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a b s t r a c t

Lipopeptide-based micelles and liposomes were found to differ in cell recognition and uptake mode into
blood brain barrier (BBB) endothelial cells. Here we analyse the role of size and surface charge of micelles
and liposomes composed of different lipopeptide sequences with respect to uptake into human brain cap-
illary (HBMEC) and aortic (HAoEC) endothelial cells. Comparable to the dipalmitoylated apolipoprotein E-
derived P2A2, lipopeptides of cationic poly-arginine (P2Rn), poly-lysine (P2Kn) and an anionic glutamic-
acid sequence (P2En) self assemble into micelles (12–14 nm in diameter) with high surface charge den-
sity, and bind to small (SUVs, about 24 nm in diameter) and large (LUV, about 100 nm in diameter) lipo-
somes at variable lipid to peptide ratios. The interaction pattern of the resulting particles with endothelial
cells is highly variable as revealed by confocal laser scanning microscopic (CLSM) and fluorescence
assisted cell sorting (FACS) studies. Micelles and SUVs with high P2A2 density are efficiently and selec-
tively internalized into HBMEC. P2Kn micelles strongly accumulate in both the cytosol and at the cell
membrane, while the interaction of liposomes tagged with a low amount of P2A2 and P2Kn with the cells
was reduced. Anionic micelles seem to dissociate in the presence of cells and P2En molecules incorporate
into the cellular membrane whereas the negatively charged liposomes hardly interact with cells.
Surprisingly, all poly-R-based particles show high selectivity for HBMEC compared to HAoEC, indepen-
dent of particle size and peptide surface density. The P2Rn-mediated internalization is highly efficient
and partially clathrin-dependent. The oligo-R lipopeptide is considered to be most promising to selec-
tively transport different drug carriers into the blood brain barrier.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lipid-based nanoparticulate carrier systems (LNPs) such as
micelles and liposomes are promising candidates for efficient drug
administration [1,2]. Micelles formed by self-assembly of amphi-
philic molecules act as a reservoir for water-insoluble compounds
[3]. Liposomes are well suited for drug delivery of water soluble
compounds which are encapsulated into the solvent-filled core
but also lipid soluble compounds can be incorporated in the lipid
bilayer [2,4–6]. Prolonged half-life after systemic application and
prevention of undesired side effects are the two advantages related
to these carriers.

To further improve the performance of carriers, they can be
made targeted to pathological areas and accessible to intracellular
targets by introducing appropriate vector molecules [7–9]. In the
recent years, much effort has been focussed on the development
of carriers modified with cell penetrating peptides (CPPs) [10].

Most of these peptides are highly cationic, able to overcome cellu-
lar membranes via partially energy-independent or different endo-
cytic pathways and able to transport attached cargos into cells
[11,12]. The first negatively charged CPP was described by Giralt
et al. [13] and poly glutamic acid has often been used to mediate
internalization of different cargos [14].

The blood brain barrier (BBB) represents a unique hurdle for
drug administration to the brain [15]. TATp (segment of
transcription-activating protein)-modified carriers have been suc-
cessfully used to deliver drugs into different tissues [16,17] and
were found to overcome the BBB [18]. However, a lack of selectiv-
ity still remained [19]. The BBB cells bear a more negative charge
than umbilical cord cells [20] and the negatively charged, cell sur-
face proteins and phospholipid head groups favour interaction
with cationic particles. The internalization efficiency into cells
could be improved with a higher cationic carrier charge, but high
positive charge often results in an increase in cytotoxicity
[21,22]. Furthermore, the size of particles is known to determine
the mode of cellular uptake and internalization efficiency [23,24].
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We developed a targeting and cellular uptake mediating
lipopeptide derived from apolipoprotein E, that forms micelles
and rapidly incorporates into liposomes [25]. The dipalmitoylated
R-, K-rich sequence (P2A2) exhibits characteristics of CPPs, recog-
nizes the low density lipoprotein receptor (LDLr), and binds non-
specifically to cell-surface heparan sulphate proteoglycans (HSPGs)
[26,27]. The small P2A2 micelles characterized by a high cationic
surface charge and a high conformational flexibility of the peptide
moiety proved to be highly selective for brain capillary endothelial
cells compared to endothelial cells of large vessels. With increase
in the carrier size and decrease in the amount of liposome-bound
lipopeptide, the mode of carrier uptake changed and the selectivity
got lost [7].

The results led to the hypothesis that the size of the carriers and
the surface density of cationic peptides are key determinants for
the development of target specific drug delivery systems [7].

To prove the hypothesis, we prepared poly-R (P2Rn) and poly-K
(P2Kn) lipopeptides as well as a dipalmitoylated negatively
charged glutamic acid sequence (P2En). Micelles and liposomes
with different peptide-loading density were investigated with
respect to their size using dynamic light scattering (DLS) and cryo
transmission electron microscopy (cryo-TEM). Their surface charge
was characterized by the zeta potential. Fluorescence measure-
ments of carboxyfluorescein-labelled analogues provided the basis
for the normalization of the signals in uptake studies. Confocal
laser scanning microscopy (CLSM) and fluorescence activated cell
sorting (FACS) experiments exhibited highly different interaction
patterns of the different particulate systems with human brain
microvessel endothelial cells (HBMEC). In comparison with human
aortic endothelial cells (HAoEC) the uptake in HBMEC was highly
efficient and most pronounced for P2Rn-micelles and P2Rn-
tagged vesicles independent upon the size and peptide loading.

