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Abstract

Background: Polyethylenimines (PEIs) are synthetic, charged polymers which function as transfection reagents based on their ability
to compact DNA into complexes. Recently, PEI-mediated delivery of nucleic acids has been extended towards small interfering RNAs
(siRNAs) which are instrumental in the induction of RNA interference (RNAI). Since RNAI represents a powerful method for specific
gene silencing, the PEI-based delivery of siRNAs is a promising tool for novel putative therapeutic strategies. Aim: For therapeutic use,
major requirements are the development of formulations which (i) are sufficiently stable in the presence of serum, and which can be (ii)
easily and reproducibly manufactured and (iii) stored for a prolonged time with full retention of their integrity and bioactivity. In this
paper, we explore the potential of PEI F25-LMW, a low-molecular weight PEI with superior transfection efficacy and low toxicity,
towards these goals. Results: We have systematically analyzed and determined optimal DNA and siRNA complexation conditions with
regard to various parameters including buffer concentration, ionic strength, pH and incubation time. As opposed to 22 kDa linear PEI
(L-PEI), the low-molecular weight (4-10 kDa) PEI F25-LMW performs DNA transfection and siRNA gene targeting with identical effi-
cacies in the presence of serum, thus emphasizing its usefulness in vivo. Furthermore, in contrast to other polyethylenimines, PEI F25-
LMW-based DNA or siRNA complexes allow freeze/thawing and frozen storage for several months. Their activity is fully retained with-
out requiring specific buffer conditions or the addition of any lyoprotectant. Physicochemical analysis and atomic force microscopy
reveal a distinct size pattern with the presence of two complex subgroups and show that frozen PEI F25-LMW complexes remain stable
with little increase in complex size, no changes regarding their zeta potential and cytotoxicity, and full retention of nucleic acid protec-
tion. Conclusions: Frozen PEI F25-LMW-based complexes represent efficient and stable ready-to-use formulations of DNA- or siRNA-
based gene therapy products.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Polyethylenimines (PEIs) are branched or linear syn-

thetic polymers with the different available products
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characterized by their molecular weights, ranging from
low-molecular weight (<1000 Da) to high-molecular weight
PEIs (>1000 kDa). Due to a protonable amino group in
every third position [1,2], they possess a high cationic
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charge density which leads to the condensation of nucleic
acids into complexes. Since this complex formation allows
the efficient cellular uptake through endocytosis, PEIs have
been demonstrated to mediate effective in vitro and in vivo
gene transfer in a variety of cell lines and in animals for
DNA delivery (for review, see e.g., [3-7] and references
therein).

More recently, the use of polyethylenimines or PEI
derivatives has been extended towards the complexation
and delivery of small RNA molecules including all-RNA
ribozymes [8-10] and small interfering RNAs (siRNAs)
([11-16], see [17,18] for review). siRNAs are 21-25 nt dou-
ble-stranded RNA molecules playing a pivotal role in
RNA interference (RNAi), since RNAi is based on the
incorporation of an siRNA into an 'RNA-induced silenc-
ing complex’ (RISC), with the siRNA sequence-specifically
guiding RISC to the target RNA and inducing endonu-
cleolytic cleavage of the mRNA strand within the target
site [19,20]. RNAI is commonly used as a powerful tool
in biological and biomedical research providing the rela-
tively easy reduction of the expression of a target gene in
functional studies of various genes. This also offers the
possibility of therapeutic intervention based on the target-
ing of pathologically relevant genes (see e.g., [17,21,22] for
review).

One critical factor that determines the success of siRINA-
based RNAIi approaches is the ability to deliver intact
siRNAs efficiently into the cells. While chemically unmod-
ified RNA molecules are very instable and prone to rapid
degradation, upon PEI complexation they are efficiently
condensed and thus fully covered and protected against
enzymatic or non-enzymatic degradation [8,11]. PEI-med-
iated cellular DNA or siRNA delivery is dependent on the
PEL on the complexation procedure and on the transfec-
tion conditions. Among others, this includes the PEI’s
molecular weight and degree of branching as well as the
ionic strength of the complexation solution, the presence
of serum proteins, the complexation time and the N/P
ratio (defined as the ratio of the nitrogen atoms of PEI
to nucleic acid phosphates in the complex). In general,
low-molecular weight PEIs display higher transfection effi-
cacy which may be due to a more efficient uptake of the
complexes, a better intracellular release of the DNA and/
or their generally lower in vitro cytotoxicity [23-28]. On
the other hand, cytotoxicity and low transfection efficacy
may, among others, rely on the formation of larger aggre-
gates which prevents their endocytosis and, when formed
on the cell surface, impairs membrane functions finally
leading to cell necrosis [24]. For the commercially avail-
able low-molecular weight 22 kDa linear PEI (L-PEI),
used as siRNA delivery reagent, several studies have
shown contradicting results [11,12,29,30]. Additionally,
to improve the biocompatibility and efficiency in vitro
as well as to influence the biodistribution and circulation
times in vivo, modifications have been introduced includ-
ing PEGylation, i.e., grafting with the hydrophilic poly-
mer poly(ethylene glycol) (for review, see [3,7,31,32]).

