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ABSTRACT

The delivery of therapeutics into mammalian cells is hampered by the presence of cellular 

membranes that separate the cell interior from the extracellular space. Cell-penetrating 

peptides (CPPs) can overcome this barrier and mediate the transport of macromolecules 

into cells. Here, we investigated if the GM1-targeting G23 peptide, which is known 

for its capacity to shuttle several types of nanocarriers across the blood-brain barrier, 

functions as a CPP. First, the capacity of the peptide to destabilise membranes was shown 

together with a propensity to adopt a predominantly α-helical structure in the presence 

of negatively charged lipid vesicles. Other GM1-targeting peptides had a less profound 

effect on membrane stability than the G23 peptide, or were without effect. Next, the 

G23 peptide was complexed with the membrane-impermeable enzyme β-galactosidase 

and the ability of the peptide to deliver β-galactosidase across cellular membranes was 

demonstrated in HeLa cells. Our data show that the G23 peptide has CPP-like properties.

CHAPTER 5



81

INTRODUCTION

Cell membranes are dynamic assemblies of amphiphilic phospholipids and proteins, 

stabilised by non-covalent interactions that enable the formation of microdomains by 

the lateral movement of membrane components within the bilayer. The phospholipid 

bilayer structure, and in particular the hydrophobic membrane interior formed by aligned 

hydrocarbon lipid tails, severely hampers the delivery of therapeutic macromolecules 

to intracellular targets. Cell-penetrating peptides (CPPs) are relatively short peptide 

sequences of less than 40 amino acid residues that possess the ability to transport 

cargo, including proteins and nucleic acid-based macromolecules, across the plasma 

membrane [1]. To this end, the CPP is either non-covalently complexed with the cargo 

by electrostatic and hydrophobic interactions [2, 3] or covalently conjugated to the 

cargo, e.g. via a disulphide bond [4, 5]. Cleavage of the disulphide bridge in the reducing 

environment of the cytosol [6] is assumed to abolish the potential interference of the CPP 

on the downstream function of the cargo molecule.

CPPs display a high variability in amino acid composition and the associated propensity 

to adopt secondary structure upon interaction with phospholipid bilayer structures. 

A vast majority of the CPPs exhibit a predominantly disordered structure in aqueous 

solutions, and a random coil conformation in the presence of zwitterionic bilayer 

structures [7]. In contrast to the non-amphipathic TAT and nona-arginine CPPs that seem 

unable to change structure upon incubation with vesicles of different composition, 

a number of amphipathic CPPs adopt a specific secondary structure in the presence 

of negatively charged membrane vesicles [7]. Primary amphipathic CCPs possess a 

cationic and a hydrophobic domain in their primary amino acid sequence, whereas 

secondary amphipathic CPPs display a cationic and a hydrophobic region upon folding 

into an α-helical or β-sheeted structure. The affinity of primary amphipathic CPPs for 

zwitterionic bilayer structures suggests that the interaction between this group of CPPs 

and membranes is mediated by hydrophobic interactions [8]. Secondary amphipathic 

CPPs have a low affinity for zwitterionic lipid vesicles, which suggests that these CPPs 

interact with anionic membranes because of non-specific electrostatic interactions [8]. 

In absolute sense, both groups of amphipathic CPPs interact with similar efficiency to 

negatively charged membranes.
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The first step in CPP-mediated internalization of macromolecular cargo primarily 

occurs via the process of endocytosis [1]. Although heparan sulphate proteoglycans are 

associated with the internalization of CPPs, it remains to be clarified whether these proteins 

function as autonomous or auxiliary receptors [9, 10]. Following endocytosis, escape 

from endosomal confinement is necessary for cytosolic delivery of the macromolecular 

cargo. A limited capacity of CPPs to induce endosomal escape will result in lysosomal 

degradation of the CPP-associated cargo and diminish functional delivery of the cargo 

