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ABSTRACT: A new amphiphilic membrane marker based on a water-soluble dendritic polyglycerol perylene imido dialkylester
has been designed, synthesized, and its optical properties characterized. In water it forms fluorescently quenched micellar self-
aggregates, but when incorporated into a lipophilic environment, it monomerizes, and the highly fluorescent properties of the
perylene core are recovered. These properties make it an ideal candidate for the imaging of artificial and cellular membranes as
demonstrated by biophysical studies.

■ INTRODUCTION
A key challenge in cellular imaging is the ability to stain
different cell compartments with high specificity and
persistence in order to understand and track biological
processes in detail. Especially the plasma membrane is of
tremendous interest due to the fact that it plays a major role in
cellular uptake, cell trafficking, and signal transduction.
Therefore, amphiphilic dyes, such as commercially available
dialkylcarbocyanines, are among the most used dyes in the
staining and characterization of artificial and biological
membranes.1−6 However, their stabilities, especially upon
extended irradiation, are limited.
Derivatives of perylene-3,4,9,10-tetracarboxylic acid bis-

anhydride (PBA) have been extensively employed in a broad
range of different fields from their use as color pigments in
industrial paints and lacquers up to applications in organic
electronics, light harvesting arrays, and the construction of
supramolecular architectures.7−17 In general, perylene-based
dyes possess a set of favorable properties like high extinction
coefficients, high quantum yields, and high chemical and
photophysical stability. However, solubility is always a problem
when dealing with such polyaromatic structures, as they tend to
form insoluble aggregates via strong π−π interactions, which is
even more pronounced in an aqueous environment.18 Never-
theless, due to their excellent photophysical properties, there
has been increasing interest in the production of highly water-
soluble perylene derivatives in order to apply them in the field
of cellular imaging.19−26

However, besides one amphiphilic, ionic perylenemonoi-
mide, which has been used in the characterization of lipid rafts
in living Jurkat cells, most of the reported water-soluble

perylene derivatives show a rather unspecific uptake into the
cytoplasma of living cells.24 Usually, upon insertion into the
exoplasmic leaflet of the plasma membrane, perylene derivatives
rapidly move to the cytoplasmic leaflet from which they
redistribute to intracellular membranes.27 Thus, these lipid
probes have several limitations. For example, they are not
faithful labels for tracking endocytic pathway of plasma
membrane lipids, as they can bypass this pathway. In contrast,
analogues of typical phospholipids, for example, phosphatidyl-
choline, which is one major lipid component in the exoplasmic
leaflet of the plasma membrane of mammalian cells, cannot
rapidly move to the cytoplasmic leaflet and redistribute to
intracellular membranes.
To circumvent these limitations, we designed an amphiphilic

perylene derivative which has a stable localization at the
exoplasmic leaflet of the plasma membrane, is water-soluble to
be applicable without the addition of any organic cosolvent or
additive in biological systems, and offers the possibility of
modification of the perylene core for further spectral tuning. To
introduce high water solubility to the perylene core, we decided
to use polyglycerol (PG) dendrons, as they have been shown to
be highly efficient in solubilizing perylene tetracarboxylic acid
bisimides (PBI) in aqueous media.26,28 In contrast to ionic
hydrophilic groups, this should guarantee that the properties of
the probe are independent of pH and ionic strength, which is
often high in biological buffer systems. In addition, it minimizes
artifacts which may occur through unspecific ionic interactions.
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For high membrane specificity, we decided to use a perylene
imido diester (PIDE) bearing two alkyl chains as membrane
anchoring groups. The length of the aliphatic chains was chosen
so that the overall length of the hydrophobic part is around 2
nm, which matches the thickness of one lipid bilayer leaflet. To
test its versatility as an efficient membrane marker, we
investigated the photophysical behavior via UV/vis and
fluorescence spectroscopy in different solvents and applied it
to the imaging of artificial membranes as well as of living cells.

■ RESULTS AND DISCUSSION
Synthesis of the PG-Dendronized Membrane Marker.

