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Polyplexes between siRNA and poly(ethylene imine) (PEI) derivatives are promising nonviral carriers for siRNA.
The polyplex stability is of critical importance for efficient siRNA delivery to the cytoplasm. Here, we investigate
the effect of PEGylation at a constant ratio (∼50%) on the biophysical properties of the polyplexes. Particle size,
ú potential, and stability against heparin as well as RNase digestion and reporter gene knockdown under in vitro
conditions of different siRNA polyplexes were characterized. Stability and size of siRNA polyplexes were clearly
influenced by PEI-PEG structure, and high degrees of substitution such as PEI(25k)-g-PEG(550)30 resulted in
large (300-400 nm), diffuse complexes (AFM) which showed condensation behavior only at high N/P ratios. All
other polyplexes and the PEI control showed similar sizes (150 nm) and compact structures in AFM, with complete
condensation reached at N/P ratio of 3. Stability of siRNA polyplexes against heparin displacement and RNase
digestion could be modified by PEGylation. Protection against RNase digestion was highest for PEI(25k)-g-
PEG(5k)4 and PEI(25k)-g-PEG(20k)1, while siRNA/PEI provided insufficient protection. In knockdown experiments
using NIH/3T3 fibroblasts stably expressingâ-galactosidase, it was shown that PEG chain length had a significant
influence on biological activity of siRNA. Polyplexes with siRNA containing PEI(25k)-g-PEG(5k)4 and PEI-
(25k)-g-PEG(20k)1 yielded similar efficiencies of ca. 70% knockdown as lipofectamine controls. Confocal
microscopy demonstrated enhanced cellular uptake of siRNA into cytosol by polyplexes formation with PEI
copolymers. In conclusion, both the chain length and graft density of PEG were found to strongly influence
siRNA condensation and stability and hence affect the knockdown efficiency of PEI-PEG/siRNA polyplexes.

INTRODUCTION

RNA interference (RNAi) using small interfering RNA
(siRNA, a double-stranded RNA with 21-23 bp) has recently
emerged as a powerful tool for silencing target genes and holds
great possibility for therapeutic application (1). The first clinical
data on RNAi have been published recently (2). However, to
achieve efficient gene knockdown under in vivo conditions,
siRNA degradation in the physiological milieu, poor cellular
uptake, and inefficient translocation into the cytoplasm need to
be improved. Macromolecules like siRNA are typically internal-
ized by endocytosis followed by lysosomal fusion causing
siRNA degradation. Endosomal escape is a prerequisite for
efficient delivery of intact siRNA to the cytosol, its site of
biological action (3). Moreover, the polyanionic nature of siRNA
impairs diffusion through cell membranes and cellular uptake.
Therefore, delivery systems for siRNA are of particular
importance to exploit their therapeutic potential (4). A promising
approach could be siRNA delivery through complexation of
siRNA using biodegradable and biocompatible polycations (5).

Poly(ethylene imine) (PEI) is well-known as an efficient
nonviral nucleic acid vector demonstrating high transfection
rates under in vitro and in vivo conditions (6). PEI forms
polyplexes with anionic nucleotides by electrostatic interactions.

The strong buffer capacity, designated as the proton sponge
hypothesis, could be responsible for the fact that PEI-based
delivery systems do not require endosome disruptive agents for
lysosomal escape (7). Once released from endosomes, the
siRNA may enter the cytosol, where it associates with its
complementary siRNA strand and, depending on its comple-
mentarity, results in either targeting cleavage of the mRNA or
translational arrest. However, intact PEI/plasmid complexes were
found in the cell nucleus (8, 9), implying that PEI/siRNA
polyplexes might be too stable to be released in the cytosol
and will be transported into the nucleus, as in the case of
plasmid/PEI complexes (8); therefore, no knockdown will be
observed. To guarantee the biological activity of siRNA, this
point needs to be clarified, and stability of the PEI/siRNA
polyplexes needs to be further modified. The polyplexes should
be sufficiently stable during the endocytosis process to ensure
sufficient intracellular uptake of siRNA, but thereafter, siRNA
should be released into the cytosol. While it was noticed that a
significant decrease in transfection activity for the PEI-PEG/
DNA polyplexes was found (10, 11), it is reasonable to assume
that PEGylation might be able to destabilize PEI/siRNA
polyplexes, leading to increased siRNA release in the cytoplasm
and therefore efficient knockdown. This hypothesis was inves-
tigated in this study.

Recently, application of linear PEI or low molecular PEI as
an siRNA delivery vector has been reported (12-15). In
agreement with our hypothesis, linear PEI was efficient for
delivering nucleic acids to cells but did not lead to siRNA
activity within the applied dose of<0.5 pmol (12). Direct
intratumor injection of a siRNA-encoding plasmid complexed
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with linear PEI efficiently reduced the vascularization of treated
tumors but was not able to reduce tumor growth (13). The low
activity of siRNA might be attributed to insufficient release in
the cytosol.

PEGylated PEI was synthesized in our group to decrease the
cytotoxicity of branched PEI and was extensively studied as
vectors for DNA delivery (16). Moreover, strong evidence was
provided that PEGylated PEI could be adapted to function as
an effective carrier for cellular delivery of small oligonucle-
otides. Recent reports have characterized the properties and
transfection capacity of PEGylated PEI25k complexed with
oligonucleotides (17, 18). Similarly, branched PEI-graft-poly-
(ethylene glycol) has been recently reported as a carrier of
siRNA with different targeting ligands, and the results are
promising (19-21).

Regarding PEGylation, both PEG chain length and graft
density clearly affect pharmacokinetic properties of polyplexes
containing nucleic acids, although in vivo results are discussed
controversially. While some authors suggest that low graft
densities with high molecular weight PEG are more effective
in reducing protein adsorption than the higher surface density
of low molecular weight polymers (22), others found that density
of PEG grafting on the surface of polyplexes had a more
pronounced effect on protein adsorption than PEG chain length
on steric repulsion and van der Waals attraction (23). For DNA
polyplexes, a sufficiently high graft density with PEG molecules
seems to be necessary to prevent opsonization and avoid rapid
clearance from the blood stream (17). However, little informa-
tion is available regarding the influence of PEG chain length
on the physicochemical and biological properties of nucleic
nanoparticles (17).

Therefore, the objective of this study was to evaluate the
stability of PEI and PEI-PEG polyplexes with siRNA using
biophysical methods and to elucidate the influence of PEG chain
length and graft density. Our hypothesis was tested with a panel
of PEI-PEGs having similar composition (50% PEG content)
but vastly different structures. Here, PEI(25k)-g-PEG copoly-
mers with PEGylation degree in the range 40-60% and different
PEG chain lengths (550, 2k, 5k, 20k, respectively) were selected
and compared with that of the homopolymer PEI(25k). This
selection is based on the fact that the molecular weights of linear
PEGs used in biomedical applications usually range between a
few hundred to 20 000 Da. The relationship between polymer
structure and stability of the polyplexes was investigated.
Furthermore, the knockdown efficiency of the selected poly-
plexes was studied in cell culture to find the correlation between
in vitro stability and biological effect. Uptake and distribution
of the polyplexes in cells were visualized by confocal laser

scanning microscopy. Due to the different properties of siRNA
compared to DNA (24), this study should provide a basis for
the design of siRNA delivery systems.