While PEGylation has been shown to influence the size,
zeta potential, morphology and stability of DNA and siR-
NA complexes as well as the efficacy of DNA or siRNA
complexation, protection and delivery, data still seem to
be somewhat contradictory and are strongly dependent
on the PEI and its degree and pattern of PEGylation.
Although it was hypothesized that PEGylation enhances
siRNA release in the cytoplasm, leading to increased bio-
logical activity [33], other studies show that PEG grafting
seems to exert negative effects on intracellular release of
nucleic acids [34]. More recently, we have shown in sev-
eral PEG-PEIs that, in contrast to DNA, PEG-PEIs are
rather comparable to non-PEGylated PEIs with regard
to siRNA transfection and toxicity in vitro [32], and siR-
NA delivery, complex circulation times, biodistribution
and biocompatibility in vivo (Malek and Aigner, unpub-
lished data), and previous in vivo studies have successfully
utilized non-PEGylated PEIs for in vivo siRNA delivery
([11,12], Hobel et al., submitted for publication). Thus,
it appears that for siRNA delivery non-PEGylated PEIs
are well suited. More recently, we introduced the novel
low-molecular weight polyethylenimine ‘PEI F25-LMW’
derived through the fractionation of a commercially avail-
able 25 kDa branched PEI by size exclusion chromatogra-
phy. PEI F25-LMW demonstrates high DNA and siRNA
delivery efficacies and low toxicity in various cell lines and
under various conditions [35].

Non-viral vectors like polyethylenimines may offer
promising strategies for the delivery of DNA or RNA mol-
ecules, but they often suffer from poor physical stability
and comparably low transfection efficacy especially in the
presence of serum, and their application as medical prod-
ucts will require the development of formulations which
can be stored for a prolonged time. While freezing or
freeze-drying may be the important strategies for preserv-
ing transfection efficacies of complexes, they so far require
the complex formation under highly specific and restricted
medium conditions, the addition of lyoprotectants and/or
conjugate formation by chemical coupling of ligands (see
e.g., [35-37] and references therein).

In this paper, we show that the DNA transfection effi-
cacy as well as siRNA gene targeting efficiency of PEI
F25-LMW complexes, but not of L-PEI complexes, is inde-
pendent of the presence of serum, and explore the optimal
complexation conditions for PEI F25-LMW. Furthermore,
we introduce and characterize simple freezing of PEI F25-
LMW-based DNA or siRNA complexes for the generation
of efficient ready-to-use formulations of DNA- or siRNA-
based gene therapy products.

2. Materials and methods

2.1. Preparation and storage of PEI/IDNA and PEIl/siRNA
complexes

Polyethylenimine PEI F25-LMW was prepared as
described previously [35]. Briefly, 100 mg 25kDa
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branched PEI (Al 25-kDa, Sigma-Aldrich, Taufkirchen,
Germany) was fractionated by size exclusion chromatog-
raphy on Sephadex G-50 fine resin (Amersham Biosci-
ences, Freiburg, Germany) in 150 mM NaCl. One
milliliter fractions were collected in an automated fraction
collector (Amersham Biosciences), pooled and concen-
trated in an Amicon stirred cell with an Ultracel Amicon
YMI1 Ultrafiltration Disc, 1000 NMWL (Millipore, Esch-
born, Germany). For the determination of PEI concentra-
tions, 100 pl/well 0.02 M cupric acetate in 5% potassium
acetate (pH 5.5) and 20 pl of the sample or a PEI stan-
dard of known concentration were mixed in a 96-well
plate. The absorption at 630 nm was measured using an
ELISA reader (Bio-Tek Instruments, Winooski, VT),
and concentrations were determined by comparison with
the standard curve. Low-molecular weight 22 kDa linear
PEI (L-PEI) was purchased from Qbiogene (Wiesbaden,
Germany). Chemically synthesized siRNA duplexes direc-
ted against luciferase (pGL3 and, as a negative control,
pGL2) were purchased from MWG (Ebersberg, Ger-
many). For transient DNA transfections, the pGL3-Con-
trol plasmid (Promega, Madison, WI) with a human SV-
40 promoter driving luciferase expression was used for
transient DNA transfections.

For PEI complexations, the optimal PEI/nucleic acid
(i.e., DNA or siRNA) ratios were determined, which are
expressed as PEI/DNA or PEI/RNA equivalents (N/P
ratios) on the basis of PEI nitrogen per nucleic acid phos-
phate (1 pg of DNA or siRNA is 3 nmol of phosphate, and
1 ul 0.9 mg/ml PEI solution contains 10 nmol of amine
nitrogen). Generally, 0.4-0.8 ug nucleic acids (DNA or
siRNA) were dissolved in 40 pl of 150 mM NaCl buffered
with 10 mM Hepes, pH 7.4, and in a separate vial appro-
priate amounts of PEI solution (5 pg PEI F25-LMW or
25kDa PEI (=N/P 33), or 1 ul L-PEI (=N/P 5), respec-
tively, per 0.5 pg nucleic acid) were dissolved in 40 pl of
the same buffer. The PEI solution was then pipetted to
the DNA or siRNA solution resulting in the desired N/P
ratio. Alterations regarding the NaCl concentration, the
Hepes concentration, the pH or the sequence of pipetting
are indicated in the text and in the figures. After vortexing,
the mixture was incubated for 1 h at room temperature
unless stated otherwise. Complexes were then either used
directly (‘fresh complexes’) or stored at r.t., 4 °C or frozen
at —20 °C for 3 d unless indicated otherwise in the text and
in the figures. TransIT TKO was purchased from Mirus
(MoBiTec, Goettingen, Germany), and siRNA transfec-
tions were performed with 12.8 pmol/well siRNA accord-
ing to the manufacturer’s instructions.

