hybrid nanotechnology
and complementing their potential weakness with a
cell-targeting strategy, the new form of RNAi treatment
is more efficient, extended, target-specific, and likely
safer to be implemented. Our next studywill investigate
the in vivo fate of LPNs and optimize their pharmacoki-
netics to further increase their translational potential. It
must be noted that while themolecular target (survivin)
and cell surface target (folate-receptor) both have

significant therapeutic values for cancer treatment, the
present study is primarily for proof-of-concept of the
proposed integrated approach. The same concept
should be applicable to diseases other than prostate
cancer by carefully choosing the molecular and cell-
surface targets. The extended release and toxicity re-
duction features of LPNs are particularly suitable for the
treatment of chronic disease conditions. Future studies
will further explore these possibilities and understand
the implications of this new approach.

EXPERIMENTAL SECTIONS
Selection of Model siRNA, Molecular Target, and Cell Surface Target.

Four model siRNAs were chosen to achieve our various objec-
tives. Rhodamine-siRNA and FAM-siRNA both carry a fluorescent
group on the sense strand of a nonsilencing control siRNA
duplex. It was used for microscope imaging and flow cytometry
measurement of the intracellular siRNA. Negative-siRNA served
as an inactive “filler” in carriers for carrier toxicity studies and as a
negative control for immunoblotting studies. We selected non-
targeting siControl #3 for these purposes because of its minimal
effects on cell viability and survivin expression.29,37 Survivin-
siRNA was selected for evaluation of the RNAi functionality. We
chose survivin and folate receptor as the molecular target of
siRNA and cell surface target, respectively, because both are
documented to express at elevated levels in a majority of
human cancers including PC3.43,48,49 Survivin also has quick
turnover (2�4 h) so the time effect of LPNs could be clearly
demonstrated.50 In addition, survivin knockdown can be used
to restore cancer chemosensitivity, while folate-receptor is
poorly expressed in noncancer cells such as RWPE1.44,49,51

Hence, the LPNs made for these targets also have application
potential besides serving as model targets.

Chemicals and Reagents. Rhodamine-siRNA (rhodamine-con-
jugated All-Stars siRNA, 50-UUCUCCGAACGUGUCACGUdTdT-30)
was ordered from Qiagen (Valencia, CA). Survivin-siRNA
(Human BIRC-5 ON-TARGET duplex siRNA targeting survivin,
50-P-UCUGGCUCGUUCUCAGUGGUU-30) and negative-siRNA
(nontargeting siControl #3, 50-AUGUAUUGGCCUGUAUUAG-30)
were purchased from Dharmacon (Chicago, IL).

Linear PEI (2500 Da) was purchased from Polysciences
(Warrington, PA), dissolved in dichloromethane�methanol
(4:1 v/v), filtered, and lyophilized before use. Tripalmitin
and triolein were purchased from TCI America Chemicals
(Boston, MA). 1,2-Distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-folate),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] (DSPE-PEG), 1,2-distearoyl-sn-gly-
cero-3-phosphoethanolamine (DSPE), cholesterol, and the
green-fluorescent phospholipid 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-PE) were obtained from Avanti Polar Lipids (Alabaster,
AL). RiboGreen RNA Quantitation Reagent was obtained from
Invitrogen (Carlsbad, CA), DRAQ5 dye was from Biostatus
(Leicestershire, UK), antibodies were from Santa Cruz (Santa
Cruz, CA), and other chemicals were from Sigma-Aldrich (St.
Louis, MO).

Cell Cultures. Noncancerous RWPE1 human epithelial cell line
and human prostate cancer PC3 cell line were purchased from
American Type Culture Collection (Manassas, VA). RWPE1 cells
were maintained in Defined Keratinocyte Serum Free Medium
(Invitrogen/GIBCO, Grand Island, NY) supplemented with the
human recombinant epidermal growth factor. PC3 cells were
cultivated in colorless RPMI 1640 medium supplemented with
10% fetal bovine serum, 50000 units penicillin G, and 50000 μg
streptomycin. Both cell lines were incubated at standard cell
culture conditions (37 �C, humidified atmosphere of 5% CO2 in

air). Cells were passaged every 5�7 days and used for experi-
ments from 10th to 25th passages.

