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Abstract

A quantitative analysis by confocal fluorescence microscopy of the entry into HEK293 and 

MCF-7 cells by fluorescein-labeled octaarginine (1) and by three octa-Adp derivatives (2 – 4, 

octamers of the β-Asp-Arg-dipeptide, derived from the biopolymer cyanophycin) is described, 

including the effects of the membrane dye R18 and of DMSO on cell penetration.
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Introduction

We have recently studied[1] a novel type of guanidinium-rich peptides derived from the 

biopolymer cyanophycin, which consists of polyaspartic-acid, to the side chains of which 

arginine residues are attached (Figure 1).2 Unlike in-vitro cell-penetrating octaarginine 

derivatives,3 such as 1, which turn out to be highly toxic upon intravenous administration to 

mice, octa-Adp derivatives with a free carboxylic-acid group in the side chains, such as the 

fluorescein-labeled FAM-Adp8 (2; Figure 2), have been found to be neither cell-penetrating 

nor toxic.[1]

These properties reverse[1] upon esterification (→ 3, FAM-(AdpMe)8
4 or conversion of the 

carboxylic-acid group into an amide group group[8] (→ 4, FAM-(AdpNMe2)8).
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In our previous paper,[1] we have described cell penetration only qualitatively. In view of 

the surprising properties of the Adp-derivatives 2 – 4, we have now performed a quantitative 

cell-penetration analysis in comparison with FAM-octaarginine 1. In particular, we 

wondered whether the cell-wall marker dye R18 (frequently used for fluorescence 

microscopy studies; Figure 2) and the solvent DMSO (widely employed for peptide 

dissolution) influence the cell penetration5 into mammalian cells. To further elucidate 

potentially varying peptide penetrations and their underlying mechanisms, we chose to study 

the effects onto two different cell lines with differences in their outer plasma-membrane net 

charge, namely HEK293 and MCF-7 cells, the latter being more negatively charged.

Materials and Methods

Peptide Syntheses

All peptides were synthesized as described by M. Grogg et al.[8]

Cell Culture

Human embryonic kidney cells (HEK293, DSMZ, Germany) were cultured in DMEM 

medium containing 1 g/l glucose and supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin (all ThermoFischer Scientific, Switzerland), and 1% non-essential 

amino acids (TPP, Switzerland). The human breast cancer cell line MCF-7 (ATCC, LGC 
Standards, France) was cultured in DMEM medium containing 1 g/l glucose and 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (all 

ThermoFischer). Both cell lines were kept below 80% confluence at 37 °C and 5% CO2 in a 

humidified atmosphere.

μ-Slide Experiments

For peptide permeation experiments, cells were seeded into μ-slide wells (Ibidi, 
Switzerland). For this, cells were treated with 0.05% trypsin for 5 min and seeded into the μ-

slides to form a cell layer at 20% confluency. To promote cell adhesion allowing for multiple 

washing steps, HEK293 cells were plated into wells functionalized with poly-L-lysine. After 

culture in the μ-wells for 24 h, the medium was discarded and the cells were washed once 

with Hank’s balanced salt solution (HBSS) containing calcium and magnesium 

(ThermoFischer Scientific, Switzerland). Peptides were administered at 2 μM in HBSS for 10 

min at 37 °C in the dark, whereas the following conditions and controls were run in parallel, 

i.e. one condition per well: i) negative control including a membrane stain at 1 μM (R18, 

ThermoFischer Scientific, Switzerland), ii) peptide (2 μM) in HBSS, iii) peptide (2 μM) and 

membrane stain (1 μM), and iv) peptide (2 μM), membrane stain (1 μM), and dimethyl 

sulfoxide (DMSO; cell culture grade, Axon Lab, Switzerland) at a final concentration of 1% 

(v/v). All four peptides are very well soluble in water. Peptide stock solutions were prepared 

in ultra-pure water (molecular biology grade, ThermoFischer Scientific, Switzerland) at 1 

mM and stored at −20 °C until use and were stable for up to 6 months as verified by HPLC 

4An Arg methylester, as in 3, was attached to make poly (disulfide)s cell-permeable, as described by the Matile group.[7]
5We have not found a systematic quantitative analysis of such effects on cell entry of FAM-labeled guanidinium-rich CPPs in the 
literature.
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measurements (data not shown). The R18 stock solution was prepared at 1 mM in ethanol 

(analytical grade, Sigma, Switzerland) and stored at −20 °C. Tested peptides were FAM-

Arg8 (1), FAM-Adp8 (2), FAM-(AdpMe)8 (3), and FAM-(AdpNMe2)8 (4).6 Subsequent to 

incubation with the peptide, cells were very gently washed five times with HBSS and 

imaged right after.