The synthesis of the amphiphilic membrane marker follows an
efficient route over four steps (Scheme 1). Although other

synthetic pathways toward asymmetric PIDEs are known, this
route is the most economical with respect to the used
amine.29,30 The perylene anhydride diester (PADE-C10) was
synthesized according to literature procedures, which involved
the preparation of the corresponding perylene tetracarboxylic
acid tetraalkyester (PTE-C10) under phase transfer conditions

31

and a subsequent partial hydrolysis.32 In the last step, an acetal-
protected, core-aminated PG dendron of the third generation
[G3]33,34 was condensed to the monoanhydride in an imidazole
melt at 140 °C. A subsequent cleavage of the acetal protecting
groups under acidic conditions with TFA in a DMSO/water
mixture led to the final product [G3]-PIDE-C10 in good yield.
Photophysical Properties. [G3]-PIDE-C10 shows a strong

absorption (Figure 1a) in the visible region between 400 and
560 nm related to the electronic S0−S1 transition that makes it
suitable for one-photon fluorescence microscopy measurements
(using 488 nm Ar-laser excitation line). It is readily soluble in a
broad variety of polar organic solvents and even in bare water
(>10−2 M). For a complete list of tested solvents refer to Table
S1 in the Supporting Information. The extinction coefficient
varies only slightly within the tested solvents between 42 000
and 46 600 cm−1 at the absorption maximum with the
exception of water (vide inf ra). The fluorescence (Figure 1b)
resembles a mirror image of the absorption with moderate

stokes shifts between 21 to 35 nm and high quantum yields up
to Φ = 0.98 in dioxane. The fluorescence lifetimes were
measured and showed monoexponential decays with lifetimes
varying between 4.0 and 4.6 ns similar to lifetimes for related
PBIs or PTEs.35 Due to the amphiphilicity in water, drastic
differences in the optical properties were observed. The main
peak of the absorption is hypsochromically shifted from
between 500 and 510 nm in organic solvents to 483 nm in
water accompanied by a decrease of the extinction coefficient to
24 900 cm−1 and a loss of the vibronic fine structure.
Furthermore, there is an increase in the absorbance between
540 and 600 nm. This behavior can be interpreted based on
exciton coupling theory in terms of the formation of H-type
aggregates with a rotational displacement between adjacent dye
molecules and has been observed for structurally related
aggregated PBIs in organic solvents.36−38 The fluorescence
properties also change dramatically. The fine structure is
completely lost, and only a weak, unstructured fluorescence
signal with a maximum at 621 nm and a quantum yield of Φ =
0.01 is observed. This can be attributed to the formation of an
excimer-type excited state and has been observed for other
aggregated PIDEs.39,40 Further investigations via dynamic light
scattering and transmission electron microscopy support the
aggregate formation and clearly indicate spherical micelles with
a diameter of 9 ± 1 nm and a rather narrow size distribution
(Supporting Information, Figure S1).
To see whether these aggregates could be broken up in an

aqueous surrounding a titration with varying amounts of the
cationic surfactant cetyltrimethylammoniumbromid (CTAB)
was performed. The absorption and fluorescence spectra for a
CTAB treated PIDE-solution can be seen in Figure 1c,d. Above
a surfactant concentration of 1 mM, which corresponds to the
critical micelle concentration (cmc) of CTAB,41−43 the well-
resolved absorption and fluorescence signals corresponding to
the monomeric species were reestablished with a quantum yield
of Φ = 0.72. This behavior is extremely useful because this
probe is nearly nonfluorescent in bare water, and if efficiently
incorporated into a lipophilic environment, fluorescence
recovery close to the theoretical maximum is possible. In a
biological sample this would lead to a strong contrast from the
actually stained material to the surrounding aqueous medium
(Figure 2). Similar concepts of increasing the signal-to-noise
ratio of target-specific probes through H-Dimer formation have
been reported, e.g., for Xanthene-based dyes.44,45

The photostability of the probe was tested in comparison to
other commercial available membrane markers like C6-NDB-
PC, fluorescein-C18, and DiO.46−48 Therefore, a small amount
of a 10−6 M solution of the corresponding dye in DMSO was
irradiated with a 400 mW Ar-laser for 1 h and the remaining
intensity measured. As can be seen in Figure 3a, G3-PIDE-C10
shows the lowest bleaching with 52% of the intensity
remaining. Especially when comparing this with the DiO
carbocyanine (26% intensity remaining), which is one of the
most photostable green fluorescent membrane markers, this
proves the high photostability of the new marker.

