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Abstract: Cell penetrating peptides (CPPs) are useful tools to deliver low-molecular-weight cargoes into cells; however, their mode
of uptake is still controversial. The most efficient CPPs belong to the group of arginine-rich peptides, but a systematic assessment
of their potential toxicity is lacking. In this study we combined data on the membrane translocation abilities of oligo-arginines in
living cells as a function of their chain length, concentration, stability and toxicity. Using confocal microscopy analysis of living
cells we evaluated the transduction frequency of the L-isoforms of oligo-arginines and lysines and then monitored their associated
toxicity by concomitant addition of propidium iodide. Whereas lysines showed virtually no transduction, the transduction ability
of arginines increased with the number of consecutive residues and the peptide concentration, with L-R9 and L-R10 performing
overall best. We further compared the L- and D-R9 isomers and found that the D-isoform always showed a higher transduction as
compared to the L-counterpart in all cell types. Notably, the transduction difference between D- and L-forms was highly variable
between cell types, emphasizing the need for protease-resistant peptides as vectors for drug delivery. Real-time kinetic analysis
of the D- and L-isomers applied simultaneously to the cells revealed a much faster transduction for the D-variant. The latter
underlies the fact that the isomers do not mix, and penetration of one peptide does not perturb the membrane in a way that
gives access to the other peptide. Finally, we performed short- and long-term cell viability and cell cycle progression analyses
with the protease-resistant D-R9. Altogether, our results identified concentration windows with low toxicity and high transduction
efficiency, resulting in fully bioavailable intracellular peptides. Copyright  2007 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

Cell penetrating peptides (CPPs) possess the unique
ability to shuttle linked cargoes such as drugs [1], pep-
tides [2–6], proteins [7–9], peptide nucleic acids (PNAs)
[10–12] and nanoparticles [13,14] across the plasma
membrane which is otherwise virtually impermeable
for hydrophilic compounds. CPPs can be subdivided
into two major groups: model amphiphilic peptides
(MAPs) [15,16] developed on the basis of spatial sep-
aration of positively charged and hydrophobic amino
acid residues; and arginine-rich peptides (R-RPs) delin-
eated from natively occurring minimal transduction
domains of proteins, e.g. TAT from HIV-1 TAT pro-
tein [7,17–19] and penetratin from the homeobox of
antennapedia protein [20–22]. However, plasma mem-
brane translocation of MAPs structurally requires at
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least four helical turns but does not depend on the
positively charged amino acid residues [15], whereas
the transduction ability of R-RPs depends on a mini-
mum number of arginines [23,24], suggesting that the
entry mechanisms of both types of CPPs are unrelated.
The translocation ability of R-RPs does not seem to
be solely a matter of charge, but has been proposed
to reside in the guanidinium group of the arginine
itself [25]. The formation of lipophilic ion pairs with
abundant sulfate, phosphate or carboxylate groups of
membrane constituents via the two amino functions
of arginine provides a mechanistic framework for the
translocation of a highly charged compound through
the plasma membrane [26]. CPP-mediated delivery of
cargoes into the cytoplasm can be achieved by at least
two independent mechanisms: (i) adsorptive endocyto-
sis and subsequent release of the enclosed compounds
from endosomes or lysosomes [7,27–29]; and (ii) rapid
crossing of the membrane by a seemingly energy-
independent, not-well-understood mechanism referred
to as transduction [5,30–32]. Whereas R-RPs coupled
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to high-molecular-weight cargoes are restricted to the
endocytic mode of uptake [5,33,34], R-RPs themselves
or interconnected to low-molecular-weight cargoes have
both options. Above a certain concentration (trans-
duction threshold), which varies between 1 and 10 µM

depending on the cell type and the size of the cargo [5],
R-RPs directly translocate across the plasma membrane
into the cell. Several live-cell studies have shown that
functional peptides attached to R-RPs exert biological
effects after the transduction event [2–6]. Importantly,
R-RP-mediated transduction circumvents the inefficient
step of release from cytoplasmic vesicles after the endo-
cytic uptake. However, a systematic evaluation of the
cell penetration ability, in combination with an assess-
ment of potential short- and long-term toxic effects of
R-RPs, is lacking. In this study, we combined data on
the membrane translocation abilities of oligo-arginines
in living cells as a function of their chain length, con-
centration, stability and toxicity.