[11]. Multimerization of TAT favours its endosomal escape and co-incubation of cells with 

these multimeric CPPs and macromolecules was shown to support the cytosolic delivery 

of the macromolecules, in particular of proteins fused to TAT [12, 13]. Furthermore, the 

cyclization of arginine-rich CPPs and the substitution of L- for D-amino acids in these 

cyclic CPPs contribute to a more efficient escape from the endosomal/lysosomal pathway 

compared to that of linear arginine-rich CPPs, specifically TAT and nona-arginine CPPs 

[14]. However, the absolute amount of CPP-associated cargo that is delivered into the 

cell cytosol is not only dependent on its endosomal escape, but also on its initial cellular 

uptake. The most noteworthy cyclic CPPs in terms of cytosolic entry efficiency seem to 

have a capacity to deliver conjugated proteins into the cytosol that is similar to linear 

CPPs [15]. This can be explained by a low cellular uptake of the cyclic CPPs compared to 

the linear CPPs.

In recent work, we have shown that polymersomes decorated with the GM1-targeting 

peptide G23 mediate the transcellular transport of these nanoparticles across capillary 

endothelial cells of the blood-brain barrier [16−18]. When we tried to functionalize 

liposomes, i.e. lipid bilayer vesicles, with the G23 peptide, a severe membrane-

destabilising effect of the G23 peptide was noted. In this study, we examine the capacity 

of the G23 peptide and other GM1-targeting peptides to destabilise lipid bilayers and the 

propensity of the G23 peptide to adopt secondary structure in the presence of membrane 

vesicles, which represent properties possessed by a number of CPPs. Furthermore, HeLa 

cells are incubated with G23-β-galactosidase to evaluate the ability of the peptide to 

transport macromolecular cargo into the cell. The data reveal that the G23 peptide 

possesses specific properties that collectively suggest that the GM1-binding peptide may 

function as a CPP.
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MATERIALS AND METHODS

Preparation of liposomes

Chloroform stock solutions of L-α-phosphatidylcholine (PC) (Avanti #840051C), cholesterol 

(Sigma Aldrich #C8667), L-α-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-

4-yl) (NBD-PE) (Avanti #810118C), L-α-phosphatidylethanolamine-N-(lissamine rhodamine 

B sulfonyl) (Rh-PE) (Avanti #810146C), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

(Avanti #850375C) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) (Avanti 

#840475C) were mixed in a borosilicate glass tube at the appropriate molar ratios and 

dried under a stream of nitrogen. The residual chloroform was removed under vacuum 

for 1 hour. The lipid film was resuspended in 400 µl of 10 mM sodium phosphate buffer 

with 20 mM sodium chloride (pH 7.4) under rotation at 50 rpm for 1 hour in the presence 

of glass beads. Finally, the obtained liposomal suspension was extruded 11 times over a 

100 nm polycarbonate filter and diluted in 10 mM sodium phosphate buffer with 20 mM 

sodium chloride. The liposomes were used immediately or after storage at 4 °C for no 

more than 24 hours. Liposomes encapsulating a self-quenching concentration of calcein 

(Sigma-Aldrich #C0875) were formed by rehydration of the lipid film with 100 mM calcein 

in 10 mM sodium phosphate buffer with 20 mM sodium chloride (pH 7.4). After extrusion, 

the resulting liposomes encapsulating the fluorophore were separated from free 

calcein by size exclusion chromatography using Sephadex G-100 resin (GE Healthcare) 

equilibrated with 10 mM sodium phosphate buffer with 20 mM sodium chloride (pH 7.4).

Preparation of peptide solutions

Peptides were synthesized by JPT Peptide Technologies (Berlin, Germany) with a purity 

of over 90% as analysed by HPLC and mass spectrometry, and peptide sequences were 

identical to those previously published [16]. Unless stated otherwise, a quantity of the 

peptide lyophilisate was dissolved in 50−100 µl of 10 mM acetic acid, and subsequently 

mixed with an equal volume of 10 mM sodium phosphate buffer with 20 mM sodium 

chloride (pH 7.4). The concentration of peptides was determined by measuring the 

absorbance at 280 nm with the Nanodrop One spectrophotometer (Thermo Scientific). 