Artifical Membrane Staining. After these basic photo-
physical studies, we investigated the incorporation of [G3]-
PIDE-C10 into artificial lipid bilayers. Therefore, small
unilamellar vesicles (SUVs) prepared from dioleoylphosphati-
dylcholine (DOPC) were added stepwise to a 1 μM solution of
[G3]-PIDE-C10. Similar to the solution treated with surfactant,
there was an increase of the monomer fluorescence with a
maximum at 534 nm after each addition of vesicles, which

Scheme 1. Design and Synthesis of the Amphiphilic Perylene
Dye [G3]-PIDE-C10 for Imaging of Biological Membranesa

aReaction Conditions: (a) i. KOH, H2O, 70 °C, 20 min, ii. TOAB, KI,
RT, 20 min, iii. 1-bromodecane, reflux, 18 h; (b) PTSA·H2O, toluene/
n-dodecane 1:5, 95 °C, 2 h; (c) [G3]-NH2, imidazole, 140 °C, 4 h; (d)
TFA, DMSO/H2O 1:3, 50 °C, 24 h.
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shows that the dye was efficiently incorporated into the
membranes (Figure 3b). As the partitioning of a membrane
marker into different lipid domains is of great interest, we
further prepared vesicles of different lipid compositions to
reflect the different phases.49 Therefore, in addition to DOPC
vesicles which represent the liquid disordered (Ld) phase,
vesicles with dipalmitoylphosphatidylcholine (DPPC) for the
gel phase (Lgel) and a mixture of DPPC with cholesterol (7:3)
for the liquid ordered (Lo) phase were prepared and the
influence of the lipid packing on the fluorescence behavior was
examined. In all cases, a monomeric fluorescence signal could
be detected with the intensity decreasing in the order of DOPC
> DPPC > DPPC/cholesterol (Supporting Information, Figure
S2) which shows that the dye was incorporated into the
membrane of all different compositions with a high preference
to the liquid disordered phase. To visualize this selectivity in
more detail, giant unilamellar vesicles (GUVs) were prepared
with a raft-mix consisting of DOPC, stearoylsphingomyelin
(SSM), and cholesterol in a molar ratio of 1:1:1, yielding
vesicles with coexisting Ld/Lo domains large enough to be
visualized via fluorescence microscopy. As can be seen in Figure

3c, there is a strong preference of [G3]-PIDE-C10 for one
phase. Using Rh-DOPE as a costaining lipidic dye, which is
known to partition preferentially to the Ld domains, this
domain is attributed to be the Ld-domain.

50,51 If fluorescence
intensities are taken as a measure for the partitioning, the ratio
of the incorporation from [G3]-PIDE-C10 between Ld and Lo is
95% to 5%, rendering it a useful fluid phase marker for
disordered domains.

Cellular Uptake Studies. Having shown that the dye is
easily incorporated into artificial membranes, the uptake into
living cells was investigated. To this end, different cell lines
were probed: Chinese ovary hamster (CHO), baby hamster
kidney (BHK) cells, and the human lung cancer cell line A549.
As a prerequisite for application in cell imaging, the probe
should be nontoxic. Therefore, cell toxicity was measured via
the MTT-cell activity assay and via CASY. After incubation for
48 h with varying concentrations up to 10−5 M, no cytotoxic
effects were observed showing that the probe is completely
nontoxic (Supporting Information, Figure S3). Accordingly,
cells were incubated with a 10−5 M dye solution and the uptake
over time followed via confocal laser scanning microscopy
(CLSM). As depicted for CHO cells in Figure 4 (other cells see
Supporting Information, Figure S4), after 25 min [G3]-PIDE-
C10 is strongly accumulated in the plasma membrane, small
vesicular structures, and in the Golgi apparatus near the cell
nucleus.
This distribution pattern indicates that cellular uptake of the

dye occurs via endocytic routes after being incorporated into
the plasma membrane. This is further supported by two facts.
First, in short-term incubation experiments up to 10 min, the
dye is essentially located only in the plasma membrane (Figure

