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a b s t r a c t

Gene silencing using small interfering RNA (siRNA) has several potential therapeutic applications.
In the present study, we investigated nanoparticles formulated using the biodegradable polymer,
poly(d,l-lactide-co-glycolide) (PLGA) for siRNA delivery. A cationic polymer, polyethylenimine (PEI),
was incorporated in the PLGA matrix to improve siRNA encapsulation in PLGA nanoparticles. PLGA-PEI
nanoparticles were formulated using double emulsion-solvent evaporation technique and characterized
for siRNA encapsulation and in vitro release. The effectiveness of siRNA-loaded PLGA-PEI nanoparticles
in silencing a model gene, fire-fly luciferase, was investigated in cell culture. Presence of PEI in PLGA
nanoparticle matrix increased siRNA encapsulation by about 2-fold and also improved the siRNA release
profile. PLGA-PEI nanoparticles carrying luciferase-targeted siRNA enabled effective silencing of the
oly(d,l-lactide-co-glycolide)
uciferase
ustained release

gene in cells stably expressing luciferase as well as in cells that could be induced to overexpress the
gene. Quantitative studies indicated that presence of PEI in PLGA nanoparticles resulted in 2-fold
higher cellular uptake of nanoparticles while fluorescence microscopy studies showed that PLGA-PEI
nanoparticles delivered the encapsulated siRNA in the cellular cytoplasm; both higher uptake and greater
cytosolic delivery could have contributed to the gene silencing effectiveness of PLGA-PEI nanoparticles.
Serum stability and lack of cytotoxicity further add to the potential of PLGA-PEI nanoparticles in gene
silencing-based therapeutic applications.
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. Introduction

RNA interference (RNAi) has emerged as a powerful tool for
argeted gene silencing. RNAi is triggered by using small interfer-
ng RNA (siRNA), that is about 20–25 base pairs (bp) long. Upon
ntroduction into cells, siRNAs assemble into endoribonuclease-
ontaining complexes known as RNA-induced silencing complexes
RISCs), unwinding in the process. The siRNA strands guide the
ISCs to complementary RNA molecules, where they cleave and
estroy the target RNA (Elbashir et al., 2001). Gene silencing
sing siRNA is more efficient and specific to the target gene than
hat with antisense oligoneucleotides. While some studies have
aised concerns over the possibility of siRNAs eliciting immune
eactions via interactions with Toll-like receptor 3 and conse-
uent interferon responses (Bridge et al., 2003; Kim et al., 2004;

ledz et al., 2003), other studies have shown that it is possi-
le to administer synthetic siRNAs in vivo and downregulate an
ndogenous target without inducing interferon response (Heidel
t al., 2004). Gene silencing using siRNA has potential applications
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E-mail address: jpanyam@umn.edu (J. Panyam).

v
f
c
n
a
s
b

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.09.039
© 2008 Elsevier B.V. All rights reserved.

n the treatment of cancer (Devi, 2006), cardiovascular diseases
Quarck and Holvoet, 2004) and in wound healing (Cheema et al.,
007).

A major limitation in the therapeutic use of siRNA is its rapid
egradation in plasma and cellular cytoplasm, resulting in short
alf-life (Sioud, 2005). Further, siRNA molecules cannot penetrate

nto the cell efficiently, necessitating the use of a carrier system
or its delivery (Zhang et al., 2007). Viral and non-viral vectors
ave been investigated for gene silencing. Viral vectors enable sta-
le inhibition of gene expression (Pichler et al., 2005; Xu et al.,
005); however, viral vectors are associated with concerns of toxic-

ty and immunogenicity (Merdan et al., 2002; Schagen et al., 2004).
number of therapeutic applications require sustained gene inhi-

ition with minimal toxicity following repeated administration of
he vector.

Non-viral vectors are generally considered safer than viral
ectors (Aigner, 2007). Among non-viral vectors, nanoparticles
ormulated using the biocompatible polymer poly(d,l-lactide-

o-glycolide) (PLGA) have demonstrated potential for sustained
ucleic acid delivery (Cohen et al., 2000; Khan et al., 2004; Langer
nd Tirrell, 2004; Luby et al., 2004; Wang et al., 1999). Previous
tudies have shown that PLGA nanoparticles are non-toxic and
iocompatible (Panyam et al., 2002a; Panyam et al., 2003b), and

