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Purpose. The goals of this study were as follows: 1) to evaluate the efficacy of different polyethylenimine

(PEI) structures for siRNA delivery in a model system, and 2) to determine the biophysical and

structural characteristics of PEI that relate to siRNA delivery.

Materials and Methods. Biophysical characterization (effective diameter and zeta potential), cytotox-

icities, relative binding affinities and in vitro transfection efficiencies were determined using nano-

complexes formed from PEI’s of 800, 25,000, (both branched) and 22,000 (linear) molecular weights at

varying N:P ratios and siRNA concentrations. The HR5-CL11 cell line stably expressing luciferase was

used as a model system in vitro.

Results. Successful siRNA delivery was observed within a very narrow window of conditions, and only

with the 25,000 branched PEI at an N:P ratio of 6:1 and 8:1 and with 200 nM siRNA. While the zeta

potential and size of PEI:siRNA complexes correlated to transfection efficacy in some cases, complex

stability may also affect transfection efficacy.

Conclusions. The ability of PEI to transfer functionally active siRNA to cells in culture is surprisingly

dependent on its biophysical and structural characteristics when compared to its relative success and

ease of use for DNA delivery.
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INTRODUCTION

The discovery that duplex RNA can silence genes with
high specificity (1,2), termed RNA interference, created a
potentially new therapeutic class that reduces or eliminates
undesirable protein expression. The RNA interference
mechanism can be mediated in several ways, including small
interfering RNA (siRNA, 21Y25 nucleotide duplex RNA)
(2Y4), short hairpin RNA (shRNA) (5Y10), and siRNA
expression cassettes (11,12). Herein we focus our attention
on siRNA.

Two biophysical characteristics that hinder the intracel-
lular delivery of siRNA are that it is polyanionic and
macromolecular. The polyanionic character of siRNA may
limit its interaction with the cell membrane to internalization
via adsorptive endocytosis in regions of the cell membrane
having positive charge, while the macromolecular nature of
siRNA restricts its passive diffusion through the cell mem-
brane. It is generally accepted that delivery reagents for

siRNA must overcome both of these barriers to enable
cellular uptake and transport to the cytosol. One common
approach to facilitating the transport of siRNA to the cytosol
is to use reagents originally used for DNA delivery. Our
interests lie in the use of polyethylenimine (PEI) to better
understand the structural and biophysical characteristics of
delivery reagents that relate to siRNA transfection efficiency.

PEI is a polycation that is widely used to deliver nucleic
acids, including DNA (13), siRNA (14Y17), ribozymes
(18,19), and oligonucleotides (13,20). The prevailing hypoth-
esis is that the positively charged amine groups of PEI
electrostatically complex with the negatively charged phos-
phate groups of nucleic acids to produce a neutral or
positively charged complex with sufficient stability to allow
intracellular delivery of the genetic material. PEI is also
believed to facilitate nucleic acid delivery through a proton
sponge mechanism wherein the osmotic pressure within an
acidified vesicle is enhanced leading to destabilization and
rupture (13,21,22). Polycations, and PEI in particular, are
therefore widely believed to be useful siRNA delivery
reagents since siRNA, like DNA, has negatively charged
phosphate groups that allow electrostatic complexation with
the polycation of interest. Further, the proton sponge
mechanism of PEI hypothetically will lead to release of
intact siRNA into the cytosol where it can initiate the RNA
interference pathway. Recent reports in the literature show
that PEI can deliver siRNA both in vitro and in vivo (14Y17).
However, a systematic study of different PEI structures to
elucidate the chemical and biophysical characteristics related
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to siRNA delivery efficacy has yet to be reported. The goals
of the work reported here are 1) to evaluate the efficacy of
different PEI structures for siRNA delivery in a model
system, and 2) to determine the biophysical and structural
characteristics of PEI that relate to successful delivery of
siRNA.

MATERIALS AND METHODS

Polyethylenimine Polymers

Branched polyethylenimine (PEI) of 25,000 and 800
molecular weights (25 K B-PEI and 800 B-PEI, respectively)
were obtained from Sigma-Aldrich (St. Louis, MO). Linear
PEI of 22,000 molecular weight (22 K L-PEI) was obtained
from Polysciences (Warrington, PA). These molecular
weights and structures of PEI were chosen based on
transfection studies reported in the literature for plasmid
DNA (13,24Y32) and siRNA delivery (14Y17). 1H NMR
analysis of the polymers were consistent with those
previously reported elsewhere (17,48). Detailed 1H NMR
analysis of the linear PEI showed that less than 1% of the N-
propionyl protecting group remained on the polymer, an
issue outlined in a recent manuscript (17).

siRNA Sequences

Duplex siRNA targeted to positions 153Y171 relative to
the first nucleotide of the start codon of the GL2 luciferase
gene (GenBank accession no. X65324, sense sequence 50-
CGU ACG CGG AAU ACU UCG A dTdT-30) and non-
specific control duplex siRNA (sense sequence 50-AUG
UAU UGG CCU GUA UUA G UU-30), 20 nmol each,
were purchased from Dharmacon, Inc. (Lafayette, CO).

