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ABSTRACT: Guanosine derivative 1 forms hydrogen-
bond-directed giant vesicles. On a silicon substrate, the
vesicles retain their shape and internal water phase even
after removal of external water under vacuum. Dry
manipulation of the micrometer-sized vesicles was carried
out via AFM-tip-induced partition and fusion of the
vesicles. For larger vesicles (5−10 μm), external solutions
were successfully injected through a microcapillary
inserted into the vesicle in air.

Micrometer-sized giant vesicles (GVs) of lipids and
amphiphiles are attracting considerable interest as

living-cell mimics and for their potential applications as
microreactors or microcapsules for drug delivery.1 However,
the relatively poor stability of their structures is a major
drawback for practical applications;2 polymerized, polymer-
supported, and block-copolymer amphiphiles have been studied
to increase their stability.3−7 Amphiphilic compounds have
both hydrophilic and hydrophobic units within the molecular
structure. Hydrophobic interactions induce the aggregation of
amphiphilic molecules in water to form self-assemblies of
micelles, bilayer membranes, and other structures.8 Therefore,
the vesicle membranes comprising lipids and amphiphiles are
not sufficiently stable without an outer water phase, and vesicles
that are stable in air are quite rare.9 We previously reported
hydrogen-bond-directed giant multi- and unilamellar vesicles
(GMVs and GUVs, respectively) of alkylsilylated guanosine
derivative 1 (Figure 1a), which has a polar oxyethylene end
group. Vesicle dispersions of 1 were conveniently prepared via
the simple injection method,10 and the vesicles showed high
stability and dispersibility in water. 2-D sheet assemblies with
nanoscale thicknesses were formed through the interguanine 2-
D hydrogen bond network (Figure 1b), one of the hydrogen
bond motif of guanine derivatives.11 The vesicle surrounded by
this membrane was very stable even when dry.
In this communication, we report the static and dynamic

properties of the hydrogen bond-directed giant vesicles of 1,
which allow dry micromanipulation on a silicon substrate in the
absence of an external aqueous phase. The femto- to picoliter-
scale internal water phase inside of the vesicle is retained even
when the vesicle is in vacuum. We demonstrate unprecedented
AFM-tip-induced partitioning and fusion of the vesicles on a
silicon substrate. Injection of external solutions and suction of

the internal water through a microcapillary inserted into the
vesicle are also presented. These results show the high static
and dynamic stability of the nanometer-scale vesicle membrane
assembled via the 2-D hydrogen bond network. As stable,
nonvolatile, and processable microscale water pools12 and
microcapsules3−7 under dry conditions, these hydrogen-bond-
directed supramolecular giant vesicles can be used in novel and
unique applications such as microreactors, microcapsules for
drug delivery, and microcontainers of denature-sensitive
biomolecules.
Giant vesicles were prepared according to the previously

reported procedure.10 Essentially, 0.1 mL of a THF solution of
1 (2.50 × 10−2 mol dm−3) in the presence or absence of
tetraethyleneglycol dodecyl ether (TEGDE; 2.50 × 10−2 mol
dm−3) was mixed with 10 mL of pure water or aqueous
fluorescence probe solution (eosin Y or FITC-Dex; 1.0 × 10−5

mol dm−3) to yield a translucent dispersion. Removal of
TEGDE and the fluorescent probe in the external water phase
via gel permeation chromatography (Sephadex G-25) gave the
stable vesicle dispersion. Although the hydrogen bond
interactions are not present in polar media,13 protection of
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Figure 1. (a) Chemical structure and (b) 2-D hydrogen-bond-directed
supramolecular vesicle of alkylsilylated guanosine derivative 1.
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the hydrogen bonding site via rational molecular design enabled
the formation of a hydrogen bond network even in a highly
polar aqueous solution. The quantitative dispersion of 1 in
water as spherical vesicles and the formation of the hydrogen-
bond-directed 2-D sheet assemblies were confirmed via
photometric quantification of 1, optical microscopy, fluores-
cence microscopy, IR, and XRD. As reported previously,10b the
presence of TEGDE suppressed the formation of lamellar
stacks of the hydrogen-bond-directed 2-D nanosheets; in
aqueous dispersions, the vesicles were mostly GUVs with an
average diameter of 1.73 ± 0.58 μm surrounded by the 2.5-nm-
thick nanosheet.
A drop of the vesicle solution with or without encapsulated

