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A
ctivity and specificity remain major
challenges in the design of classical
smallmolecule drugs, and at present,

only a limited number of pathophysiologi-
cally relevant proteins can be targetted.1

With the discovery of siRNA and miRNA,
strategies to specifically target pathogenic
proteins on the post-transcriptional level
have emerged.2 The highly specific nature
of these oligonucleotides and the clear-
cut design principle demonstrate their po-
tential as drugs of the future. However, the
problem of efficient cellular delivery has not
yet been resolved.
Due to the hydrolytic sensitivity and poor

cellular uptake of 'naked' polyanionic
oligonucleotides,3 most delivery strategies

currently under investigation are based on
formulations that protect the oligonucleo-
tides from degradation by hydrolytic
enzymes and at the same time mediate
cellular delivery. However, strategies that
conjugate siRNA to the delivery vehicle
have lacked efficacy in vivo and have
been shown to activate innate immunity.4

Therefore, nanoparticle approaches are cur-
rently the main focus. These approaches
comprise liposomes,5 micelles,6 polymeric
nanoparticles,7 nanospheres,8 complex for-
mation of oligonucleotides with antibody-
protamine conjugates,9 and cell-penetrating
peptides (CPPs).10�13

At this point, it is still not clear which of
these strategies will ultimately show clinical
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ABSTRACT Cell-penetrating peptides (CPPs) are versatile tools

for the intracellular delivery of various biomolecules, including siRNA.

Recently, CPPs were introduced that showed greatly enhanced

delivery efficiency. However, the molecular basis of this increased

activity is poorly understood. Here, we performed a detailed analysis

of the molecular and physicochemical properties of seven different

siRNA�CPP nanoparticles. In addition, we determined which com-

plexes are internalized most efficiently into the leukemia cell-line

SKNO-1, and subsequently inhibited the expression of a luciferase

reporter gene. We demonstrated effective complexation of siRNA for

all tested CPPs, and optimal encapsulation of the siRNA was achieved at very similar molar ratios independent of peptide charge. However, CPPs with an

extreme high or low overall charge proved to be exceptions, suggesting an optimal range of charge for CPP�siRNA nanoparticle formation based on opposite

charge. The most active CPP (PepFect6) displayed high serum resistance but also high sensitivity to decomplexation by polyanionic macromolecules, indicating

the necessity for partial decomplexation for efficient uptake. Surprisingly, CPP�siRNA complexes acquired a negative ζ-potential in the presence of serum.

These novel insights shed light on the observation that cell association is necessary but not sufficient for activity and motivate new research into the nature of

the nanoparticle�cell interaction. Overall, our results provide a comprehensive molecular basis for the further development of peptide-based oligonucleotide

transfection agents.
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success. Ease of synthesis, formation and stability
of the formulation, toxicity and in vivo efficiency are
the criteria against which each formulation strategy
has to be evaluated. Furthermore, many formulations
that show activity in tissue culture have been shown
to lose activity in the presence of serum.2

CPPs are a very promising group of delivery vectors.
These molecules consist of short cationic or amphi-
pathic sequences of about 5�30 amino acids, which
have the ability to induce effective cellular uptake and
delivery of a conjugated or electrostatically bound
cargo.14 Prominent members are the arginine-rich
11 amino acid Tat peptide15 derived from the HIV
transactivator protein, and the oligoarginines.16,17 The
lactoferrin-derived CPP hLF is a 22 amino acid peptide
which shares functional characteristics with oligoargi-
nines, yet requires cyclization via a disulfide bridge
for activity and achieves efficient uptake at a lower
arginine density.18 Transportan and the shorter TP10
were the firstmembers of a family of amphipathic CPPs
developed with a particular focus on oligonucleotide
delivery.19 Recently, it was shown that stearylated
TP10 analogs show superior activity in oligonucleotide
transfection,20 which the next-generation PepFect6
further enhanced through the coupling of trifluoro-
methylquinoline moieties to the peptide.21 Alterna-
tively, with PepFect14 the lysines and isoleucines
of TP10 were replaced by ornithines and leucines,
respectively, which also improved the transfection
efficiency.22 In addition to having different physico-
chemical characteristics, these peptides show differ-
ences in the molecular mechanisms of cell association,
uptake and intracellular trafficking, although the mo-
lecular and functional details of these differences are
poorly defined.23

CPP-mediated delivery of small molecules, peptides
and proteins generally involves a covalent attachment
of the cargo to the peptide, which is problematic
for siRNA delivery. Spontaneous electrostatic com-
plexation of the polyanionic siRNA and the cationic/
amphipathic CPP renders chemical coupling reactions
inefficient.24,25 Furthermore, the incorporation of the
guide strand of the siRNA into the deep-pocket of
the RNA-induced silencing complex, which is essential
for the silencingmechanism, is disrupted by covalently
attached molecules.2 For these reasons, CPP-mediated
siRNA delivery is usually achieved by means of electro-
static interaction between anionic siRNA and cationic
CPP. A molar excess of CPP over siRNA is used
to neutralize the negative charge and to protect
the siRNA from serum enzymes. The characteristics
of siRNA�CPP complexes are largely dependent on
the exact ratio of CPP to siRNA used in the formulation,
the Molar Ratio (MR).
Four key parameters are thought to affect the

transfection efficiency of CPP�siRNA complexes: size,
charge, stability and cell association. These parameters

affect endosomal uptake of the CPP�siRNA com-
plexes, the main route of internalization for macro-
molecular complexes.26,27 However, endosomal uptake
alone is insufficient to predict functional siRNA
delivery.23

