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Amphiphilic dendrimers, namely those that carry both
hydrophobic and hydrophilic regions within one molecule,
tend to self-assemble into a large variety of different
aggregates depending on their structure. The dendritic
amphiphiles investigated so far include unimolecular mi-
celles,[1] bolaamphiphiles,[2] dendronized polymers,[3] super-
amphiphiles,[4] and various other AB and ABA block copoly-
mers.[5] Poly(propyleneimine) dendrimers modified with ali-
phatic end groups proved to be extremely flexible.
Protonation of the amine core (for example, by water)
resulted in these dendrimers acting as amphiphiles in which
all (64 for the fifth generation) the aliphatic tails point to one
side while the dendrimer core adjusts its conformation to form
a nearly flat structure.[1f] Recently, the use of photoresponsive
(dendritic) building blocks, obtained through the incorpora-
tion of azobenzene units, led to the formation of photo-
switchable monolayers, whose macroscopic properties could
be completely controlled by irradiation.[6] Here we describe

how the use of amphiphilic azobenzene-modified dendrimers
can give rise to the formation of photoresponsive supra-
molecular assemblies. With the aid of micromanipulation
techniques, these well-defined supramolecular aggregates of
dendrimers were subsequently used as secondary building
blocks in the formation of even larger objects, with dimen-
sions in the micrometer regime. Consequently, the structures
ultimately obtained are the result of tuning at three different
length scales.

We will focus on the fifth generation azobenzene-contain-
ing alkyl-modified poly(propyleneimine) dendrimer 1
(Scheme 1), an amphiphilic blockcopolymer with a random

Scheme 1. Schematic representation of azobenzene-modified dendrimer 1,
to illustrate the random character of the attachment of the azobenzene and
palmitoyl units at the rim of the dendrimer.

shell structure that carries on average 32 azobenzene groups
and 32 palmitoyl groups.[7] Although a statistical distribution
of the two different groups is obtained, as determined by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) analyses, which implicates a random posi-
tioning of these groups, the dendritic scaffold remains
monodisperse.

Dendrimer 1 is molecularly dissolved in organic solvents
such as tetrahydrofuran (THF) or chloroform, and displays
reversible cis ± trans isomerization upon excitation with light
with a wavelength of 365 nm. Injection of concentrated
solutions of 1 in THF into water (pH 1 ± 8) at 333 K results
directly in the formation of opalescent solutions containing
vesicles. These vesicles were subsequently investigated by
transmission microscopy (TM), scanning fluorescence micros-
copy (SFM), confocal scanning fluorescence microscopy
(CSFM),[8] atomic force microscopy (AFM),[9] scanning
electron microscopy (SEM), and cryo-transmission electron
microscopy (Cryo-TEM).[10] Transmission microscopy reveals
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the existence of micrometer-sized spherical objects
(Figure 1 a) that are also visible as bright circular features
by SFM using blue light (420 ± 488 nm) for excitation (Fig-
ure 1 b). The diameters of these objects estimated by both
techniques are identical and are all in the 400 nm ± 20 mm
range. Samples containing different size distributions of
vesicles could be obtained by microfiltration through regen-

erated cellulose membrane filters with varyious pore sizes
(0.45, 1, 5 mm).

The AFM and SEM images taken on isolated vesicles
obtained from drop-cast, aqueous solutions still show the
existence of spheres and oblates in the absence of water
(Figure 1 c ± e), thus confirming the self-stabilizing character
of the assemblies. Consecutive AFM scans on the same giant
vesicle yielded identical images without significant alteration
of the topographic properties. Additional evidence for the
stability of these vesicles was obtained by monitoring the
change in the turbidity of the vesicle dispersion at l� 625 nm
on the addition of ethanol. An enhanced stability, relative to
that of polymerized vesicle dispersions, was concluded from
the observation that the vesicles were stable up to at least
30 vol % of added ethanol.[11]

Cryo-TEM and small-angle X-ray scattering revealed the
existence of vesicles with a multilaminar, onionlike architec-
ture, from which a bilayer thickness of 5 nm could be
estimated (Figure 1 f). An interdigitated bilayer structure is
proposed (Figure 1 g) in which the polar dendrimer part faces
the aqueous phase in a highly flattened conformation.[7]

Computational modeling yielded a length of 32 � for an
alkyl chain containing a trans-azobenzene unit and 22 � for a
fully extended palmitoyl chain, and, hence, confirms this
arrangement. Additional information on the interdigitated
layer structure and stacking of the azobenzene moieties was
obtained from the absorption and emission spectra of the
vesicles.[12±14] A fraction of the azobenzene units within the
giant vesicles could be isomerized from the trans to the
cis conformation (360 nm, 2 mW cmÿ2), which indicates that
the bilayer structure has sufficient free volume.