Image Acquisition

Images were acquired using a confocal microscope (Visitron, Germany) built on a Nikon Ti2 
body and a spinning disk confocal unit (CSU-W1) equipped with a live cell imaging 

chamber set to 37 °C and a 5% CO2 atmosphere. Images were taken with a 60 × /1.2 NA 

water immersion objective. The peptides’ FAM-labels were excited at λ = 488 nm (Toptica 
diode laser iBeam smart) and recorded with a sCMOS camera (Photometrics Prime 965B, 

Photometrics, USA). Filter sets were a multiband 405/488/561/640 dichroic and a 525/50 

nm emission filter. R18-fluorescence was excited at λ = 561 nm (Cobold Jive DPSS laser), 

filter sets were a multiband 405/488/561/640 dichroic and a 630/75 nm emission filter. The 

R18 signal was chosen for focus adjustment as well as to prevent bleaching of the FAM 

molecules. Focus adjustment for conditions lacking the R18 dye was based on bright-field 

images.

Data Analysis

Data was extracted by ImageJ. Single cells were manually mapped in the bright field images 

using the polygon selection tool and single-cell fluorescence intensities extracted from 

multiple fluorescence images containing the FAM-signals. Background signals display the 

mean of six individual cell free areas from the respective FAM-negative control images. Cell 

fluorescence intensities were background corrected and normalized to the mean value of the 

FAM-negative control using MS Excel. Data plotting as well as statistics using a one-way 

ANOVA on ranks (non-parametric Kruskal–Wallis test) were conducted using Prism7 

(Version 7.0b, GraphPad, USA).

Results

To evaluate cell permeability, we monitored the permeation efficiency of the FAM-labeled 

peptide derivatives 1 – 4 by confocal fluorescence microscopy (CFM). We tested the 

permeation across cell lipid bilayers into HEK293 and MCF-7 cells. FAM-labeled 

octaarginine (1) is known to permeate well into mammalian cells; we have used this 

compound as a reference in an investigation of enantiomeric and diastereomeric L/D-mixed 

octaarginines[9] and thus compound 1 now also served as a reference to the permeation 

characteristics of the cyanophycin derivatives, with acid-, ester- and amide-groups (2, 3, and 

4, respectively) in the side chains of octa-Adp. For practical imaging purposes, cell organelle 

localization, and comparability to the previous study, when we had employed Dil,[9][10] we 

have now used R18 instead as cationic fluorescent lipophilic membrane stain to mark the 

plasma membranes of the cells (for molecular formulae of these markers see Figure 2).

6The peptide samples employed for preparing the solutions were the 1-, 2-, 3-, and 4- 8 CF3CO2H salts; the concentrations given 
herein refer to the actual peptide content. For a discussion of this correction see footnote 5 in Ref. [1].
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Whereas FAM-Arg8 (1) proved cell permeation, thereby confirming the previous results, 

FAM-Adp8 (2) showed no cell permeation at all (Figure 3). In contrast, its derivatives FAM-

(AdpMe)8 (3) and especially FAM-(AdpNMe2)8 (4) showed mediocre to high cell 

permeability. Generally, cell permeation of FAM-octaarginine was characterized by a higher 

degree of compartmentalization compared to the two octa-Adp derivatives 3 and 4, which 

gave rise to a very homogeneous cell loading, accompanied by additionally higher 

concentrations in the nuclear region (Figure 4). It should be noted that peptide permeation 

did hardly occur in areas of full cell confluence independent of the peptide and cell line 

(data not shown). Cells must consequently prevail in a proliferative state for successful 

peptide permeation.

Next, we aimed at evaluating the peptide permeability in more depth and quantitatively 

investigated the peptide penetration under varying conditions. Among others, these 

conditions considered dimethyl sulfoxide (DMSO), which is a vastly chosen polar solvent 

for the preparation of target molecule stock solutions and has as well been used in our 

previous studies on membrane permeation.[9][10] DMSO is, however, highly cell 

permeable[11] and thus may affect peptide permeation per se; likewise, the permeation 

characteristics of the peptides can be affected by the membrane dye, see the discussion 

section, below. Our tested conditions thus included the administration of the pure FAM-

peptides, the FAM-peptides in combination with the membrane dye (Figure 3), and finally 

the FAM-peptides in combination with both, the membrane dye and DMSO, all compared to 

a negative control, which contained membrane dye only.

