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Abstract: The facile assembly of higher-order nanoarchitec-
tures from simple building blocks is demonstrated by the
loading of vesicles into soft amphiphilic nanotubes using
osmosis. The nanotubes are constructed from rigid interdigi-
tated bilayers which are capped with vesicles comprising
phospholipid-based flexible bilayers. When a hyperosmotic
gradient is applied to these vesicle-capped nanotubes, the
closed system loses water and the more flexible vesicle bilayer
is pulled inwards. This leads to inclusion of vesicles inside the
nanotubes without affecting the tube structure, showing
controlled reorganization of the self-assembled multicompo-
nent system upon a simple osmotic stimulus.

Pushing the boundaries of chemical self-assembly continues
to present important challenges to the field of dynamic
molecular systems and nanoscience.[1] Self-assembled systems
can be obtained from a variety of components including
nanoparticles, small molecules, and polymers.[2] The construc-
tion of higher-order architectures requires the use of building
blocks that can co-assemble in distinct functional units.[3] A
particularly promising approach resides in the design and
application of orthogonal amphiphilic structures.[4] As well as
the use of a large variety of naturally-occurring amphiphiles,[5]

major effort has been devoted to the synthesis of novel
amphiphilic molecules which can self-assemble into nano-
tubes, vesicles, ribbons, sheets, or helical structures.[6] Prom-
inent examples include amphiphilic polymers[7] and block
copolymers,[8] amphiphilic peptides,[9] and photoresponsive
amphiphiles.[10]

Furthermore, particular focus has been directed toward
the development of multicomponent[11] and stimuli-respon-
sive[12] self-assembled systems which adapt in response to
light,[13] temperature,[14] magnetic,[15] and electric fields,[16]

ionic strength,[17] pH changes,[18] and ultrasound.[19] These
stimuli have been explored extensively to induce structural
changes in nanostructures, such as nanoparticles,[20] poly-
mers,[21] gels,[22] and porous materials.[23] The inherent ability
of a responsive nanoscale architecture to be addressed by an
external stimulus makes it attractive for a wide range of

applications including, but not limited to, targeted drug
delivery,[24] change of the wettability of a surface,[25] biosens-
ing,[26] and other biomedical applications.[27]

However, limited attention has been paid to osmosis as
a stimulus for manipulating self-assembled structures[28, 29]

which is surprising since osmosis is a common regulatory
phenomenon in biological systems.[30] To create multicompo-
nent self-assembled systems responsive to osmosis at the
nanometer scale, we envisioned to employ the inherent
responsive nature of amphiphilic aggregates to osmotic
conditions. It is well known that cellular membranes[31] and
phospholipid vesicles can change shape[32] after exposure to
osmotic conditions.[33] This feature has recently been applied
to generate responsive polymer membrane capsules[28] as well
as polymersome vesicles.[29] In these cases, a change of the
vesicles comparable to phospholipid vesicles under osmotic
pressure was detected, that is, the osmotic pressure induced
a shape change from a spherical structure to a deflated
geometry which can resemble the shape of a red blood cell[34]

and is often referred to as a stomatocyte.[32] We consider
osmosis an attractive control modality, since a concentration
gradient might be employed to facilitate a precise change in
the architecture of the self-assembled multicomponent struc-
ture. Such a structure should contain semipermeable mem-
branes which are either permeable for the solvent or a solute,
for example, ions. In contrast to other stimuli, osmosis is
inherently simple, robust, and general, and is therefore an
appealing tool to modify self-assembled structures at the
nano/micro scale.

In our previous studies,[35] it was shown that amphiphile
1 (Figure 1A) can assemble, in the presence of 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), into vesicle-capped
nanotubes which have a uniform diameter of 28 nm. The
bilayer thickness for the nanotube is 3 nm and the bilayer
dimension of the vesicle cap is 4 nm. The smaller bilayer
thickness of the nanotubes was attributed to the fact that the
hydrophobic tails of amphiphile 1 interdigitate, maximizing
van der Waals interactions which results in the formation of
a rigid and stable bilayer, as demonstrated by experiments
using the nonionic surfactant Triton X100. In contrast to the
DOPC vesicle caps which are disassembled, the nanotubes
remain intact upon treatment with Triton X-100, indicating
the robustness of the tube bilayer.