The peptides were diluted to 10× their final concentrations used in the experiments 

by the addition of 1:1 volume ratio mixture of 10 mM acetic acid and 10 mM sodium 

phosphate buffer with 20 mM sodium chloride.
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Calcein release assay

Calcein release assays were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with excitation and emission at 495 nm and 

520 nm, respectively. The initial fluorescence intensity was measured in 1.8 ml of calcein-

loaded liposomes, composed of PC and cholesterol at a molar ratio of 100:50, under 

constant magnetic stirring at room temperature. 200 µl of 10× the final concentration 

of peptide was added to the sample cuvette, obtaining final liposome concentrations of 

50 and 500 µM, and the increase in fluorescence intensity due to calcein dequenching 

was continuously measured over time. The percentage of calcein release from liposomes 

induced by the G23 peptide could not be determined at a vesicle concentration of 500 

µM due to self-quenching of the fluorophore upon a total release of encapsulated calcein. 

Therefore, a concentration of 50 µM of calcein-loaded liposomes was selected in order to 

allow for the quantification of peptide-mediated release. At the end of the experiment, 

the maximum fluorescence intensity was measured after the addition of 20 µl of 10% 

Triton X-100 into the sample cuvette disrupting the liposomes and inducing a total release 

of encapsulated calcein. The percentage of calcein release was calculated according to 

the formula R = ((F
t
 – F

0
)/(F

100
 – F

0
)) × 100, where R is the percentage of calcein release, F

t
 

is the fluorescence intensity at time t, F
0
 is the initial calcein fluorescence intensity before 

addition of the peptides and F
100

 is the maximum fluorescence intensity obtained after 

complete disruption of the liposomes.

Lipid mixing assay

Lipid mixing assays [19] were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with excitation and emission at 460 nm and 

535 nm, respectively. Labelled liposomes, composed of PC, cholesterol, NBD-PE and Rh-PE 

at a molar ratio of 97:50:1.5:1.5, were mixed in a 1:9 molar ratio with unlabelled liposomes 

composed of PC and cholesterol at a molar ratio of 100:50. The initial fluorescence intensity 

of the NBD-labelled lipids was measured in 1.8 ml of liposomes under constant magnetic 

stirring at room temperature. 200 µl of 10× the final concentration of G23 peptide was 

added to the sample cuvette, obtaining a final liposome concentration of 500 µM, and 

the increase in fluorescence intensity of the donor fluorophore due to the decrease in 

fluorescence resonance energy transfer (FRET) upon membrane fusion was continuously 

measured over time. At the end of the experiment, the maximum fluorescence intensity 

was measured after the addition of 20 µl of 10% Triton X-100 into the sample cuvette 

dissociating the liposomal membranes completely.
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Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a J-815 CD spectropolarimeter (Jasco) 

over a range from 195 nm to 260 nm. The raw data were acquired in millidegrees and was 

the average of five consecutive scans at a scan rate 20 nm/min, using a data pitch of 0.5 

nm, in a 1 mm pathlength quartz cuvette at room temperature. Zwitterionic liposomes 

were prepared from a mixture of PC and cholesterol at a molar ratio of 2:1. Negatively 

charged liposomes were prepared either from a mixture of DOPC and DOPG at a molar 

ratio of 4:1 or from pure DOPG. 40 µl of 250 µM G23 peptide was mixed with 360 µl 

of liposomes, obtaining final liposome concentrations of 125, 250 and 500 µM, and the 

samples were incubated for 10 min at room temperature prior to data acquisition. Spectra 

were corrected for background scattering by subtracting a spectrum measured with the 

appropriate concentrations of liposomes of different composition in buffer without the 

G23 peptide. The mean residue molar ellipticity was calculated according to the formula 

θ = (m
0
M)/(LC), where θ is the mean residue molar ellipticity (deg × cm2/dmol), m

0
 is the 

raw ellipticity value (mdeg), M is the mean residue weight of the peptide (g/mol), L is 

the pathlength of the cuvette (mm) and C is the peptide concentration (mg/ml). The 

respective secondary structure compositions were determined using the BeStSel analysis 

tool [20].