2. Materials and methods

2.1. Materials

Protected amino acids was purchased from GLS (Shanghai,
China) or Novabiochem (Darmstadt, Germany). Palmitic acid, other
chemicals, and solvents used for peptide synthesis were from Fluka
(Buchs, Switzerland). The lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-choline (POPC) was obtained from Avanti Polar Lipids
(Alabaster, USA). The cell culture media were from Gibco�/Invitro-
genTM (Carlsbad, USA) if not otherwise stated. (3-(4,5-dimethylthia
zol-2-yl)-2,5-diphenyl)tetrazolium bromide (MTT) was purchased
from Sigma (Munich, Germany).

2.2. Methods

2.2.1. Peptide synthesis
The synthesis of the dipalmitoylated peptide P2A2 and the 5(6)-

carboxyfluorescein (f)-labelled compound P2fA2 has been
described in detail before [7,25–30]. P2Kn, P2Rn and P2En as well
as their carboxyfluorescein-labelled derivatives were synthesized
according to the established procedure. N-terminally dipalmitoy-
lated (P2) peptides have the structure palmitoyl-WK(palmitoyl)
GX with X representing an apolipoprotein E-derived sequence
(LRKLRKRLLR)2, (P2A2), a sequence of 12 arginine residues (R4GR4-
GR4), (P2Rn), 12 lysine residues (K4GK4GK4), (P2Kn) or anionic glu-
tamic acid residues (E4GE4GE4), (P2En). Palmitoyl chains in the
fluorescence-labelled analogues are attached to the a- and e-
amino group of an additional N-terminal K and carboxyfluorescein
was introduced into the side chain of K at position three (palmi
toyl-K(palmitoyl)WK(carboxyfluorescein)GX). The peptides are C-
terminally amidated. The lipopeptides were purified as described

before [26]. The molecular masses determined using an ACQUITY�

UPLC-MS system (Waters, Milford, USA) (Table 1) correspond to
the calculated values.

2.2.2. Preparation of micelles and liposomes
Micelles were prepared by dissolving the lyophilized lipopep-

tides in MilliQ water to give a final concentration of 100 lM. The
pH was adjusted to 7.4 ± 0.2 with HCl or NaOH. Samples for further
investigations were prepared by diluting the micelle stock solution
with Dulbecco’s phosphate buffered saline supplemented with 1 g/
l D-glucose (DPBSG), pH 7.4. POPC liposomes of different sizes were
prepared by suspending dry lipid films in DPBSG as described ear-
lier [26]. After vortexing, SUVs were made by sonication (Labsonic
L. B. Braun, Germany) and LUVs were prepared by 35 extrusion
steps through two-stacked polycarbonate filters with 100 nm pore
size using a MiniExtruder (Avestin, Ottawa, Canada). Peptide-
modified liposomes were prepared as described previously [7]. In
brief, aliquots of peptide solutions were added to SUV or LUV sus-
pensions at desired lipid to peptide molar ratios (cl/p) and mixed
for at least 30 min at 25 �C. The final cl/p ratios were 20:1
(SUV20) or 1000:1 (SUV1000 and LUV1000) with the final lipopep-
tide concentration of 1 lM. For Zeta potential and size measure-
ments liposomal as well as micelle samples was prepared in
MilliQ water.

2.2.3. Zeta potential and size measurements
The size and the zeta potential and of lipopeptide micelles and

liposomes were determined using a Zetaziser Nano ZS (Malvern
Instruments, Worcestershire, UK). For Zeta potential measure-
ments a final lipopeptide concentration in MilliQ water was
25 lM for micelles and 1 lM for liposomal preparations to achieve
a sufficient count rate. The pH was adjusted with HCl/NaOH to
7.4 ± 0.2. The conductivity was adjusted with NaCl to
100 ± 25 lS/cm. The particle size was determined at 25 �C by
dynamic light scattering (DLS) with a 635 nm laser module with
the detector at 173�.

2.2.4. Cryotransmission electron microscopy (Cryo-TEM)
Lipopeptide micelles at a final concentration of 25 lM and

lipopeptide modified SUV20 (cp = 10 lM) were plunged-frozen
onto glow discharged holey carbon grids (Quantifoil Micro Tools,
Jena, Germany) in liquid ethane using a Vitrobot MarkIV (FEI, Eind-
hoven, Netherlands). The temperature was set to 22 �C, and the rel-
ative humidity to 100%. The vitrified grids were mounted into a
Gatan 626 cryo-transfer holder (Gatan Inc., Pleasanton, USA) and
introduced into a Tecnai F20 electron microscope (FEI, Oregon,
USA), operated at 200 kV. Samples were imaged at �170 �C using
standard low-dose imaging conditions (1 e�/Å2) [31]. Micrographs
were acquired at magnifications of 29,000 or 50,000 with an
underfocus of 5 or 3 lm on a 2 k � 2 k CCD camera (Gatan Inc.,
Pleasanton, USA).

2.2.5. Calculation of peptide density on particle surface
A rough estimate of the theoretical number of lipopeptides per

100 nm2 vesicle surface was made. For spherical micelles, SUVs

Table 1
Molecular mass (calculated and determined) and HPLC purity of different
lipopeptides.

Lipopeptide
abbreviation

Molecular mass
calculated (g/mol)

Molecular mass
determined (g/mol)

HPLC purity
(final product)
(%)

P2A2 3532.79 3531.02 79.5
P2Rn 2853.67 2852.42 73.5
P2Kn 2517.51 2516.35 81.6
P2En 2528.79 2527.72 89.3
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