We report herein the osmosis-induced change in the shape
of nanotube-attached vesicles as a versatile method to
encapsulate these vesicles into the nanotube, creating small
separate compartments within the nanotube (Figure 1A).
This method is a novel way of using a physically and
biologically relevant phenomenon to facilitate the creation
of a more complex soft nanostructure. In contrast to other
studies where a shape change of vesicle formed by a synthetic
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amphiphile was observed upon application of osmotic pres-
sure,[28, 29] we not only induce a change in the shape of the
vesicle attached to the end of the nanotube under osmotic
conditions but use this shape transformation in combination
with a geometrically restrictive environment, namely the rigid
nanotube to which the vesicle is attached, to create a novel
and unprecedented hybrid nanostructure. It should be noted
that Shimizu and co-workers[36] observed the formation of
tubes with widths of 1–3 mm containing vesicles where both
the vesicles and tubes were composed of the same oligo-
glycine-based bola-amphiphile. In contrast to the multicom-
ponent system presented herein, no osmotic pressure was
applied to obtain these structures nor was a shape trans-
formation of the vesicles to a cylindrical shape inside the
microtubes observed.

To examine the behavior of the end-capped nanotubes
under osmotic conditions, samples of end-capped nanotubes
were prepared from a mixture of amphiphile 1 and DOPC in
a ratio of 1:1 in a concentration of 1 mgmL¢1 for each
component in an aqueous 10 mm NaCl solution. To induce
osmotic pressure, a solution of 20 or 40 mm aqueous NaCl was

added in a volumetric ratio of 5:1 resulting in a final
concentration of 12 or 15 mm of NaCl “outside” the end-
capped nanotubes (see the Supporting Information for all
experimental conditions). Under these hyperosmotic condi-
tions, the presence of vesicles inside the nanotubes could be
observed by cryoTEM (Figure 1 C and D). The structure of
the tube remains intact while an additional cylindrical bilayer
structure with a bilayer distinct from the nanotube bilayer is
found inside the nanotube. We could observe varying lengths
of the cylindrical vesicles inside the nanotubes with sizes
ranging from 50 nm up to several hundreds of nanometers
which appear to correlate with the initial size of the
corresponding vesicles capped at the end of the nanotube
(see Section S1 in the Supporting Information). At the same
time some small vesicle caps remain at the end of the
nanotubes (see below; Figure 3). Furthermore, it has to be
noted that both in water and an aqueous salt solution end-
capped nanotubes can be observed by cryoTEM (Figure 1B;
Figure S1 in the Supporting Information). The presence of
NaCl during the formation of the nanotubes has no significant
impact on the nanotubes formed. Therefore, the presence of

Figure 1. A) Schematic depiction of the inclusion of vesicles into soft amphiphilic nanotubes. The membrane of the DOPC cap is shown in red
and the membrane of the nanotube in blue. Upon inducing osmotic pressure by adding NaCl to the outside of the nanotube, water migrates out
of the end-capped nanotube causing deformation of the vesicle cap. The inherent rigidity of 1 limits its flexibility upon increased osmotic stress
which will cause the inclusion of the DOPC vesicles. B) CryoTEM image of DOPC:1 (1:1; 1 mgmL¢1 each) in 10 mm aq. NaCl solution showing an
end-capped nanotube. C) CryoTEM image of DOPC:1 (1:1; 1 mgmL¢1 each) in 10 mm aq. NaCl solution after addition of a 20 mm aq. NaCl
solution showing the inclusion of DOPC vesicles (white arrows). D) CryoTEM image of DOPC:1 (1:1; 1 mgmL¢1 each) in 10 mm aq. NaCl after
addition of a 40 mm aq. NaCl solution showing the inclusion of DOPC vesicles (white arrow). Scale bars: (B, D) = 50 nm, (C) =100 nm.
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salt during the formation of the nanotubes can be ruled out as
a cause for the formation of vesicles inside the nanotubes.

Increasing the concentration gradient (the respective
NaCl concentrations used outside the nanotubes are 25 mm
and 42 mm ; see the Supporting Information, materials and
methods section for experimental details) between the inside
and the outside of the nanotube revealed that even with
increasing osmotic pressure small vesicles (below 30 nm in
diameter) remained attached as caps to the ends of the
nanotubes (Figure S3). This can be attributed to the fact that
the stress induced on a membrane while being deformed by
osmotic pressure, because of a very high curvature of the
bilayer, would be too large and would not allow for the
necessary shape transformation required for the small vesicle
to be taken into the nanotube.[37] In all cases, vesicles inside
the nanotube could be observed (Figure S2–S5).