2.2. Tissue culture and transfection of cells

Cell lines SKOV-3 (ovarian carcinoma) and PC-3 (pros-
tate carcinoma) were obtained from the American type cul-
ture collection (ATCC/LGC Promochem, Wesel,
Germany) and cultivated under standard conditions
(37 °C, 5% CO,) in IMDM (PAA, Colbe, Germany) sup-

plemented with 10% fetal calf serum (FCS) unless indicated
otherwise. SKOV-3 ovarian carcinoma cell lines with sta-
ble constitutive luciferase expression (SKOV-3/Luc) were
generated as described previously [11]. For transfection,
complexes were prepared according to the procedure
described above. Cells were seeded at 4 x 10* cells/well
in 24-well plates and were transfected in 1 ml medium in
the presence of 10% FCS unless indicated otherwise with
0.5 ug PEI-complexed DNA or 0.8 pg siRNAs, either
freshly prepared or stored, with the corresponding
amounts of naked siRNA or pure PEI, or with TransIT
TKO/siRNA as stated in the figures. The medium was left
on the cells for the time period indicated in the experi-
ments unless stated otherwise.

In general, experiments were performed at least three
times with at least 24 wells per data point in each experi-
ment. Exceptions included all assessments of DNA trans-
fection or siRNA targeting efficacies upon freezing and/
or storage of the frozen complexes which were done in
more than five independent experiments. In all assays for
targeting efficacy or cytotoxicity, normalization of the
RLU (control siRNA treatment was set to 100% unless sta-
ted otherwise) or the cytotoxicity (total lysis was set to
100%) allowed the combination of the several independent
experiments which is shown in the figures. When absolute
values are presented, the figures show one representative
experiment of n = 3-5 (see above).

2.3. Determination of luciferase activity

The luciferase activity was determined using the lucifer-
ase assay kit from Promega (Mannheim, Germany) accord-
ing to the manufacturer’s protocol. Briefly, the medium
was aspirated and the cells were lysed in 100 pl lysis buffer.
In a luminometer tube, 25 ul substrate was mixed with
10 pl lysate, and chemiluminescence was determined imme-
diately in a Iluminometer (Berthold, Bad Wildbad,
Germany).

2.4. Cytotoxicity assay

Cytotoxicity was determined 72 h post-transfection,
unless indicated otherwise, by measurement of lactate
dehydrogenase (LDH) release using the CytoTox 96
Non-Radioactive Cytotoxicity Assay from Promega
according to the manufacturer’s protocol and as described
previously [35]. Background values which include sponta-
neous LDH release from untreated cells were subtracted,
and the numbers shown in the figures represent the percent-
age of maximum cytotoxicity which was determined after
100% cell lysis. Less than 10% LDH release were regarded
as non-toxic effect level [38].

2.5. siRNA stability assay

The determination of in vitro siRNA stability was per-
formed essentially as described previously [8,11]. Briefly,
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2.5 ng PEI-complexed or free [**P] end-labeled siRNA was
incubated in 40 ng/ml RNase A at 37°C. At the time
points indicated, 1% sodium dodecyl sulfate in RNA load-
ing buffer was added, mixtures were heat-denatured for
5 min at 65 °C and separated by 1% agarose gel electropho-
resis, prior to blotting onto Hybond membranes, visualiza-
tion by autoradiography and Phospholmager- based
quantitation.

2.6. Photon correlation spectroscopy (PCS) and laser
doppler anemometry (LDA)

The hydrodynamic diameters of complexes containing
nucleic acids (DNA or siRNA) at a concentration of
10 ug/ml, prepared and stored as described above, were
determined by PCS using a Zetasizer Nano ZS from Mal-
vern Instruments (Herrenberg, Germany) equipped with
a 10 mW HeNe laser at a wavelength of 633 nm at
25 °C. Scattered light was detected at a 173° angle with
laser attenuation and measurement position adjusted
automatically by the Malvern software. Values given
are the means + standard deviation of three independent
experiments with each experiment including three mea-
surements of the same sample with at least 10 runs each,
as determined by the zetasizer. The zeta potential of com-
plexes with a nucleic acid concentration of 6.6 pg/ml was
determined by LDA using a folded capillary electropho-
resis cell of the Zetasizer Nano ZS at 25 °C, the light sig-
nal detected at a 17° angle. The average value was
calculated with the data of three times 10 runs =+ stan-
dard deviation.

2.7. Atomic force microscopy

DNA and siRNA complexes, prepared as described
above, were directly transferred onto a silicon chip by
dipping the chip into the complex solution. Atomic
force microscopy was performed on a vibration-damped
NanoWizard (JPK instruments, Berlin, Germany) as
described in detail elsewhere [33,39]. Commercial pyra-
midal SizNy tips (NSC16 AIBS, Micromasch, Estonia)
mounted to a cantilever with a length of 230 um, a res-
onance frequency of about 170 kHz and a nominal force
constant of about 40 N/m were used, and measurements
were performed in intermittent contact mode to avoid
damage of the sample. The scan speed was proportional
to the scan size, and the scan frequency was between
0.5 and 1.5 Hz. Images were obtained by displaying
the height signal in the retrace direction (512 x 512
pixel).