Current literature shows a lack of understanding
of how these characteristics differ between individual
CPPs. Especially the relevant molecular characteristics
that distinguish an effective siRNA�CPP complex from
an inactive one remain to be defined.
This study aims to investigate the relationship

between physicochemical parameters and biological
activity for a range of paradigmatic representatives
for arginine-rich and amphipathic CPPs. The physico-
chemical parameters include particle size, surface
charge and complex stability; the biological activity
consist of cell association and uptake, toxicity and
target gene silencing. Human leukemic SKNO-1 cells
expressing the RUNX1/ETO fusion genewere employed
as the target cell line.28 The formation of fusion onco-
genes cannot, at the time of writing, be adequately
addressed with small molecule drugs, and therefore,
siRNA directed against these fusion oncogenes are
considered a potential therapeutic modality. For this
reason, these cells presented a highly relevant, appli-
cation-oriented test case.29

We will show that siRNA transfection efficiency is
a function of complexation, cell association and
induction of cellular uptake, and decomposition of
the CPP�siRNA complex in the presence of polyanions.
For some functionally relevant parameters, clear-cut
linear relationships with individual molecular charac-
teristics were identified. Overall, these results provide a
comprehensive molecular basis for the further devel-
opment of peptide-based oligonucleotide transfection
agents.

RESULTS AND DISCUSSION

The Size of CPP�siRNA Complexes Is Dependent on the Molar
Ratio and Medium Composition. The size of nanoparticles
is an important characteristic, since it has been
shown to substantially affect their pharmacokinetics
and pharmacodynamics.30,31 Ideally, CPP�siRNA com-
plexes should be smaller than 200 nm to ensure
optimal endocytic uptake and diffusion through tissue
in vivo by the permeation retention effect (EPR).32 We
therefore addressed the impact of the molar ratio of
peptide over oligonucleotide and the buffer conditions
on the size of the resulting CPP�siRNA complexes. In
addition to TP10 and its analogs PepFect 6 (PF6) and
PepFect 14 (PF14), R9, the Tat peptide, the hLF peptide
and an R9-hLF hybrid peptide were included. For
the latter, the high cationic charge was thought
to drive complexation by strong electrostatic interac-
tion with siRNA. TP10 and the PepFects are amphi-
pathic CPPs for which all positive charge is carried by
lysine residues and by trifluoroquinolines as in the case
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of PepFect 6 (Table 1). The rest of the peptides be-
longed to the class of arginine-rich CPPs. The number
of positive charges, which are considered vital for
the complexation of oligonucleotides and initiation
of cellular uptake, ranged from 4 for TP10 to 16 for
R9-hLF (Table 2).

CPPs are much smaller (MWCPP = 1.4� 103 to 4.4�
103 g/mol) and have a lower absolute charge (N 4�16)
than the siRNA (MWsiRNA = 1.3� 104 to 1.5� 104 g/mol,
with a negative charge P of about 40); therefore, the
CPPswere used inmolar excess over siRNA for complex
formation. For each peptide, the size of the resultant
CPP�siRNA complexes at several molar ratios were
measured in water and 5% glucose, reflecting the
conditions used for the clinical application of drugs
(Figure 1A,B). The individual peptides showed very
different behaviors. In the case of R9, R9-hLF and
PF14, the size was relatively independent of the molar
ratio and ranged between 150 and 200 nm. However,
Tat, TP10, PF6 and hLF showed a correlation between
size and molar ratio (Figure 1A). Interestingly, all four
peptides showed a size maximum at an N/P (N =
positively charged amino acids, P = phosphate groups
on siRNA) ratio from 2 to 5 (Figure 1B). The size of
the polyplexes involving PF14 is consistent with data

obtained by transmission electron microscopy of PF14
oligonucleotide complexes in contact with cells.33,34

All the peptides tested showed little variation
in complex size beyond an N/P ratio of 5, with the
exception of TP10, which formed the largest com-
plexes with a maximum size of 2 μm. Remarkably,
there was no correlation between the characteristics
of complex formation and the overall characteristic
of the CPP (arginine-rich/amphipathic) as illustrated by
the different behaviors of TP10, PF6, and PF14.

The addition of 5% glucose to water had a negli-
gible effect on complex size (data not shown). In con-
trast, in a physiological salt solution (150 mM) or
a standard tissue culture medium, complex size in-
creased considerably (150 mM NaCl, ratio to salt-free
conditions ∼1.4�4, RPMI1640, ratio to salt-free condi-
tions∼1�3.5) in comparison to the salt-free conditions
(Figure 1C and Supporting Information Figure 2). The
size increase in the presence of physiological concen-
trations of salt (150 mM NaCl or serum-free cell culture
medium) wasmore pronounced at higher molar ratios.
This result suggests that the salt ions form bridges
between CPP molecules, resulting in looser and bigger
particles. The addition of serum to the tissue culture
medium yielded smaller complexes that were compa-
rable in size to the ones obtained in salt-free conditions
(20% FCS, ratio to salt-free conditions ∼0.6�1.3).