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jpanyam@umn.edu
dx.doi.org/10.1016/j.ijpharm.2008.09.039
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re suitable for in vivo gene delivery applications (Perlstein et al.,
003). Following internalization into the cell by endocytosis, PLGA
anoparticles escape the endo-lysosomal compartment and slowly
elease the encapsulated payload in the cytoplasm (Panyam et al.,
002b). These observations suggest that PLGA nanoparticles could
e suitable for siRNA-mediated gene silencing applications as well.
hile large molecular weight plasmid DNA (>3 Kbp) can be effi-

iently encapsulated in PLGA nanoparticles (Cohen et al., 2000), it
s not clear, however, whether relatively smaller molecular weight
∼20 bp) siRNA molecules can be incorporated effectively. Our stud-
es indicate that nanoparticles fabricated using PLGA alone result
n poor encapsulation of siRNA. We rationalized that introduction
f polyethylenimine (PEI), a cationic polymer commonly used in
ene delivery applications, in the PLGA matrix could improve the
etention of anionic siRNA molecules. Several studies have used
EI in PLGA particles to introduce cationic charges on the sur-
ace, which allows the complexation of nucleic acids on the surface
f the particles (Kim et al., 2005; Oster et al., 2005; Pai Kasturi
t al., 2006; Takashima et al., 2007; Zhang et al., 2008). In our
tudies, we incorporated PEI in the PLGA matrix to encapsulate
iRNA molecules in nanoparticles rather than to adsorb on the
urface.

. Materials and methods

.1. Materials

PLGA and polylactic acid (PLA) polymers were purchased
rom Absorbable Polymers (Pelham, AL). For the initial opti-

ization studies, a double stranded 20-bp oligonucleotide
equence was used as a model for siRNA. Oligonucleotide
ense sequence 5′-CCATCCCGACCTCGCGCTCC-3′ and the antisense
equence 3′-GGTAGGGCTGGAGCGCGAGG-5′ were synthesized by
peron Biotechnologies, Inc. (Huntsville, AL). Annealing of the

wo sequences was performed as per manufacturer’s instruc-
ions. Luciferase-targeted siRNA (21 bp), non-targeted siRNA having
our mismatched base pairs (siCONTROL), and siRNA transfec-
ion reagent (DharmaFECT®) were obtained from Dharmacon
Lafayette, CO). Acetylated bovine serum albumin (BSA), polyvinyl
lcohol (PVA, average Mw 30,000–70,000 Da), and PEI (aver-
ge Mw 25,000 Da) were obtained from Sigma (St. Louis, MO).
MT-6 G/L (murine mammary carcinoma) cells were kindly pro-
ided by Dr. John Ohlfest, University of Minnesota. MDA-Kb2
ells and Leibovitz L-15 medium were obtained from Ameri-
an Type Culture Collection (Manassas, VA). Dulbecco’s Modified
agle Medium (DMEM) with high glucose, TOTO®-3 iodide and
ysoTracker® Green DND-26, penicillin/streptomycin, fetal bovine
erum, Quant-iTTM picogreen dsDNA reagent and Trypsin-EDTA

1X) solution were obtained from Invitrogen Corporation (Carlsbad,
A). Luciferase assay system, cell culture lysis reagent 5X, CellTiter
6® AQueous non-radioactive cell proliferation assay (MTS) reagent
owder and Tris-EDTA (1X) buffer were purchased from Promega
Madison, WI).

a
c
e
p
p

able 1
ncapsulation efficiency of different PLGA and PLGA-PEI nanoparticles.

olymer used Lactide to glycolide ratio Mol. Wt (daltons)

LGA-5K 50:50 ∼5000
LGA-40K 50:50 ∼40,000
LGA-100K 50:50 ∼100,000
LGA-75/25 75:25 76,000–120,000
LA-100 100:0 75,000–120,000
LGA-40K-PEI 50:50 ∼40,000

a Initial amount of oligo added was 245 �g/30 mg polymer.
Pharmaceutics 367 (2009) 195–203

.2. Nanoparticle formulations

Oligonucleotide or siRNA loaded nanoparticles were prepared
sing the double emulsion solvent evaporation technique, with
ome modifications (Panyam et al., 2002b). Three different varia-
ions of the technique were followed to prepare PLGA nanoparticles,
LGA-PEI nanoparticles and PLGA nanoparticles loaded with pre-
ormed oligo-PEI complex. In order to determine the effect of
olymer molecular weight and lactide to glycolide ratio on oligo
ncapsulation and release, polymers of different molecular weight
nd composition were used (Table 1).