Figure 1. Normalized absorption (a) and fluorescence (b) spectra of [G3]-PIDE-C10 in various solvents (1 μM, 20 °C). (c) Effect of CTAB on the
absorption spectrum of [G3]-PIDE-C10 in water (1 μM). The red line represents the absorption spectrum in water without the addition of
surfactant. The black lines represent an increasing amount of CTAB. The blue line represents the final spectrum at the highest surfactant
concentration (20 mM). The arrows indicate spectral changes upon addition. The inset shows the plot of absorbance at 509 nm versus CTAB
concentration. (d) Fluorescence spectra (λex = 474−484 nm) corresponding to the absorption spectra in panel (c). The inset shows the plot of
fluorescence intensity at 534 nm versus CTAB concentration.

Figure 2. Schematic function of the self-quenched amphiphilic dye
[G3]-PIDE-C10 upon monomerization within different environments.
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4a). Second, inhibition of endocytic uptake by incubation of
cells at low temperature (4 °C) or by an inhibitor of endocytic
transport showed a strongly decreased dye uptake as revealed
by microscopy and FACS analysis (Supporting Information,
Figures S6−S8). Furthermore, we can exclude that the staining
from the intracellular structures arises from a passive diffusion
of [G3]-PIDE-C10 through the plasma membrane, as the
costaining with BODIPY TR methyl ester, a passive entering

dye which efficiently stains membranes of intracellular
organelles such as ER, Golgi apparatus, and mitochondria,
shows no colocalization with [G3]-PIDE-C10 with the
exception of the Golgi.52 Longer incubation times did not
change this distribution pattern significantly, and the same
intracellular labeling pattern was observed for the other cell
lines (Supporting Information, Figures S4−S7).

Figure 3. (a) Bleaching experiments of 1 μM solutions of different membrane markers in DMSO before and after 1 h argon laser irradiation. (b)
Fluorescence increase of [G3]-PIDE-C10 upon successive addition of small unilamellar lipid vesicles (red line representing pure dye solution). (c−f)
Confocal fluorescence microscopy images of GUVs (Raft-mix DOPC/SSM/Chol molar ratio 1:1:1) incubated with 1 μM of [G3]-PIDE-C10 for 10
min and counterstained with N−Rh-DOPE. (a) N−Rh-DOPE, (b) [G3]-PIDE-C10, (c) overlay of both signals, and (d) DIC image. Yellow arrows
point to the Ld domains.

Figure 4. Confocal microscopy images of CHO cells incubated with [G3]-PIDE-C10. (a) Short time incubation for 10 min showing exclusive labeling
of the plasma membrane and (b) incubation for 25 min showing endocytic uptake of the dye. The yellow arrows point to vesicles most likely
trafficking toward the Golgi apparatus. (c−e) Costaining experiment with BODIPY-TR methyl ester (red) for intracellular membranes and DAPI
(blue) for cell nucleus. The yellow color indicates colocalization from BODIPY with [G3]-PIDE-C10 at the Golgi apparatus.
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■ CONCLUSION
In summary, we have synthesized and characterized a new
water-soluble membrane marker based on an amphiphilic
dendritic polyglycerol perylene imido dialkylester which forms
fluorescence quenched aggregates in water but becomes highly
green fluorescent when incorporated into a lipophilic environ-
ment, such as biological membranes. We could show that it can
be easily used as fluid phase marker for disordered domains in
artificial membranes and that it is efficiently taken up into living
cells following endocytic pathways. Due to its high quantum
yield, high photophysical stability, and easy modifiability on the
dendron side, it is an ideal platform to anchor and track
polyglycerol bound bioactive compounds in artificial or cellular
membranes.
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