2.8. Statistics

Statistical analyses were performed by Student’s #-test
or Tukey’s multiple comparison test using GraphPad
Prism4, and significance levels are indicated in the figure
legends.

3. Results

3.1. Serum-dependence of the DNA or siRNA transfection
efficacy

The complex stability and biological efficacy of PEI/
DNA or PEI/siRNA complexes can be impaired by pro-
teins at higher concentrations in the transfection medium.
Therefore, the serum-dependence of PEI-mediated DNA
plasmid transfection was determined for PEI F25-LMW
and compared to L-PEI. PEI/DNA complexes were
formed under optimal conditions regarding N/P ratio
and complexation buffer (10 mM Hepes/150 mM NaCl,
see below), and were added to SKOV-3 ovarian carci-
noma cells or PC-3 prostate carcinoma cells in the pres-
ence of 2%, 5%, or 10% FCS in the medium during the
5h transfection period. In the case of L-PEI, a strong
dependence of the transfection efficacy, as determined by
the cellular luciferase activity after 48 h, was observed in
both cell lines (Fig. 1b). In fact, in most experiments com-
parably little DNA transfection was determined in the
presence of 10% FCS. In contrast, PEI F25-LMW-medi-
ated DNA transfection was much more robust by being
markedly less dependent on serum with only little
(SKOV-3 cells) or no (PC-3 cells) differences in luciferase
activities (Fig. la).

Since our more prominent goal is to use polyethylen-
imines for siRNA delivery, the experiment was repeated
in a stably luciferase-expressing cell line derived from
SKOV-3 cells [11]. Treatment of SKOV-3/Luc cells with
PEI F25-LMW-complexed luciferase-specific siRNAs led
to a marked ~80% reduction of luciferase expression
compared to the same treatment with PEI F25-LMW-
complexed, non-specific siRNAs. (Fig. lc, left). Again,
this effect was independent of the serum concentration
in the transfection medium. Using L-PEI for siRNA
delivery, identical results were obtained in the presence
of 2% FCS, but not at 5% or 10% FCS, indicating, in
these cells, a strong dependence of the gene targeting effi-
ciency on the FCS concentration in the transfection med-
ium (Fig. 1c, right). Furthermore, to exclude non-specific
effects based on the action of the complexes or free poly-
mers, untreated cells were compared to cells exposed to (i)
PEI F25-LMW/non-specific siRNA, (ii) L-PEI/non-spe-
cific siRNA, (iii) PEI F25-LMW alone and (iv) L-PEI
alone, using the same amounts as in the other experi-
ments. The determination of the luciferase activity, which
is an indicator of cell number and cell viability, revealed
that neither the PEI complexes nor the PEIs alone exert
any unspecific effects under the conditions employed in
our experiments. Therefore, in all subsequent experiments
we employed non-specific siRNA, PEI-complexed under
the same conditions, as reference value/negative control.
From these data we conclude that PEI F25-LMW repre-
sents a robust system for DNA or siRNA delivery, and
further characterized the applicability of PEI F25-
LMW-based complexes.
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Fig. 1. Serum-dependence of PEI F25-LMW- and L-PEI-mediated DNA transfection and siRNA gene targeting efficacies. SKOV-3 and PC-3 cells were
transfected with 0.5 pg luciferase plasmid DNA using PEI F25-LMW (a) or L-PEI (b) at different serum concentrations as indicated in the figures. (c)
Stably luciferase-expressing SKOV-3/Luc cells were transfected with 0.8 pg PEI-complexed luciferase-specific (grey bars) or non-specific (black bars)
siRNAs at the serum concentrations indicated using PEI F25-LMW (left) or L-PEI (right). RLUs from treatment with non-specific siRNAs were set to
100%. (d) The comparison of untreated SKOV-3/Luc cells with cells exposed to PEI F25-LMW/non-specific siRNA or L-PEI/non-specific siRNA
complexes, or the PEIs alone, using the same amounts as in the other experiments, demonstrates the absence of non-specific effects of the complexes or the
carriers. “p < 0.03, “p <0.01, "p < 0.001, n.s., not significant. Experimental details: complexation buffer 10 mM Hepes/150 mM NaCl (pH 7.4), 0.5 pug
DNA or 0.8 ug siRNA, N/P =30 (PEI F25-LMW) or N/P = 5 (L-PEI), complexation time 60 min, determination of chemiluminescence 48 h (DNA) or

72 h (siRNA) after transfection.

3.2. Optimization of PEI F25-LMW complexation

According to many PEI transfection standard protocols,
the PEI complexation is performed for no longer than
10 min either in (10 mM Hepes-buffered) 150 mM NaCl
or in 5% glucose. In this set of experiments, we determined
optimal complexation conditions for PEI F25-LMW by
altering various parameters. Regarding the ionic strength
of the complexation solution, the complexation in
150 mM NaCl, buffered with 10 mM Hepes (pH 7.4)
showed best results. In contrast, the reduction of NaCl
concentrations through complexation in Hepes-buffered
15mM NaCl resulted in very little luciferase activity
(Fig. 2a). Concomitantly, gene targeting efficacies of PEI
F25-LMW/siRNA complexes formed in Hepes-buffered
15 mM NaCl were poor while optimal conditions resulted
in a robust downregulation of luciferase activity
(Fig. 2d). Hepes buffering was not necessary for optimal
complexation (Fig. 2e (left panel), 0 mM vs. 10 mM) but