Optimal Molar Ratio of CPP to siRNA. Complexation of
siRNA by CPP is intended to protect the siRNA against
nuclease-mediated degradation.35 For this reason, the
encapsulation of siRNA by the individual CPP was in-
vestigated by a gel retardation assay. Naked siRNA is
small enough to pass through the pores of a 3% agarose
gel, while siRNA complexed with CPP will cause reten-
tion or a severe retardation of shift (Figure 2A and
Supporting Information Figure 3). Quantification of the
degree of siRNA encapsulation revealed a typical satura-
tion pattern. Notably, for hLF, R9, Tat, PF6 and PF14,
complete (>98%) encapsulation of siRNA was generally
achieved near molar ratio 50, seemingly irrespective
of the charge or mass of the peptide (Figure 2B,C).
Only TP10 (>98% at Molar Ratio 99.3) and R9-hLF

TABLE 1. AminoAcidSequencesof theUsedCell-Penetrating

Peptides

name sequencea

hLF Acetyl-KCFQWQRNMRKVRGPPVSCIKR-NH2
R9 Acetyl-RRRRRRRRR-NH2
R9-hLF Acetyl-RRRRRRRRRKCFQWQRNMRKVRGPPVSCIKR-NH2
Tat Acetyl-GRKKRRQRRRPQ-NH2
TP10 Acetyl-AGYLLGKINLKALAALAKKIL-NH2
PF6 Stearyl-AGYLLGK(K(K2(tfq4)))INLKALAALAKKIL-NH2
PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2
a Sequences are given in one-letter code, O indicates ornithine. Peptides were
N-terminally acetylated or stearylated and C-terminally amidated (�NH2).
Positively charged lysine, ornithine and arginine residues are shown in bold-face.
Disulfide bond-forming cysteine residues in hLF and R9-hLF are underlined. PF6
carries four trifluoroquinoline moieties (tfq), coupled via a lysine dendrimer.

TABLE 2. Summary of Properties for 7 Different CPP for siRNA Delivery

by 200 nM siGL3

CPP massa N

charge at

pH 7.4b

IC50 of heparin

replacement assay

% siRNA release after

20 h serum 37 �C

ζ-pot.

aqueous (mV)

ζ-pot.

serum (mV)

MOLAR RATIO at

98% siRNA encap.

% luciferase

knockdown

% membrane tox. rel.

to 2% triton X-100

hLF 2719 7 þ5.71 0.91 57% 7.8 �4.6 50.1 19% 5%
R9-hLF 4122 16 þ14.7 1.31 41% 21.0 �8.0 58.0 19% 12%
R9 1424 9 þ8.73 1.53 51% 14.8 �5.5 48.0 15% 6%
Tat 1621 8 þ7.76 1.10 54% 25.7 �5.8 47.7 13% 2%
TP10 2184 4 þ2.82 0.63 45% 12.4 �10.8 99.3 26% 19%
PF6 4412 11 þ10.0 0.85 32% 25.5 �11.2 51.1 85% 9%
PF14 2407 5 þ4.79 0.54 32% 46.7 �11.0 49.6 45% 17%

a Calculated. b Estimated by modeling of the peptide sequences in MarvinSketch software 2011, ChemAxon.
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(>98% at Molar Ratio 58.0) proved to be exceptions.
In the case of thehighly cationic R9-hLF,more siRNAmay
be required to overcome repulsion of the cationic CPP,
whereas the lowpositive charge of TP10 is likely to result
in a lowbinding capacity for siRNA.We propose amodel
in which electrostatic forces generated by the opposite
charge of CPP and siRNA are balanced by the reciprocal
electrostatic repulsion of CPP molecules and also by
steric constraints. Considering concerns on the bio-
logical safety of highly cationic polymers, these results
demonstrate that in a certain configuration extra posi-
tive charge does not add a functional benefit.36

Negative ζ-Potential of CPP�siRNA Complexes in the Pre-
sence of Salts and Serum Proteins. With respect to charge,
the excess of CPP over siRNA generally used in
CPP�siRNA complexes results in an overall positive
ζ-potential when measured in aqueous buffers. This sur-
face charge is commonly believed to allow interaction
with the polyanionic glycosaminoglycans on the cell-
surface.37 However, it was recently observed that, in
serum-containing media, complexes formed with the

CPP PepFect14 had a negative surface ζ-potential.34

Uptake was mediated by scavenger receptors, a type
of cell surface receptor involved in the cellular uptake
of negatively charged macromolecules.34 As a result
of this observation, we addressed the effect of the
environment on the ζ-potential of the complexes
(Figure 3). In a 5% glucose solution, all peptides
showed a steady increase in ζ-potential with increas-
ing molar ratio over a range of 15, 30, and 50. At high
molar ratios (equal to the molar ratio at 98% siRNA
encapsulation), a pronounced positive ζ-potential was
found for all peptides. We observed large differences
between the different CPPs that did not correlate with
the charge of the corresponding peptide. In addition,
TP10 and the hLF displayed negative ζ-potentials
at molar ratios 30 and 15, respectively, but positive
ζ-potential at higher molar ratios.

In contrast, the ζ-potentials of all of the CPP�siRNA
complexes were negative in the presence of serum
(Figure 3). DLS measurements demonstrated that the
CPP�siRNA complexes were much bigger in salt and

Figure 1. The relationship between the size of CPP�siRNA complexes and the (A) molar ratio, (B) N/P ratio and (C) medium
composition. The size of CPP�siRNA complexes, formed by mixing of CPP and siRNA (MR 5, 10, 15, 20, 30, 50 for all, except
TP10=MR15, 30, 50, 60, 80, 100) inwater supplementedwith 5%glucose (A andB) or in salt-containingmedium (C;MR15, 30,
50), wasmeasured by DLS (n = 3, Supporting Information Figure 1 is a more detailed representation of this data and includes
standard deviations). (B) The N/P ratio displays the charge-corrected ratio between CPP (N = positively charged amino acids)
and siRNA (P = phosphate groups). (C) Results obtained for the hLF peptide in different solutions are shown. Results obtained
for the other CPPs were qualitatively similar (Supporting Information Figure 2).