MATERIAL AND METHODS

Peptides

Consecutive arginines (5–12) and lysines (5–12) as L-isomers
and TAMRA-R9 and Fluos-R10 also as D-isomers were
synthesized and coupled directly to fluorescein (Fluos) or 5,6-
TAMRA at the N-terminus by Peptide Specialty Laboratories
GmbH (Heidelberg, Germany). The peptides were purified
by HPLC and their appropriate masses confirmed by mass
spectrometry. The isoelectric points (pI ) were estimated using
the freeware tool ProtParam.

Cells

All cell types were cultured in Dulbecco’s modified Eagle
medium (DMEM) with fetal calf serum (FCS) (Life Technologies,
Inc., USA) at the following concentrations: C2C12 mouse
myoblasts 20%, human HeLa cells 10%, MDCKII dog epithelial
kidney cells 10% and BJ-hTERT human fibroblasts 10%.
Primary cultures from male WKY rats aged 3 months were
performed as described previously [35].

Transduction Experiments

As peptide transduction is influenced by the peptide-to-
cell ratio [36], for all transduction experiments µ-Slide
VI observation chambers were used (Ibidi, Martinsried,
Germany), which guarantee a defined and equal liquid volume
above the cells throughout the entire observation channel.
The respective cell types were seeded at 70% confluency into
the observation chambers and incubated overnight at 37 °C
at 5% CO2. Special care was taken that cell densities were
equal throughout sets of experiments. The oligo-arginines and
oligo-lysines were diluted in DMEM medium without FCS
to avoid precipitation of the peptides. For the chain-length-
dependent transduction assay, 2 µg/ml propidium iodide (PI)
was added directly to the diluted peptide solution prior to
the transduction experiment. The culture medium was gently

aspirated from the cells and exchanged against the respective
peptide dilutions in a volume of 60 µl. The cells were kept
for 1 h in the incubator until imaging at the microscope
under the same conditions. For each peptide concentration,
between 140 and 250 cells were analyzed and the experiments
were performed in duplicate. The images were collected with
two different laser settings, one set resulting in images
without overexposed signals and one set with higher laser
intensities, so that weaker signals could not be missed. The
microscope settings per concentration and within these two
sets were identical. Acquired images were analyzed visually,
and cells unambiguously showing fluorescent signal inside
the nucleus were scored as transduced. The graphics were
generated using the Origin version 7.5 software (OriginLab
Corp., Northampton, USA).

Cell Cycle and Viability Assays

For the modified (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-
tetrazolium-bromide (MTT) assay, C2C12 cells were incubated
for 2 h with different concentrations of the peptides D-
R9 and L-R9. MTT was dissolved at 0.4 mg/ml in DMEM.
Subsequently, the cells were washed once, followed by addition
of 100 µl of the MTT solution and were returned to the
incubator for 5 h. Cells were then analyzed by confocal laser
scanning microscopy (CLSM). The transduction frequency
was monitored by the fluorescence of the Fluos- or TAMRA-
labeled peptides, respectively, and the formation of the blue-
violet formazan complex was monitored by excitation with
488 nm and detection in the transmission channel. For each
peptide concentration, five fields of view with a 40× objective
corresponding to a total number of ∼150 cells were collected.
Cells with less formazan signal intensity than the control cells
were counted as nonviable.

For the analysis of the plasma membrane integrity during
and after transduction, we used 2 µg/ml PI mixed together
with the transducing peptides in DMEM to detect transient
pore formation or membrane perturbations, and 0.5% (V/V)
trypan blue to distinguish, after the transduction period of
2 h, the cells with permanently compromised membranes.
Data were displayed by using Microsoft Excel.