MATERIALS AND METHODS

Materials. Branched poly(ethylene imine), PEI, with a
molecular weight of 25 kDa was purchased from Sigma-Aldrich
(Seelze, Germany). The poly(ethylene imine)-graft-poly-
(ethylene glycol) (PEI-PEG) with a PEG content of ap-
proximately 50% (w/w) was synthesized as previously described
(16) by grafting linear PEG of 550 Da and 2, 5, and 20 kDa,
respectively, onto branched PEI 25 kDa. Polymers were stored
as sterile filtered, aqueous stock solutions (5 mg/mL) at pH 7.4.
These graft copolymers were designated using the following
nomenclature: PEI(25k)-g-PEG(x)n. The number in brackets
(25k or x, wherex ) 550, 2k, 5k, or 20k) represents the MW
of PEI or PEG block in daltons, and the indexn is the average
number of PEG blocks per PEI molecule. This number was
calculated on the basis of1H NMR spectra as described
previously (16). The schematic structure and properties of the
copolymers investigated in this paper are shown in Table 1.
siGL3 (luciferase GL3 Duplex) was purchased from Dharmacon
(Lafayette, CO) and used for physicochemical studies. The
sequence is as follows: 5′-CUU ACG CUG AGU ACU UCG
A dTdT/ dTdT GAA UGC GAC UCA UGA AGC U-5′. For
the knockdown experiment in cell culture, an antiâ-Gal siRNA
duplex was purchased from Dharmacon with the following
sequence: 5′-CUA CAC AAA UCA GCG AUU U UU /UU
GAU GUG UUU AGU CGC UAA A P-5′. Cyanine 3 (Cy3)-
labeled siRNA was from Dharmacon (Lafayette, CO). RNase
A for the RNase digestion study was purchased from Roche
Diagnostics GmbH, Mannheim, Germany. All other materials
were obtained in analytical quality.

Preparation and Characterization of Polymer/siRNA
Polyplexes. All polyplexes consisting of siRNA and PEI
derivatives were prepared in isotonic glucose solution at pH 7
unless otherwise mentioned. The polymer/siRNA ratio was
expressed as the nitrogen/phosphate (N/P) ratio, where N
represents moles of amine on PEI and P represents moles of
phosphate on siRNA. On the basis of the N/P ratio, the
appropriate amount of polymer was added to the siRNA
solution, mixed by vigorous pipetting, and incubated for 10 min
at room temperature.

The hydrodynamic diameter of freshly prepared polyplexes
was measured using a Zetasizer Nano ZS from Malvern
Instruments (Herrenberg, Germany) equipped with a 10 mW
HeNe laser at a wavelength of 633 nm. Measurements were

Table 1. Schematic Structure and Properties of the PEI-g-PEG Copolymers Investigated in This Studya

a The black part of the structure represents the branched PEI 25 kDa, and the blue part represents the nonionic linear PEG segments.
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performed at 25°C and analyzed in CONTIN mode. The
instrument was checked periodically with nanospheres size
standards (polymer microspheres in water, 199 nm( 6 nm)
from Duke Scientific (Palo Alto, CA). For data analysis, the
viscosity and refractive index of water at 25°C (0.89 mPa‚s
and 1.333, respectively) were used. The measurements were
performed in triplicate. Theú potentials (surface charge) of
freshly prepared polyplexes were determined using the standard
capillary electrophoresis cell of Zetasizer Nano ZS from Malvern
Instrument at 25°C. Measurements were performed in glucose
5%, pH 7.4. Average values were calculated with the data of
10 runs with standard deviation.

Atomic Force Microscopy (AFM). The polyplexes were
prepared as described above and diluted in milliQ water. AFM
images were obtained on a NanoWizard (JPK instruments,
Berlin, Germany). The microscope was vibration-damped.
Commercial pyramidal tips (Micromash, Estonia) on an I-tape
cantilever with a length of about 230µm, a resonance frequency
of about 160 kHz, and a nominal force constant of 40 N/m were
used. All measurements were performed in intermittent-contact
mode at a scan speed of approximately 1 Hz to avoid damage
of the sample surface. The acquired pictures had a resolution
of 512× 512 pixels. Polyplexes were directly transferred onto
a prewashed silicon chip by dipping the chip into the polyplex
solution for 10 min, rinsing it with MilliQ water, and allowing
it to dry in air.

SiRNA Condensation.To study siRNA condensation as a
function of N/P ratio, polyacrylamide gel (20%) electrophoresis
(PAGE) retardation assays were performed (18). Briefly, poly-
plexes preparation was carried out in 5% glucose solution at
pH 7.0. Increasing amounts of PEI were added to 6 pmol siRNA
to reach final N/P ratios of 0.5, 0.7, 1, 1.5, 2, 3, and 5 for PEI
25k and 2, 3, 5, 7, 10, 15, and 20 for other copolymers. The
resulting polyplexes were incubated for 10 min prior to loading
to the gel. Then, the gel electrophoresis was run in TBE buffer
pH 8 at a constant current of 15 mA. To visualize siRNA, the
gel was immersed in 0.0017% ethidium bromide solution for 5
min. Thereafter, fluorescence of intercalated ethidium bromide
was detected using a transilluminator (BioDoc Analyze, Bi-
ometra, Goettingen, Germany).

Polyanion Competition Assay. The relative stability of
polyplexes was tested by measuring siRNA release from
polyplexes in the presence of a competing polyanion heparin
(25). All polyplexes were formed at N/P of 10. Polyplex
solutions were incubated in the presence of 0.01, 0.02, 0.03,
0.04, 0.05, 0.1, and 0.15 IU of heparin/µg siRNA, respectively.
These solutions were mixed well and incubated for 10 min
before being applied to a 20% PAGE. In each gel, free siRNA
was applied as a reference. Gels were run for 2 h at 15 mA and
then scanned using a Biometra gel analyzing system. The
experiments were performed in triplicate.