CSFM measurements taken on giant vesicles in water
confirmed their globular nature and showed there was
fluorescence in all the nodal planes through the objects. This
latter observation indicates the vesicles are solid spheres,
since a series of CSFM images along the axis of the irradiating
light gives direct access to the three-dimensional shape of the
object as well as the distribution of the fluorescence inten-
sity.[15, 16]

Micromanipulation of the vesicles formed by compound 1 is
readily achieved by optical trapping.[17] In this technique, an
object is forced to stay near to the focal point of a highly
focused, nonabsorbed beam of light.[18±21] Figure 2 a displays
the TM image which shows a trapped vesicle (encircled), and
two vesicles that are immobilized by simple deposition on the
surface of the cover glass. In the next images the microscopy
stage is moved to the left, and consequently one of the
immobilized vesicles hits the trapped vesicle (Figure 2 b). The
momentum of the immobilized vesicle is large enough to force
the trapped vesicle from its original position in a billiardlike
fashion. The force acting is in the range of several piconew-
tons.[22±24] Figure 2 c clearly shows the displacement of the
formerly trapped vesicle, its position is now on the far left of
the image. The vesicles still behaved like hard spheres when
the microscopy stage was moved at a lower velocity. In these
experiments (results not shown) the immobilized vesicle
slightly lifted the trapped vesicle. This effect could be
observed in the TM image as a change in the contrast of the
trapped vesicle. Additional translation of the microscopy

Figure 1. a) Representative TM image of a giant vesicle, which illustrates
the spherical structure of the aggregate. A 100� , 1.3 N.A. oil immersion
lens was used in the microscope for imaging. The size of the scale bar is
5 mm. b) CSFM image of the vesicle depicted in (a). The fluorescence
originates from stacked azobenzene moieties in the bilayer structure
(see (g) for a schematic representation). The size of the vesicle obtained
from CSFM (5 mm) is identical to that of the TM image in (a). The power of
the light (420 nm) was P420� 25 kW cmÿ2. c) SEM image of a solvent-cast
vesicle solution, which shows vesicles of several sizes. The size of the scale
bar is 5 mm. d) Noncontact-mode AFM image of a single vesicle deposited
on glass. The image was recorded in the noncontact detection mode using
an AFM microscope (Lumina, Topometrix Inc.) with amplitude detection
(a commercially available high resonance frequency cantilever was used).
The shadow observed on the right of the AFM image is an imaging artifact
along the scanning direction (left-to-right). The AFM tip cannot follow the
profile at the back edge of the structure because of the sharp topography of
the object. e) AFM height profile of the vesicle. The height profile shows
that the vesicles residing on the glass surface deform. The width is now
roughly twice the height (2 and 1 mm, respectively). f) Cryo-TEM image of
a vesicle revealing a clear layered structure. The layer spacing is
approximately 5 nm (see also (g)). The size of the scale bar is 12 nm.
g) Schematic representation of the interdigitated bilayer based on small-
angle X-ray and Cryo-TEM measurements. Additional data from fluores-
cence measurements proved the presence of stacked azobenzene moie-
ties.[6]
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Figure 2. a) TM image of a trapped vesicle (encircled) and two immobi-
lized vesicles. Movement of the sample stage to the left, results in a
concurrent motion of the immobilized vesicles. b) On translation of the
stage at a high velocity, the trapped vesicle is forced from the trap in a
billiardlike fashion. c) This TM image clearly shows the displacement of the
previously trapped vesicle. In all images, the dashed circle indicates the
position of the trapping beam. a') ± c') are schematic representations of the
events in (a) ± (c). The size of the scale bar is 10 mm. A 100� , 1.3 N.A. oil
immersion lens was used with P1064� 25 MW cmÿ2 from a Nd-YAG laser.

stage resulted in a shift of the immobilized vesicle concurrent
with the movement of the stage, whereas the trapped vesicle
regained its original position. The behavior displayed in both
these experiments is remarkably different from that of giant
unilaminar vesicles investigated thus far which merge upon
close contact,[25] whereas the vesicles of compound 1 act like
hard spheres. The hard-sphere behavior of the vesicles is
proposed to result from the unique character of the dendritic
building blocks, which can be viewed as oligomeric, head-
group-polymerized entities (Figure 1 g).