To analyze relatively short-term effects on DNA condensa-
tion by the peptides, C2C12 cells were preincubated for 10 min
with the DNA dye DRAQ5 (Biostatus Limited, UK) as described
[37] and then incubated with different concentrations of the
D-R9 peptide. Cells were imaged by CLSM before and after the
treatment. Long-term effects on the cell cycle progression were
determined by fluorescence activated cell sorting (FACS) anal-
ysis of PI-stained C2C12 cells. For this purpose, C2C12 cells
were plated onto 150 mm diameter dishes and incubated with
different concentrations of the respective peptides at a density
of 40% in DMEM for 2 h. Then the medium was replaced by
DMEM with 20% FCS and the cells were cultivated for further
16 h until they reached a density of 60%. For FACS analysis
the cells were trypsinized, washed with PBS, fixed with ice-cold
90% EtOH, washed with PBS, treated with 0.1 mg/ml RNAse
and stained with 33 µg/ml PI, and DNA content was measured
with a FACSCalibur (Becton Dickinson). Data were analyzed
and plotted with the flow cytometry software FLOWJO (Tree
Star, Inc., USA).
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Microscopy, Image Acquisition and Analysis

Confocal images were acquired with a Zeiss confocal laser
scanning microscope, LSM510 Meta, mounted on an Axiovert
200M inverted microscope equipped with a live-cell microscope
incubation cage (Okolab, Italy) using either a 40× plan-
neofluar NA1.3 or a 63× plan-apochromat NA1.4 oil-
immersion, phase-contrast objectives. For all settings the main
beam splitter was HFT UV/488/543/633, and the specific
parameters for the single fluorophores were as follows: Fluos,
excited at 488 nm, detected with a 500–530 nm band-pass
filter; TAMRA, excited at 543 nm, detected with 565–615 nm
band-pass filter; and trypan blue, PI and DRAQ5, excited with
633 nm, detected with 650 nm long-pass filter. Phase contrast
images were recorded with excitation at 488 nm and detection
in the transmission channel. Laser power for observation was
typically 1–5% (488 nm, 25 mW), 50–60% (543 nm, 1 mW) and
3–5% (633 nm, 5 mW) unless otherwise indicated. Settings
were adjusted in a way that image pixels were not over- or
underexposed with the range indicator function in the Zeiss
LSM software version 3.2. To ensure that weak intracellular
fluorescence signals of the peptides were not missed, a set of
overexposed images were collected in addition.

RESULTS AND DISCUSSION

The decisive role of arginine clusters for translocation
over the plasma membrane has been known for
some time. Therefore, several studies were aimed
at determining the optimal number of arginines or
minimal structural requirements that permit efficient
transduction. Surprisingly, most of them analyzed
either fixed cells [23,24,38] and/or used FACS analysis
without a protocol to efficiently remove the cationic
peptides sticking to the extracellular side of the plasma
membrane [39]. To exclude the above artifacts, we
analyzed the transduction frequency of oligo-arginines
and -lysines with chain length from 5 to 12 directly by
CLSM of living cells. In addition, we compared only data
from experiments using the same incubation times for
all peptides and at the same cell density and varied
only the concentrations for each peptide. Figure 1(A)
displays the possible uptake phenotypes of C2C12
mouse myoblasts after addition of the fluorescent
peptide for 1 h. The images on the left side, upper panel,
show cells that endocytosed the L-R9 peptide incubated
at a concentration of 10 µM, where the fluorescence of
the peptide solely resided in cytoplasmic vesicles, and
no free cytoplasmic peptide was detectable by means of
fluorescence microscopy. The images on the right side,
upper panel, depict cells that incorporated L-R6 peptide
added at a concentration of 50 µM with fluorescence
detected throughout the cytoplasm and nucleus, which
we hereafter refer to as transduction. Cells with mixed
phenotypes (Figure 1(A), lower panel) that show in
addition to transduction vesicular uptake were also
scored as transduced cells. Only the uptake mode of
transduction yields peptide available in all intracellular