RNase Digestion.Stability of siRNA polyplexes against
RNase digestion was investigated according to a method
described previously (26) with little modification. The protection
effect of different siRNA/PEI derivative polyplexes against
series RNase digestion was investigated. Briefly, polyplexes
were prepared at N/P of 10 in glucose 5%. Aliquots of 12.5µL
polyplexes corresponding to 0.17µg of siRNA were incubated
with 0.05, 0.10, 0.20, 0.50, 0.70, 1.0, and 1.2 mIU of RNase in
phosphate buffer at pH 7.0 for 30 min at 37°C. Afterward,
samples were incubated for a further 30 min at 70°C to
inactivate RNase and divided into two equal fractions. The first
fraction was used for determination of integrity of the polyplexes
and the second fraction with 2µL of a heparin solution
containing 1000 IU per mL to release of the amount of siRNA
remaining intact. Resulting mixtures were applied to a 20%
PAGE gel, and electrophoresis was carried out at 15 mA for 2

h. A positive control containing free siRNA was tested under
the same conditions. The resulting gel was imaged on a Biometra
transilluminator. The intensity of the “free siRNA” band was
quantified by densitometry using the software programScion
Image 4.0.2. beta(Scion Corporation, Frederick, MD). At a
given RNase concentration, the percentage of siRNA dissociated
from the polyplexes was obtained by normalizing against the
siRNA band measured from a sample containing siRNA only
on the same gel. All experiments were performed in triplicate.

Knockdown Experiments in NIH 3T3 Fibroblasts under
in Vitro Conditions. The knockdown experiment was per-
formed as described in the literature (27). Briefly, 24 h before
transfection, NIH/3T3 cells stably expressingâ-galactosidase
(Orbigen, San Diego, CA) were seeded in 24-well plates at a
density of 3× 104 per well in 500µL Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37°C and 5% CO2 (v/v). Cells were at 50-
80% confluence before experiment. siRNA polyplexes with
different polymers were prepared at N/P of 10 and incubated
for 10 min at room temperature. The total volume of the
polyplexes was 100µL, and the polyplexes were added to the
cells in 400µL DMEM/10% FBS (50 pmol siRNA per well).
For lipofectamine 2000, the method was similar except that the
lipofectamine 2000/siRNA ratio was 2:1. After 4 h incubation,
the medium was changed, and cells were further incubated for
20 h. Thereafter, the cells were washed with PBS and then were
lysed with 100µL of lysis buffer (Galacto-Star System, Applied
Biosystems, Bedford, MA). Protein concentration was measured
by using the BCA assay kit.â-Galactosidase activity was
measured with a luminometer. Relative light units were
converted to picograms ofâ-galactosidase by usingâ-galac-
tosidase as a standard. The experiments were performed in
triplicate.

Preparation of FITC-Labeled Copolymer. Copolymer PEI-
(25k)-g-PEG(5k)4 was labeled with fluorescein isothiocyanate
(FITC) for cellular trafficking studies. Briefly, 10 mg PEI(25k)-
g-PEG(5k)4 was dissolved in 2 mL of 0.1 M sodium hydrogen
carbonate (pH 8.2). FITC (1 mg in 200µL water-free DMSO)
was added to the solution dropwise under stirring, and the
mixture was stirred at room temperature for 4 h under light
exclusion. Purification was performed on a PD-10 column
(Amersham Pharmacia Biotech, Freiburg, Germany).

Confocal Laser Scanning Microscopy (CLSM).Confocal
laser scanning microscopy was utilized to visualize the inter-
nalization of siRNA polyplexes. NIH/3T3 cells stably expressing
â-galactosidase were seeded at a density of 12 000 cells per
well in 8-well chamber slides (LabTek, Nunc, Wiesbaden,
Germany). After 24 h, medium was removed and polyplexes
containing FITC-labeled PEI(25k)-g-PEG(5k)4, and Cyanine 3
labeled siRNA, free Cyanine 3 labeled siRNA, and free FITC-
labeled polymer were added in fresh media. After 2 h incubation,
cells were washed three times with phosphate buffered saline
(PBS). Fixation of cells was done by incubation with 4%
paraformaldehyde solution in PBS pH 7.4 at room temperature
for 30 min and counterstaining with DAPI (4,6-diamidino-2-
phenylindole, 0.2µg/mL) for 20 min, both under light exclusion.
Cells were embedded in FluorSave Reagent (Calbiochem, San
Diego, CA). A Zeiss Axiovert 100 M microscope coupled to a
Zeiss LSM 510 scanning device (Zeiss, Oberkochen, Germany)
was used for confocal microscopy. For excitation of Cy3
fluorescence, a helium-neon laser with an excitation wavelength
of 543 nm was used. Fluorescence emission was detected using
a 560-615 nm band-pass filter. In a second scan, FITC was
detected using an argon laser with an excitation wavelength of
488 nm and a 505-550 nm band-pass emission filter. Simul-
taneously, transmitted light images were obtained in this scan.
In a third scan, DAPI was excited at 364 nm using an Enterprise
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II 653 laser (Coherent Inc., Santa Clara, CA), and fluorescence
was detected using a 385-470 nm band-pass filter.

Statistics. The results are reported as mean( standard
deviation (SD) of at least three experiments. Significance
between the mean values was calculated using one-way
ANOVA analysis (Origin 7.0 SRO, Northampton, MA). Prob-
ability valuesP < 0.05 were considered to be significant.

RESULTS AND DISCUSSION

With PEG weight ratio (∼50%) kept constant, branched PEI
25 kDa was grafted with PEG 0.55k, 2k, 5k, and 20k,
respectively, and the influence of PEG chain length on the
stability and biological activity of the resulting siRNA poly-
plexes was studied. We hypothesized that PEGylation might
modify the stability of the polyplexes and therefore affect the
knockdown efficiency of siRNA by increasing the proportion
of siRNA released in the cytoplasm avoiding uptake into the
nucleus.

Characterization of the Polyplexes.The hydrodynamic
diameters of PEI-PEG/siGL3 polyplexes were determined at
nitrogen-to-phosphate (N/P) ratio of 10. In preliminary experi-
ments with the copolymer PEI(25k)-g-PEG(2k)10, it was shown
that polyplex sizes decreased with increasing N/P ratios from 5
to 10 and remained constant up to N/P of 50. Therefore, N/P
of 10 was adopted for size measurements. Properties of PEI-
PEG/siGL3 polyplexes in 5% glucose are shown in Figure 1.
The influence of PEG chain length could be seen in the way
that the copolymer with fewer PEG blocks formed smaller
polyplexes than copolymers with more PEG blocks. The
homopolymer PEI exhibited a particle size of 144 nm. In
contrast, copolymer PEI(25k)-g-PEG(550)30 formed large poly-
plexes of 300-400 nm even at N/P ratio of 20, probably due
to a decreased condensation efficiency of this highly grafted
derivative, as indicated in the siRNA retardation assay. The
copolymers with PEG chains 2k and 5k formed polyplexes of
appropriately 150 nm, and slightly decreased particles size was
found with copolymer PEI(25k)-g-PEG(20k)1, with particles size
around 130 nm.