Animals and Tumor Model Preparation. Male athymicmice at 5�6
weeks old were purchased and acclimatized for 7 days before
use. For tumor model preparation, subconfluent PC3 cells were
harvested, suspended in cell culture medium, and mixed
with Matrigel (Becton Dickinson, Bedford, MA) in a 1:1 ratio,
and 100 μL of themixture containing 2� 106 cells were injected
subcutaneously at the back flank area of each mouse to initiate
tumor growth. Animals were cared for in accordance with
institutional guidelines and had access to food water ad libitum.

Hydrophobic Modification of Linear PEI. Hexadecyl groups were
grafted on linear PEI to form hydrophobic, hexadecylated PEI
(H-PEI) for LPN preparation. The substitution reaction was
conducted based on the method of Masotti A., et al.20 modified
for linear PEI. 1-Bromohexadecane (0.945 g) in 50 mL of
dichloromethane was added over a period of 3 h to a solution
of PEI (1 g) and triethylamine (1 mL) in 100 mL of dichloro-
methane/methanol (95:5 v/v). The resulting mixture was stirred
at room temperature for 48 h and concentrated to 20 mL under
vacuum. The product was purified by dialysis against 50%
ethanol (5 cycles� 1 L) followed by RNAase free water, adjusted
to pH 4�5, and lyophilized before use. 1H NMR spectrum of the
solution of H-PEI in CDCl3 was recorded on a 400 MHz Bruker
Biospin instrument (Billerica, MA). Peaks found include δ (ppm)
0.86 (�CH3), 1.26 (�(CH2)14�), 2.65 (�CH2CH2N�), 3.41 (�CH2�)
(see Supporting Information, Figure S2). The substituted product is
represented by the stoichiometric formula (C2H4N)59(C16H33)59n,
where 59 is the average number of the ethylenimine units and n is
the % of ethylenimine units with substitution. The NMR result
showed that n was 11.8% (13% if substitution complete). No
residue solvent peak was detected

Nanocarrier Preparation. LPNs were prepared using solvent
evaporation technique as follows. A 15 nmol portion of siRNA
was precomplexed with 0.7 mg H-PEI in a chloroform solution
containing 2 mg triolein. This resulted in an N/P ratio of 15:1,
which was previously shown to provide good transfection
efficiency without strong toxicity.11 In our screening study
(Figure S3, see Supporting Information), near maximum siR-
NA/H-PEI complexation was obtained at this ratio. Since further
improvement in siRNA binding was not observed at higher N/P
ratios, and high N/P ratio often increases toxicity, we decided to
use this ratio (i.e., 15:1). The solventwas removed in vacuum and
the siRNA-H�PEI�oil mixture was dissolved in 0.4 mL of
dichloromethane solution of solid lipids including 6.5 μmol
(2.5 mg) of cholesterol, 1.88 μmol (1.5 mg) of tripalmitin and
3.33 μmol (2.5 mg) of DSPE, and lipids for surface modifications
including 0.5 μmol (1.3mg) of DSPE-PEG and 0.05 μmol (0.2mg)
of DSPE-PEG-folate. DSPE-PEG-folate was replaced with DSPE-
PEG in nontargeting LPNs. Nanocarriers were formed by dis-
persing the mixture in 3 mL of 5% dextrose solution containing
0.1% w/v soy lecithin by sonication for 3 min (40kHz, 120 V,
Bransonic 3510, Danbury, CT) followed by stirring at 1200 rpm in
vacuum at room temperature.

Conventional PEI polyplexes of siRNA were prepared by the
direct complexation method.18 Thin films of PEI or H-PEI were
sonicated in 5% dextrose for 3min to form polymer suspension.
Polyplexes were formed by incubating the dispersed polymer
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with siRNA at room temperature for 20 min at an N/P ratio of
15:1.

Size Distribution and Zeta Potentials. Particle size and zeta
potential values were measured using photon correlation spec-
troscopy using Malvern Zetasizer NanoZS90 (Worcestershire,
UK) at 25 �C. For each measurement, 50 μg (for size) or 100 μg
(for zeta potential) of sample of nanocarriers was dispersed
in 2 mL of distilled water and 15 successive cycles were run.

pH Response Study. A 500 μg aliquot of sample of LPNs was
dispersed in 15 mL of buffer solution with pH value ranging
from 4 to 9. Themixture was incubated at 37 �C undermagnetic
stirring. At specified time points (1, 8, 24 h), a 2 mL aliquot was
drawn for size distribution and zeta potential measurement as
described above.