may stabilize optimal pH values (see below) and is there-
fore preferable. Gene targeting using TransIT-TKO/
siRNA complexes led to comparable results with, however,
the already smaller siRNA amounts (12.8 pmol). In con-
trast, naked siRNA did not exert any specific or non-spe-
cific decrease in luciferase activity even at high
concentrations (Fig. 2e, right), indicating that PEI or
another carrier is necessary for the induction of siRNA-
mediated gene targeting. An increase in Hepes concentra-
tion beyond 10 mM led to the almost complete loss of
PEI F25-LMW/siRNA-mediated gene targeting efficacy
indicating that it is advantageous in SKOV-3 cells to limit
Hepes to only very low concentrations (Fig. 2e, left panel).
Finally, although many protocols explicitly state that the
PEI solution needs to be pipetted to the nucleic acid solu-
tion (not vice versa) to initiate the complexation, the rever-
sal of this sequence of pipetting led to no adverse effects
and resulted in comparably high transfection efficacies in
our experiments (data not shown).
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Fig. 2. Dependence of the PEI F25-LMW-mediated DNA transfection or siRNA gene targeting efficacy on the buffer conditions or on the complexation
time. Complexation of 0.5 pg luciferase plasmid DNA was performed in Hepes-buffered 15 mM or 150 mM NaCl for 60 min (a) or in Hepes-buffered
150 mM Nacl for the indicated time periods (b and c) prior to transfection of SKOV-3 cells and determination of RLUs. (d) Dependence of PEI F25-
LMW/siRNA gene targeting efficacy on complexation buffer conditions. 0.8 pg luciferase-specific (grey bars) or non-specific (black bars) siRNAs were
complexed in 10 mM Hepes-buffered NaCl solutions as indicated (d) or in 150 mM NaCl with various Hepes concentrations (e, left panel). TransIT-TKO/
siRNA served as positive control while naked siRNA at the same amounts used above did not exert any targeting efficacy (e, right panel). “p < 0.03,
“p<0.01,""p <0.001, n.s., not significant. Experimental details: complexation buffer 10 mM Hepes/150 mM NaCl (pH 7.4) (b, c, and ¢), 0.5 ng DNA (a—
¢) or 0.8 pg siRNA (d and e), N/P = 30, complexation time 60 min (a, d, and ), determination of chemiluminescence 24 h (DNA) or 48 h (siRNA) after
transfection. RLUs from the treatment of stably luciferase-expressing SKOV-3/Luc cells upon treatment with non-specific siRNAs were set to 100%.

When comparing different complexation times, the trans-
fection efficacy of complexes formed in the optimal 10 mM
Hepes/150 mM NacCl buffer was found to be time-depen-
dent: a prolonged complexation for 2h rather than
15 min led to a marked ~10-fold increase in the transfection
efficacy as determined by the luciferase activity of SKOV-3
cells, 48 h after administration of the PEI F25-LMW/lucif-
erase DNA complexes (Fig. 2b). In fact, a sharp increase in
transfection efficacy was already observed when the com-
plexation time was extended from 30 min to 60 min, and
almost doubled again for 2 h complex formation. In the
subsequent experiments, we chose the 60 min complexation
time in order to achieve comparably high transfection effi-
cacies while avoiding time-consuming prolonged incuba-
tion steps. However, the storage of the complexes for
longer time periods, i.e., beyond 2 h, at room temperature
resulted in decreased transfection efficacies. While bioactiv-
ities were still 85% after 8 h, the transfection efficacy
dropped substantially afterwards (Fig. 2c). Notably, how-

ever, very low residual activities were still observed as long
as 68 h after the start of the complexation (Fig. 2c, inset).
Nevertheless, these data demonstrate that PEI F25-LMW-
based complexes cannot be stored at room temperature
for a prolonged time while retaining transfection efficacy.

Finally, since the complex formation relies on electro-
static interactions between PEI and nucleic acids with the
degree of PEI protonation being dependent on the H™ con-
centration, the dependence of the gene targeting efficacy of
PEI F25-LMW/siRNA complexes on the pH during com-
plexation was studied. The variation of the pH revealed
that no changes in PEI F25-LMW/siRNA-mediated gene
targeting were observed when the complexation was per-
formed between pH 6 and 9. In contrast, further lowering
of the pH resulted in a partial (pH 5) or almost complete
(pH 4) loss of complex bioactivity (Fig. 3a).

In a more detailed analysis, we studied this pH depen-
dence at different N/P values. While gene targeting effica-
cies of complexes formed at pH 9 and pH 7 improved in
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a similar manner upon the increase of N/P ratios with opti-
mal conditions at N/P = 66 (pH 9) and at N/P = 33 or 66
(pH 7) (Fig. 3b, right and center panel), the variation of the
N/P values had no positive effect when the complexation
was performed at pH 4 (Fig. 3b, left panel). Taken
together, these data show that a pH range between weakly
acid and quite strongly basic conditions does not affect the
PEI F25-LMW/siRNA complex formation, while acidifi-
cation below pH 6 impairs the complexation.