The enhanced siRNA complexation might be attributed to
the special copolymer structure. With only one PEG block on
average, this is a diblock-like copolymer, and there might be a
PEI domain and a PEG domain clearly separated from each
other. Thus, the siRNA seems to interact with the PEI domain
without interference from PEG. However, no statistical differ-
ence was found among the particle sizes of polyplexes prepared
with copolymers of PEG chains 2k, 5k, and 20k. A similar trend
was reported for NF-kB decoy and DNA PEI-PEG complexes
(17, 28). Moreover, the stability of the polyplexes was inves-
tigated for 20 min. It is very important to note that all the siRNA/
copolymer polyplexes remained stable after 20 min incubation

(data not shown). In comparison, the size of PEI(25k)/siRNA
polyplexes increased approximately 35%. This can be explained
by the steric shielding effect of PEG, thereby abolishing
aggregation. This effect has been demonstrated for PEGylated
PEIs in other studies (28). In addition, PEG might additionally
participate in the siRNA condensation process in a synergistic
manner (29). In contrast, particle size of PEI-g-PEG/oligonucle-
otides was reported to be less than 100 nm in 150 mM sodium
chloride (18), and this was attributed to differing sequences of
the nucleic acid and different media used in this study. To clarify
this point, hydrodynamic diameters of PEI-PEG/siGL3 poly-
plexes were also investigated in 150 mM sodium chloride
solution. Aggregation appeared immediately after preparation
of polyplexes with particle sizes between 500 and 1000 nm.
These data confirm that properties of the polyplexes were siRNA
sequence- and medium-dependent. Similarly, particle size of
â-Gal siRNA polyplexes of 400-900 nm was reported recently,
which was measured in 20 mM HEPES buffer after incubating
in OptiMEM medium for 30 min (30).

Interactions between polymer/siRNA polyplexes and cell
surfaces are dependent upon the charge of the particles. The
surface charges of PEI-PEG/siRNA polyplexes are described
in Figure 1. PEI 25 kDa polyplexes revealed high positive
surface charge of+22.3 mV. All copolymers showed a
significantly reducedú potential compared to PEI. Full shielding
was observed with copolymer PEI(25k)-g-PEG(550)30. No
statistically significant difference was found for the copolymers
with PEG(2k)10, PEG(5k)4, and PEG(20k)1, implying that at least
part of the PEG blocks of the copolymers orientate toward the
surface while PEI and siRNA are located in the inner part of
the polyplexes. Therefore, it is reasonable to conclude that the
PEG protective effect is caused by a combination of PEG chain
length and density; a threshold PEG length is needed for higher
efficiency.

Atomic Force Microscopy.Atomic force microscopy (AFM)
was used to study the morphology of polymer/siRNA polyplexes
and compared with that of free siRNA, as shown in Figure 2.
Polyplexes were imaged at an N/P ratio of 10 except PEI-
PEG(550) (N/P 20). As anticipated, a double-stranded structure
was found for free siRNA duplex (Figure 2a). After complex-
ation with the polymers, the double-stranded structure disap-
peared, and all the polyplexes were spherical or subspherical
with smooth surfaces (Figure 2). The homopolymer PEI 25 kDa
showed images of compact homogeneously distributed poly-
plexes, with some large particles. PEGylation affected the
properties of the polyplexes considerably. Particle aggregation
was quite serious in the case of PEI-PEG(550) (Figure 2c),
and this is in agreement with the results from dynamic light
scattering (DLS) measurement. The phenomenon of aggregation
decreased with increasing PEG chain length to 2k and 5k (Figure
2d,e). For the PEI-PEG(20k) polyplexes, the majority of the
particles was separated from each other (Figure 2f), suggesting
that these polyplexes were better stabilized against agglomera-
tion. This is in agreement with the decreased particle size
measurement. Similarly, it was also reported that PEG chain
length was a main determinant of polyplex aggregation (31).

SiRNA Condensation.To quantify siRNA condensation as
a function of N/P ratio, we utilized the ability of PEI to quench
siRNA/ethidium bromide fluorescence by immersing the gel in
ethidium bromide solution for 5 min before imaging. If siRNA
is condensed by cationic polymers, ethidium bromide can no
longer intercalate, and fluorescence intensity decreases measur-
ably. First of all, with PEI(25k)-g-PEG(2k)10 copolymer taken
as an example, the effect of ionic strength in the medium on
the electrostatic interaction between polymer and siRNA was
investigated. Complete siRNA condensation was found at N/P
ratio of 5 in 150 mM NaCl solution, compared to N/P ratio of

Figure 1. Physicochemical properties of PEI-PEG/siRNA (siGL3)
polyplexes in 5% glucose at N/P ratio of 10. ([) ú potential; (bar)
particle size. *P < 0.05.

1212 Bioconjugate Chem., Vol. 17, No. 5, 2006 Mao et al.



3 in 5% glucose solution, indicating that higher N/P is essential
for complete siRNA complexation at higher ionic strength.
Therefore, 5% glucose was used to prepare the polyplexes in
the following studies.

As shown in Figure 3, unmodified PEI condenses siRNA even
at N/P ratio as low as 0.5, and complete condensation was found
at N/P ratio of 3, suggesting that all negatively charged siRNA
phosphate residues are saturated with PEI. Similarly, it was
reported that at N/P ratios of>2.5 plasmid DNA was fully
retarded in agarose gel electrophoresis with PEI (32). When
PEI was grafted with short PEG blocks as in the case of
copolymer PEI(25k)-g-PEG(550)30, the complexation was hin-
dered slightly at N/P of 5.0 but complete condensation was
realized at N/P ratio 15, probably due to the decreased charge
density of the copolymer at a relatively high PEG density. In
contrast, with the same copolymer, only slight hindrance for
DNA complexation was found (28), emphasizing different
properties between DNA and siRNA (24). No difference was
found for copolymers PEI(25k)-g-PEG(2k)10, PEI(25k)-g-PEG-
(5k)5, and PEI(25k)-g-PEG(20k)1, and complete retardation of
siRNA was achieved at N/P of 3, which is comparable to
homopolymer PEI 25k, the same trend found in the size
measurement. This implies that at similar PEG content PEG

chain length plays a critical role for nucleic acid condensation.
Anyway, no difference was found at PEG 2k, 5k, and 20k. In
contrast, slightly increased DNA condensation was reported with
increasing PEG MW from 550 to 20 kDa in the same copolymer
(28).