Effective Diameter and Zeta Potential

All buffers were sterilized by autoclave and/or 0.22 mm
filtration prior to use. Nanocomplexes of anti-luciferase GL2
duplex siRNA and PEI’s were formed in a manner similar to
a previously published procedure (33). A 20 mM stock
solution of siRNA was first diluted in 10 mM sterile 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES)
buffer of pH 7.2 to give siRNA aliquots with a final volume
of 50 ml in sterile microcentrifuge tubes. The volume of
siRNA stock solution used, VsiRNA, was calculated as follows:

VsiRNA ¼ CsiRNA;final � Vfinal

� ��
CsiRNA;stock

� �
ð1Þ

where CsiRNA,final = final desired concentration of siRNA in
the sample (200 or 750 nM for size or zeta potential
measurements, respectively), Vfinal = final sample volume
(0.75 or 0.80 ml for the size or zeta potential measurements,
respectively), and CsiRNA,stock = concentration of siRNA
stock solution (20 mM). The different PEI structures were
diluted in HEPES buffer of pH 7.2 to make stock solutions
having concentrations of 0.1 mg/ml (800 and 25 K B-PEI) or
0.5 mg/ml (22 K L-PEI). Aliquots of PEI dilutions with a
total volume of 50 ml were prepared by adding the
appropriate volume of PEI stock solutions and HEPES to
microcentrifuge tubes. The volume of PEI stock solution

required (VPEI) for a given sample was determined as
follows:

VPEI ¼ CsiRNA;final �Mw;siRNA

�
Mw;P �F N:P �FVfinal

� ��

CPEI;stock

�
Mw;N

� � ð2Þ

where Mw,siRNA = molecular weight of siRNA duplex, Mw,P =
molecular weight per phosphate group of siRNA, FN:P = N:P
ratio (the molar ratio of nitrogens from the PEI to the ratio
of phosphates from the siRNA), CPEI,stock = concentration of
PEI in the stock solution (0.1 or 0.5 mg/ml), and Mw,N =
molecular weight per nitrogen of PEI (43 g/mol).

The 50 ml siRNA aliquots were added to the micro-
centrifuge tubes containing the 50 ml diluted PEI aliquots.
The tubes were then vortexed for 5 s each, and incubated at
room temperature for at least 20 min to allow complex
formation.

Effective diameters and zeta potentials of nanocom-
plexes were characterized on a Malvern Zetasizer Nano-ZS
using Dispersion Technology Software 4.00. Size measure-
ments were performed on samples prepared by diluting 100
ml of the PEI:siRNA complexes with an additional 0.65 ml of
10 mM sterile HEPES buffer, pH 7.2, in Sarstedt micro-
cuvettes to a final siRNA concentration of 200 nM and
volume of 0.75 ml. Three measurements, each consisting of
three runs of 10 s each, were performed on each sample using
a fixed position of 4.65 mm and attenuator setting of 11. Zeta
potential measurements were performed on samples pre-
pared by diluting 100 ml of PEI:siRNA complexes with an
additional 0.7 ml of 10 mM sterile HEPES buffer, pH 7.2, to
a final siRNA concentration of 750 nM and volume of 0.8 ml.
More concentrated samples were required for zeta potential
measurements than for sizing measurements in order to
obtain a detectable count rate. Three measurements, each
consisting of 20 runs, were performed on each sample. The
Smoluchowski model was used to calculate zeta potential
values.