Scanning Electron Microscopy. Particle morphology was exam-
ined using a scanning electronmicroscope (Jeol 7500F SEM). An
aqueous suspension of LPNs was spread on a cover glass #1 and
dried overnight in a desiccator. The cover glasswasmounted on
a carbon tape and sputter-coated with a thin gold�palladium
(60:40) layer under an argon atmosphere, and scanned at an
acceleration voltage of 5�15 kV.

siRNA Encapsulation Efficiency. A 2 μL aliquot of freshly pre-
pared nanocarrier sample containing 0.01 nmol total siRNA was
diluted to 30 μL with PBS (pH 7.4) in a 96-well microplate,
and was incubated with 100 μL RiboGreen (prediluted by
1000�2000X) in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA,
pH 7.4 in RNAase free water) at room temperature for 2 min.
Fluorescence was measured with SpectroMax microplate read-
er (λex/λem: 485 nm/530 nm). The amounts of unencapsulated
siRNA were quantified by comparison to a standard curve
prepared from mixing 6.67 μg of blank nanocarriers with free
siRNA solution at different concentrations.

Flow Cytometry Measurement. The effects of carriers on the
transfection efficiency and intracellular siRNA kinetics were
evaluated by flow cytometry with trypan blue quenching
technique in accordance with previous studies.52 For transfec-
tion efficiency measurement, PC3 or RWPE1 cells were treated
with different carriers loading 50 nM FAM-labeled negative
control #1 siRNA (Ambion, Austin, TX, a siRNA tagged with a
derivative of FITC) or nonfluorescent, inactive siControl #3
(Dharmacon, Chicago, IL) for 5 h. Cells were washed twice with
PBS, trypsinized, resuspended in PBS with 0.5% FBS, and sub-
jected to 0.4% trypan blue treatment for 30 min to quench the
fluorescence of the siRNA adhered on cell surface. Flow cyto-
metry was performed using FACSCalibur (BD Bioscience, USA)
with a laser excitation wavelength of 488 nm. Fluorescence
detectionwas obtained using a FL1/FITC detector; 20000 events
were recorded for each measurement. Data were analyzed by
FlowJo software (version 7.6.4, Tree Star, Inc., Ashland, OR).

To evaluate the effect of carrier on the decline of intracel-
lular siRNA level, the above experiment was repeated in PC3
cells 2 or 7 days after treatment.

Evaluation of siRNA Release and Loss. siRNA release from LPNs
and other PEI systems to buffered medium were studied and
compared. A 1mL portion of LPN suspension containing 5 nmol
of siRNA was dispersed in 9 mL of RMPI-1640 colorless medium
supplemented with 10% v/v phosphate-buffer saline (pH 7.4) at
37 �C. At each time point, a 30 μL aliquot was sampled and
transferred to a 96-well microplate, and was incubated with
100 μL of RiboGreen prediluted by 500�2000� with Tris-EDTA
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4) at room tempera-
ture for 2 min. Fluorescence was measured with SpectroMax
microplate reader (λex/λem: 485 nm/530 nm). The amounts of
released siRNA were quantified by comparison to a standard
curve prepared from siRNA solution at different concentrations
mixed with 10 μg blank nanocarriers.

To perform the stability study, 0.5 mL of LPN suspension
containing 2.5 nmol negative-siRNA was either lyophilized or
dispersed in 4.5 mL medium or 5% dextrose. The samples were
incubated at different temperatures (4, 25, 37 �C) for 24 or 100 h.
Lyophilized sampleswere then dispersedwith 5mLRNAase free
water. Free, released siRNA molecules in all samples were
removed by gel chromatography through a column containing
Sephadex G-50 Fine. A 2 mL portion of the suspension was
mixed with 2 mL of chloroform to dissolve the lipids to release

the retained siRNA. The siRNA in the aqueous layer was quanti-
fied by RiboGreen assay as described above. Results were
normalized against a fresh LPN sample (assuming retaining
100% siRNA) subjected to the same extraction process.