Heparin Displacement.In this study, except for copolymer
PEI(25k)-g-PEG(550)30 (N/P 20), all the other polyplexes were
prepared at N/P of 10, at which complete siRNA condensation
was demonstrated in previous studies. The stability of different
polymer/siRNA polyplexes against heparin displacement is
shown in Figure 4. PEI/siRNA polyplexes were the most stable,
and dissociation occurred at heparin 0.31 IU/µg siRNA;
complete dissociation was found at heparin 0.42 IU/µg siRNA,
suggesting a strong interaction of PEI with siRNA. In contrast,
the stability of the polyplexes decreased after PEGylation. This
observation is in agreement with our hypothesis and can
probably be explained by the weakened interaction of siRNA
with polymer as a result of decreased charge density. Interest-
ingly, the protection efficiency increased with increasing PEG
chain length at similar PEG content. PEI(25k)-g-PEG(550)30/
siRNA polyplexes were extremely unstable, and 81% siRNA
dissociation was observed even at heparin of 0.10 IU/µg siRNA,
which created doubt as to its capacity to bring a sufficient

Figure 2. AFM images of different siRNA polyplexes. (a) free siRNA, (b) PEI 25kDa, (c) PEI(25k)-g-PEG(550)30, (d) PEI(25k)-g-PEG(2k)10, (e)
PEI(25k)-g-PEG(5k)4, (f) PEI(25k)-g-PEG(20k)1.

Figure 3. siRNA condensation of PEI and PEI-PEG by increasing the N/P ratio measured by polyacrylamide gel electrophoresis. Lane 1, N/P 0
(siRNA only as control); completed siRNA condensation ratio was indicated by arrows.

PEG Length Influence on PEI-PEG/RNA Properties Bioconjugate Chem., Vol. 17, No. 5, 2006 1213



amount of siRNA into cells. In contrast, for copolymers PEI-
(25k)-g-PEG(2k)10, PEI(25k)-g-PEG(5k)4, and PEI(25k)-g-PEG-
(20k)1, dissociation of polyplexes occurred at heparin of 0.21
IU/µg siRNA, and 24%, 6.8%, and 5.9% of siRNA was released,
respectively, indicating that PEG chain length instead of surface
density played a critical role in protection of the polyplexes,
and a better steric effect was found at PEG chain length of>2k.
With the same copolymer PEI(25k)-g-PEG(2k)10, previous study
demonstrated that DNA polyplexes started to dissociate at
heparin of 0.2 IU/µg DNA (25), which is comparable to our
results. However, PEI(25k)/DNA polyplexes were less stable
against heparin displacement (25) compared to PEG(25k)/siRNA
polyplexes (0.2 IU/µg DNA vs 0.3 IU/µg DNA). This can
probably be explained by the smaller MW of siRNA, which
can be compacted more efficiently by the polymer. No statisti-
cally significant difference was found for the polyplexes
prepared with the copolymer containing PEG 5k and 20k (P >
0.05), implying that PEG 5k might be sufficient for effective
PEGylation.

Stability against RNase Digestion.The enzymatic degrada-
tion of siRNA is accompanied by a rapid decline in biological
activity and therapeutic efficiency. The ability of the gene carrier
to protect siRNA against enzymatic degradation by RNase,

which is located in the cytoplasm, can be demonstrated by
RNase digestion studies. First of all, stability of free siRNA
against RNase was studied. It was found that free siRNA was
degraded completely even at RNase of 0.01 mIU (0.12 mIU/
µg). Thereafter, the protection effect of different PEI copolymer/
siRNA polyplexes against RNase digestion was investigated.
The PEG shell was expected to play an important role not only
in sterically stabilizing the structure of the complex, but also in
protecting the siRNA vector from being attacked by nucleases
(33). The quantification of the siRNA displaced from the
polyplexes is shown in Figure 5. At RNase of 6.0 mIU/µg
siRNA, almost all the siRNA was degraded in PEI-PEG(550)/
siRNA polyplexes, whereas 9% was left in PEI(25k)/siRNA
polyplexes despite the strong interaction as indicated in the
heparin displacement assay. In contrast, by sterically shielding
the siRNA domains susceptible to proteolytic attack, the PEG
layer can decrease the amount of siRNA degraded, and the effect
is PEG chain-length-dependent. It showed that 32%, 68%, and
92% of siRNA was protected from degradation in PEI(25k)-g-
PEG(2k)10, PEI(25k)-g-PEG(5k)4, and PEI(25k)-g-PEG(20k)1
polyplexes, respectively. The super protection effect of PEG
5k and PEG 20k against RNase digestion suggest their promising
application in vivo. The increased stability of the polyplexes

Figure 4. siRNA polyplexes stability against heparin displacement. Control: free siRNA. Lanes 1-7: heparin 0.10, 0.21, 0.31, 0.42, 0.52, 1.04,
1.57 IU/µg siRNA, respectively.

Figure 5. Incubation of PEI and PEG-PEI/siRNA polyplexes with RNase A at an N/P ratio of 10 over 0.5 h. The percentage recovery of intact
siRNA is shown in reference to the intact amount of noncomplexed control siRNA.
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and enhanced enzymatic resistance support the hypothetical
core-shell structure of these self-assembling polyplexes; that
is, the siRNA is trapped within a cationic core surrounded by
a hydrophilic PEG shell. The strength of the PEG shell is its
chain length dependency. It is well-known that, in aqueous
solutions, PEG is a highly hydrated polymer and has a high
degree of segmental flexibility. It is thought to be capable of
influencing the structure of several molecular layers of water,
leading to its pronounced conformational entropy and large
exclusion volume (34). The influence of molecular weight,
surface density, and conformation of PEG affect dramatically
the enzyme adsorption pattern. The brush conformation is
presented as the highest steric protection against protein
adsorption due to the steric hindrance of heavily hydrated chains
of PEG molecules and their flexibility in terms of free rotation
of individual polymer units around interunit linkage (35). The
polymer chain flexibility correlates with its ability to squeeze
nonlinked water molecules out of the molecular dynamic
“cloud” formed over the surface (36). When PEG chains are
short, like PEG 550, flexibility is insufficient, structured water
can be “squeezed out” due to entropic instability, and RNase
can adsorb on the surface of the polyplex, leading to siRNA
degradation. As the molecular weight of a PEG molecule rises,
the cloud temperature, which is the temperature at which the
polymer separates from the water solution, also increases,
suggesting an increased amount of structured water and,
therefore, increased stability with increasing PEG molecular
weight (37). As shown in our results, flexibility and high
hydration of long chains like PEG 5000 and 20 000 Da allow
the repulsion of RNase to a higher extent despite its low density.
Similarly, computer simulations suggest that a relatively small
number of molecules of a hydrophilic flexible polymer are
sufficient to decrease the number of direct collisions of colloid
surface with opsonizing proteins by creating a dense protective
conformational cloud over the liposome surface (38). Oily core
nanoparticles made of PLA or PEG-PLA were studied for
complement consumption, and the testing of longer PEG chains
(20 kDa) showed them to be more effective, even at lower
surface density (39).

In addition, integrity of the siRNA polyplexes in the presence
of RNase was investigated. No dissociation of polyplexes was
found for siRNA polyplexes with PEI homopolymer and the
copolymers with PEG chain lengths 2k, 5k, and 20k at N/P
ratio of 10 even when the RNase amount was as high as 6 mIU/
µg siRNA. In contrast, even at N/P ratio of 20, PEI(25k)-g-
PEG(550)30 could not inhibit siRNA release from the polyplexes
even when the RNase amount was as low as 0.6 mIU/g (data
not shown), implying that PEG 550 is too short to protect siRNA
efficiently. Moreover, most of the PEG-modified proteins
currently approved for human use by the FDA rely on PEG
with MW 5000 Da or higher (40, 41).