.2.1. PLGA nanoparticles containing oligo or siRNA
An aqueous solution of BSA (2 mg) and oligos/siRNA (245 �g)

n 0.2 ml of RNase and DNase-free TE buffer was emulsified for
0 s over an ice bath (Sonicator® XL, Misonix, NY) in 1 ml of chlo-
oform containing 30 mg of polymer. The water-in-oil emulsion
ormed was further emulsified in 6 ml of 2.5% (w/v) PVA solu-
ion in TE buffer by sonication (24 W for 3 min) over an ice bath
o form a multiple water-in-oil-in-water emulsion. This emul-
ion was stirred for 18 h at ambient conditions followed by for
h under vacuum to remove the residual chloroform. Nanoparti-
les were recovered by ultracentrifugation (35,000 rpm for 35 min
t 4 ◦C, OptimaTM LE-80K, Beckman, Palo Alta, CA), washed two
imes with sterile distilled water to remove PVA, unentrapped
SA and oligos/siRNA, and then lyophilized (Labconco, FreeZone
.5, Kansas City, MO). BSA was used in the nanoparticle for-
ulation to facilitate the release of encapsulated siRNA from

anoparticles. Acetylated BSA was used because it is nuclease-
ree and thus does not contribute to the degradation of nucleic
cids during processing. Previous studies have used BSA in PLGA
anoparticles to improve encapsulation and release of other pro-
eins and plasmid DNA (Panyam et al., 2003a; Panyam et al.,
002b).

.2.2. PLGA-PEI nanoparticles containing oligomer/siRNA
A similar procedure was used as described above, except the

olymer solution in chloroform also contained varying concen-
rations of PEI (5–5000 �g PEI/30 mg PLGA). For some studies,
anoparticles containing TOTO-labeled oligos were used; oligos
245 �g) were initially incubated with 100 �l of TOTO®-3 iodide
ye solution (1 nM) for 1 h and then used for nanoparticle formu-

ation.

.2.3. PLGA nanoparticles containing oligo-PEI complex
A pre-formed complex of oligo and PEI was initially prepared by

dding PEI (100 �g/ml) to 0.2 ml of an aqueous solution contain-
ng oligo (245 �g) and BSA (20 mg/ml) and incubating for 30 min

t room temperature. This mixture was later emulsified in 1 ml of
hloroform containing 30 mg of polymer as described above. The
mulsion formed was processed as described in Section 2.2.1 to
repare PLGA nanoparticles containing preformed oligo-PEI com-
lexes.

% Encapsulation efficiency Oligo loadinga (�g/30 mg nanoparticles)

36 ± 4 88 ± 10
43 ± 5 104 ± 14
17 ± 3 42 ± 8
17 ± 3 42 ± 5
47 ± 4 115 ± 12
79 ± 4 194 ± 10
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.3. Encapsulation efficiency

Oligo loading in nanoparticles was determined as described
reviously (Panyam et al., 2002b). The amount of unentrapped
ligos recovered in the nanoparticle wash solutions obtained
uring the formulation step was quantified using the Quant-

TTM picogreen reagent. Fluorescence generated by the binding
f picogreen to double stranded oligo or siRNA was measured
sing FLx-800 microplate reader (BIO-TEK Instruments, Winooski,
T). Loading in nanoparticles was determined by subtracting the
mount of oligos recovered in the wash solutions from initial
mount of oligos added. Encapsulation efficiency was defined as
he percent of oligos initially added that was encapsulated in
anoparticles.

.4. Particle size and zeta potential measurements

Hydrodynamic diameter and zeta potential of nanoparticles
ere determined using ZetaPlus particle size and zeta potential

nalyzer (Brookhaven Instruments, Holtsville, NY) equipped with
35 mW solid state laser (658 nm). Mean hydrodynamic diameters
ere calculated for size distribution by weight, assuming a lognor-
al distribution, and the results were expressed as mean ± S.E.M.

f five runs. Zeta potential values were calculated from measured
elocities using Smoluchowski’s equation, and the results were
xpressed as mean ± S.E.M. of five runs. Particle size and zeta
otential of nanoparticle formulations having different concentra-
ions of PEI were determined in distilled water, serum-containing
rowth medium or in 0.001 M HEPES buffer adjusted to pH 5 or pH
.4 with either 0.1 Nsodium hydroxide or 0.1N hydrochloric acid
s necessary.

.5. In vitro release of oligo/siRNA from nanoparticles

About 1 mg of oligo or siRNA-loaded nanoparticles was incu-
ated with 1 ml of release medium (TE buffer, pH 7.4) in a rotary
haker at 100 rpm and 37 ◦C. Samples were taken in triplicate for
ach time point. At predetermined intervals, the nanoparticle sus-
ension was centrifuged at 7500 rpm and 4 ◦C for 10 min. The
mount of oligo or siRNA in the supernatant was determined by
uant-iTTM Picogreen assay.