compartments and, therefore, is able to reach all
potential targets. In order to detect any possible
membrane perturbations or transient pore formation,
the vital dye PI was added to mouse myoblast cultures
simultaneously with the oligo-arginines (see scheme
in Figure 1(A)). The plots in Figure 1(B) summarize
the transduction results for all oligo-arginine peptides.
None of the oligo-arginines tested (R5–R12) was able
to transduce at a concentration of 0.5, 1 or 5 µM in a
total volume of 60 µl. Transduction could be observed at
10 µM for the peptides R8–R12, with frequencies over
50% for the peptides R10–R12. Whereas R5 did not
transduce over the whole concentration range tested
(between 0.5 to 100 µM), R6 appeared intracellularly
only in 4% of the cells at 50 µM and 28% at 100 µM.
R7–R9 transduced between 18 and 42% of the cells at
50 µM and reached frequencies between 75 and 90%
at 100 µM. The peptides R10–R12 transduced already
to a level of 70–90% at 10 µM concentration and the
percentage of transduction increased only slightly at
5- or 10-fold higher concentration. In stark contrast,
either no or very low frequency of cell penetration could
be detected with all the oligo-lysines tested (K5–K12)
at an even wider concentration range (data not shown).
The uptake of PI by the oligo-arginine transduced cells
(Figure 1(B)) indicated severe toxicity only with R8,
R10, R11 and R12 at the highest peptide concentration
tested (100 µM) and for R11 and R12 already at 50 µM.
For the transducing peptides with lower chain length,
the percentage of PI-stained cells in all cases was below
10%. At 10 µM, except for R12 all transducing peptides
caused no membrane damage that could be detected by
simultaneous PI staining. Notably, PI was not observed
inside transduced cells by peptides with a low number
of arginines or at low concentrations. This fact argues
against the formation of transient pores or strong
membrane perturbations. Whereas previous studies
found an optimum number of consecutive arginines
for transduction [24,38], our results support a linear
dependence of the transduction frequencies on the
number of consecutive arginines. Considering also the
PI uptake data, R9 or R10 peptides combine a medium
to high transduction level associated with a tolerable
toxicity. To verify and extend our live-cell analysis, we
selected three oligo-arginine peptides (namely, R5, R7
and R9) and tested their uptake potential into artificial
membranes. The R5 peptide was chosen, as it did
not transduce into cells, whereas the R7 was able
to transduce, albeit at a low level, and R9 was the
most efficient while still retaining low toxicity. The 7-
nitro-2-1,3-benzoxadiazol-4-yl (NBD) labeled peptides
were applied to large unilamellar vesicles (LUVs) and
the percentage of transduced peptide over time was
measured with a spectrofluorometer after quenching
the outer fluorescence with the NBD quencher,
dithionite. The percentage of transduction rose with
the number of consecutive arginines in a manner
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Figure 1 Assessment of dose-dependent transduction frequency of oligo-arginine peptides. (A) Confocal microscopy images
displaying examples of endocytic uptake (upper, left panel, L-R9 at 10 µM) versus transduction (upper, right panel, L-R6 at 50 µM)
of oligo-arginines (L-Rn; n = 5–12) into mouse C2C12 myoblasts. Two mixed forms of transduction + endocytosis are shown below:
transduction and endocytic peptide vesicles (left panel L-R9 at 10 µM) versus transduction and peptide enclosed in endocytic
vesicles (+) as well as excluded from endocytic vesicles (−) (right panel L-R6 at 50 µM). Scale bars 10 µm. The experimental
procedure is shown above. Only cells showing the transduction mode of uptake (including the mixed phenotypes shown in the
lower panels) were counted for the quantification in B. (B) The peptide transduction frequency shown as a fraction of C2C12
cells (in %) was scored as explained in A. Peptide transduction frequencies are shown plotted against peptide concentration (0.5,
1, 5, 10, 50, 100 µM) and corresponding estimated isoelectric point (pI ). The fraction of PI-stained C2C12 cells (in %) within
the transduced cell population is plotted similarly. The lower peptide concentration plots are also shown magnified for better
visualization. Error bars display the standard deviation of two independent experiments. The total number of cells counted was
between 140 and 250 for each experiment.
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analogous to that in the living-cell uptake analyses
(Supplementary Figure S1).