Uptake of G23-ß-galactosidase complexes by HeLa cells

Human cervical carcinoma HeLa cells were maintained in 25 cm2 flasks in Dulbecco’s 

modified Eagle medium/Ham’s nutrient mixture F-12 medium (DMEM/F-12) (Gibco 

#21331-020) supplemented with 10% (v/v) foetal bovine serum, 2 mM L-glutamine 

(Gibco #25030-024), 100 units/ml of penicillin and 100 µg/ml streptomycin at 37 °C in a 

humidified atmosphere with 5% CO
2
. The cells were seeded at a density of 1 × 104 cells 

per well into 8-well chamber slides (Nunc #177445) and grown for two days. Prior to G23 

peptide addition, streptavidin-β-galactosidase (SouthernBiotech #7100-06) was dialysed 

against sterile phosphate-buffered saline (PBS) (pH 7.4) with two buffer changes over a 24-

hour period using a 10 kDa molecular weight cut-off dialysis cassette (Thermo Scientific 

#66383) at 4 °C. Biotin-maleimide (Sigma-Aldrich #B1267) was dissolved in acetic acid 

at a concentration of 10 µg/µl and diluted to 1 µg/µl by the addition of PBS. 200 µg of 

G23 peptide lyophilisate was dissolved in 100 µl of 10 mM acetic acid, and subsequently 

mixed with 100 µl PBS. The concentration of the peptide was determined by measuring 

the absorbance at 280 nm with the Nanodrop One spectrophotometer (Thermo 

Scientific). The G23 peptide was mixed with biotin-maleimide at an equimolar ratio, and 

the maleimide-thiol reaction was allowed to proceed for 2 hours at room temperature. 
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Subsequently, the biotinylated G23 peptide was added at a 2:1 or 10:1 molar ratio to 20 µg 

of streptavidin-β-galactosidase and incubated for 1 hour at room temperature. The HeLa 

cells were washed once with prewarmed Hank’s balanced salt solution (HBSS) (Gibco 

#14025). After dilution of G23-β-galactosidase in DMEM/F-12 medium, the enzyme was 

added to the cells and incubated for 2 hours at 37 °C. The cells were washed three times 

with prewarmed HBSS, and subsequently incubated with the β-galactosidase substrate 

5-dodecanoylaminofluorescein di-β-D-galactopyranoside (Cayman Chemical #25583) at 

a concentration of 33 µM in DMEM/F-12 medium for 20 min at 37 °C. The HeLa cells were 

washed once with prewarmed HBSS and fixed with 4% paraformaldehyde in PBS for 15 

min. The cells were washed three times with PBS and the slides were mounted using 

aqueous mounting medium (DAKO #S3025). A Leica DMI6000B fluorescence microscope 

(Leica Microsystems) was used to obtain phase contrast and fluorescence images, using 

10× and 40× dry objectives.

RESULTS AND DISCUSSION

G23 peptide-mediated membrane bilayer destabilisation

In order to study the capacity of the G23 peptide to destabilise lipid bilayers, the release 

of calcein from zwitterionic liposomes upon peptide addition was determined by 

fluorescence spectroscopy. Eight other GM1-targeting peptides, which have been proven 

unable to transport polymersomes across brain endothelial cells [16], were included to 

assess membrane destabilisation induced by other dodecamer peptide sequences. The 

addition of G23 peptide to calcein-loaded liposomes at a peptide to lipid molar ratio (P:L) of 