.6. Cellular uptake of PLGA and PLGA-PEI nanoparticles

MDA-kb2 cells were seeded in 24-well plates at a seeding den-
ity of 5 × 104 cells/well. Following attachment, cells were treated
or 30 min with fluorescently-labeled PLGA and PLGA-PEI nanopar-
icle formulations (100 �g/ml/well). The treated cells were washed
ith PBS twice, and then lysed with Triton X solution in PBS

300 �l/well). Cell lysates were lyophilized and then extracted
ith methanol (1 ml/sample) for 4 h. The extracts were centrifuged

t 5000 rpm for 10 min and the supernatants were subjected to
PLC analysis. The fluorescent label (6-coumarin) was eluted on
C8 column (Phenomenex) by using acetonitrile and sodium

eptane sulfonate buffer in isocratic mode and detected using
fluorescence detector (Laballiance, Jasco, PA) at excitation and

mission wavelengths of 450 and 490 nm, respectively (Panyam et
l., 2003b). Nanoparticle concentrations were determined based on
-coumarin loading in nanoparticles, and then normalized to total
ell protein content determined using Pierce protein assay kit.
.7. Gene silencing with siRNA-loaded nanoparticles

Two different cell lines were used in the study. EMT-6 G/L
ells used in the study were stably transfected with the fire-fly

t
m
m
q
r
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uciferase gene, and constitutively express high levels of the protein.
hese cells were cultured at 37 ◦C, 5% CO2 in Dulbecco’s Modified
agle Medium with high glucose and 10% fetal bovine serum. The
DA-kb2 cell line was derived from the breast cancer cell line MDA-
B-453, and is stably transformed with the MMTV.luciferase.neo

eporter gene construct. Compounds that act through the glucocor-
icoid receptor can activate the MMTV luciferase reporter in this
ell line (Wilson et al., 2002). In our studies, luciferase expression
as induced by treating the cells with dexamethasone, a glucocor-

icoid receptor agonist. MDA-Kb2 cells were cultured in Leibovitz
-15 medium with 10% FBS at 37 ◦C without CO2.

For transfection studies, EMT-6 G/L or MDA-Kb2 cells were
lated in 24-well plates (30,000 cells/well/ml) 24 h prior to the
xperiment. Following attachment, the medium was removed and
he cells were treated with nanoparticles containing luciferase-
argeted siRNA (300 �g nanoparticles/ml/well), siRNA (dose
quivalent to that in the nanoparticle treatment) along with the
ransfecting agent DharmaFECT®, nanoparticles containing non-
argeted siRNA, or empty nanoparticles. In studies with MDA-Kb2
ells, each treatment group also received 100 nM dose of dex-
methasone to induce luciferase expression. All the treatments
ere prepared in the respective growth medium containing serum.
fter 24 h incubation with the treatments, cells were washed
ith PBS and incubated with fresh medium. Luciferase expres-

ion was investigated at the end of 24 and 72 h. Cells were
ysed by adding 100 �l/well of 1X cell culture lysis reagent.
he luciferase activity in cell extracts was measured using a
uciferase assay kit. Measurements were made in a single-tube
uminometer (Zylux FB15/Sirius). The relative light units (RLUs)

ere normalized to the total cell protein of the extracts deter-
ined using Bio-Rad protein assay reagent. One-way ANOVA
as used to test for the significance of differences between

roups.

.8. Intracellular trafficking of oligos

MDA-kb2 cells were used in this study. Cells were seeded
n a two-chamber well slide at 100,000 cells/well seeding den-
ity and allowed to attach overnight. Cells were then treated
or 24 h with TOTO-labeled oligos encapsulated in nanoparticles
300 �g nanoparticles/well) or transfected with equivalent amount
f labeled oligos using DharmaFECT®. Cells were washed with PBS
wice and then incubated with fresh growth medium. At 72 h post-
reatment addition, cells were stained with LysoTracker® Green
ND-26 (100 nM) for 2 h and then imaged using Fluoview 1000 con-

ocal microscope (Center Valley, PA). Images captured using 568 nm
rhodamine) filter were overlaid with those captured using 488 nm
fluorescein) filter to determine the localization of oligos inside the
ells.

.9. Cytotoxicity evaluation

Cytotoxicity of selected formulations was determined using
TS assay in EMT-6 G/L cells. This assay is based on the abil-

ty of living cells to reduce a water-soluble yellow dye, MTS, to a
urple colored formazan product by mitochondrial enzyme suc-
inate dehydrogenase. About 10,000 cells were seeded per well
n 96-well plates and allowed to attach for 24 h. Cells were then
icles loaded with siRNA. Cells treated with PEI dissolved in growth
edium were used as a positive control. Cell viability was deter-
ined 72 h after treatment addition. The formazan formed was

uantified by measuring the absorbance at 490 nm on a microplate
eader.
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Table 2
Effect of PEI on particle size of nanoparticles.