Figure 2. Correlation of siRNA encapsulation with molar ratio and N/P ratio. (A) Gel shift assay for siRNA encapsulation as
exemplified for R9. siRNA was visualized by GelRed staining (n = 1). (B) siRNA encapsulation plotted against molar ratio as
derived from gel shift assays shown in panel A. (C) Correlation of the charge of the CPP and the total charge of the complex
when 98% siRNA encapsulation was achieved. The corresponding molar ratios at which this encapsulation was achieved are
depicted next to the respective marker; the line represents an approximation of molar ratio 50.
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only slightly bigger in serum-containing solution sug-
gesting an interaction of the CPP�siRNA complex with
salts and proteins in the solution, which affected the
structure and size of the complex.

Based on the ζ-potential in serum-containing
media, the CPPs could be subdivided into 3 distinct
classes. The arginine-rich CPP R9, Tat and also hLF had a
relatively weak negative ζ-potential. The R9-hLF pep-
tide, which is much larger and contains the largest
number of positive charges per peptide, showed a
stronger negative ζ-potential. The amphipathic TP10-
derived peptides (TP10, PF6 and PF14) formed the
third class of peptides, with the strongest negative
ζ-potentials in the presence of serum, relatively similar
to one another. These results demonstrate that the
acquisition of a negative ζ-potential is a general char-
acteristic of CPP�siRNA complexes and not restricted
to TP10-derived CPP. The reduction in particle size
in the presence of serum in comparison to salt alone
strongly suggests that charged serum proteins alter
the structure of the complex. Furthermore, the change
in ζ-potential indicates that serum proteins interact
with the outer layer of the complex. Demonstration
of the negative ζ-potential has great consequences
for our understanding of the behavior of CPP�siRNA
complexes in the bloodstream and their interaction
with cells. Our results demonstrate that the potential
involvement of scavenger receptors for uptake as was
shown for PF14 by Ezzat et al. should be addressed for
other CPPs as well.34

The Stability of CPP�siRNA Complexes in the Presence of
Serum and Polyanions. During circulation in the blood-
stream or infiltration of tissues, CPP�siRNA complexes
will not only interact with serum proteins, but also
encounter polyanions such as heparan sulfates pres-
ent on cell surfaces. Interaction with these polyanions
might result in disintegration of the complexes, result-
ing in siRNA release. In the bloodstream, premature
disintegration would be detrimental, leading to degra-
dation of the siRNA. In fact, lack of serum resistance is

one of the most serious shortcomings of current siRNA
delivery strategies.2 However, ultimately, siRNA has
to be released from the CPP�siRNA complexes, and
polyanions in the glycocalix and/or inside the cell could
play an important role in this disintegration. The role of
polyanions in siRNA release in vivo is not yet known
and it is therefore of interest to investigate the stability
of the CPP complexes toward polyanions in correlation
with their efficacy.

The stability toward heparin mimicking heparan
sulfate proteoglycans as the major polyanions on the
cell surface was measured in a heparin replacement
assay. Generally, therewas a strong positive correlation
between the charge of the CPP (N) and the resistance
to heparin-induced decomplexation (Figure 4). Inter-
estingly, two separate lines could be drawn (R2 = 0.98
and R2 = 0.89), with PF14 at the intersection. R9, Tat and
hLF fell into one group, R9-hLF and PF6 into the second
group. R9-hLF complexes showed a lower electrostatic
stability than expected based on the N of this peptide.
This finding may be due to charge repulsion within
the peptide and/or the ability to engage more readily
in interactions with heparin. As stated above, R9-hLF
also required a higher molar ratio for full siRNA en-
capsulation. In contrast, TP10 stability was higher than
expected for the given number of positive charges.
This CPP has a dispersed cationic charge. Therefore,
the high stability of the complex in the presence of
polyanions is surprising. The amphipathic nature of the
peptide might be the cause of the high stability.

Serum stability of the CPP�siRNA complexes was
then assessed over a 20 h time course (Figures 5A).
The cationic CPPs Tat, R9 and hLF showed a pro-
nounced siRNA release already after 1 h indicating a
rapid disintegration of the CPP�siRNA complex.

Complexes formed with the much larger and more
cationic R9-hLF peptide were more resistant to the
effects of serum. The amphipathic peptide TP10 showed
an intermediate resistance to serum. Very interestingly,
PF6 and PF14 also showed a strongly improved

Figure 3. ζ-Potential of CPP�siRNA complexes in 5% glucose (A) and serum-supplemented medium (B). The ζ-potential
of CPP�siRNA complexes formed in 5% glucose or in RPMI1640 þ 20% serum was measured by dynamic light scattering.
The correlation between both ζ-potentials is displayed in panel C. For all peptides, molar ratio 15, 30, and 50 in 5% glucose
are displayed (TP10; MR 30, 60 and 100), but for serum conditions, only the highest molar ratio (all CPPs = MR 50, except
TP10 = MR 100), which is indicated by the vertical error bars (n = 3) was measured.