Partial merging of the vesicles can be achieved by
local irradiation at the interface of two ªtouchingº
vesicles with light with a wavelength of 420 nm
(Figure 3). Figure 3 a displays two separated vesicles
from which the one in the center is optically trapped
and therefore bright, while the deposited vesicles,
being out of the confocal plane, are seen as opaque.
In Figure 3 b, the immobilized vesicle is forced
against the trapped vesicle. After irradiation with
light with a wavelength of 420 nm, both vesicles
move concurrently with the cover glass (Figure 3 c).
Separation of the two vesicles by trapping the top
vesicle and movement of the sample stage proved
impossible, even when a trapping power of
250 MW cmÿ2 was used. The CSFM images of the
product displayed fluorescence in every nodal
plane, including the interface of the two vesicles
(Figure 3 d). Presumably, irradiation with light with
a wavelength of 420 nm leads to local disruptions of
the bilayer through isomerization of azobenzene,[12]

which induces fusion of the outer bilayers of the two
vesicles (Figure 3 e).

A similar approach was applied to merge small
vesicles (<500 nm), which were obtained after
filtering the parent dispersion through a filter with
a pore size of 1 mm. In this case, the highly focussed
infrared beam forces the vesicles to accumulate near
the focus of the beam which results in a very high,
local concentration of vesicles in the optical
trap.[26±28] In accordance with the hard-sphere be-
havior of the vesicles, the formation of larger

structures did not occur, as evident by transmission micros-
copy. However, rod-shaped architectures could be obtained
upon simultaneous irradiation with light having a wavelength
of 420 nm (Figure 4 a ± 4 d). The largest rods found were
11 mm in length with a diameter of 1 mm, which suggests that
at least 10 vesicles were involved in the construction process.
The size of the rods depends strongly on the irradiation time
used (Figure 4 e). The mechanical strength of the rods was
tested by pulling the trapped end of a rod, which had been
fixed with one end at the surface, until the rod was fully
stretched. On further extension, the rod did not rupture, it just
sprang from the trap. The rods could be fused to obtain larger
rods using a similar strategy. This building process could be
repeated several times to yield structures up to 20 mm in
length.

We have shown that irradiation with focussed laser light
having a wavelength of 420 nm introduces morphological
changes in vesicles of compound 1 as a result of photo-
isomerization of the azobenzene moieties.[12] These changes at
the interface of two vesicles presumably lead to interdigita-
tion of the outer layers, and in this fashion a superstructure
consisting of several vesicles can be formed. In order to verify
this hypothesis we performed similar micromanipulation
experiments with two reference compounds: 1) dendrimers
functionalized with palmitoyl chains only and 2) dendrimers
functionalized entirely with azobenzene-containing alkyl
chains. Merging was not observed in manipulation experi-

Figure 3. a) TM image of a trapped vesicle (central) floating above the surface of the
cover glass, the others are immobilized on the surface. b) Movement of the sample stage
to the left results in translation of the immobilized vesicles concurrent with the stage,
whereas the trapped vesicle holds its position. The vesicles were kept in this position, and
subsequently, the blue light was focussed at the interface of the contact pair. After
irradiation for 10 min both lasers were blocked. c) The sample stage was moved to the
right, which induced movement of both the immobilized vesicle and the previously
trapped one, which proved that the vesicles had merged. The size of the scale bar is
10 mm. a') ± c') are schematic representations of the merging experiment. d) TM image
(top left) and CSFM z slices, recorded after the merging experiment depicted in a) ± c).
The presence of fluorescence through the complete scan illustrates the existence of
ordered azobenzene units within the multilaminar giant vesicle. The fluorescence at the
interface of the merged vesicles is evidence for effective interdigitation of the outer
layers of the vesicles. The size of the scale bars is 10 mm, the thickness of each z slice is
1.5 mm and P420� 25 kW cmÿ2. The apparent height is approximately 20 ± 23 mm. By using
a calibration factor of 0.667 mm per z slice, a diameter of 13 ± 15 mm is obtained, which is
in good agreement with the estimated value from the individual vesicle dimensions.
e) Cartoon of the CSFM experiment in (d), the red disks represent the confocal z slices.
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Figure 4. a), c) TM images, and schematic representations (a') ± (c') of a
merging experiment with small vesicles. In (a), many small vesicles are
trapped, and the 420 nm wavelength laser is used subsequently to irradiate
the vesicles (schematically represented in (b')). After irradiation both
lasers were blocked, and the newly formed rod moves through the solution.
The size of the rod is subsequently determined from the image in (c). The
arrow points to the formed rod and the open circle indicates the position of
the laser beams. In the cartoons (a' ± c'), the crossed, dashed lines indicate
the focus of the trapping beam. d) Top: TM image, bottom: SFM image of a
merging product. The size of the scale bars is 3.5 mm. Merging: tirr,420� 30 s.
e) Plot of the irradiation time (tirr) with light having a wavelength of 420 nm
versus the size of the formed rods. The largest rod size found was
approximately 11 mm. f) TM image and cartoon of a second merging
experiment. The rod was attached onto the surface by descending the focus
of the trapping beam until the lower part of the rod was in contact with the
surface, thus inducing a fixation after a few seconds. Subsequent irradiation
with light (420 nm) triggered a second rod to merge with the head of the
immobilized one. The size of the scale bar is 5 mm, tirr,420� 60 s (twice). The
same conditions were used in all experiments (P420� 25 kW cmÿ2 and
P1064� 25 MW cmÿ2).