Electron cryotomography[38] was used to provide further
experimental support that the vesicles are located inside the
nanotubes (see the Supporting Information, materials and
methods section for experimental details). A sample contain-
ing nanotubes loaded with vesicles was analyzed by electron
cryotomography where a series of TEM images were
recorded at various tilt angles. In the region of interest
(Figure 2A, marked with a circle) a nanotube with several
small vesicles inside is analyzed. In the tomographic slice[39] of
the 3D reconstruction (Figure 2B), the DOPC vesicles inside
the nanotube are highlighted in red whereas the nanotube
bilayer is highlighted in a transparent blue (Figure 2C).[40]

Viewing the region of interest from a suitable angle in the 3D
reconstruction (Figure 2D) shows that the vesicles are
surrounded by the nanotube bilayer which demonstrates
that the vesicles are indeed located inside the nanotube. If the
capped vesicle was simply changing from a spherical shape
into a cylindrical shape while located along the nanotube
adapting to osmotic conditions, changing the viewing angle in
the 3D reconstruction would readily reveal a geometry where
the vesicles are located outside the nanotube.

We anticipate that a possible mechanism for this unpre-
cedented inclusion of vesicles into nanotubes might rely on
differences in rigidity between the bilayer of the nanotube
and the vesicle. The unique nature and, in particular, the
stability of the rigid amphiphilic nanotube connected to
a more flexible phospholipid vesicle at its end allows for this
specific transformation of a multicomponent self-assembled
structure at the nanoscale (Figure 1A). When increasing the
salt concentration outside the nanotube, water permeates the
bilayers from the inside of the end-capped nanotubes to the
outside to equilibrate the salt concentration on both sides of
the bilayers. The loss of water results in the deformation of the
more flexible vesicle bilayer (Figure 1A) in accordance with
previously reported distortion of vesicles under osmotic
conditions.[33] Upon further loss of water, the only possible
space for the shrinking vesicle is the inside of the nanotube
which itself, due to its more rigid bilayer, does not change
shape. Finally the vesicle ruptures from the end of the
nanotube and is found completely inside the nanotube
(Figure 1A; Section S2 in the Supporting Information).

Further support for our proposed mechanism is provided
by electron cryotomography, through which we were able to

visualize a possible intermediate structure for the proposed
inclusion of the vesicles into nanotubes. In the region of
interest (Figure 3A), a shape transformation of a vesicle
attached to the end of a nanotube into a dented spherical
shape which remains attached to the end of the nanotube is
evident (Figure 3B, C; black arrow). Additionally, a nanotube
with a vesicle inside is also observed (Figure 3B, C; white
arrow). Viewing the region of interest at a suitable different
angle (Figure 3D) nicely shows the so-called stomatocyte
shape of the vesicle capped to the end of the nanotube. This
stomatocyte-shaped vesicle is an expected intermediate

Figure 2. A) CryoTEM image of a sample DOPC:1 (1:1; 1 mgmL¢1

each) in 10 mm aq. NaCl after addition of a 200 mm aq. NaCl solution
with several DOPC vesicles inside the nanotube. The region of interest
is marked with a circle (scale bar =200 nm). The small black spherical
objects are fiducial gold markers. B) Tomographic slice of 3D recon-
structed area obtained by electron cryotomography where both the
nanotubes and the vesicles inside the nanotube are clearly visible.
C) The same region of the reconstructed area (tomographic slice
visible in the background) with the surface of the enclosed vesicles
colored red and the surface of the nanotube colored transparent blue.
D) Same region as in (B) and (C) shown in a 3D reconstruction at
a different viewing angle with the same color scheme as in (C).
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structure if the osmotic pressure and the resulting effect on
the morphology of the vesicles is the driving force for the
obtained vesicles inside the nanotube.

Finally we performed studies on the photochemical
disassembly of the vesicle-containing nanotubes which
showed that the vesicles inside the nanotubes can be released
upon irradiation with UV light. Here we take advantage of
the unique photoresponsive nature of the bis-thioxanthyli-
dene core unit[41] of the amphiphile that forms the bilayer of
the self-assembled nanotube. Upon irradiation with UV light
(l = 365 nm), we expected that initially nicks and subse-
quently holes in the walls of the nanotubes would form as
a result of irreversible cyclization of 1 upon irradiation.[35,41]