3.3. Storage of PEI F25-LMW-based complexes

Usually, the PEI-based transfection of cells relies on
the preparation of fresh complexes prior to transfection;
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a process which is somewhat tedious and difficult to stan-
dardize. The aim of the next set of experiments was to
identify conditions under which PEI/DNA complexes
can be stored for a prolonged time while retaining trans-
fection efficacy. Storage of PEI F25-LMW/luciferase plas-
mid complexes at 4 °C or at room temperature for 3 d led
to a complete (r.t.) or almost complete (4 °C) loss of
transfection efficacy as determined by cellular luciferase
activity, 48 h after transfection with the respective com-
plexes. Interestingly, however, when PEI F25-LMW/
DNA complexes were kept at —20 °C for the same time,
transfection efficacies were still high and identical to
freshly prepared complexes (Fig. 4a), indicating that fro-
zen PEI F25-LMW/DNA complexes remain intact. In
contrast, L-PEI/DNA complexes did not allow freezing
since the transfection efficacy was lost (data not shown).
To distinguish more closely between different freezing
conditions, PEI F25-LMW/DNA complexes were frozen
and stored at —80 °C, frozen and stored at —20 °C, or
were snap-frozen in liquid nitrogen and kept there for
3 d prior to transfection. Transfection efficacies were uni-
formly high for all frozen PEI F25-LMW/DNA com-
plexes and no differences were observed in comparison
to freshly prepared complexes (Fig. 4b). Additionally,
prolonged storage for up to 4 months was tested and
no decrease in transfection efficacy was detected (data
not shown).

Likewise, the freezing of PEI F25-LMW/siRNA com-
plexes completely retained siRNA-mediated gene targeting
efficacy as compared to freshly prepared complexes. In
fact, a ~70% downregulation of luciferase activity in
endogenously luciferase-expressing SKOV-3/Luc cells was
observed with fresh complexes as well as with complexes
kept at —20 °C for 1 week, 4 weeks or 3 months (Fig. Sa,
left). Storage of complexes at room temperature or 4 °C,
however, led to complete loss of bioactivity. Extending
these studies towards other PEIs, we detected similar tar-
geting efficacies, despite some cytotoxicity, in frozen PEI/
siRNA complexes based on the branched 25kDa PEI,
while freezing of L-PEI/siRNA complexes completely abol-
ished their activity (Fig. 5a, right panels). From these data
we conclude that PET F25-LMW-based DNA or siRNA
complexes can be stored frozen to retain their full complex-
ation efficacies independent of the freezing conditions or
the duration of storage.

3.4. Protection of sSiRNA molecules in PEI F25-LMW/
SIRNA complexes

Since serum contains RNases, which lead to a rapid deg-
radation of siRNAs, the protection of siRNA molecules is
instrumental for any successful transfection in the presence
of serum or in vivo, and was therefore analyzed in the next
set of experiments. Freshly prepared PEI F25-LMW com-
plexes fully protected siRNAs from RNase A-mediated
degradation for at least 4 h as indicated by the gel bands
representing  [°PJ-labeled, intact full-length siRNA
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molecules, while non-complexed siRNA was rapidly
degraded (Fig. 5b). More importantly, identical results
were obtained from complexes kept at —20 °C for 1 week
demonstrating that freezing/thawing and frozen storage
does not impair the PET F25-LMW-mediated siRNA sta-
bilization/protection (Fig. 5b).

3.5. Cytotoxicity of PEI F25-LMW complexes

For certain PEIs and PEI-based complexes, their cyto-
toxicities represent major limitations with regard to their
applicability in vitro and in vivo. To test whether the
marked differences in the luciferase activity of cells trea-
ted with differently stored complexes (see Fig. 4a) are
really based on variations in the transfection efficacy,
or if they are mainly caused by differential induction of
cell death, the cytotoxic effects of PEI F25-LMW/DNA
and PEI F25-LMW/siRNA complexes stored under var-
ious conditions were measured. After 24 h, which repre-
sents the recommended assay conditions, cytotoxicities
of the amounts used in the other experiments were close
or below the limit of detection for naked siRNA as well
as for L-PEI/siRNA and for PEI F25-LMW/siRNA
complexes, and only TransIT-TKO/siRNA complexes
showed a very low ~2% cytotoxicity (Fig. 6a). Decreas-
ing the FCS concentration in the medium from 10% to
2% or increasing the time period of the complex treat-
ment from 24 h to 72 h both led to an increase in cyto-
toxicity (Fig. 6a, right). To test our complexes more
rigorously and to get higher numbers thus facilitating
the comparisons in Fig. 6b-d, 72h treatment at 2%
FCS was selected for subsequent experiments with values
of cytotoxicity being between 15% and 18%. More
importantly, no major differences between different stor-
age conditions were observed (Fig. 6b) indicating that
cytotoxic effects do not influence the luciferase activity
or the siRNA-mediated luciferase downregulation in sta-
ble SKOV-3/Luc cells. Likewise, cytotoxicities were iden-

tical in PEI F25-LMW/DNA complexes stored under
different conditions (Fig. 6¢c and data not shown)
although PEI F25-LMW/DNA complexes were generally
less toxic (~50% less compared to PEI F25-LMW/siR-
NA complexes; Fig. 6d). From these data, we conclude
that the differences in luciferase activity and siRNA-med-
iated luciferase gene targeting efficacy are based on vari-
ations in the transfection efficacies of the respective PEI
F25-LMW complexes and do not reflect different
cytotoxicities.