Gel Retardation

Stock 20 mM anti-luciferase GL2 duplex siRNA solution
was diluted in sterile 10 mM HEPES pH 7.2 to a concentra-
tion of 2 mM. The diluted siRNA was then added to sterile
microcentrifuge tubes containing varying volumes of HEPES
and PEI solutions to produce samples with a final siRNA
concentration of 1 mM and N:P ratios of 1:1, 3:1, 6:1, 8:1, and
10:1. The tubes were vortexed for 5 s each and incubated at
room temperature for at least 20 min. Control complexes of
RNAiFecti (Qiagen, Valencia, CA) and siRNA were
formed in OPTI-MEM\ I (Gibco\ Cell Culture, a division
of Invitrogen Corporation, Carlsbad, CA) according to the
manfacturer’s protocol. Aliquots of 20 ml of each sample
were combined in fresh sterile microcentrifuge tubes with
4 ml of Blue/Orange Loading Dye, 6X (Promega, Madison,
WI) and mixed by pipetting. Aliquots of 20 ml of the
prepared samples were then loaded on a 4% agarose gel
(Invitrogen Corporation, Carlsbad, CA) containing 0.5 mg/ml
ethidium bromide (Fisher Scientific, Agawam, MA). The gel
was run in Tris-Acetate-EDTA (TAE) buffer in a Bio-Rad
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Wide Mini Sub-Cell GT System at 100 V for 20 min. Digital
imaging was performed on a Bio-Rad ChemiDoc system
using Quantity One v4.4.1 software. Image contrast was en-
hanced using Adobe\ Photoshop\.

Relative Binding Affinity

The relative strength of electrostatic binding between
GL2 anti-luciferase siRNA or pCMV-luc plasmid DNA
(Elim Biopharmaceuticals, Hayward, CA) and PEI was
measured using ethidium bromide (EB) fluorescence quench-
ing, a technique previously reported in the literature for use
with DNA (34). Stock solutions of siRNA, EB, and PEI were
combined in sterile 25 mM HEPES buffer, pH 7.2, in 96-well
plates. The final concentration of EB was approximately
0.0047 mM, and a 2:1 ratio of phosphate groups to EB
monomer units was used. Plates were incubated at room
temperature for 20 min, and then read on a Molecular
Devices SpectraMax Gemini EM at lexc = 535 nm and lemi =
595 nm.

siRNA Transfection

The HR5-CL11 cell line, a HeLa derivative, was
purchased from ECACC (the European Collection of Cell
Cultures, Health Protection Agency, Salisbury, U.K.). Cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% v/v fetal bovine serum (FBS), 100 U/ml
of penicillin and 100 mg/ml of streptomycin (all cell culture
reagents were obtained from Gibco\), and the equivalent of
1 mg/ml doxycycline (prepared from doxycycline hyclate,
Sigma-Aldrich). Cells were maintained at 37-C and 5% CO2,
and passaged every 3 to 4 days.

One day before siRNA transfection, 8,000 cells/well of
the HR5-CL11 cell line were plated into sterile opaque and
clear 96-well plates. Cells were plated in medium without
phenol red and incubated at 37-C and 5% CO2 overnight.
Just prior to transfection, the culture medium was removed
from the wells and replaced with 100 ml of OPTI-MEM\ I
(Gibco\ Cell Culture, a division of Invitrogen Corporation,
Carlsbad, CA). Aliquots of 25 ml of PEI:siRNA complexes
were formed in 10 mM pH 7.2 sterile HEPES buffer, by
adding appropriate volumes of PEI stock solutions (0.1 or 0.5
mg/ml) to HEPES in sterile microcentrifuge tubes. siRNA
was briefly vortexed before being added to the tubes
containing PEI and HEPES. The volumes of PEI, siRNA,
and HEPES required were calculated using Eqs. (1) and (2),
with Vfinal = 125 ml (100 ml of OPTI-MEM\ I plus 25 ml of
complexes) and CsiRNA,final = 200 nM. Tubes were vortexed
for 5 s to mix the solutions, and incubated at room
temperature for at least 20 min to allow complex formation.
To each well of the plates were then added 25 ml of
complexes. Experiments were performed in sextuplicate:
three wells were treated with each condition in opaque 96-
well plates for luciferase determination, and three wells were
treated with each condition in clear 96-well plates for total
protein determination. Plates were incubated at 37-C and 5%
CO2 for 24 h, at which time the OPTI-MEM\ I with
complexes was removed from the wells and replaced with
100 ml of culture medium per well. Plates were incubated for
a further 24 h at 37-C and 5% CO2 before assaying for

luciferase and total protein using the Bright-Gloi Luciferase
Assay (Promega) and BCAi Protein Quantitation Assay
(Pierce Biotechnology).

The following positive control was used to ensure that
the HR5-CL11 cell system was an accurate model to study
siRNA activity. Cells that were transfected with RNAiFecti

as a control were plated at a density of 4,000 cells/well and
received 50 nM siRNA. Transfection medium for these cells
consisted of approximately 0.2 ml of RNAiFecti, 0.25 ml of
siRNA, 75 ml of cell culture medium, and 24.55 ml of OPTI-
MEM\ I according to the manufacturer’s directions for a
total transfection volume of 100 ml. These cells were
incubated with the transfection medium for a total of 48
h before assaying for luciferase and total protein using the
Bright-Gloi Luciferase Assay and BCAi Protein Quantita-
tion Assay.