PEI amount (�g/30 mg PLGA) Particle size (nm)a

Water Medium with serum

0.5 330 ± 6 214 ± 3
50 345 ± 5 263 ± 6

100 353 ± 4 244 ± 4
500 846 ± 20 454 ± 12

3000 815 ± 15 568 ± 26
5000 531 ± 17 537 ± 18

a Mean ± S.D. of five runs.
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. Results

.1. Encapsulation of oligos in PLGA nanoparticles

Custom synthesized double stranded oligomers (∼20 bp, sim-
lar in size to luciferase-targeted siRNA) were used in the initial
ormulation studies. The effect of lactide to glycolide ratio and the
olymer molecular weight on the oligo encapsulation in nanopar-
icles is shown in Table 1. The efficiency of oligo encapsulation
as observed to be generally low, with highest efficiencies of 43

nd 47% observed for PLGA-40K and PLA-100 polymers, respec-
ively. No specific trend was observed in the oligo encapsulation
ith change in either the polymer composition or the molec-
lar weight. In vitro release studies indicated a 20–30% burst
elease during the first 24 h, followed by negligible release (less
han 40–50% of the encapsulated oligos released over 14 days;
ot shown).

.2. Effect of PEI on particle size and zeta potential of
anoparticles

Particle size of nanoparticles was found to be dependent on PEI
oncentration. In the absence of PEI, PLGA nanoparticles had an
ffective hydrodynamic diameter of 280 nm in deionized water and
30 nm in serum-containing growth medium. At low concentra-
ions of PEI (<100 �g/30 mg PLGA), no significant effect on particle
ize was observed (Table 2). However, at concentrations higher
han 500 �g of PEI, particle size increased significantly, suggesting
ggregation of nanoparticles.

Concentration of PEI in nanoparticles also influenced the surface
harge of nanoparticles (Fig. 1). Increasing the concentration of PEI
n PLGA nanoparticles increased the zeta potential of nanoparticles
ossibly because of the cationic charge of PEI. At concentrations
bove 500 �g PEI/30 mg PLGA, nanoparticles were cationic at both
H 7.4 and pH 5.0. At concentrations below 100 �g, nanoparticles
ere anionic at both pH 7.4 and pH 5.0. Nanoparticles containing

00 �g PEI/30 mg PLGA were anionic at pH 7.4 but were slightly
ationic at pH 5.0. Nanoparticles loaded with preformed PEI-siRNA
omplex had a particle size in the range of 230–270 nm and anionic
eta potential (Table 3).

.3. Encapsulation of oligo and siRNA in the presence of PEI

PLGA-40K polymer was chosen for this study, as initial studies
ndicated that this polymer resulted in the highest encapsulation
f model oligo among the polymers studied. PEI concentration
100 �g/30 mg PLGA) that did not significantly affect the par-
icle size and retained the anionic charge of nanoparticles at
H 7.4 was chosen for this study. The oligo encapsulation effi-
iency in the presence of PEI increased by about 2-fold relative
o that without PEI (Table 1). Similar to that observed with

he oligo, luciferase-targeted siRNA was also encapsulated effi-
iently (86% ± 4 encapsulation efficiency). We also determined
he encapsulation of pre-formed PEI-oligo complex in PLGA-40K
anoparticles. The efficiency of encapsulation of this complex was
bout 96 ± 2%.

w
s
t
t
b

able 3
article size and zeta potential of nanoparticles encapsulating PEI-siRNA complex.

ormulation Particle size (nm)

Water Medium

LGA-40K-siRNA-PEI complex 270 ± 5 230 ± 8
ig. 1. Effect of PEI incorporation on zeta potential of PLGA-40K nanoparticles mea-
ured in pH 5 and 7.4 buffers.

.4. In vitro release of oligos and siRNA from PLGA-PEI
anoparticles

Introduction of PEI in the organic phase of nanoparticle formu-
ation improved the total amount and percent of siRNA released
rom nanoparticles. In the presence of PEI, a burst effect (∼30% over
4 h) was still observed but the release was continuous after that
nd the total percent of encapsulated siRNA released was ∼70% in
5 days (Fig. 2). When PEI was used to form a complex with oligo
nd the complex was encapsulated in nanoparticles, a very poor
elease profile was observed. Thus, despite 96 ± 2% encapsulation
fficiency, only 9% of the encapsulated oligo was released over 15
ays (Fig. 3).

.5. Luciferase gene silencing study

Because nanoparticles fabricated using PLGA-40K-PEI demon-
trated sustained release of siRNA, we used this formulation in
he gene silencing studies. The ability of PLGA-PEI nanoparticles
o decrease luciferase expression was determined in both a stably
ransfected cell line (EMT-6 G/L) as well as in an inducible cell line
MDA-Kb2). In both the cases, inhibition of luciferase expression

as found to be greater and more sustained in cells treated with

iRNA nanoparticles than in those transfected using a commercial
ransfecting agent (Fig. 4A and B). In the case of MDA-kb2 cells,
reatment with dexamethasone increased luciferase expression
y about 3–4-fold. PLGA-PEI nanoparticles reduced the luciferase

Zeta potential (mV)

with serum Water Medium with serum

−18 ± 2 −15 ± 4
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Fig. 2. In vitro release of siRNA from PLGA-40K-PEI nanoparticles. (A) Amount of
siRNA released from 1 mg nanoparticles and (B) percent of encapsulated siRNA
released.