fluorescence probe was placed on a silicon substrate. After
drying in vacuo overnight, the vesicle on the substrate was
observed via optical microscopy, confocal laser scanning
microscopy (CLSM), and AC-mode atomic force microscopy
(AFM). The AFM image showed that the average GUV
diameter was 0.90 ± 0.11 μm (N = 46) (Figure 2a). When

vesicles smaller than the visible light wavelength were excluded,
the average diameter became 1.57 ± 0.13 μm (N = 20), which
did not differ significantly from that in aqueous dispersion
(Figure S1). The CLSM image was also similar to that of the
GUVs in aqueous dispersion.10 The green fluorescence of the
entrapped eosin Y (Figure 2b), which had a convex intensity
profile, confirmed the presence of the internal water phase even
after the removal of external water.14

A typical topographic image from AC-mode AFM is shown
in Figure 2a together with the depth profile along the line,
which revealed that the vesicles were flattened spheres 1.98 μm
in diameter and 0.17 μm high. Although the AFM topographic
image is not in clear focus, the sharp vesicle edge is evident in
the phase image observation (Figure S2); this is presumably
due to the highly deformable liquid-like nature of the vesicle.15

Figure 3a shows an AFM image of two initially separated
spheroidal vesicles within a short distance of each other. Upon
scanning with a silicon tip (Olympus silicon micro cantilever,
OMCL-AC160TS-C2, radius = 6 nm, resonance frequency =
300 kHz, spring constant = 42 N m−1) with high maximum
force (15 nN) and speed (110 μm s−1), the two spheroidal
vesicles fused together into an elongated form (Figure 3b). No
contraction of the vesicular size due to leakage of internal water
was apparent, and the height remained at 380 nm. Further, the

fluorescence of the entrapped eosin Y in the two vesicles
combined without fading. The fused vesicle on the substrate
was subsequently kept under vacuum for a day, which did not
significantly change the intensity of the green fluorescence of
the encapsulated eosin Y (Figure 3c). These results confirm
that there are no holes or defects in the vesicle membrane after
fusion. In addition, partitioning of the vesicle into smaller
vesicles (Figures 3d and 3e) was observed by scanning with a
further increase in maximum force (20 nN) and scanning speed
(110 μm s−1). The observed response of the vesicles to the
application of the sheer by the AFM tip is similar to that of a
macroscale water droplet on a solid surface, which suggests that
the micrometer-scale giant vesicle surrounded by the nano-
meter-scale membrane does indeed have liquid-like proper-
ties.12 When highly oriented pyrolytic graphite, which has a
lower surface energy than silicon, was used as the substrate,16

scanning with increased maximum force resulted in displace-
ment of the vesicles from their original position on the
substrate but no vesicle partition. Since the surface of the 2-D
nanosheet comprises polar oxyethylene groups, the adhesion
imparted by polar interactions between the membrane surface
of the vesicle and the substrate is thought to be important for
the AFM-tip-induced micromanipulation. To the best of our
knowledge, this is the first example of the fusion and partition
of vesicles in the dry state, although the fusion of vesicles in
solution has been studied extensively.17,18 The unprecedented
AFM-tip-induced dry micromanipulation of the vesicles on a
silicon substrate clearly demonstrates the unique properties of
the 2-D hydrogen-bond-directed vesicle membranes including
high stability, low water permeability, ability to retain
encapsulated substances, and ability to undergo membrane
fusion or partition under applied force due to the reversible
nature of the intermolecular hydrogen bonds.
These GUVs on a silicon substrate have diameters of ∼1−2

μm, which is too small to directly inject an external solution
into the vesicle through a microcapillary.19 Accordingly, larger
vesicles greater than 5 μm in diameter were prepared by slow
injection of the 1/THF solution without TEGDE. Appreciable

Figure 2. GUVs containing eosin Y deposited on a silicon substrate
with subsequent vacuum drying. (a) AFM image (top) and height
profile (bottom). (b) CLSM image (top) and the convex intensity
profile along the red line (bottom).