Bright-Gloiii Luciferase Assay

After a total incubation time of 48 h since transfection,
100 ml of Bright-Gloi working solution, prepared according
to the manufacturer’s directions (Promega), were added to
each well of the opaque 96-well plates containing treated
cells. Plates were incubated at room temperature for
approximately 3 min and were read on a Molecular Devices
SpectraMax Gemini EM (automatic calibration, 5 s of mixing
prior to reading, automatic sensitivity of PMT detector, ten
readings per well in luminescence top-read mode, and 96 well
standard opaque assay plate).

BCAiii Protein Quantitation Assay

After a total incubation time of approximately 48 h since
transfection, culture medium was removed from the clear 96-
well plates and each well was rinsed with 200 ml of phosphate
buffered saline. Aliquots of 30 ml of RIPA buffer (150 mM
NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate in 50 mM pH 8.0 Tris buffer, and
0.5% protease inhibitor cocktail, cat.# P8340, all chemicals
from Sigma-Aldrich) were then added to each well. Plates
were incubated at 4-C for at least 12 min, and 10 ml of lysate
from each well were pipetted into a new clear 96-well plate.
To each well were then added 200 ml of BCAi working
solution, prepared according to the manufacturer’s directions
(Pierce Biotechnology). Plates were incubated at 37-C and
5% CO2 for 30 min before being read at 562 nm on a
Molecular Devices SpectraMax Plus384.

Cytotoxicity

HR5-CL11 cells were plated in 200 ml of culture medium
at a density of 8,000 cells/well in clear 96-well plates. Twenty-
four hours after plating, PEI solutions were diluted in cell
culture medium in sterile microcentrifuge tubes to various
concentrations. The tubes were vortexed for 5 s each to
ensure solution uniformity. Cell culture medium was re-
moved from the 96-well plates and replaced with 75 ml of cell
culture medium without doxycycline and 75 ml of the PEI
dilutions per well. Final concentrations of each PEI were 0,
0.01, 0.07, 0.13, 0.34, 0.67, 1.01, 1.35, 2.02, 2.70, 5, 10, 16.87,
20, and 50 mg/ml. Plates were incubated at 37-C and 5% CO2
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for 48 h after addition of the PEI to the wells. The CellTiter
96\ AQueous One Solution Cell Proliferation Assay (Pro-
mega) was performed according to the manufacturer’s
instructions. Plates were then incubated at 37-C and 5%
CO2 for two and one-half hours before the absorbance was
read at 490 nm on a Molecular Devices SpectraMax Plus384.
Sigmoidal Boltzmann fits were performed to the data points
using the XLfit4 add-in (ID Business Solutions, Inc.,
Emeryville, CA) for Microsoft Excel. IC50 values were
calculated as the concentration of PEI, in micrograms per
milliliter, at which the calculated absorbance was one-half
the absorbance measured at a PEI concentration of 0 mg/ml.

Statistical Analysis

Statistical significance of results was evaluated using
two-tailed heteroscedastic Student’s t-tests according to the
TTEST function in Microsoft Excel.

RESULTS

Effective Diameter and Zeta Potential

The measured effective diameters of nanocomplexes
formed from siRNA designed to inhibit the GL2 version of
the luciferase gene (GL2 siRNA) and the three PEI’s of
interest are shown in Fig. 1. Complexes were made with
varying N:P ratios. With the exception of complexes having
an N:P ratio of 3:1, the complexes formed from 25 K B-PEI
were always smaller than those formed from either 800 B-
PEI or 22 K L-PEI at a given N:P ratio. The 25 K B-PEI
complexes at 1:1, 6:1, and 8:1 N:P ratios were smaller than
150 nm, which is considered the size limit for nonspecific
endocytosis via clathrin-coated pits (35). The smallest 22 K
L-PEI complexes, at an N:P ratio of 8:1, were 155 nm in
diameter. The 800 B-PEI complexes did not form structures
smaller than 195 nm (at an N:P ratio of 1:1).

The measured zeta potentials of complexes formed from
GL2 siRNA and the three PEI’s are shown in Fig. 2. Although
zeta potentials were not determinable for the 800 B-PEI or
22 K L-PEI complexes at an N:P ratio of 1:1, the 25 K B-PEI
complexes at this N:P ratio had a large negative zeta potential
(j34 mV). Increasing the N:P ratio to 3:1 caused the 25 K B-
PEI complexes to have a large positive zeta potential (+38
mV), while both the 800 B-PEI and 22 K L-PEI complexes at
this same N:P ratio remained negatively charged. It seems
likely that the complexes formed from the 800 B-PEI and 22
K L-PEI at an N:P ratio of 1:1 also have negative zeta
potentials, since they have less positively charged PEI than
the complexes at an N:P ratio of 3:1. Complexes having N:P
ratios of 6:1 and 8:1 and consisting of 800 B-PEI remained
negatively charged, while 25 K B-PEI and 22 K L-PEI
complexes at these N:P ratios were positively charged.