Fig. 3. In vitro release of oligo from nanoparticles containing pre-formed oligo-PEI
complex. (A) Amount of oligos released from 1 mg nanoparticles and (B) percent of
encapsulated oligos released.

Fig. 4. (A) Inhibition of luciferase expression in EMT-6 G/L cells. Luciferase expres-
sion was measured at the end of 24 and 72 h post siRNA addition. Control – cells
treated with nanoparticles containing non-targeted siRNA; Blank NP – cells treated
w
c
t
t

e
t

3

n
c
P

F
C
n

ith blank nanoparticles; DharmaFECT – cells treated with DharmaFECT-siRNA
ombination; siRNA NP – cells treated with nanoparticles containing luciferase-
argeted siRNA. (B) Inhibition of luciferase expression in MDA-Kb2 cells. DEX refers
o treatment with dexamethasone. Data as mean ± S.D., n = 6.

xpression in dexamethasone stimulated cells by about 70%, and
his effect was sustained over three days.

.6. Cellular uptake of PLGA and PLGA-PEI nanoparticles
Effect of PEI incorporation on the cellular uptake of PLGA
anoparticles was investigated in MDA-kb2 cells. Interestingly, the
ellular uptake of PLGA-PEI nanoparticles was two-fold higher than
LGA nanoparticles (Fig. 5).

ig. 5. Effect of PEI on cellular uptake of PLGA nanoparticles (NP) in MBA-kb2 cells.
ells were incubated with nanoparticles for 30 min at 37 ◦C. Data as mean ± S.D.,
= 6, (*) P < 0.05, t-test.
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ig. 6. Intracellular trafficking of TOTO-3 labeled oligos in MDA-kb2 cells. Cells w
ncapsulated in nanoparticles (B). Cells were imaged at the end of day 3 after coun
nd fluorescein filters were overlaid to determine the oligo localization.

.7. Intracellular delivery of oligos

Intracellular delivery and distribution of labeled oligos was
tudied in MDA-kb2 cells counterstained for lysosomes. As can
e seen in Fig. 6, incubation of cells with oligos encapsulated in
anoparticles resulted in both green and red fluorescence inside
he cells with very little colocalization while treatment with free
ligos resulted in predominantly yellow fluorescence, with the
ppearance of red fluorescence in some cells. This suggests that
n the case of nanoparticle-treated cells, most of the released oli-
os were present outside the lysosomal vesicles, possibly in the
ytoplasm. On the other hand, in the cells treated with free oli-
os, oligos appeared to be present in the lysosomal vesicles in most
ells. Neither untreated nor blank nanoparticle treated cells showed
utofluorescence (not shown).
.8. Cytotoxicity of PLGA-PEI nanoparticles

Effect of PEI and siRNA incorporation in PLGA nanoparticles on
ytotoxicity was evaluated in the dose range that was used in the
ene silencing studies. None of the nanoparticle formulations were

ig. 7. Cytotoxicity of nanoparticle formulations and PEI solution in EMT-6 G/L cells.
LGA-40K-PEI formulation did not have siRNA encapsulated. Cytotoxicity was deter-
ined using MTS assay at 72 h following treatment addition.
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reated with TOTO-3 labeled oligos either in the presence of DharmaFECT (A) or
ining for lysosomes using LysoTracker® Green. Images obtained using rhodamine

ound to be toxic to the cells in the dose range tested after incuba-
ion for 3 days (Fig. 7). Free PEI was found to be highly toxic to the
ells at high concentrations.

. Discussion

Successful gene silencing using RNA interference depends on
ffective cellular delivery and cytoplasmic entry of siRNA (Kim and
ossi, 2007). Once in the cytoplasm, siRNA molecules bind with
ISCs to start the process of degrading the target mRNA molecules.
owever, like most other macromolecules, siRNA is degraded in

he lysosomes following cellular uptake. Thus, the carrier used for
NA interference has to enable the lysosomal escape of siRNA. In
ddition, to be useful in vivo, the carrier has to be stable in the
resence of serum (Yi et al., 2006).

Previous studies have shown that PLGA nanoparticles enter
he cell efficiently and rapidly through a combination of specific
nd non-specific endocytic mechanisms (Panyam and Labhasetwar,
003). Following uptake, a fraction of nanoparticles escapes the

ysosomal compartment and reaches the cytosol. Reversal of the
urface charge of PLGA nanoparticles from anionic to cationic in the
cidic pH of the lysosomes is considered an important feature that
nables PLGA nanoparticles to escape the lysosomal compartment
Panyam and Labhasetwar, 2003; Panyam et al., 2002b). Following
ysosomal escape, PLGA nanoparticles are retained in the cellular
ytoplasm for more than 2 weeks, slowly releasing their payload
Panyam and Labhasetwar, 2004).