In Figure 5, all single cell data sets including the statistical evaluation are depicted. As 

already illustrated by the fluorescence-microscopy images (Figure 3), FAM-octaarginine 1 
permeates strongest. The octameric section of cyanophycin, i.e. FAM-Adp8 peptide 2 with 

free carboxylic acid groups in the side chains hardly shows any cell permeation. The 

corresponding octamers with methyl ester (3) and dimethylamide (4) groups, however, 

penetrate into HEK293 and MCF-7 cells, whereby generally higher efficiencies are observed 

for the cancer cell line. Interestingly, all conditions without the membrane stain reveal 

substantially lower permeation rates compared to other conditions. Only the MCF-7 cell line 

exhibits significant permeation of the peptides FAM-(AdpMe)8 and FAM-(AdpNMe2)8 

under conditions lacking the membrane dye.

An alternative representation of these data directly compares the tested conditions for each 

peptide and reveals partially varying permeation efficiencies for the two cell lines (Figure 6). 

Although permeation rates for conditions without membrane dye are comparably low, the 

peptides with methylester (3) and N,N-dimethylamide groups (4) in the side chains tend to 

show higher permeation rates into MCF-7 cells (vice versa for FAM-Arg8, 1). The most 

significant difference was prevalent for the derivative containing methylester groups (FAM-

(AdpMe)8, 3) under conditions containing peptide and membrane stain. All other conditions 

do not demonstrate significantly different permeation behaviors. Interestingly, it can be 

concluded from Figures 5 and 6 that the permeability of the Adp-derivative 4, which was 

increased in the presence of the membrane dye R18, decreased by addition of DMSO.
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Conclusions and Discussions

In conclusion, our detailed investigation of HEK293 and MCF-7 cell penetration has i) 

confirmed previous results with oligo-arginine derivatives and it has ii) clearly demonstrated 

that the cyanophycin-derived octa-Adp peptide 2 is essentially non-cell-penetrating under all 

conditions tested; it has iii) shown that the ester- and amide-derivatives 3 and 4 permeate the 

cell walls; it has iv) provided an example for decreased cell-permeability caused by DMSO; 

and it has v) established that the membrane marker R18 can actually boost cell entry, 

especially for FAM-Arg8 and FAM-(AdpNMe2)8.

The lacking cell permeability of the Adp8-derivative 2 has been interpreted[1] as resulting 

from an ‘internal neutralization’ by salt formation between the guanidinum- and the 

carboxylate-groups in the side chains under physiological conditions (pH 7.4). This would 

prevent the interaction of the cationic guanidinium groups with anionic phosphate groups on 

the cell surfaces,7 considered to be an important first step of cell penetration by 

guanidinium-rich cell penetrating peptides (CPPs).[4 –6][9] Interestingly, the cell-

permeabilities of the three Adp-peptides 2 – 4 are in line with their toxicities determined by 

mouse tail-vein injection: 2 and all other peptides derived from cyanophycin with ‘free’ 

carboxylic acid groups in the side chains are non-toxic, while the derivatives 3 and 4 with 

ester and amide groups in the side chains have toxicities comparable with those of 

octaarginines.[1]

Effects of DMSO on the properties of phospholipid bilayers have been extensively studied 

for decades.[11] [14][15 – 21] The subjects of these investigations were planar bilayers, 

unilamellar and multilamellar vesicles (liposomes), lipid membranes, and living cell 

membranes. The methods of detection of DMSO effects were X-ray diffraction, vapor 

pressure and electrochemical measurements, differential scanning calorimetry, and 

molecular dynamics simulations have also been reported. Closest to our results is perhaps 

the report, in which the effect of DMSO on plasma-membrane permeability to water and 

Ca2+ ions was studied with Chinese hamster lung fibroblast cells (DC-3F) in the presence of 

the permeabilization marker Yo-Pro-1: at low DMSO concentration the membranes of the 

cells exhibit undulations, with intermediate DMSO doses the cells become permeable to 

H2O and Ca2+, and with higher DMSO concentrations even the Yo-Pro-1 marker enters the 

cells.[18]