Gel Retardation

Gel retardation of the siRNA:polymer complexes
(results not shown) was performed to corroborate the zeta
potential data. Lanes including siRNA only, buffer only, and
complexes formed from RNAiFecti commercial transfection
reagent were included as controls. Negatively charged
samples are expected to migrate into the gel, while neutral
or positively charged samples are expected to remain at the
top of the gel.

The observed behavior of the PEI complexes in the gel
is consistent with the measured and expected zeta potentials
of the complexes. The 25 K B-PEI complexes at an N:P ratio
of 1:1 migrated into the gel, indicating the presence of either
negatively charged complexes or uncomplexed siRNA. The
remainder of the 25 K B-PEI complexes at higher N:P ratios
did not migrate, suggesting the siRNA is fully complexed at
these N:P ratios. The 22 K L-PEI complexes at N:P ratios of
1:1 and 3:1 also migrated into the gel. At N:P ratios of 6:1 or
larger, no migrated bands were seen for 22 K L-PEI
complexes, implying they were neutral or positively charged.
These results are consistent with the measured zeta poten-
tials. The 800 B-PEI complexes migrated to the bottom of the

Fig. 1. Effective diameters of complexes formed from 200 nM anti-

luciferase GL2 duplex siRNA and PEI’s of various structures at

different N:P ratios. Solid bars: 25 K B-PEI; shaded bars: 800 B-PEI;

open bars: 22 K L-PEI. Error bars are the standard deviation (SD) of

three measurements performed on the same sample. Results shown

are typical of two separate experiments.

Fig. 2. Zeta potentials of complexes formed from 750 nM anti-lucif-

erase GL2 duplex siRNA and PEI’s of various structures at different

N:P ratios. Solid bars: 25 K B-PEI; shaded bars: 800 B-PEI; open bars:

22 K L-PEI. Error bars are the standard deviation of three mea-

surements performed on the same sample. ND Not determinable.
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gel at all tested N:P ratios, in agreement with the measured
negative zeta potentials for these complexes.

Relative Binding Affinity

Figure 3a shows the relative binding affinity, as mea-
sured by ethidium bromide fluorescence quenching, for 25 K
B-PEI, 800 B-PEI, and 22 K L-PEI complexed with GL2
siRNA. The interaction of these PEI’s with plasmid DNA
(pCMV-luc) was also characterized for comparison (Fig. 3b).
Ethidium bromide fluoresces when it is intercalated between
double stranded nucleic acids. Electrostatic complexation of
the nucleic acid with a polycation, however, excludes the
ethidium bromide from the nucleic acid and causes a
reduction in the fluorescence. The reduction in fluorescence
is therefore correlated with the relative binding affinity of the
polycation and nucleic acid for one another (36).

At N:P ratios less than one, the binding affinities of all
three PEI’s for siRNA were statistically similar. Between N:P
ratios of 1 and 2, the 800 B-PEI had the greatest affinity for
siRNA, as indicated by the lowest level of fluorescence. This
result was statistically significant compared to that of the 25
K B-PEI at N:P ratios of 1:1 and 1.5:1, and from that of the 22
K L-PEI at an N:P ratio of 1:1 ( p < 0.001). The 25 K B-PEI
had intermediate affinity for siRNA in the same range of N:P

ratios, while the 22 K L-PEI had the lowest affinity for
siRNA. At 3:1 e N:P e 6:1, the relative affinities of the 800
and 25 K B-PEI for siRNA were statistically identical. At
N:P ratios of 8:1 and 10:1 the difference in binding affinities
of these two polymers was statistically significant ( p < 0.001),
with the 25 K B-PEI exhibiting stronger binding affinity than
the 800 B-PEI for the siRNA (0.89 T 1.1 and 0.44 T 1.08 RFU
for 25 K B-PEI at 8:1 and 10:1 compared to 3.62 T 0.72 and
2.74 T 0.67 RFU for 800 B-PEI at 8:1 and 10:1). The 22 K L-
PEI did not achieve a statistically similar binding affinity as
the 800 B-PEI until the N:P ratio was 6:1 or larger, and only
attained a similar binding affinity to that of the 25 K B-PEI at
an N:P ratio of 10:1 ( p > 0.001).