1:20 resulted in an increase in fluorescence intensity, indicating liposome destabilisation, 

whereas the presence of six other GM1-targeting peptides, i.e. G18, G29, G32, G47, G88 

and G117, had no or minimal effect on liposome stability (Figure 1a). Moreover, with 

G23 peptide at a 10-fold lower concentration, i.e. 2.5 µM and a P:L ratio of 1:200, a more 

pronounced calcein release was observed than with the other peptides at a concentration 

of 25 µM (compare Figures 1a and 1b). Of note, the G2 and G92 peptides also induced 

calcein release from the liposomes, albeit at a lower level than with G23 peptide (Figure 

1). However, due to the inability of both peptides to mediate transcytosis across the 

blood-brain barrier [16], a more thorough assessment of their cell-penetrating properties 

was considered less relevant within this study. Since destabilisation of the phospholipid 

bilayer can be accompanied by fusion of membranes, the fusogenic capacity of the G23 

peptide was analysed by a fluorescence resonance energy transfer (FRET)-based lipid 
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mixing assay. The addition of 25 µM of the peptide to a mixture of NBD/Rh-labelled and 

unlabelled liposomes did not result in an increase in fluorescence intensity of the donor 

fluorophore (data not shown), indicating that the G23 peptide does not mediate mixing 

of membranes at a concentration that induces membrane destabilisation. Finally, the 

extent of calcein release from liposomes seemed to be related to the amount of G23 

peptide present in solution. In order to establish a correlation between membrane 

destabilisation and peptide concentration, the percentages of fluorophore release were 

obtained at different P:L ratios. G23 peptide triggered an immediate destabilisation of 

the membrane bilayer in a concentration-dependent manner, resulting in a release of 8.3 

± 0.7% and 80.3 ± 0.5% of the total encapsulated calcein from the zwitterionic liposomes 

upon addition of 25 nM and 25 µM of peptide (Figure 2a), respectively. A strong linear 

correlation between the percentages of calcein release and the logarithm of the G23 

peptide concentrations was observed (Figure 2b), indicating an exponential relationship 

between peptide concentration and fluorophore release for P:L ratios ranging from 1:2 

to 1:2000.

Figure 1. Calcein release from PC:cholesterol liposomes induced by the different GM1-targeting 
peptides. GM1-targeting peptides at a concentration of 25 (a) and 2.5 (b) μM were added to 500 μM of 
calcein-loaded liposomes at timepoint 0 min, and the increase in fluorescence intensity due to calcein 
dequenching upon diffusion of the fluorophore into the external environment was measured over 
time. Peptides are colour-coded and two lines of the same colour in a single figure panel correspond 
to two independent experiments.

CELL-PENETRATING PEPTIDE CHARACTERISTICS OF THE G23 PEPTIDE

5



88

Figure 2. Calcein release from PC:cholesterol liposomes induced by different concentrations of G23 
peptide. (a) G23 peptide at different concentrations was added to 50 μM of calcein-loaded liposomes at 
timepoint 0 min, and the increase in fluorescence intensity due to calcein dequenching upon diffusion 
of the fluorophore into the external environment was measured over time. At timepoint 10 min, 
complete disruption of the liposomes was induced with Triton X-100 to determine maximum calcein 
release. G23 peptide concentrations are colour-coded and two lines of the same colour correspond 
to two independent experiments. (b) The maximal levels of calcein release induced by the different 
concentrations of G23 peptide (as obtained from Figure 2a) were plotted as a function of G23 peptide 
concentration in a semi-logarithmic scale. The straight line represents the linear regression of the data 
and R2 is the correlation coefficient.