A
RTIC

LE



VAN ASBECK ET AL. VOL. 7 ’ NO. 5 ’ 3797–3807 ’ 2013

www.acsnano.org

3802

resistance to serum up to 20 h incubation at 37 �C.
We found a clear linear correlation (R2 = 0.90) between
the ζ-potential in serum conditions and the sensitivity
to serum. Those complexes with the most negative
potential were also the most resistant in the presence
of serum at 37 �C.

The increased resistance of PF6 and PF14 to disin-
tegration confirms earlier observations.21 Both amphi-
pathic CPPs contain stearyl residues, which support
the formation of micellar structures and are likely to
enhance serumstability. In all our experiments, complexes
were formed at CPP concentrations above the critical
micellar concentration (critical micelle concentration),
which is about 0.5 μM for PF6.38 The molecular basis for

the linear correlation of negative ζ-potential of the
particles in serum conditions and the resistance to
serum-mediated decomplexation is not fully clear.
PepFect14 oligonucleotide complexes were shown to
assume a negative ζ-potential already in the presence
of salt.22 It is unclear whether this ζ-potential protects
the CPP oligonucleotide complexes from the interac-
tion with serum components or, alternatively, in-
duces the formation of a protective layer of serum
proteins that protects the CPP�siRNA complexes
from degradation.

Heat inactivated serum did not induce any disin-
tegration (data not shown) suggesting that degrada-
tion of the CPP may contribute to the disintegration
of the CPP�siRNA complexes. A comparison of degra-
dation kinetics of R9 and TP10 in 10% serum showed
that R9 is degraded with a half-life of 1�2 h while TP10
is less susceptible to degradation (Supporting Infor-
mation Figure 4). This result indicates that for the
arginine-rich peptides degradation plays a role in the
disintegration of complexes, while for the PepFects
micelle formation and peptide stability may synergize
in complex stability.

Cell Association and siRNA Activity. Having characterized
the physicochemical properties of the CPP�siRNA
complexes, we were interested in the relationship with
biological activity. Fluorescently (Cy5.5) labeled siRNA
was mixed with the various CPPs and incubated at
37 �C with cells of the leukemic SKNO-1 cell line in
the presence of serum. Cell association was visualized
by confocal microscopy (Figure 6) and quantified by
flow cytometry (Figure 7 and Supporting Information
Figure 5). Considerable differences in the distribution
and extent of cell association were detected between
different CPPs. hLF showed a strong association with
the plasma membrane with highly focal accumula-
tions. This association was stronger than for PF6
and PF14. R9-hLF and TP10 exhibited similar patterns

Figure 4. Correlation between the charge of the CPP (N)
and the electrostatic stability of the complex. Electrostatic
stability was tested by introducing a range of heparin
(i.e., polyanion) concentrations in CPP�siRNA complex
containing solutions. The release of siRNA by the CPP
was measured by incorporation of intercalating dye in
released siRNA. Fluorescence was measured with a spectro-
photometer (n = 3). Molecular weight of the CPP to N ratios
are given next to the respectivemarkers (MW/N=molecular
weight per charged residue). IC50 = 0.075 � N, R2 = 0.98,
p = 0.077 for R9-hLF, PF6 and PF14. IC50 = 0.24 � N � 0.90,
R2 = 0.86, p = 0.059 for hLF, R9, Tat and PF14.

Figure 5. Serum stability of CPP�siRNA complexes. (A) Gel retardation assays for determination of siRNA release in 100%
serum after 1 h (top panel) and 20 h (bottom panel) (n = 1) at 37 �C. (B) Correlation of siRNA release from CPP�siRNA
complexes to the ζ-potential in serum (n = 3); fraction degraded = 0.71þ 0.036� ζ-potential in serum, R2 =0.90, p < 0.01 (1 h).
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of punctuate membrane association as hLF, but the
extent of cell association was much smaller.

Neither the arginine-rich CPP Tat and R9 nor
naked siRNA showed significant association with
SKNO-1 cells. For hLF, R9-hLF and PF6, time-dependent

increases in cell association were observed. For PF6
and PF14, an extensive cytosolic distribution of the
labeled siRNA was seen, combined with some focal
accumulations on both the cell membrane and in the
cytoplasm. This distribution of fluorescence suggests
an endocytosis-like uptake mechanism for PF6 and
PF14, followed by a relatively early endosomal escape.
Especially amphipathic and arginine-rich peptides dif-
fer significantly in the exact interactionwith the plasma
membrane and the type of endosomal uptake.23

Surprisingly, cell association of CPP�siRNA complexes
did not correlate with the ζ-potential of the correspond-
ing complexes under serum conditions. For instance,
TP10, PF6 and PF14 showed only small differences in
the ζ-potentials in serum conditions but major differ-
ences in uptake. In addition, hLF-siRNA complexes had
the least negative ζ-potential of all complexes analyzed
and showed the strongest cell association. These
results suggest that a specific conformation or the bind-
ing of specific serum proteins might be the key determi-
nant for cell association.

The efficacy of siRNA delivery by the individual CPPs
was addressed using a luciferase reporter assay. Func-
tional release and activity of luciferase siRNA were
determined in the presence of serum in SKNO-1 cells
stably expressing luciferase. In these experiments,
a siRNA targeting the leukemic fusion gene RUNX1/

ETO served as negative control. Large differences in the
efficacy of different CPP�siRNA complexes were found
with only the amphipathic peptides showing substan-
tial potency. PF6 was the most potent cellular delivery
vehicle for siRNA with knockdown levels ranging from
60% at 50 nM siRNA to 85% at 200 nM, closely followed
by PF14, with a 70% reduction in luciferase activity
at 200 nM luciferase siRNA. The other CPP�siRNA for-
mulations showed only minimal efficacy at concentra-
tions up to 200 nM siRNA (Figure 8A).