Octa-, nona- and deca-arginines have been shown to
transduce successfully into living cells under noninva-
sive conditions and at lower concentrations [31,32,40],
but different cell types as well as D- and L-isomers were
used in those studies. Therefore, we next assessed the
influence of D- and L-isomeric forms on the transduc-
tion efficiencies in different cell types. For that purpose,
we incubated different cell types of various mammalian
species and also primary cells with 10 µM of the TAMRA-
labeled D-isomer and the Fluos-labeled L-isomer of R9
and determined the percentage of transduced cells after
1 h incubation (Figure 2(A)). In general, the transduc-
tion frequencies for the L-form in all cell types were
lower than that of the D-form, illustrating that pep-
tide stability is an important issue for transduction.
By calculating the index for the percentage of cells
transduced by the L-isomer divided by the percentage
of cells transduced by the D-isomer, we found char-
acteristic values for individual cell types, which most

probably reflect their extracellular proteolytic activity
[41]. Whereas diploid human fibroblasts were very inef-
ficiently transduced, rat cardiomyocytes and mouse
myoblasts showed higher levels of transduction for the
L-form, approaching the level of the D-form. As the D-
isomer of R9 reached transduction efficiencies of over
95% in all cell types, the isomer-specific differences can-
not be due to cell-type-specific membrane composition.
The loss of only one arginine from L-R9 would already
reduce the transduction efficiency to half at a concen-
tration of 10 µM and lead to the disappearance of the
transduction potential with further proteolysis (see plot
in Figure 1(B)). To ensure that the different indices were
not a result of the distinct fluorescent labels attached
to the peptides, the same set of experiments was per-
formed with Fluos-labeled D- and L-isomers of R10
with the same outcome (data not shown). The overview
images of the different cell types after transduction also
revealed that the fluorescence intensity varied between
individual cells. This variation was not correlated to

(A)

(B)

Figure 2 Cell-type-specific differences in transduction frequencies and kinetics of L- and D-isomers of R9. (A) Confocal microscopy
sections of different cell types from various mammalian species 1 h after application of 10 µM of the Fluos-labeled L-isomer (upper
panel, green fluorescence) and the TAMRA-labeled D-isomer (lower panel, red fluorescence) of R9. For each cell type, merge images
of phase contrast and fluorescence and fluorescence images alone are displayed. The index corresponds to the ratio (% transduced
cells by L-isomer/% transduced cells by D-isomer) ± standard deviation. (B) Confocal microscopy time lapse (minutes : seconds)
of the transduction of the L- and D-isomers of R9 simultaneously applied to C2C12 mouse myoblasts at a concentration of
10 µM each. Red and green arrowheads indicate the initial detection of the transduced corresponding peptides in intracellular
compartments. The cells are counterstained with the live-cell DNA dye DRAQ5 (blue). Scale bar 50 µm.
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the size and, therefore, to the total accessible mem-
brane surface of the transduced cells. Next, we tested
whether kinetic differences between the transduction of
D- and L-isomers occurred. For this, we applied 20 µM

of a 1 : 1 mixture onto mouse myoblasts and moni-
tored the uptake in real time by CLSM. Surprisingly,
several cells selectively took up the TAMRA-labeled D-
isomer but not the Fluos-labeled L-form, although some
cells also showed yellow color seen in the overlay of
the two fluorescence images (Figure 2(B) and Movie 1).
Nevertheless, the kinetics of transduction was quite dif-
ferent for both isomers, even though after a certain time
both species had been internalized. This result argues
against the formation of mixed D- and L-isomers into
multimeric assemblies. We can, however, not rule out
the existence of single-species multimers. In addition,
no change in the transduction efficiency of the indi-
vidual D- or the L- chiral forms was observed, which
would be expected from the higher total peptide con-
centration. Finally, these data clearly show the absence
of membrane damage by the penetration of one peptide
species since the other species in the same cell at the
same time was not taken up concomitantly.