In contrast, the affinity of the three PEI structures for
DNA was quite different. The 25 K B-PEI had the highest
affinity for DNA over the entire range of N:P ratios tested.
The binding affinity of the 25 K B-PEI was statistically
different ( p < 0.001) from that of the 800 B-PEI at an N:P
ratio of 1.5, and from that of the 22 K L-PEI at N:P ratios of
1.5:1, 8:1, and 10:1. Although the 800 B-PEI had intermediate
affinity for DNA when the N:P ratio ranged from 1:1 to 2:1,
and the lowest affinity of all three PEI structures when the
N:P ratio was less than 1:1, these results were not statistically
significant ( p > 0.001).

siRNA Transfection

Wide ranges of N:P ratios and siRNA concentrations
were used for transfection to explore the effect of these two
parameters on transfection efficacy. The HR5-CL11 cell line,
a HeLa cell line derivative that stably expresses luciferase via
a tetracycline-controlled transcriptional transactivator, was
used as a model system (37). Our results will be particularly
relevant for the molecular therapy field, as the HeLa cell line
is a popular model system for molecular medicine studies.
Figure 4a shows the reduction in luciferase expression in
HR5-CL11 cells treated with PEI:siRNA complexes when
the siRNA concentration was kept constant at 200 nM and
the N:P ratio was varied from 0:1 to 10:1, corresponding to
final PEI concentrations in the wells ranging from 0.0Y3.37
mg/ml. Luciferase expression (relative lights units, RLU) was
normalized by the total protein content (absorbance at 562
nm, A562) to decouple cytotoxicity from luciferase knock-
down. Cells transfected with RNAiFecti, a commercially
available siRNA transfection reagent, are shown for com-
parison. No difference in luciferase expression was observed
between cells that received anti-luciferase GL2 or nonspecif-
ic control duplex siRNA without PEI (N:P ratio of 0:1),
indicating that the anti-luciferase siRNA does not mediate
luciferase knockdown in the absence of a delivery reagent.
At N:P ratios of 1:1 and 3:1 no reduction in luciferase
expression was observed for cells treated with anti-luciferase
GL2 siRNA and any of the PEI structures compared to cells
that received nonspecific control siRNA with PEI. Cells that
received 25 K B-PEI with anti-luciferase siRNA (solid bars)
at an N:P ratio of 6:1 had reduced luciferase expression
compared to cells that received the 25 K B-PEI with non-
specific control siRNA (diagonally striped bars), although
this result was not statistically significant ( p $ 0.035). At
N:P ratios of 8:1 and 10:1 the reduction in luciferase
expression for cells that received the 25 K B-PEI with anti-

Fig. 3. Relative binding affinity of 25 K B-PEI (Í), 800 B-PEI ()),

and 22 K L-PEI (�) for nucleic acids as measured by ethidium

bromide fluorescence quenching. (a) PEI with anti-luciferase GL2

duplex siRNA. (b) PEI with pCMV-luc luciferase plasmid DNA.

Data are the average T SD (n = 3).
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luciferase GL2 siRNA was statistically significant ( p < 0.015
and 0.001, respectively) compared to cells that received the
nonspecific control siRNA with 25 K B-PEI (diagonally
striped bars). At an N:P ratio of 10:1 there was a marked
reduction in luciferase expression in cells that received the
nonspecific control siRNA, suggesting the possibility of
sequence non-specific effects on luciferase expression. Neither
the 800 B-PEI nor 22 K L-PEI appeared to mediate a
statistically significant reduction in luciferase expression.

Figure 4b shows the luciferase expression in HR5-CL11
cells treated with PEI:siRNA complexes when the N:P ratio
was kept constant and the siRNA concentration was varied

from 1 to 200 nM. An N:P ratio of 8:1 was selected for these
experiments as this was the lowest N:P ratio that produced a
statistically significant reduction in luciferase expression in
Fig. 4a. The final PEI concentration in the wells ranged from
0.01Y2.7 mg/ml. A statistically significant reduction in lucifer-
ase expression was only observed when 25 K B-PEI was
complexed with anti-luciferase siRNA at a concentration of
200 nM. No reduction in luciferase expression was observed
when 25 K B-PEI was used with lower concentrations of
siRNA, or when 800 B-PEI or 22 K L-PEI were used at any
siRNA concentration. These data were consistent over a
series of similar experiments (data not shown).