In agreement with earlier studies, cell association
was not a strong predictor for transfection activity.39

hLF-siRNA complexes, in spite of having the highest
cell-association over time, showed little siRNA-mediated
down-regulation of luciferase expression. In contrast, the
PepFect peptides PF6 and PF14 showed only limited cell
association, but a much higher transfection efficacy
which correlated with the cytoplasmic distribution of
the peptides. The low in vitro activity of hLF should
therefore be attributed to low endosomal uptake and
escape.

Cytotoxicity. The metabolic cytotoxicity of CPP�
siRNA complexes in vitro was tested by the WST-1
assay and membrane toxicity by LDH release assays
(Figures 8B,C). Cells were incubated for 24 h for the
WST-1 assay to assess long-term toxicity and the LDH
release incubation was restricted to a 4 h period. At
lower concentrations of up to 200 nM siRNA, minimal
toxicity (<10%) was found for hLF, R9 and Tat-contain-
ing complexes, whereas both R9-hLF and TP10 showed

Figure 6. Cell association of CPP�siRNA complexes to
SKNO-1 cells in serum conditions. Confocal images of cell-
association of Cy5.5 (red) labeled CPP-complexed siRNA to
GFP expressing SKNO-1 cells (green). Images were taken
after 1 h incubation of 200 nM siRNA and corresponding
CPP concentration (depends on molar ratio) with SKNO-1
cells at 37 �C. Scale bar = 20 μm (molar ratio of all CPP = 50,
except TP10 = MR100). Note that not all cells express
EGFP at high level; in a minority of cells, EGFP expression
was lost.

Figure 7. Quantification of cell-association of Cy5.5 labeled
CPP�siRNA complexes to SKNO-1 cells by flow cytometry
(geometric mean, n = 1). SKNO-1 cells were incubated
between 20 min and 3 h with fully formed CPP�siRNA
complexes (end concentration = 200 nM siRNA; molar ratio
of hLF = 50, R9-hLF = 50, R9 = 50, Tat = 50, TP10 = 100, PF6 =
50, PF14 = 50).
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up to 20% toxicity despite a lack of efficacy in siRNA
delivery. The amphipathic peptides PF6 and PF14
showed at 200 nM toxicities of 15% and 20%, respec-
tively, with PF14 being comparable to TP10. However,
PF6 showed a smaller increase in toxicity for a given
increase in efficacy (Figure 8D). At higher complex
concentrations corresponding to 500 nM and 1 μM
siRNA, all complexes showed significant membrane
disturbance and cytotoxicity with up to 70% mem-
brane toxicity (Supporting Information Figure 6), which
correlated with substantial cell death, determined
by trypan blue staining. The higher membrane toxicity
of the amphipathic PepFect peptides (PF6 and PF14)
in comparison to Tat is in line with earlier comparisons
of Tat and TP10.26 Interestingly, the membrane toxicity
of these peptides was almost similar to the toxicity
displayed by TP10, indicating that toxicity is caused
by the amphipathic R-helical nature of the peptides
and not by the stearyl tails on PF6 and PF14 or the pH
titratable chloroquine moieties on PF6, which both

present promising strategies for enhancing endosomal
release of other CPP.

CONCLUSIONS

This study demonstrates that siRNA transfection
efficiency of CPP oligoplexes is a function of complexa-
tion, resistance to serum proteins, decomposition in
the presence of polyanions and induction of cellular
uptake, which ultimately leads to release of functional
oligonucleotides inside the cell. Comparison of TP10
with PF6 and PF14 indicates that stearylation plays
a major role in several of these characteristics. It will
therefore be interesting to explore to which extent
stearylation will also benefit the characteristics of hLF,
the CPP that showed the strongest membrane associa-
tion of CPP�siRNA complexes. Our studies also re-
vealed some clear-cut linear correlations of molecular
characteristics that will form the basis for rational
design strategies for more active CPP (Table 2). On
one hand, a negative ζ-potential of complexes in the

Figure 8. In vitro silencing activity and in vitromembrane toxicity of CPP�siRNA complexes in SKNO-1 cells. For each peptide,
three siGL3 concentrations (50, 100, and 200 nM) encapsulated by CPP (molar ratio of hLF = 50, R9-hLF = 50, R9 = 50, Tat = 50,
TP10=100, PF6=50, PF14=50)were incubatedwith SKNO-1 cells. (A) In vitro activitywasmeasured48h after incubationwith
CPP�siRNA particles by luciferase assays and normalized to control siRNA-treated cells (CPP-siAGF1 = Mock). (B) Overall
cytotoxicitywas determined byWST-1 assays. Cells were exposed to the nanoparticles for 4 h in a volume of 25 μL after which
75 μL of serum-containing medium was added and the incubation continued for another 20 h (Mock = only siRNA in 5%
glucose). No significant differences compared to theMockwere found. (p>0.05) (C)Membrane toxicitywas tested by the LDH
assay after 4 h incubation with nanoparticles at low serum concentrations (1%); results are displayed relative to 2% Triton
X-100 treated cells. (D) Comparison of CPP activity vs membrane toxicity.
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presence of serum is correlated with a strong protec-
tive effect toward degradation by serum. On the other
hand, a rather low charge of the CPP promotes decom-
plexation by polyanions. In addition, these insights
into the interdependence of in vitro molecular char-
acteristics and in vivo activity could constitute highly
powerful in vitro predictors of in vivo activity. It will be
interesting to explore to what degree these funda-
mental concepts, defined for CPPs here, do also hold
for lipoplexes and polyplexes.