Additionally, we expected that after prolonged irradiation the

tubes would completely disassemble. After a short period of
irradiation (3 min), cryoTEM analysis (see the Supporting
Information, materials and methods sections for experimental
details) shows the appearance of gaps in the walls of the tubes
while vesicles are still present within the nanotubes (Fig-
ure 4A). After 6 minutes of irradiation, shorter nanotubes

remain but included vesicles are not detectable (Figure 4B).
We propose that the vesicles inside the nanotubes are
released through the gaps in the nanotube bilayer walls
caused by the irradiation with UV light, and can subsequently
adopt a more favorable spherical geometry. It has to be noted
that free DOPC vesicles are present in the sample before
irradiation (Figure 3A) and it can therefore not be excluded
that some of the vesicles, detected in the vicinity of the
nanotubes after irradiation, are already present in the sample
before irradiation and are not released from the inside of the
nanotubes. However, the relatively small size of the vesicles
(Figure 4B) in the immediate vicinity of the nanotubes with
gaps in their walls correlates well to the sizes observed for
vesicles included inside the nanotubes prior to irradiation
(Section S1 in the Supporting Information). Moreover, no
tubular or cylindrical vesicles can be detected after irradiation
of the nanotubes, further supporting our hypothesis. Addi-
tional control studies demonstrated that DOPC vesicles were
not affected by UV irradiation under hyperosmotic condi-
tions (Figures S6, S7), ruling out that the vesicles themselves
undergo changes during irradiation.

In conclusion, we have demonstrated in a multicomponent
self-assembled nanosystem the use of osmotic pressure to
incorporate vesicles initially attached to the end of an
amphiphilic nanotube into the nanotube itself. Furthermore,
it is shown that even a low salt gradient between the inside
and outside of the capped nanotubes is sufficient to induce the
inclusion of vesicles. A potential mechanism for the inclusion
of vesicles into nanotubes is proposed and experimental
evidence to support our hypothesis is obtained by electron

Figure 3. A) CryoTEM of a sample DOPC:1 (1:1; 1 mgmL¢1 each) in
10 mm aq. NaCl after addition of 200 mm aq. NaCl solution where the
region of interest is highlighted with a circle (scale bar = 200 nm). The
small black spherical objects are fiducial gold markers. B) Tomo-
graphic slice of reconstructed 3D area obtained by electron cryotomog-
raphy. C) The same region of the reconstructed area (tomographic
slice visible in the background) with the surface of the enclosed
vesicles colored red and the surface of the nanotubes colored trans-
parent blue. In both (B) and (C), the progress of inclusion of vesicles
into nanotubes from the initially end-capped tube (*), through
distorted vesicles attached to the end of a nanotubes (black arrow), to
an included vesicle present inside a nanotube (white arrow), is shown.
D) The same region as in (B) and (C) shown in a 3D reconstruction at
a different viewing angle using the color scheme of (C), showing the
dented geometry of the vesicle capping the end of the nanotube.

Figure 4. CryoTEM images of DOPC:1 (1:1 w/w, 1 mgmL¢1 each; in
10 mm aq. NaCl) to which a 200 mm aq. NaCl solution is added to
induce the formation of vesicles inside the nanotubes. The sample
was then irradiated at l= 365 nm for A) 3 min and B) 6 min. In (A) the
white arrow indicates a gap formed during irradiation and the black
arrow indicates a vesicles still remaining inside the nanotube. In (B)
the white arrow indicates a small vesicle released through a gap in the
nanotube formed during the irradiation and the black arrow indicates
a larger vesicle most probably present initially in the sample (see text
for discussion). Scale bar in (A) = 100 nm, in (B) = 50 nm.
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cryotomography. Additionally, it was demonstrated that the
loaded nanotubes remain photoresponsive and the vesicles
inside the nanotubes appear to be released upon irradiation.

The findings presented here offer an attractive opportu-
nity to stabilize vesicles and design novel carrier systems.
Vesicles are considered of major interest for targeted drug-
delivery applications since they are nontoxic, biocompatible,
and biodegradable.[42] A potential cargo can be either loaded
into the hydrophobic part of the lipid bilayer of a vesicle or
into the hydrophilic inside of the vesicle itself.[43] However,
a disadvantage of the use of vesicles for drug delivery is their
instability in vitro. Approaches to overcome this problem
include the incorporation of polyethyleneglycol (PEG) chains
onto the outside of the membranes of vesicles to increase the
stability.[44] The nanotubes which encapsulate the vesicles will
have PEG chains on their outer walls and might therefore
contribute to enhancing the stability of vesicles inside the
nanotubes. These responsive hybrid systems have potential to
be applied in nanoscale, stimuli-responsive drug delivery.
Studies along these lines are currently underway in our
laboratories.
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