Cytotoxicity

To ensure that polymer cytotoxicity was not a significant
factor in these studies, the IC50 values for the 25 K B-PEI, 800
B-PEI, and 22 K L-PEI were calculated and are summarized
in Table I. Figure 5 shows representative data and a fitted
curve for HR5-CL11 survival as a function of 25 K B-PEI
concentration. The concentration of 25 K B-PEI that was
found to mediate RNA interference in Fig. 4 (2.7 mg/ml at an
siRNA concentration of 200 nM and N:P ratio of 8:1) is
indicated on Fig. 5 for comparison. The observed relative
cytotoxicities of the three PEI structures, in order from least
to most cytotoxic, are 800 B-PEI < 22 K L-PEI < 25 K B-PEI.

DISCUSSION

The results of the siRNA transfection studies indicate
that only the 25 K B-PEI complexed with siRNA at a
concentration of 200 nM and at an N:P ratio of 6:1 or 8:1 was
capable of mediating functional siRNA delivery while avoid-
ing sequence non-specific effects. Other researchers have
recently reported success using PEGylated 25 K B-PEI for
both in vitro and in vivo siRNA delivery (23). It is not
surprising that 25 K B-PEI complexes in the present studies
were able to deliver siRNA, as the 25 K B-PEI complexes at
N:P ratios of 6:1 or larger had consistently small sizes and
positive zeta potentials. The poor transfection efficacy of 25
K B-PEI complexes at N:P ratios of 1:1 and 3:1 are consistent
with their negative zeta potentials and large sizes, respec-
tively. The fact that gene knockdown was only observed at a
siRNA concentration of 200 nM is somewhat surprising. In
other work from our lab, the inhibition of luciferase in the
same cell model system has been shown using lower
concentrations of siRNA when cationic lipids and other
commercial transfection reagents are used (manuscript
submitted). However, the delivery of siRNA using cationic
lipids has been shown to stimulate interferon response, both

Fig. 4. Luciferase knockdown 48 h after transfection with varying

N:P ratios and siRNA concentrations. Experiments for each N:P

ratio and siRNA concentration were conducted with both anti-

luciferase GL2 siRNA and nonspecific control siRNA to control for

potential off-target effects. Native luciferase expression levels were

comparable to or less than the 0:1 sample in 4A. Solid bars: 25 K B-

PEI with anti-luciferase GL2 siRNA; diagonally striped bars: 25 K B-

PEI with nonspecific control duplex siRNA; shaded bars: 800 B-PEI

with anti-luciferase GL2 siRNA; vertically striped bars: 800 B-PEI

with nonspecific control duplex siRNA; open bars: 22 K L-PEI with

anti-luciferase GL2 siRNA; horizontally striped bars: 22 K L-PEI

with nonspecific control duplex siRNA. Final concentration of PEI

(mg/ml) in wells after transfection indicated for each sample group at

top of panel. Data are the average T SD (n = 3). (a) 200 nM siRNA

complexed with PEI’s at varying N:P ratios. p < 0.015 indicated by

* symbol; RNAiFect control experiments performed with 4,000 cells/

well, 50 nM siRNA, and 0.2 ml/well of RNAiFect. Checkered bars:

RNAiFect with GL2 anti-luciferase siRNA; diagonally checkered

bars: RNAiFect with nonspecific control duplex siRNA. (b) Varying

concentrations of siRNA complexed with PEI at 8:1 N:P ratio. p <

0.03 indicated by * symbol.

Table I. Calculated IC50 Values of Various PEI Structures After

48 h Incubation in 96-Well Plates Containing 8,000 HR5-CL11 Cells

per Well

PEI
Calculated IC50

Molecular weight Structure (2g/ml)

25,000 Branched 19

800 Branched >50

22,000 Linear 37
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in a sequence- and delivery method-dependent manner
(38Y42). The higher concentrations of siRNA required in
the present studies to achieve gene knockdown may there-
fore not be disadvantageous provided that immunostimula-
tion by PEI can be avoided. The potential of PEI for
stimulating immune response when complexed with siRNA
has not yet been studied, but low levels of pro-inflammatory
cytokines have been measured in mice treated with 750 kDa
PEI complexed with albumin and plasmid DNA (43).

No reduction in luciferase expression was observed for
cells that were treated with the 800 B-PEI under any of the
studied conditions. Although the binding affinity results
suggest that complexes made from 800 B-PEI may be
sufficiently stable to act as siRNA transfection reagents, the
large sizes and negative zeta potentials of these complexes
observed at all the tested N:P ratios may impede their
internalization by endocytosis. The relatively weaker binding
affinity of the 800 B-PEI for DNA compared to the 25 K B-
PEI is similar to results obtained by others who characterized
the binding affinity of branched PEI’s of high and low
molecular weights (44). Other researchers have also reported
poor DNA transfection efficacy when using low molecular
weight (e1,800) B-PEI (24,25).