In view of the therapeutic potential of peptide vectors
for the delivery of low-molecular-weight compounds
and considering the relatively high transduction rate
and low percentage of PI-stained cells (Figure 1(B)
and 2), we selected the nondegradable D-isomer of
R9 for further detailed analysis of toxicity on mouse
myoblasts. Transduction was observed starting from
a concentration threshold of 5 µM with a transduction
frequency of about 10% (Figure 3(A)). Ten micromolar
D-R9 was transduced into more than 50%, and 25 µM

into 70% of the cells. For concentrations of 50 and
100 µM, transduction was nearly complete. Next, we
examined the viability of mouse myoblasts after 2 h of
incubation with different concentrations with D-R9. The
ability of the cells to exclude the vital dye trypan blue
was used to judge membrane integrity. Furthermore, we
assessed by an MTT assay whether the transduction of
D-R9 influences enzymatic activities inside the cells
detected here by their ability to produce formazan
[42]. Starting from the transduction threshold of 5 µM,
a constant decrease in viability by both assays was
observed, which was mild between 5 and 25 µM peptide
concentration. At a concentration of 50 µM, about 17%
of the cells stained positive for trypan blue, and 15%
of the cells produced formazan to a lesser extent than
the controls. Cell death in 60% of cells resulted from
100 µM of D-R9, and also the formazan levels of those
cells were greatly reduced in comparison to the control
cells. The slope of the trypan blue exclusion curve
is steeper than that of the viability assayed by the
MTT test, indicating that the membranes are the first
location where massive damage occurs. Arginine-rich
clusters can be found in RNA-binding proteins and are
targeted to the nuclear compartment. To test long-term
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Figure 3 Short- and long-term dose-dependent effects
of D-R9 transduction on cell viability and proliferation.
(A) Transduction frequencies of D-R9 in C2C12 mouse
myoblasts determined as in Figure 1. (B) Cell viability deter-
mined by trypan blue exclusion and enzymatic activity MTT
assay after 2 h of incubation with different concentrations
of D-R9. (C) Long-term effects on the cell cycle distribution
assayed by flow cytometry analysis of DNA content stained
with PI. The respective experiments are explained in the
schemes. For (A) and (B) the error bars display the standard
deviation of two independent experiments. The total number
of cells counted was between 140 and 250 for each experi-
ment. In (C), one example of three independent experiments is
depicted.
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effects on DNA replication and cell cycle progression,
mouse myoblasts were incubated for 2 h with the D-R9
peptide, the medium was exchanged and they were kept
in culture until the next day. Cultures were then fixed,
DNA was stained with PI and the cell cycle distribution
was analyzed by flow cytometry. The cell cycle profiles
and the statistics are displayed in Figure 3(C) and show
no concentration-dependent effect of the D-R9 peptide
on the cell cycle. Altogether, the toxicological effects of
the D-R9 peptide in a range of 5–25 µM can be classified
as mild and cell proliferation was also not affected.

CONCLUSIONS

In summary, we evaluated the transduction frequency
of the L-isoforms of oligo-arginines and monitored
their associated toxicity. This risk-benefit analysis of
transduction led us to the selection of R9 for further
analysis. With its nondegradable counterpart D-R9, we
established an assay that allows the quantification
of the proteolytic activity of different cell types, and
emphasize the need for protease-resistant peptides
as vectors for drug delivery. Importantly, the D-
isoform always showed a higher transduction as
compared to the L-counterpart in all cell types. The
transduction difference between D- and L-forms was
highly variable between cell types. Finally, our toxicity
results indicate concentration windows with low toxicity
and high transduction efficiency, not requiring further
treatments to force endocytic vesicle rupture.

Supplementary Material

Supplementary electronic material for this paper is avail-

able in Wiley InterScience at: http://www.interscience.wiley.

com/jpages/1075-2617/suppmat/
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