Fluorescence Imaging of Intracellular siRNA Kinetics. For evaluation
of intracellular kinetics, PC3 cells were grown in antibiotic-free
colorless RMPI-1460 medium in 35-mm culture dishes each
containing a poly-L-lysine coated no. 1 cover glass, and treated
with LPNs delivering 80 nM rhodamine-siRNA for 5 h. Trans-
fected cells were reincubated in fresh culture medium at
standard cell culture condition. After 2 or 7 days, cells were
stained with 2.5 μM DRAQ5 nuclear dye for 5 min and viewed
with an Axiostar Plus epifluorescence microscope (Carl Zeiss,
Oberkochen, Germany) using Insight camera model 8.0 for
image capture. Rhodamine-siRNA and DRAQ5 fluorescences
were detected with red channel (λex/ λem = 535 nm/610 nm)
and far red channel (shown as pseudoblue, 633 nm/670 nm),
respectively. Images were analyzed using Spots Advanced
imaging software (v.4.6, Diagnostic Instrument, Sterling
Heights, MI).

To rule out the presence of excessive background fluores-
cence or detection of DRAQ5 in the red channel, the study was
repeated using nonfluorescent negative-siRNA. No significant
background or DRAQ5-mediated red fluorescence was detected.

Acute Cellular Toxicity Assays. Nonspecific, acute toxicity of
carriers on RWPE1 cells and PC3 cells was evaluated using
LDH assay (for membrane integrity) and trypan blue exclusion
assay (for cell viability). For both assays, cells grown on 24-well
plates were treated with PEI, H-PEI, or LPNs loaded with
negative-siRNA diluted to a range of concentrations with anti-
biotic-free medium for 5 h at standard culture conditions. For
LDH assay, after treatment the cell growth medium was with-
drawn and centrifuged. Supernatant (100 μL/well) was trans-
ferred to a 96-well plate. To each well, 100 μL of LDH reaction
mixture (LDH cytotoxicity detection kit, Roche, Indianapolis, IN)
was added. Absorbance at 500 nmcorrelating to the leaked LDH
level wasmeasured after 0.5 h incubation. For trypan blue assay,
cells were lifted after treatment with a cell scraper and stained
with 0.1% trypan blue in phosphate-buffered saline. Nonviable,
stained cells were counted under a microscope. Data were
compared to untreated cells and cells treated with 1 mg/mL
PEI which served as the negative and positive controls,
respectively.

MTT Assay. PC3 or RWPE1 cells were grown overnight in 96-
well plates (seeding density at 5000 cells/well for 2-day group
and 2000 cells/well for 5-day group for PC3 cells, 7500 cells/well
for 2-day group and 3000 cells/well for 5-day group for RWPE1
cells; the lower PC3 cell density was used because of their faster
growth) in antibiotic-free medium. Cells were treated with
carriers loaded with negative-siRNA for 48 h, then washed
and reincubated in 100 μL of fresh medium. For 2-day group,
transfected cells were incubated with 0.5 mg/mL 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at
37 �C for 2 h followed by 200 μL of DMSO per well for 1 h.
Concentrations of the solubilized metabolized dye formed in
viable cells were measured by a microplate reader at 570 nm
with a reference wavelength at 690 nm. For the 5-day group,
transfected cells were incubated at standard culture conditions
for 3 additional days, and subjected to the MTT assay as
described above.

Clonogenic Assay. The toxicity effect of LPNs against cell
proliferation was evaluated with clonogenic assays. RWPE1 or
PC3 cells grown in 6-well plates were treated with different
carriers loading negative-siRNA for 5 h. Treated cells were
reseeded onto 6-cm culture dishes at a density of 100 or 1000
cells per dish, and allowed to proliferate in drug-free culture
medium at standard cell culture conditions. The macroscopic
colonies (>50 cells in a colony) formed from the proliferating
cells after 10 to 14 days were fixed and stained with 0.5%
solution of methylene blue in methanol and their numbers
counted. The fraction of cells forming cell colonies in each
treatment was normalized against the untreated control.