Our data suggest that the 22 K L-PEI complexes at 6:1
and 8:1 N:P ratios would facilitate siRNA delivery, given
their sizes and zeta potentials. Further, the relative binding
affinity data indicate that the 22 K L-PEI is able to
successfully complex with siRNA at N:P ratios of 6:1 and
8:1. However, these complexes did not reduce luciferase
expression (Fig. 4). One possible explanation for the poor
transfection efficacy of these complexes might be complex
instability. Polycations that condense DNA at lower N:P
ratios form complexes that are less susceptible to disruption
by competing polyanions (45), and this may also be the case
for siRNA complexes. The facts that 1) the 22 K L-PEI did
not appear to form small complexes until an N:P ratio of 3:1
was used, 2) the size of the 22 K L-PEI complexes steadily
decreased as the N:P ratio was increased, and 3) the 22 K L-
PEI had overall the lowest binding affinity for siRNA over
the range of tested N:P ratios, all suggest that the 22 K L-PEI
complexes may be less stable under the investigated con-

ditions than the 25 K B-PEI complexes and could therefore
dissociate at unfavorable cellular locales during the transfec-
tion process.

Although successful DNA delivery has been reported in
vitro and in vivo with linear PEI of comparable molecular
weights (26Y32), mixed results have been reported for siRNA
delivery in vitro and in vivo. One study showed a 60%
reduction in target gene expression 96 h after SKOV-3 cells
were treated in 24-well plates with jetPEIi and 10 pmol of
siRNA. In the same study, a 50% reduction in HER-2
mRNA levels after 2 weeks was observed in vivo when
athymic nude mice were treated with 0.6 nmol of PEI-
complexed HER-2 siRNAs every 2 to 3 days (14). Estimating
an average mouse blood volume of 1.5 ml, 0.6 nmol siRNA
translates to õ400 nM, twice the maximum concentration
used in the present studies. Another study reported an 83%
reduction in GFP expression when jetPEIi was used to
deliver 50 nM of anti-GFP siRNA to PC-3 cells (15). A
separate study, however, reported only a 20% inhibition of a
target gene when 1 pmol of siRNA was transfected with in
vivo jetPEIi into the brains of newborn mice, and no
knockdown when 0.2 pmol siRNA was used under the same
conditions (16). Although the backbones of both jetPEIi and
in vivo jetPEIi are linear PEI, the manufacturer does not
provide any information about the molecular weight or
possible chemical modification of either structure, making
direct comparison with the present studies difficult. A recent
report in the literature also found that complexes of siRNA
and deacylated 25 K linear PEI at N:P ratios of 5:1 and 7.5:1
were effective in suppressing target gene activity in vivo by
76 T 5 and 77 T 3%, respectively, in the mouse lung (17).
Again, however, a direct comparison with the present studies
cannot be made due to the difficulty of calculating the
effective siRNA and PEI concentrations in vivo. Moreover,
the better delivery efficacy reported could be due to the
deacylation of the 25 K linear PEI, which increases the
number of protonatable nitrogens and presumably allows
better binding (i.e., more stable complexes) of the siRNA
with the PEI. The inconsistent results found in the literature
with respect to linear PEI suggest that predictability of
siRNA transfection efficacy is not straightforward and that
variable transfection results might also occur with other PEI
architectures.

The observed relative cytotoxicities of the three PEI
structures (800 B-PEI < 22 K L-PEI < 25 K B-PEI) are
comparable to results reported by others, where low molec-
ular weight branched PEI was shown to be less cytotoxic than
high molecular weight branched PEI (46), and linear PEI
(750 K) had comparable or slightly lower cytotoxicity than
branched PEI (25 K) (47).

CONCLUSION

In summary, only one of the three PEI structures that
were investigated (25 K B-PEI) was found to successfully
mediate siRNA delivery in vitro, and successful delivery
occurred only when an N:P ratio of 6:1 or 8:1 was used with
an siRNA concentration of 200 nM. The zeta potential and
size of the complexes correlated to transfection efficacy for
complexes formed from the 25 K B-PEI and 800 B-PEI, but
not the 22 K L-PEI. Other factors, such as the relative

Fig. 5. Cytotoxicity of 25 K B-PEI in HR5-CL11 cell line as

determined by cell survival after 48 h incubation in 96-well plates

containing 8,000 cells per well.
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stability of the complexes, may also play a role in determin-
ing the transfection efficacy of a given PEI structure. The
ability of PEI to transfer functionally active siRNA to cells in
culture is surprisingly dependent on its biophysical and
structural characteristics when compared to the relative
success and ease of use for DNA delivery, and it is apparent
that siRNA transfection efficacy cannot be directly predicted
based on DNA transfection studies.
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