Efficient cellular uptake, rapid lysosomal escape and sustained
ntracellular drug release characteristics make PLGA nanoparticles
n attractive vehicle for gene silencing applications. However, our
nitial studies suggest that the encapsulation of siRNA in PLGA
anoparticles is not efficient. Because previous studies have sug-
ested that encapsulation of nucleic acids in PLGA nanoparticles
an be significantly improved by optimizing the polymer molecular
eight and lactide composition (Prabha and Labhasetwar, 2004a),
e evaluated the effect of polymer molecular weight and composi-

ion on siRNA encapsulation. Irrespective of the polymer used, the

ncapsulation efficiency was less than 50%. It is possible that the
mall size of siRNA (20 bp; compared to >3 kbp for plasmid DNA)
nd high water solubility enable rapid diffusion of siRNA molecules
ut of the polymer phase during nanoparticle fabrication. Such low
ncapsulation efficiencies in PLGA/PLA nanoparticles have been
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eported for low molecular weight, water-soluble drugs (Eroglu et
l., 2001; Ubrich et al., 2004). In addition to poor loading, the release
f siRNA from PLGA nanoparticles was incomplete. Poor encapsu-
ation efficiency and incomplete release also resulted in poor gene
ilencing (not shown).

Because siRNA is highly anionic and polar, we rationalized that
ntroduction of cationic charges in the polymer matrix could help
etain siRNA molecules in nanoparticles. We used PEI, a popu-
ar cationic polymer used in gene delivery (Aigner, 2006; Jiang
t al., 2008; Malek et al., 2008; Mao et al., 2006), to introduce
ationic charges and increase siRNA encapsulation in nanopar-
icles. Also, because PEI is more hydrophilic than PLGA, it can
e expected that PEI will enable a greater influx of water into
he nanoparticle matrix, promoting greater degradation of PLGA
nd improved siRNA release from nanoparticles. A primary objec-
ive while designing the composite PLGA-PEI nanoparticles was to
nsure that addition of PEI did not induce aggregation of nanopar-
icles and maintained the surface charge reversal of nanoparticles
t the acidic pH (∼5) found in the lysosomes. Our studies indi-
ated that a PEI concentration of 100 �g/30 mg PLGA resulted in
anoparticles that were anionic at physiologic pH, mildly cationic
t pH 5 and were stable in the presence of serum. This concentration
f PEI was, therefore, chosen for further studies. A previous study
hat investigated the use of PEI in PLGA nanoparticles reported a
eduction in particle size with increase in the amount of PEI added
Takashima et al., 2007). This is in contrast to our results which
how an increase in particle size with increasing PEI concentration.
here are two possible reasons why these two PLGA/PEI formula-
ions show different trends in particle size. First, the formulation
rocesses used in the two reports are different. We used emul-
ion solvent evaporation technique for nanoparticle formulation
hile (Takashima et al., 2007) used spray drying for the prepa-

ation of PLGA/PEI nanoparticles. Second, in the previous study,
LGA nanoparticle emulsion was dried with mannitol, and man-
itol microparticles containing PLGA nanospheres were obtained.

t is possible that combination of spray drying and the use of manni-
ol prevented aggregation of nanoparticles at high concentrations
f PEI.

As hypothesized, introduction of PEI in PLGA nanoparticles sig-
ificantly improved the encapsulation of oligos and siRNA and

mproved the siRNA release profile. Unlike nanoparticles fabricated
sing just PLGA, which showed a big burst followed by negligible
elease, oligo release was more continuous in the case of PLGA-
EI nanoparticles. As discussed earlier, there are several potential
easons for this observed enhancement in release. Being a more
ydrophilic polymer than PLGA, PEI would dissolve more readily

n aqueous buffers, possibly creating channels in the nanoparti-
le matrix. This will accelerate polymer degradation and siRNA
elease from nanoparticles. Similar enhanced drug release has been
bserved from PLGA/PLA particles containing hydrophilic additives
ike polyethylene glycol (Naraharisetti et al., 2005). Further studies
re needed to confirm possible mechanisms of accelerated siRNA
elease in the presence of PEI.