Knockdown Experiment in Cell Culture. On the basis of
the in vitro properties of different polyplexes, the knockdown
efficiency of siRNA polyplexes with the following copolymers,
PEI(25k)-g-PEG(2k)10, PEI(25k)-g-PEG(5k)4, and PEI(25k)-g-
PEG(20k)1, were studied in cell culture and compared with that
of the homopolymer PEI(25k)-siRNA polyplexes. The poly-
plexes were prepared in 150 mM sodium chloride solution based
on the particle size data in Table 2. Lipofectamine 2000 was

used as a positive control (27). The biological results are shown
in Figure 6. All the polymers investigated could down-regulate
gene expression significantly compared to the control (P <
0.05). Since it was reported that no difference between the use
of small siRNA particles (50-100 nm) and large aggregates
(200-600 nm) for gene knockdown was observed (24), it is
reasonable to assume that the knockdown difference caused by
particle size difference of the polyplexes was marginal. It was
noticed that the knockdown efficiency increased with increasing
PEG chain length up to PEG MW 5 k. Beyond this point, further
increasing PEG MW to 20k led to no apparent change in
knockdown efficiency, a similar trend observed in RNase
digestion assay. The low knockdown efficiency of PEI can
probably be explained by the fact that the high siRNA
condensation of PEI might prevent siRNA release in the cytosol,
in agreement with its high stability against heparin displacement.
In contrast, for PEI-PEG polyplexes, heparin can reach siRNA
in the condensed form even at quite a low concentration,
implying that siRNA complexed with PEI-PEG was accessible
to the targeting mRNA, in line with the enhanced knockdown
efficiency. Therefore, in agreement with our hypothesis, PE-
Gylation of PEI appears to enhance siRNA release in the
cytoplasm, leading to enhanced biological activity. On the other
hand, it should be mentioned that several important factors are
likely to be synergistically involved in the pronounced siRNA
activity of PEI-PEG(>2kDa) polyplexes, such as the improve-
ment of the stability against enzymatic degradation, minimal
interaction with serum proteins, and the effective transport of
free siRNA from endosome into cytoplasm.

Interestingly, an extremely good correlation between RNase
digestion and knockdown efficiency data in cell culture was
established. Figure 7 exemplifies the logarithmic relationship
between stability of the polyplexes at RNase of 6 mIU and
knockdown efficiency. The insert shows a linear correlation
when remaining siRNA was less than 70%. It implies that RNase
digestion stability could be employed as a potential tool to
predict the biological activity of siRNA delivery systems.

In addition, our RNase digestion and cell culture data did
indicate that stability and biological activity of siRNA poly-
plexes was significantly improved for the copolymer with PEG
chain length of>5 kDa. This information provides further

Table 2. Particle Size of Polymer/â-Gal siRNA Polyplexes in Different Media

5% glucose 0.9% NaCl

polymer N/P size PI size PI

PEI 25 kDa 10 482( 28 0.38( 0.02 144( 12.2 0.078( 0.029
PEI(25k)-g-PEG(550)30 20 1320( 4.6 0.28( 0.31 434( 55.5 0.524( 0.045
PEI(25k)-g-PEG(2k)10 10 650( 65 0.46( 0.01 102( 4.96 0.273( 0.049
PEI(25k)-g-PEG(5k)4 10 642( 24 0.47( 0.01 118( 24.1 0.320( 0.108
PEI(25k)-g-PEG(20k)1 10 490( 85 0.45( 0.06 109( 3.86 0.270( 0.010

Figure 6. Biological activity of different polymer/siRNA polyplexes
in NIH/3T3 fibroblasts stably expressingâ-galactosidase. All polyplexes
were prepared at N/P of 10. *P < 0.05.
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rationale for using PEG with MW of>5 kDa in the FDA-
approved protein products.

Subcellular Localization of the siRNA Polyplexes.On the
basis of the results from cell culture, copolymer PEI(25k)-g-
PEG(5k)4 was selected for cellular trafficking of siRNA
polyplexes. Confocal microscopy was employed to provide
direct evidence for localization of polyplexes. To investigate
the uptake and intracellular localization of the polyplexes, both
siRNA and the copolymer were fluorescently labeled. With
regard to free siRNA, rarely any red fluorescence was observed
(Figure 8B). In contrast, a significantly higher internalization
of siRNA was found for the copolymer/siRNA polyplexes
(Figure 8A). As shown in Figure 8A, a large amount of yellow
color, resulting from the colocalization of green and red, was
distributed within the cytoplasm in a punctuated pattern, in
small, round vesicles localized in the perinuclear area, implying
that at least part of the polyplexes are being taken up by
endocytosis without dissociation. The red spots in the image
(Figure 8A(e)) indicated intracellular siRNA release in the
cytosol after 2 h incubation. No fluorescence signal was found
in the nuclear area, in this special image areas in white represent
colocalization of green and red, as shown in Figure 8A(f). It
shows that the polyplexes were mainly distributed in the cytosol,
its site of action, instead of entering the nucleus. This is in
agreement with our hypothesis. Distribution of polymer in the
cells was investigated as well. Figure 8C showed that the
polymer itself was dispersed throughout the cytoplasm, being
taken up by the cells in an unspecific manner. This point has
been mentioned in the former studies (42).

CONCLUSIONS

With the PEG ratio in the copolymer kept constant (∼50%),
influence of the polymer structure on the stability and biophysi-
cal properties of the polyplexes was studied. Interestingly, the
stability and size of siRNA polyplexes were clearly influenced
by PEI-PEG structure, and high degrees of substitution such
as PEI(25k)-g-PEG(550)30 resulted in large (300-400 nm),
diffuse complexes (AFM) which showed condensation behavior
only at N/P ratio of 15. All other polyplexes and the PEI control
showed similar sizes (150 nm) and compact structures in AFM.
Complete condensation was reached at N/P ratio of 3. Displace-
ment of siRNA from polyplexes using heparin and stability
against RNase digestion confirmed this observation. Surpris-
ingly, protection against RNase digestion was highest for PEI-
(25k)-g-PEG(5k)4 and PEI(25k)-g-PEG(20k)1, while siRNA/PEI
provided insufficient protection. In knockdown experiments

using NIH/3T3 fibroblasts stably expressingâ-galactosidase, it
was shown that PEG chain length had a significant influence
on biological activity of siRNA. Polyplexes with siRNA
containing PEI(25k)-g-PEG(5k)4 and PEI(25k)-g-PEG(20k)1
yielded similar efficiencies of ca. 70% knockdown as lipo-

Figure 7. Correlation between RNase digestion stability and biological
activity in cell culture. Insert shows a linear correlation when remaining
siRNA was less than 70%.