3.6. Physicochemical characterization of PEI F25-LMW
complexes

To analyze in more detail which effects may lead to loss
or retention of PEI F25-LMW-mediated DNA or siRNA
transfection efficacy, the sizes and zeta potentials of com-
plexes stored under various conditions were measured.
The zeta potential remained constant at ~35-40 mV for
all complexes upon 3d storage at room temperature,
4°C or —20°C (Fig. 7a and data not shown). Likewise,
the determination of the zeta potentials revealed no differ-
ences between PEI F25-LMW/DNA and PEI F25-LMW/
siRNA complexes (Fig. 7b).

The determination of the hydrodynamic complex sizes
of PEI F25-LMW complexes met serious problems since
their polydispersities, as indicated by the polydispersity
indexes, were too high for reliable measurements
(PDI > 0.3). This was also true when buffer conditions
for complexation were changed towards higher or lower
complex concentrations, lower ionic strength than used
for cell transfection, when the complexation time was var-
ied or when the complexes were filtered or centrifuged prior
to measurement (data not shown). However, although the
polydispersity largely prevented the determination of pre-
cise values (as also indicated by the correlation function),
PCS revealed nevertheless that fresh or frozen PEI F25-
LMW complexes were never above a several hundred nm
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range while the storage of PEI F25-LMW/siRNA or PEI
F25-LMW/DNA complexes at room temperature or 4 °C
resulted in aggregation with the formation of complexes
well beyond 4 pm. In contrast, this aggregate formation
was never observed upon freezing and storage of PEI
F25-LMW complexes at —20 °C.

3.7. Atomic force microscopy

Alternatively, for the precise determination of their size,
structure and integrity, PEI F25-LMW-based complexes
were analyzed by atomic force microscopy (AFM). The
high magnification revealed the formation of well-shaped,
spherical and condensed PEI F25-LMW complexes with
DNA or siRNA (Fig. 7c shows frozen PEI F25-LMW/
DNA complexes as a representative example). The absence

of visible free siRNA or DNA molecules indicated the
complete complexation of the nucleic acid molecules.
Otherwise, they would be visible as sticking out of the com-
plex or as free molecules (see e.g., [42,43]). The further
analysis of the complex sizes revealed the presence of com-
plexes with two distinct size distributions (Fig. 7d). Small
complexes were found with sizes in the range of ~25-
75 nm and large complexes in the range of ~60-130 nm,
and thus complexes are well suited for endocytotic uptake
into cells. The percentage of the subpopulations was depen-
dent on the nucleic acid complexed with siRNA leading to
a smaller proportion of large complexes as compared to
DNA. On the other hand, particle size analysis also
revealed an increase by about 1/3 in the percentage of the
large particles upon freezing for PEI/siRNA complexes,
whereas for PEI/DNA complexes no significant change in
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the ratio of small to large complexes was observed  plexes, in both size groups an only slight increase of the
(Fig. 7d). Nevertheless, despite some changes in the frac-  complex sizes was detected and no aggregate formation
tions of the subpopulations upon freezing of the com- was observed (Fig. 7d).
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4. Discussion

Non-viral vectors like polyethylenimines offer promis-
ing strategies for the delivery of DNA or RNA molecules
in gene therapy including novel gene-targeting
approaches. One major problem is that they often suffer
from poor physical stability leading to complex decompo-
sition, loss of transfection efficiency and/or the tendency
to aggregate ([7] for review), and thus require the prepa-
ration of fresh polyplexes directly prior to administration.
For the application of non-viral oligonucleotide delivery
vectors as medical products, however, it will be imperative
to develop formulations which can be stored for a pro-
longed time and, upon reconstitution, provide ready-to-
use reagents of reproducible quality. While freezing or
freeze-drying represents important strategies towards this
goal, several studies have shown that PEI-based com-
plexes without protectant aggregate under these
conditions (e.g., [36,40] and references therein). Thus,
the maintenance of particle sizes and the preservation of
bioactivity often require special precautions like complex
formation under certain medium conditions, addition of
lyoprotectants including sucrose, trehalose, mannitol or
dextran [37,40-43], and/or the preparation of shielding
conjugates by coupling of PEI, e.g., to PEG or melittin
[44,45]. Previously, we have shown that complexes based
on PEI F25-LMW can be lyophilised; however, retention
of bioactivity was again strongly confined to very limited
buffer conditions (5% glucose) [35].

In this paper, we demonstrate that complexes based on
PEI F25-LMW, without any chemical modifications and
formed under normal conditions, i.e., in saline, can be
frozen with full retention of their transfection efficacy.
Concomitantly, no changes in the zeta potential or in
the complex sizes are observed, as opposed to storage in
a non-frozen state (4 °C or room temperature) which
leads to extensive aggregation and complete inactivation
of the complexes. The latter finding is in agreement with
the previous studies (see [7] for review) and indicates that
(lack of) aggregation is critical for transfection efficacy.
However, in other studies no direct correlation between
particle size preservation and recovery of transfection
was observed, and structural alterations other than
changes in particle size have been suggested to contribute
to gene delivery [41,46]. With this regard, it should be
noted that freezing of PEI F25-LMW-based siRNA com-
plexes in our experiments obviously did not impair the
structural integrity since PEI F25-LMW-mediated siRNA
protection against RNase A was also fully maintained
upon freeze/thawing of the complexes. Importantly, freez-
ing of PEI F25-LMW-based complexes did not require
the addition of any lyoprotectant although the complexes
were formed in 150 mM sodium chloride, and the biolog-
ical activity was preserved independently of the freezing
conditions and duration of storage. In fact, we show that
PEI F25-LMW/DNA or PEI F25-LMW/siRNA com-
plexes can be kept frozen for several months without