Secondary structure determination of G23 peptide in the presence of 
membrane vesicles

Several amphipathic CPPs that induce a similar extent of fluorophore release from 

zwitterionic liposomes as the G23 peptide, adopt a specific secondary structure 

conformation in the presence of negatively charged membrane vesicles [7]. In order to 

assess the preferred conformational state of the G23 peptide in an aqueous solution and 

to evaluate its ability to change structure upon incubation with membrane vesicles of 

different composition, the structural state of the peptide in various environments was 

observed by CD spectroscopy. The G23 peptide showed a predominantly disordered 

structure in buffer and did not demonstrate a conformational change in the presence of 

zwitterionic liposomes for P:L ratios ranging from 1:5 to 1:20 (Figure 3a). The addition of 

125 to 500 µM of negatively charged DOPC:DOPG liposomes resulted in a concentration-

dependent conformational change of the G23 peptide, and the isodichroic point at 204 

nm indicates a transition from a disordered to a more helical structure (Figure 3b). CD 

spectra analysis presented an α-helical content of 2.9 ± 1.5% and 26.8 ± 1.7% for the 

G23 peptide in the presence of 500 µM of PC:cholesterol and DOPC:DOPG liposomes 

(Table 1), respectively. Upon addition of pure DOPG liposomes, the G23 peptide adopted 
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a predominantly helical structure irrespective of liposome concentration (Figure 

3c), demonstrating an α-helical content of 43.7 ± 1.3% in the presence of 500 µM of 

DOPG liposomes (Table 1). Overall, the propensity to adopt secondary structure upon 

interaction with negatively charged membrane vesicles is a property the G23 peptide 

has in common with amphipathic CPPs. Furthermore, the predominantly disordered 

structure of the G23 peptide in the presence of zwitterionic liposomes suggests that the 

α-helical conformation is not required for membrane destabilisation.

Figure 3. Secondary structure of the G23 peptide in the presence of liposomes of different composition. 
CD spectra of 25 μM of G23 peptide were recorded in the absence and presence of different 
concentrations of zwitterionic PC:cholesterol liposomes (a), negatively charged DOPC:DOPG liposomes 
(b) or pure DOPG liposomes (c). Each line represents the mean of three independent experiments.

CELL-PENETRATING PEPTIDE CHARACTERISTICS OF THE G23 PEPTIDE

5



90

Table 1. CD spectra analysis of the G23 peptide in the presence of liposomes of different composition. 
The respective secondary structure compositions of the G23 peptide in the presence of 500 μM of 
liposomes were determined using the BeStSel analysis tool [20]. Each value represents the mean ± S.D. 
of three independent experiments.

Secondary structure PC:cholesterol (2:1) DOPC:DOPG (4:1) DOPG
α-helix 2.9 ± 1.5% 26.8 ± 1.7% 43.7 ± 1.3%

β-sheet 21.0 ± 4.5% 9.0 ± 4.0% 1.8 ± 1.7%

Turns 19.1 ± 1.4% 14.8 ± 1.1% 12.9 ± 0.7%
Other 57.1 ± 4.5% 49.5 ± 4.2% 41.5 ± 0.6%

G23 peptide-mediated delivery of ß-galactosidase across the cell 
membrane

The capacity of the G23 peptide to destabilise the membrane and its propensity to adopt 

secondary structure in the presence of negatively charged liposomes suggest that the peptide 

can function as a CPP. In order to assess the ability of the peptide to transport macromolecular 

cargo across cellular membranes, G23 peptide was complexed with β-galactosidase at peptide 

to enzyme molar ratios up to 10:1, which corresponds to a G23 peptide concentration of ~1 

µM, and HeLa cells were incubated with these G23-β-galactosidase complexes for 2 hours at 

37 °C. Subsequently, cells were incubated with a fluorogenic cell-permeable substrate that 

becomes fluorescent upon cleavage by β-galactosidase in order to detect β-galactosidase 

activity. After fixation, the cells were examined by fluorescence microscopy. Figure 4a shows 

the absence of fluorescence in HeLa cells incubated with β-galactosidase, indicating that 

the enzyme was unable to enter the cells in the absence of the peptide. In contrast, HeLa 

cells incubated with G23-β-galactosidase complexes demonstrated the intracellular delivery 

of this membrane-impermeable protein, as evidenced by the presence of intracellular 

fluorescence. HeLa cells incubated with G23-β-galactosidase (10:1) complexes showed 

significantly higher intracellular fluorescence than cells incubated with G23-β-galactosidase 

(2:1) complexes (Figure 4a). The punctate fluorescence pattern that was displayed by the cells 

upon incubation with G23-β-galactosidase complexes (Figure 4b), indicates the involvement 

of endocytosis in G23 peptide-mediated transport of macromolecular cargo into the cell. 