METHODS

Oligonucleotide and Peptide Synthesis. Lyophilized
siGL3 (against Photinus pyralis luciferase, sense 50-
CUUACGCUGAGUACUUCGAdTdT-30, antisense 50-UCGA-
AGUACUCAGCGUAAGdTdT-30), siAGF1 (against the
acute myeloid leukemia fusion gene RUNX1/ETO,28

sense 50-CCUCGAAAUCGUACUGAGAAG-30, antisense
50-UCUCAGUACGAUUUCGAGGUU-30) andsiEGFP (50-GGC-
UACGUCCAGGAGCGCACC-30 and 50-GGUGCGCUCCU-
GGACGUAGCC-30) were obtained from Eurofins MWG
Operon (Ebersberg, Germany) and aliquoted in 20 μL
hybridization buffer (25 mM HEPES pH 7.5, 100 mM
NaCl) at a final concentration of 100 μMbefore storage
at �20 �C. Here, siAGF1 served as a negative control.
Aliquots were thawed when needed and further di-
luted to a working concentration of 20 μM by adding
80 μL of hybridization buffer for analysis of complexa-
tion or 80 μL of RPMI1640 medium. The CPP nona-
arginine (R9), human lactoferrin (hLF), the hybrid
R9-hLF peptide, the Tat peptide and the TP10 peptide
were purchased from EMCMicrocollections (Tübingen,
Germany). PepFect 6 (PF6) and PepFect 14 (PF14) were
synthesized as described previously.21,22

Complex Formation. Formation of complexes was
achieved by adding 7.5 μL of 20 μMsiRNA to increasing
volumes of 100 μM CPP solution and RNase-free
water or RPMI1640 medium to obtain a final volume
of 150 μL. This solution was thoroughly mixed (by
repeated pipetting) and incubated for 30 min at room
temperature. For serum conditions, fetal bovine serum
(not heat-inactivated, Sigma) was added separately
after complexation. Again, the total volume was kept
at 150 μL. For dynamic light scattering (DLS) and gel
retardation, the end concentrations of siRNAwere kept
constant (1 μM) while the total amount of CPP differed
for the different molar ratios. For use in tissue cul-
ture experiments, amounts of reagents were scaled as
required.

Determination of Particle Size and ζ-Potential. The size
of freshly prepared siRNA�CPP complexes was mea-
sured byDLS. A total of 70 μL of the solution containing
complexes was pipetted into a disposable 70 μL micro
UV cuvette, and sizes were determined at room tem-
perature at setting “medium” in a Nano ZS Zetasizer
(Malvern Instruments, Malvern, U.K.). ζ-Potentials were
measured in the same machine. To that end, freshly

prepared samples (total volume 100 μL) were diluted
10-fold with RNase free 5% glucose solution to a total
volume of 1 mL. A total of 750 μL of that solution was
slowly injected into a folded capillary ζ-potential cu-
vette. For measurements in serum conditions, freshly
prepared samples were diluted 1:10 with RPMI1640 þ
20% FCS. Both size and ζ-potential mean values were
determined from three independent measurements.
As controls, blanks with only water, with 20% FCS and
with siRNA and FCS were measured.

Gel Retardation Assay. An electrophoretic mobility
shift assay (gel retardation assay) was used to assess
the incorporation of the siRNA by the CPP into the
complexes. For each solution, prepared at different
molar ratios of siRNA and CPP, 20 μL was mixed with
4 μL of 6�DNA loading buffer (10mMTris-HCl (pH 7.6),
0.03% bromophenol blue, 0.03% xylene cyanol FF, 60%
glycerol, 60 mM EDTA) separated on a 3% agarose gel
containing GelRed Stain (Biotium, Cambridge, U.K.)
in 0.5 M TBE buffer for 1 h at 70 V. The gel was photo-
graphed in a Bio-Rad transluminator (UV).

Polyanion (Heparin) Replacement Assay. To evaluate
the stability of the CPP�siRNA complexes, a polyanion
decomplexation assay, also called polyanion competi-
tion assay, was performed. Complexes were freshly
prepared as described above in a total reaction volume
of 650 μL. The complexes were equally distributed over
13 wells (50 μL/well) of a black, flat-bottom 96-well
plate. To each well, 50 μL of 1� SyBr Gold solution
(TE buffer, pH 7.8) was added and incubated for 10min
in the dark at room temperature. A serial dilution of
heparin (MW 14 000) in RNase free water was prepared
and 100 μL of each dilution was added followed by an
incubation of 20 min in the dark at room temperature.
Naked siRNA treated the same as the complexes and
complexes without heparin were included as positive
and negative controls, respectively. Samples were
read in a fluorescence Omega FluoStar plate reader
(BMG Labtech, Aylesbury, U.K.) with an excitation
wavelength at 495 nm and an emission wavelength
at 530 nm. Values are represented as percentage of
fluorescence (RFU) of naked siRNA, after correction
of the autofluorescence of the untreated complexes.
For comparison and validation, heparin decomplexa-
tion was also analyzed by a gel retardation assay as
described above.