Figure 8. Confocal micrograph images of NIH/3T3 cells incubated
with polyplexes, copolymer, and siRNA. Copolymer PEI(25k)-g-PEG-
(5k)4 was labeled with FITC; siRNA was labeled with Cyanine 3. (A)
Incubated with PEI(25k)-g-PEG(5k)4 copolymer/siRNA polyplexes: (a)
blue filter, (b) red filter, (c) green filter, (d) cell morphology, (e) overlay
of a-c, and (f) overlay of b and c, indicating that the polyplexes were
distributed in the cytosol instead of entering nucleus. Areas in white
represent colocalization. (B) Incubated with free siRNA. (C) Incubated
with free PEI(25k)-g-PEG(5k)4 copolymer.
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fectamine controls. In conclusion, in agreement with our
hypothesis, PEGylation can modify the stability of PEI/siRNA
polyplexes. Release of siRNA in the cytosol depends on
polyplex stability and protection against RNase digestion. A
good correlation between RNase stability and knockdown
efficiency in cell culture was found for the polyplexes studied.
The in vivo behavior of the polyplexes is ongoing. Further
optimizations are promising to develop biodegradable PEI-
PEG as siRNA carriers.

ACKNOWLEDGMENT

Financial support of Deutsche Forschungsgemeinschaft DFG,
Forschergruppe 627, is gratefully acknowledged.

LITERATURE CITED

(1) Aigner, A. (2006) Gene silencing through RNA interference (RNAi)
in vivo: Strategies based on the direct application of siRNAs.J.
Biotechnol.Jan 10, (Epub ahead of print).

(2) Whelan, J. (2005) First clinical data on RNAi.Drug DiscoVery
Today 10(15), 1014-1015.

(3) Zeng, Y., and Cullen, B. R. (2002) RNA interference in human
cells is restricted to the cytoplasm.RNA 8, 855-860.

(4) Oishi, M., Nagasaki, Y., Itaka, K., Nishiyama, N., and Kataoka,
K. (2005) Lactosylated poly(ethylene glycol)-siRNA conjugate
through acid-labileâ-thiopropionate linkage to construct pH-sensitive
polyion complex micelles achieving enhanced gene silencing in
Hepatoma cells.J. Am. Chem. Soc. 127, 1624-1625.

(5) Merdan, T., Kopecek, J., and Kissel, T. (2002) Prospects for cationic
polymers in gene and oligonucleotide therapy against cancer.AdV.
Drug DeliVery ReV. 54, 715-758.

(6) Boussif, O., Lezoualc’h, F., Zanta, M. A., Mergny, M. D.,
Scherman, D., Demeneix, B., and Behr, J. P. (1995) A versatile
vector for gene and oligonucleotide transfer into cells in culture and
in vivo: Polyethylenimine,Proc. Natl. Acad. Sci. U.S.A. 92(16),
7297-7301.

(7) Akinc, A., Thomas, M., Klibanov, A. M., and Langer, R. (2005)
Exploring polyethylenimine-mediated DNA transfection and the
proton sponge hypothesis.J. Gene Med. 7(5), 657-663.

(8) Honore, I., Grosse, S., Frison, N., Favatier, F., Monsigny, M., and
Fajac, I. (2005) Transcription of plasmid DNA: Influence of plasmid
DNA/polyethylenimine complex formation.J. Controlled Release
107, 537-546.

(9) Godbey, W. T., Wu, K. K., and Mikos, A. G. (1999) Tracking the
intracellular path of poly(ethylenimine)/DNA complexes for gene
delivery.Proc. Natl. Acad. Sci. U.S.A. 96(9), 5177-5181.

(10) Erbacher, P., Bettinger, T., Belguise-Valladier, P., Zou, S., Coll,
J. L., Behr, J. P., and Remy, J. S. (1999) Transfection and physical
properties of various saccharide, poly(ethylene glycol), and antibody-
derivatized polyethylenimines (PEI).J. Gene Med. 1, 210-222.

(11) Ngyugen, H. K., Lemieux, P., Vinogradov, S. V., Gebhart, C. L.,
Guerin, N., Paradis, G., Bronich, T. K., Alakhov, V. Y., and
Kabanov, A. V. (2000) Evaluation of polyether-polyethylenimine
graft copolymers as gene transfer agents.Gene Ther. 7, 126-138.

(12) Hassani, Z., Lemkine, G. F., Erbacher, P., Palmier, K., Alfama,
G., Giovannangeli, C., Behr, J. P., and Demeneix, B. A. (2005) Lipid-
mediated siRNA delivery down-regulates exogenous gene expression
in the mouse brain at picomolar levels.J. Gene Med. 7(2), 198-
207.

(13) Niola, F., Evangelisti, C., Campagnolo, L., Massalini, S., Bue,
M. C., Mangiola, A., Masotti, A., Maira, G., Farace, M. G., and
Ciafre, S. A. (2006) A plasmid-encoded VEGF siRNA reduces
glioblastoma angiogenesis and its combination with interleukin-4
blocks tumor growth in a xenograft mouse model.Cancer. Biol. Ther.
5 (2), Feb 10 (Epub ahead of print).

(14) Thomas, M., Lu, J. J., Ge, Q., Zhang, C., Chen, J., and Klibanov,
A. M. (2005) Full deacylation of polyethylenimine dramatically
boosts its gene delivery efficiency and specificity to mouse lung.
Proc. Natl. Acad. Sci. U.S.A. 102(16), 5679-5684.

(15) Urban-Klein, B., Werth, S., Abuharbeid, S., Czubayko, F., and
Aigner, A. (2005) RNAi-mediated gene-targeting through systemic
application of polyethylenimine (PEI)-complexed siRNA in vivo.
Gene Ther. 12(5), 461-466.

(16) Petersen, H., Fechner, P., Fischer, D., and Kissel, T. (2002)
Synthesis, characterization, and biocompatibility of polyethylen-
imine-graft-poly(ethylene glycol) block copolymers.Macromolecules
35 (18), 6867-6874.

(17) Kunath, K., von Harpe, A., Petersen, H., Fischer, D., Voigt, K.,
Kissel, T., and Bickel, U. (2002) The structure of PEG-modified
poly(ethylene imines) influences biodistribution and pharmacoki-
netics of their complexes with NF-kappa B decoy in mice.Pharm.
Res. 19(6), 810-817.

(18) Brus, C., Petersen, H., Aigner, A., Czubayko, F., and Kissel, T.
(2004) Physicochemical and biological characterization of polyeth-
ylenimine-graft-poly(ethylene glycol) block copolymers as a delivery
system for oligonucleotides and ribozymes.Bioconjugate Chem. 15
(4), 677-684.