Evaluate Time-Profile of in vitro siRNA Activity with Western Immuno-
blotting. PC3 cells grown to 30�50% confluence in 6-cm culture
dishes in antibiotic-free medium were treated with 50 nM
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survivin-siRNA delivered using different carriers. After 5 h treat-
ment cells were washed with PBS and reincubated in fresh
medium at standard culture conditions. Cells were passaged
every 4 days to avoid overgrowth. At predetermined timepoints
up to 11 days after transfection, cells were collected and
extracted with Pierce m-PER Mammalian Protein Extraction
Reagent supplementedwith 0.2%v/v protease inhibitor cocktail
P8340 (Sigma-Aldrich, St. Louis, MO). Cell lysates (25 μg of
protein per lane) were resolved on a 15% SDS-polyacrylamide
gel and electrotransferred onto a 0.45 μm Immobilon-P poly-
vinylidene difluoride membrane. Membranes were blocked
with Tris-buffered saline containing 5% dry skim milk powder
and 0.1% Tween 20. Survivin and β-actin were detected with
rabbit survivin monoclonal antibody (1:1000) and β-actin anti-
body AC-40 (1:1500), respectively, followed by horseradish
peroxidase conjugated antirabbit IgG (1:4000 for survivin,
1:5000 for β-actin). Proteins were visualized using enhanced
chemiluminescence (Pierce, Rockford, IL) and band intensities
analyzed using ImageJ software (NIH, Bethesda, MD).

RT-PCR Study. Survivin mRNA expression was quantified as
previously described.53 Total RNA was isolated from cells using
Tri Reagent (MRC Inc., Cincinnati, OH). The mRNA expression
for survivin and glyceraldehyde-3-phosphate dehydrogenase
(GADPH) was determined using a one-step RT PCR kit from
Qiagen. The primer used were 50-GAG GCT GGCTTC ATC CAC
TG-30 (forward) and 50-CAG CTG CTC GAT GGC ACG GC-30

(reverse) for survivin, and 50-GCT TCC CGT TCT CAG CCT TGA
C-30 (forward) and 50-ATG GGA AGG TGA AGG TCG GAG-30

(reverse) for GAPDH. Cycling conditions were as follows: initial
denaturation at 95 �C for 2min followed by 30 cycles at 95 �C for
60 s, 62 �C for 30 s, and 72 �C for 7 min. The PCR products were
verified by gel electrophoresis.

Evaluate in Vivo siRNA Activity. Immunohistochemical staining
and image analysis was conducted to evaluate the in vivo
functionality of siRNA delivered by LPNs. Treatment involved a
100 μL single dose of survivin-siRNA (0.5 nmol) loaded in LPNs
suspended in 5% dextrose administered by tail-vein injection
7days after tumor initiation. Comparisonwasmadeagainst vehicle
control (5% dextrose), LPNs delivering inactive siRNA, and H-PEI
delivering survivin-siRNA. Animals were sacrificed by CO2 over-
exposure 2 or 7 days after treatment and tumorswere extracted,
blot-dried, fixed in 10% buffered formalin and embedded in
paraffin wax. Tumors were sectioned to 5 μm-thickness and the
sectionswere immunostained using goat polyclonal IgG against
survivin (C-19) as primary antibody (1:200 dilution) and horse-
radish peroxidase conjugated antigoat IgG (1:1000 dilution) as
secondary antibody, lightly counter-stained with hematoxylin
and examinedunder amicroscope (20X objective) connected to
a Canon Powershot A640 camera. Tumor survivin levels in the
images recorded were analyzed using ImageJ software (NIH,
Bethesda, MD) as in our previous study.35 Briefly, the brownness
indicating the survivin level was isolated using the color de-
convolution pluggin (using vector: H DAB option). The inte-
grated density of the brownness in each deconvoluted image
was normalized against the tumor area (the pixel number
occupied by the tumor in the image) determined using the
histogram function of Adobe Photoshop (version CS3).

Tumor size was monitored using a caliper every day, and
tumor volume was calculated by the standard ellipsoid formula:
length � width2 � 0.5236 (π/6). Body weights of animals were
also daily monitored.

Statistical Analysis. Differences between groups were as-
sessed using one-way ANOVA and unpaired two-tailed Stu-
dent's t-test, and p < 0.05was considered statistically significant
unless otherwise specified.
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