The more diffuse distribution of fluorescence throughout the cytosol can be explained 

by β-galactosidase that has escaped from the endosomes (Figure 4b). However, we can’t 

exclude that fixation may have caused membrane permeabilization and redistribution of 

fluorescence into the cytosol. Therefore, the experiment needs to be repeated and imaged 

in living cells. Altogether, the data show that the G23 peptide is able to mediate the delivery 

of macromolecular cargo across the plasma membrane and most likely across the endosomal 

membrane, i.e. actions shared with CPPs.
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Figure 4. G23 peptide-mediated delivery of β-galactosidase across the plasma membrane of HeLa 
cells. (a) 20 µg of β-galactosidase or complexes of G23 peptide with β-galactosidase at peptide to 
enzyme molar ratios of 2:1 and 10:1 were added to the cells, and incubated for 2 hours at 37 °C. The 
G23 peptide concentrations in G23-β-galactosidase (2:1) and (10:1) complexes correspond to ~200 nM 
and ~1 μM, respectively. Fluorogenic substrate was added to the cells and images were obtained using 
a fluorescence microscope. (b) Higher magnification of HeLa cells that were incubated with G23-β-
galactosidase (10:1) complexes. Scale bars represent 50 μm.
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CONCLUSIONS

In the present study, we have identified specific peptide properties that collectively 

suggest that the GM1-binding peptide G23 may function as a CPP. The capacity of the 

G23 peptide to destabilise bilayer vesicles and its propensity to adopt a predominantly 

α-helical structure in the presence of negatively charged membranes clearly indicate 

that the peptide is able to interact with artificial membrane bilayers. The data provide 

useful information with regard to the decoration of nanoparticles with G23 peptide. 

An increase in the number of G23 peptides conjugated to the polymersomes was 

attempted to improve their transcytosis capacity across the blood-brain barrier, but the 

functionalization of these bilayer-structured nanoparticles at a G23 peptide density of > 

2 mol% induced the formation of polymersome aggregates. A possible solution could 

be to provide the (already 100% pegylated) polymersomes with a thicker hydrophilic 

polyethylene glycol layer, to prevent the peptide from penetrating the hydrophobic 

bilayer interior, resulting in the formation of stable nanoparticles decorated with more 

G23 peptide. Alternatively, high numbers of G23 peptide may possibly be conjugated to 

nanoparticles that do not consist of a bilayer structure.

Complexes of G23 peptide with β-galactosidase demonstrated the cellular delivery 

of this membrane-impermeable enzyme. However, G23-β-galactosidase complexes 

seemed to have a limited capacity to escape from the vesicular compartments after 

cellular uptake. Since multimerization of TAT has been shown to favour the endosomal 

escape, the formation of G23-β-galactosidase complexes with a multimeric version of 

G23 peptide may provide a potential solution to the vesicular entrapment of cargo. We 

hypothesize that multimerization of G23 peptide supports endosomal destabilisation via 

GM1 ganglioside clustering, which is a process that can induce tubulation in lipid vesicles, 

and thereby promotes its escape from the lysosomal pathway. In conclusion, next to 

promoting the endocytosis and transcellular transport of nanocarriers across the BBB, 

the G23 peptide may show cell-penetrating properties in the sense that it can deliver an 

enzyme into the cell cytosol. The identification of the cell-penetrating mechanism may 

help to improve G23 peptide-mediated delivery of cargo to intracellular target sites.
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