(19) Kim, S. H., Mok, H., Jeong, J. H., Kim, S. W., and Park, T. G.
(2006) Comparative evaluation of target-specific GFP gene silencing
efficiencies for antisense ODN, synthetic siRNA, and siRNA plasmid
complexed with PEI-PEG-FOL(PEG MW3400) conjugate.Bio-
conjugate Chem. 17(1), 241-244.

(20) Kim, S. H., Jeong, J. H., Cho, C. K., Kim, S. W., and Park, T. G.
(2005) Target-specific gene silencing by siRNA plasmid DNA
complexed with folate-modified poly(ethyleneimine).Bioconjugate
Chem. 104(1), 223-232.

(21) Schiffelers, R. M., Ansari, A., Xu, J., Zhou, Q., Tang, Q., Storm,
G., Molema, G., Lu, P. Y., Scaria, P. V., and Woodle, M. C. (2004)
Cancer siRNA therapy by tumor selective delivery with ligand-
targeted sterically stabilized nanoparticle.Nucleic Acids Res. 32(19),
e149.

(22) Gombotz, W. R., Wang, G. H., Horbett, T. A., and Hoffman, A.
S. (1991) Protein adsorption to poly(ethylene oxide) surfaces.J.
Biomed. Mater. Res. 25, 1547-1562.

(23) Jean, S. I., Lee, J. H., Andrade, J. D., and De Gennes, P. G. (1991)
Protein-surface interactions in the presence of polyethylene oxide I.
Simplified theory.J. Colloid Interface Sci. 142, 149-158.

(24) Spagnou, S., Miller, A. D., and Keller, M. (2004) Lipidic carriers
of siRNA: differences in the formulation, cellular uptake, and
delivery with plasmid DNA.Biochemistry 43(42), 13348-56.

(25) Merdan, T., Callahan, J., Petersen, H., Kunath, K., Bakowsky,
U., Kopeckova, P., Kissel, T., and Kopecek, J. (2003) Pegylated
polyethylenimine-Fab′ antibody fragment conjugates for targeted
gene delivery to human ovarian carcinoma cells.Bioconjugate Chem.
14 (5), 989-996.

(26) Brus, C., Petersen, H., Aigner, A., Czubayko, F., and Kissel, T.
(2004) Efficiency of polyethylenimines and polyethylenimine-graft-
poly(ethylene glycol) block copolymers to protect oligonucleotides
against enzymatic degradation.Eur. J. Pharm. Biopharm. 57(3),
427-430.

(27) Leng, Q., Scaria, P., Zhu, J., Ambulos, N., Campbell, P., and
Mixson, A. J. (2005) Highly branched HK peptides are effective
carriers of siRNA.J. Gene Med. 7(7), 977-986.

(28) Petersen, H., Fechner, P. M., Martin, A. L., Kunath, K., Stolnik,
S., Roberts, C. J., Fischer, D., Davies, M. C., and Kissel, T. (2002)
Polyethylenimine-graft-poly(ethylene glycol) copolymers: influence
of copolymer block structure on DNA complexation and biological
activities as gene delivery system.Bioconjugate Chem. 13(4), 845-
854.

(29) Kleideiter, G., and Nordmeier, E. (1999) Poly(ethylene glycol)-
induced DNA condensation in aqueous/methanol containing low-
molecular-weight electrolytes solutions. Part II. Comparison between
experiment and theory.Polymer 40, 4025-4033.

(30) Leng, Q., Scaria, P., Zhu, J., Ambulos, N., Campbell, P., and
Mixson, A. J. (2005) Highly branched HK peptides are effective
carriers of siRNA.J. Gene Med. 7, 977-986.

(31) Glodde, M., Sirsi, S. R., and Lutz, G. J. (2006) Physiochemical
properties of low and high molecular weight poly(ethylene glycol)-
grafted poly(ethylene imine) copolymers and their complexes with
oligonucleotides.Biomacromolecules 7(1), 347-356.

(32) Boeckle, S., Wagner, E., and Ogris, M. (2005) C- versus
N-terminally linked melittin-polyethylenimine conjugates: the site
of linkage strongly influences activity of DNA polyplexes.J. Gene
Med. 7, 1335-1347.

PEG Length Influence on PEI-PEG/RNA Properties Bioconjugate Chem., Vol. 17, No. 5, 2006 1217



(33) Harada, A., Togawa, H., and Kataoka, K. (2001) Physicochemical
properties and nuclease resistance of antisense-oligonucleotides
entrapped in the core of polyion complex micelles composed of poly-
(ethylene glycol)-poly(L-lysine) block copolymers.Eur. J. Pharm.
Sci. 13, 35-42.

(34) Zalipsky, S., and Lee, C. (1992) Use of functionalized polyethylene
glycols for modification of polypeptides. InPoly(ethylene glycol)
Chemistry: Biotechnical and Biomedical Applications(Harris, J. M.,
Ed.) Plenum Press, New York.

(35) Torchilin, V., and Trubetskoy, V. (1995) Which polymers can
make nanoparticulate drug carriers long-circulating?AdV. Drug
DeliVery ReV. 16, 141-155.

(36) Torchilin, V. P. (1998) Polymer-coated long-circulating micro-
particulate pharmaceuticals.J. Microencapsul. 15, 1-19.

(37) Stolnik, S., Illum, L., and Davis, S. (1995) Long-circulating
microparticulate drug carriers.AdV. Drug DeliVery ReV. 16, 195-
214.

(38) Torchilin, V. P., Omelyanenko, V. G., Papisov, M. I., Bogdanov,
A. A., Jr., Trubetskov, V. S., Herron, J. N., and Gentry, C. A. (1994)

Poly(ethylene glycol) on the liposome surface: on the mechanism
of polymer-coated liposome longevity.Biochim. Biophys. Acta. 1195,
11-20.

(39) Mosqueira, V. C., Legrand, P., Gulik, A., Bourdon, O., Gref, R.,
Labarre, D., and Barratt, G. (2001) Relationship between complement
activation, cellular uptake and surface physicochemical aspects of
novel PEG-modified nanocapsules.Biomaterials 22, 2967-2979.

(40) Nucci, M. L., and Abuchowski, A. (1991) The therapeutic value
of poly(ethylene glycol)-modified proteins.AdV. Drug DeliVery ReV.
6, 133-151.

(41) Mahato, R. I. (2005) Biomaterials for delivery and targeting of
proteins and nucleic acids. InProtein conjugation, cross-linking, and
PEGylation(Hinds, K. D., Ed.) pp 168-171, CRC Press, New York.

(42) Ranaldi, G., Marigliano, I., Vespignani, I., Perozzi, G., and
Sambuy, Y. (2002) The effect of chitosan and other polycations on
tight junction permeability in the human intestinal Caco-2 cell line-
(1). J. Nutr. Biochem. 13(3), 157-167.

BC060129J

1218 Bioconjugate Chem., Vol. 17, No. 5, 2006 Mao et al.