We also determined whether introduction of PEI along with the
ligos (pre-formed complex of PEI-oligo) rather than in the polymer
hase would improve the oligo loading in nanoparticles. Several
revious studies have investigated this approach, where PEI-DNA
omplex is encapsulated in microparticles for sustained release of
EI-DNA complex (De Rosa et al., 2002). This approach resulted
n high encapsulation efficiency. However, in vitro release studies

ndicated that the loaded oligos were released very slowly. Less than
0% of the encapsulated oligos was released at the end of 15 days.
his is possibly due to the poor diffusion of the large size (several
anometers) PEI-oligo complex out of the nanoparticle polymer
atrix (Oster et al., 2005).
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Further, we investigated whether incorporation of PEI in PLGA
anoparticles affected the cellular uptake of nanoparticles. We

ound that inclusion of PEI in the nanoparticle matrix, in fact,
esulted in greater cellular accumulation of nanoparticles. While
t is not clear why PLGA-PEI nanoparticles were taken up more
han PLGA nanoparticles, it is possible that the mild cationic charge
f PLGA-PEI nanoparticles in the acidic pH of the endo-lysosomal
ompartment may enable a greater fraction of the nanoparticles to
scape the lysosomes. This, in turn, could result in reduced recycling
nd improved retention of nanoparticles within the cells, leading
reater overall cellular accumulation of nanoparticles. Fluores-
ence microscopic studies examining the intracellular release and
istribution of nanoparticle-encapsulated siRNA suggested that at

east a fraction of the siRNA released was outside the lysosomes,
roviding support to the above possibility. Additionally, a fraction
f the PEI that is either released or is present on the surface of
he nanoparticles could enable nanoparticles to escape the endo-
ysosomes through the proton sponge effect. Upon acidification of
he endo-lysosome, PEI can cause osmotic swelling and subsequent
ndosomal rupture, followed by the escape of PEI/siRNA or oligo
omplexes into the cytosol (De Smedt et al., 2000). Our results are
imilar to previous studies (Bivas-Benita et al., 2004) that reported
reater cellular uptake of PLGA nanoparticles with PEI adsorbed on
he surface.

In vivo, some proteins like structural proteins are constitutively
xpressed while others are induced following exposure of cells to
pecific extracellular or intracellular signals (Ruffini et al., 2007).
o determine the ability of siRNA-loaded nanoparticles to inhibit
he expression of either type of protein, we used two different cell
ulture models. EMT-6 cells used here constitutively overexpress
uciferase and were used as a model to study siRNA-mediated inhi-
ition of a constitutively expressed gene. MDA-kb2 cells express

ncreased levels of luciferase upon exposure to dexamethasone and
ere used to study the inhibition of inducible gene expression.

LGA-PEI nanoparticles were effective in reducing the luciferase
xpression in both models, suggesting the broad usefulness of this
ystem. In vitro cell culture conditions do not permit chronic gene
ilencing studies, and therefore, in this report we studied gene
ilencing only for 3 days. We plan to examine sustained gene silenc-
ng in vivo in our future studies.

In order to demonstrate intracellular delivery of siRNA as a key
echanism in nanoparticle-mediated gene silencing, we inves-

igated the intracellular distribution of labeled oligos following
reatment with nanoparticles or with commercial transfecting
eagent. Our studies indicate that nanoparticles slowly release
he encapsulated oligos within the cells. Treatment with com-

ercial reagent also resulted in sustained oligo levels within
he cells; however, qualitative colocalization studies suggest that

greater fraction of the oligo was present in cytosol follow-
ng nanoparticle treatment than that following treatment with
he commercial reagent. A similar sustained cytosolic release
as been observed for PLGA nanoparticles loaded with plasmid
NA (Prabha and Labhasetwar, 2004b). It was interesting to note

hat with nanoparticle treatment, oligo-associated red fluores-
ence was present in almost all the cells, indicating efficient
elivery.

One concern with using PEI to improve siRNA delivery is the
otential for cytotoxicity. Several studies have demonstrated the

ack of cytotoxicity following treatment with PLGA nanoparticles
Basarkar et al., 2007). However, PEI has been shown to be toxic to

ells, depending on the concentration used (Gwak and Kim, 2008).
ur studies indicate that, at the concentrations used, PLGA-PEI
anoparticles do not induce significant cytotoxicity. This is possibly
ue to the low concentration of PEI used in the formulation (3 ng
er �g of PLGA). While free PEI resulted in significant cytotoxic-
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ty at high doses, at doses equivalent to that used in nanoparticles
∼1 �g/ml), no significant toxicity was seen.

. Conclusion

Introduction of PEI in PLGA nanoparticles significantly improved
he encapsulation of siRNA and its release. Encapsulation of siRNA
n PLGA-PEI nanoparticles resulted in greater inhibition of the
arget gene expression in vitro. Intracellular siRNA release is the
roposed mechanism of gene silencing observed with PLGA-PEI
anoparticles. Stability in the presence of serum and lack of
ytotoxicity further add to the potential of PLGA-PEI nanoparti-
les for gene silencing applications. Future studies will focus on
nvestigating PLGA-PEI nanoparticles for in vivo gene silencing
pplications.
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