A look at the formulae of the cell-wall-markers R18 and Dil in Figure 2 reveals that these 

molecules with one or two C18H37 chains, respectively, and a positive charge will perfectly 

fit into cell membranes, spanning a monolayer section with their lipophilic aliphatic chain 

and engaging in interactions with the negatively charged phosphate groups. This must have 

an influence on the properties of the bilayer; the question is whether the alteration(s) of the 

bilayer property is significant and actually detectable with the method used. Such possible 

effects are often not verified in cell permeation studies.8 In the case described herein, the 

7In line with this argumentation is the observation that the two Adp-peptides 3 and 4 with ester and amide groups, respectively, 
showed augmented permeation into the MCF-7 cancer cells, as compared to the HEK cells: cancer cells are known to exhibit a more 
negative net charge on the outer leaflet of the plasma membrane due to a deficit in maintaining negatively charged phosphatidylserines 
within the inner leaflet;[12][13] see also the discussion in Ref. [1].
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cell-wall-marker dye R18 significantly intensified permeation for the peptides 1, 3, and 4, 

under all applied conditions. There is a vast body of published papers describing various 

effects of such type of dyes on the properties of lipid bilayers.9 Emphasizing the role of 

R18, a rhodamine derivative, we should like to give a brief overview in the following 

section.

The localization of R18 in model membranes and in biological membranes has been 

extensively studied.[24 – 26] It was shown that this fluorescent cell-wall marker, if added 

externally, is first incorporated in the outer leaflet and can then move into the inner leaflet of 

the phospholipid bilayer, by what is called a ‘lipid flip-flop’ process, known to be 

accelerated by the membrane potential.[27][[28] The dye R18 further has a specific affinity 

for the Ld phase of the bilayer.[24][26] As a π-system with delocalized positive charge, R18 
may act as a transporter of molecules with likewise delocalized anionic charges into and 

across phospholipid bilayers.[29] Dramatic effects of R18 and other membrane markers 

have been observed in investigations of viral membrane fusion, all the way to inactivation of 

the PR8 influenza virus.[30] Finally, fluorescent lipid probes have been shown to generate 

light-induced artifacts under laser irradiation of confocal fluorescence microscopy 

experiments.[31 – 34]

In summary, and in agreement with our experimental result, we must state that these 

fluorescent dyes are by no means ‘innocent’ labels, and that ‘caution is needed when using 

direct labeling of biological membranes’.[30]
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Figure 1. 
The biopolymer cyanophycin, its building block H-Adp-OH, and an octameric section; Adp 

stands for the β-Asp-Arg dipeptide moiety.
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Figure 2. 
Fluorescein-labeled FAM-octaarginine amide 1, the Adp analogs 2 – 4, and cationic 

membrane-imaging dyes R18 and Dil.
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Figure 3. 
Qualitative cell permeability assessment of the tested FAM-labeled peptides 1 – 4 for 

HEK293 (left) and MCF-7 (right) cells compared to its respective negative control. The 

employed membrane dye R18 depicts cell morphology. All peptides were administered at a 

final concentration of 2 μM, R18 at 1 μM. Scale bars: 50 μm.
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Figure 4. 
Magnified view onto peptide permeability into cells and cellular compartments, respectively. 

Octa-Adp derivatives 3 and 4 show homogeneous cell loading accompanied by higher 

peptide concentrations in the nuclei (marked by white triangles). In contrast, the higher 

peptide concentration is hardly visible for the octa-Arg (1) (nuclei edges marked by white 

triangles), no permeation again for the octa-Adp derivative 2. Compound concentrations 

were identical to those given in Figure 3. Scale bar: 20 μm.
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Figure 5. 
Quantitative single cell data for cell penetrating peptide permeation of 1 – 4 under all 

studied conditions. Top part: data represent the results from tests with HEK293 cells. 

Bottom part: data result from tests with the MCF-7 cells. All indicated significances (peptide 

alone, peptide + R18, peptide + R18 + DMSO) are in relation to the respective negative 

control. Concentrations of peptides were 2 μM, of membrane stain R18 1 μM, and DMSO at a 

final concentration of 1%. The negative control contained 1 μM R18. ncells = 30/condition, 

n.s. = not significant.
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Figure 6. 
Direct quantitative comparison of peptide permeation into HEK293 and MCF-7 cells for the 

four peptides 1 – 4 under various conditions. All administered concentrations are identical to 

those given in the caption of Figure 3; ncells = 30/condition, n.s. = not significant.
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