Figure 3. AFM-tip-induced fusion and partition of the vesicles on the
substrate. AFM images (a) before and (b) after fusion. (c) Optical
(top) and fluorescence (bottom) microscopy images after fusion. AFM
images of the vesicle (d) before and (e) after partition.
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numbers of the larger vesicles were found on the substrate after
subsequent drying in vacuum (Figure S3). The slow injection
process might affect the stacking of preformed nanosheets in
THF,10 allowing the formation of these larger vesicles. The
membrane thickness of the larger vesicles (>5 μm) was
estimated to be less than 100 nm by rupturing the vesicles via a
slow freeze−thaw cycle and subsequent drying in vacuo (Figure
S4). Therefore, the larger vesicles have a multilamellar
membrane, whose thickness comprised less than 1/50 to 1/
100 of the diameter of the vesicles. A microcapillary
(Eppendorf Femtochips II) with inner and outer diameters of
0.5 and 0.7 μm, respectively, was used to manipulate the
vesicles. As shown in Figure 4a and 4b, insertion and retraction

of the tip of the microcapillary caused negligible damage to the
vesicles on the substrate in air: No leakage of internal water was
observed, and the vesicle retained its 10 μm spherical shape
throughout the process. On the other hand, internal water was
quickly removed when the capillary was directly connected to a
diaphragm-type aspirator (Figure S5). Occasionally, a horn- or
tail-like extension of the membrane was observed when the tip
detached from the vesicle (Figure 4c), but the vesicle itself
remained intact. When the tip failed to penetrate the vesicle
and instead slipped between the bottom of the vesicle and the
substrate, the vesicle could be lifted onto the tip and carried
elsewhere (Figure 4d and 4e). These results imply that the
nanosheet membrane is highly deformable and rather adhesive.
Microinjection of aqueous eosin Y or FITC-Dex solution

(1.0 × 10−5 mol dm−3) to the inside of vesicles prepared in the
absence of the fluorescent probe was attempted. A small
amount of fluorescent probe solution was injected into the
vesicle through the inserted tip of the microcapillary (Figure
5a). As a result, green fluorescence with a convex intensity
profile was observed only at the vesicle (Figure 5b), which
confirms the successful addition of the fluorescent probe to the
internal water phase. After microinjection, the vesicle was
maintained under vacuum for 2 h. Since no change in the green

fluorescence of low-molecular-weight eosin Y or high-
molecular-weight FITC-Dex in the vesicle was observed even
after vacuum drying (Figure 5c), it is evident that the nanosheet
membrane completely self-healed after removal of the capillary
tip; this ability is attributed to the flexible and reversible nature
of the intermolecular hydrogen bonds.
Thus, the hydrogen-bond-directed 2-D nanosheet assembly

of low-molecular-weight guanosine derivative 1 is shown to be
soft and deformable, yet sufficiently stable against pressure
differences in vacuum.20 The high stability and reversible nature
of the interguanine 2-D hydrogen bond networks endow the
ability to deform and self-heal. Supramolecular giant vesicles
comprising hydrogen-bond-directed 2-D nanosheet assemblies
provide stable and nonvolatile femto- to picoliter-scale water
pools even in vacuum. Fusion and partitioning of the water
microdroplet and injection of external solutions can be
achieved by dry manipulation via an external force and
microcapillary, respectively. Since the vesicle can be handled
in dry conditions, the internal water phase is not contaminated
with the external liquid phase thereby providing a stable and
unique microwater pool. We recently reported that hydrogen-
bond-directed 2-D nanosheets of sulfamide derivatives are also
sufficiently stable to form supramolecular gels and giant
vesicles.21 Therefore, the remarkable properties observed in
this study are not limited to guanosine derivative 1. Other
compounds that can form stable 2-D hydrogen bond networks
could further contribute to the development of drug delivery
systems, microreactors, and other applications.
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Figure 4. Dry manipulation of the vesicle on the silicone substrate. (a)
Insertion of the tip into the vesicle. (b) Vesicle after insertion and
retraction of the tip. (c) Horn-like extension of the membrane
observed when the tip detached from the vesicle. (d, e) Lift and
transport of the vesicle using the tip.

Figure 5. (a) Injection of FITC-Dex solution (1.0 × 10−5 mol dm−3)
into the vesicle through the inserted tip. (b) CLMS image (top) and
convex intensity profile (bottom) of a vesicle after injection of the
FITC-Dex solution into the internal water phase. (c) CLMS image of
the vesicle after microinjection and subsequent vacuum drying (2 h).
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