the loss of transfection efficacy and thus may represent
a long-term storage, ready-to-use formulation of medical
gene therapy products. Thus, these complexes meet the
criteria of easy and reproducible manufacturing as dem-
onstrated, e.g., in the frame of this study with highly
reproducible results from several investigators over more
than 2 years with various batches of PEI F25-LMW
and reproducible targeting efficacy also after prolonged
storage. In this context, it should be noted that the degree
of branching seems to play a major role, since complexes
based on branched 25 kDa PEI allowed frozen storage as
well while L-PEI/siRNA complexes completely lost their
bioactivity upon freezing, thus indicating major structural
differences between complexes based on branched or lin-
ear PEI, respectively.

The significance of complex sizes and their changes
due to aggregation as at least one critical aspect in bio-
activity is also emphasized by the dependence of the
transfection efficacy on the complexation time. Our data
support the notion that complexes over time increase in
size due to aggregation. In this context, the presence of
two rather distinct populations of complexes regarding
their complex sizes is interesting to note. From the abso-
lute numbers of our AFM measurements, it can be spec-
ulated that this effect may be based on the dimerization
of the already existing complexes. In fact, particle size
analysis revealed that for PEI/siRNA complexes the frac-
tion of large particles increased upon freezing. This
would indicate that complex ‘growth’/aggregation does
not necessarily involve merely the addition of new PEI
and nucleic acid molecules but rather relies on the ‘mer-
ger’ of the already existing complexes, as suggested previ-
ously [47]. Independent of the mechanism, this aggregate
formation will probably vary between different PEIs, thus
emphasizing the necessity to determine the optimal com-
plexation times for every PEI individually. This is further
supported by the fact that PEI/DNA complexes have
been shown to be internalized through different endocy-
tosis pathways, dependent not only on the cell line, but
also on the PEI [48]. Also, the poorer transfection effi-
cacy of complexes prepared in low-salt buffers is in agree-
ment with the earlier studies and may be explained by
the general formation of smaller complexes under low
ionic strength conditions, leading again to reduced cellu-
lar uptake (see above). Finally, when the aggregation fur-
ther proceeds as detected in our experiments and shown
in previous studies (see [7] for review) and resulting in
large particles, the bioactivity sharply drops again, prob-
ably due to the formation of complexes which are too
large for endocytosis. Thus, this model may explain the
observed differences in transfection and gene targeting
efficacies. Nevertheless, it should be noted that other
studies indicate that the complex structure and stability
rather than the degree of endocytosis and the cytoplas-
mic concentration is the decisive parameter regarding
the transfection efficacy of a given polyethylenimine
(see e.g., [49)).
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Additionally, other complexation parameters may
require individual optimization as well. The degree of
protonation at a certain pH varies between different PEIs
which may well result in differences in the pH depen-
dence of the complexation. Our data are in agreement
with Boussif et al. (1995) regarding the constantly high
bioactivity of PEI complexes between pH 5 and 7 [1],
but further extend this knowledge towards a broader
pH range as well as towards PEI/siRNA complexes.
More specifically, it should be noted that complex for-
mation with PEI F25-LMW still occurs even at pH 9
indicating that very low degrees of protonation still seem
to be sufficient. Unlike Boussif et al. [1], however, the
order of adding the reagents for the complexation did
not alter the complex properties in our experiments with
PEI F25-LMW.

Another essential criterion for the use of polyplexes
especially in vivo is the preservation of their stability
and transfection efficacy in the presence of serum. In pre-
vious studies, it was found that PEI complexes, indepen-
dent of the serum concentration and of the PEI used,
were able to efficiently protect, e.g., small RNA mole-
cules like ribozymes [8] or siRNAs [11,35] against RNase
A- or FCS-mediated degradation indicating the forma-
tion of stable complexes. In contrast, it has been shown
that efficient DNA transfection or siRNA delivery is
markedly dependent on the PEI (see e.g., [35]) and that
PEI-mediated in vitro gene delivery can be significantly
lower in the presence of serum [50,51]. This latter finding
is in agreement with our results for L-PEI complexes
which indicate a ‘serum dose effect’ of transfection effi-
cacy and may also explain previous contradicting results
for L-PEI-mediated siRNA delivery [11,12,29,30]. How-
ever, unlike others [29,30] we did not observe major dif-
ferences between L-PEI/DNA and L-PEI/siRNA
complexes. The, compared to L-PEI, improved efficacy
of PEI F25-LMW-based DNA or siRNA complexes in
the presence of serum may be explained by the fact that
L-PEI is linear while PEI F25-LMW is branched. This
may influence the stability of the complexes formed.

5. Conclusion

The serum-independent, high efficiencies in DNA trans-
fection and siRNA delivery in the absence of toxicity as
well as the possibility for long-term storage in a frozen state
indicate that PEI F25-LMW-based complexes, prepared
under optimized conditions described in this paper, are
attractive reagents for gene targeting and delivery.
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