Tissue Culture Conditions. Cells were grown at 37 �C,
5% CO2, in a humidified atmosphere. Human leukemic
SKNO-1 cells were cultured as described previously29

andwere lentivirally transduced to express a luciferase-
IRES-EGFP construct under control of an SFFV promoter.

Determination of Cell Association and Uptake. Tomeasure
cell association, 200 μL of a suspension of 5 � 105

SKNO-1 cells/mL was incubated at 37 �C, 5% CO2 and
95% humidity with 50 nM Cy5.5-labeled siRNA com-
plexed with the optimum protecting molar ratio of
each of the CPPs. A total of 50 μL of cell suspensionwas
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removed at the indicated time points, diluted with
250 μL of PBS containing 1% FCS and analyzed in a
FACS-Calibur (BD, Oxford, U.K.).

For confocal microscopy, 200 μL of cell suspension
with 5 � 105 cells/mL was transferred into chambered
coverslips and incubated (37 �C, 5% CO2, 95%
humidity) with 50 nM Cy5.5-labeled siRNA complexed
with the particular CPP. After 1 h, the cells were imaged
with a Zeiss LSM 700 Flexible Confocal Microscope,
using a C-Apochromat 40�/1.2 W Corr UV�vis-IR for
overviews and a C-Apochromat 63�/1.20 W Corr
UV�vis-IR for the enlargements. GFP was excited with
the 488 nm line of an argon ion laser and fluorescence
was detected over 492�522 nm; Cy5.5 was excited
with a 633 nm HeNe laser and emission was detected
over 667�732 nm. Cells were maintained on a heated
stage and imaged at low laser intensities to maintain
viability and reduce photobleaching.

Determination of in Vitro Silencing Activity. To assess the
knockdown efficiency of the CPP�siRNA complexes,
luciferase activity of SKNO-1 cells treated with com-
plexes was compared to the activity in cells treated
with the same siRNA by electroporation as described
previously.29 After a 24, 48, 72, and 96 h incubation at
37 �C, 5% CO2 and 95% humidity for 24 h, 1� 105 cells
were taken for the luciferase luminescence assay.

For the CPP�siRNA treatment of cells, 250 μL of a
cell suspension of 4 � 106 cells/mL was added to the
wells of a 12-well plate containing the complexes in
glucose 5%. Cells were incubated for 4 h at 37 �C, 5%
CO2 and 95% humidity before addition of 2mL of fresh
medium. After 24, 48, 72, and 96 h, 1 � 105 cells were
removed for the luciferase assay.

Luciferase Assay. The freshly taken cell suspension
was centrifuged (1 min, 700g) and the remaining super-
natant removed. Cells were centrifuged for 1 min at
700g, washed twicewith 1mLof sterile PBS and centrifu-
gationatmaximumspeed for1min followedbyaddition
of 50 μL of 1� lysis buffer (Promega, Southampton, U.K.)
to the cell pellet. After incubation for 10 min at 37 �C,
samples were frozen at �80 �C for at least 20 min.
An aliquot of 10 μL of each sample, after correction
for protein content by Bradford assay, was added into a
96-well Lumiplate (Perkin-Elmer, Cambridge, U.K.). Each
sample was prepared and measured in triplicate. Sec-
onds before reading the plate, 50 μL of luciferase assay
reagent (Promega) was added to all wells in the same
order as the reading direction. Samples were read with
a luminescence reader (Perkin-Elmer) at 562 nmwith 10
measurements per well.

Determination of Cytotoxicity. A serial dilution of cells
ranging from 5 � 106 to 6.3 � 105 was incubated with
siRNA-CPP complexes at optimal complex-forming
molar ratios; total volume was 25 μL in 96 well plate.
For each CPP, three siRNA concentrations were tested
(200, 100, and 50 nM). After 4 h of incubation at 37 �C,
5% CO2 and 95% humidity, 75 μL of prewarmed fresh

mediumwas added. After a total of 24 h, 10μL ofWST-1
reagent (Roche Diagnostics, Burgess Hill, U.K.) was
added. After 3 h of incubation, the plates were shaken
for 1 min and analyzed on the Omega FluoStar plate
reader (BMG Labtech) according to manufacturer's
instruction.

Membrane toxicity was determined using a Lactate
Dehydrogenase (LDH) release assay. To that end, 5.3�
106 SKNO-1 cells were spun down and resuspended
in 8.4 mL of RPMI1640 containing 1% FCS to a density
of 6 � 105 cells/mL. Seven 96-well plates were filled
with CPP�siRNA complex solutions (one plate for each
peptide). For each peptide, 6 wells were pipetted for
each concentration (50 nM, 100 nM, 200 nM, 500 nM,
and 1 μM). In addition, for each peptide, 3 background,
3 low and 3 high controls were added. Pure assay
medium formed the background; negative and posi-
tive controls consisted of cells without substance and
cells in 2% Triton X-100-supplemented assay medium,
respectively. A total of 100 μL of cell suspension with
3.1 � 104 SKNO cells was added to the 100 μL in each
well. After 4 h incubation at 37 �C, 5% CO2, and 95%
humidity, 100 μL of reaction mixture was added (1 mL
of catalyst solution and 45 mL of dye solution, Roche)
to each well. After 30 min incubation at room tem-
perature in the dark, the plate wasmeasured at 490 nm
in a luminescence plate-reader. Cytotoxicity was calcu-
lated as ((sample value � low control)/(high control �
low control)) � 100.

Statistics. Values are represented as mean ( SD of
three independent experiments, unless stated otherwise.
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