ments carried out with vesicles prepared from either of these
reference dendrimers. In the first case this is the consequence
of the absence of photoactive groups, whereas in the vesicles
prepared from the second dendrimer the increased order
reduces the free volume, and hence photoswitching is
hampered. Although a precise molecular picture of the
merging of 1 is still lacking, the following experiments show
strong evidence for the necessity of a photoinduced process
together with a local heating arising from the absorption of
the infrared light by the overtone of water to obtain enough
flexibility (the system is significantly below its glass-melting
temperature Tg) for merging. Trapping the vesicles with IR
laser light alone without irradiation at 450 nm does not lead to
merging. In addition, performing the experiments in D2O,
where the local heating by IR absorption is absent as a result
of a frequency shift of the overtone, also does not lead to
merging on simultaneous irradiation with IR and UV light.

These results show that by careful design of the dendritic
molecule the physical properties of the self-assembled struc-
ture can be tuned in such a way that phototriggered micro-
manipulation and merging of hard spheres is possible. This
possibility leads to the bottom-up synthesis of micrometer-
sized objects through a combination of covalent synthesis and
supramolecular organization followed by micromanipulation.
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Computer-Guided Design in Molecular
Recognition: Design and Synthesis of a
Glucopyranose Receptor**
Wei Yang, Huan He, and Dale G. Drueckhammer*

The design of compounds which are capable of specific
recognition of molecules and ions is a long-standing challenge
in organic chemistry. In addition to its fundamental interest,
this work is of increasing practical value in the development of
chemosensors for compounds of biological and environmental
importance[1] and is a key element of biomimetic catalysis.[2]

The specific binding of one compound from a complex

mixture generally requires the interaction of multiple func-
tional groups of the receptor with complementary function-
ality of the guest compound.[3, 4] Good affinity and selectivity
requires the precise placement of the recognition elements of
the receptor in the proper position and orientation for optimal
complementarity to the guest. Nature uses proteins (enzymes,
antibodies, and other protein-based receptors) as a basis for
specific receptors. Efforts to achieve specificity and affinity in
smaller synthetic molecules has relied primarily on intuition
for the identification of molecular scaffolds that would permit
proper orientation of the functionality for molecular recog-
nition. We envisioned that the computer program CAVEAT,
developed by Bartlett and co-workers and previously utilized
for the design of enzyme inhibitors and conformationally
constrained peptides, could serve as a valuable tool for the
discovery of molecular backbones for the orientation of
functional groups for molecular recognition.[5, 6] Described
here is the demonstration of a CAVEAT-based design
approach in the development of a glucopyranose receptor
incorporating precisely positioned arylboronic acid groups as
recognition elements.

Arylboronic acids have long been known to form stable
complexes with sugars and other diols in aqueous solution.[7]

Numerous arylboronic acids have been prepared and studied
as sugar receptors, and those incorporating fluorescent aryl
groups have been explored as fluorescence-based sugar
sensors.[8±15] Of particular interest are glucose sensors for
potential application in the maintenance of blood glucose
levels in persons with diabetes.[16, 17] However, the simple
arylboronic acids form stable complexes with a variety of
sugars and thus are not useful as specific receptors or sensors
for a single sugar. Compounds have been prepared that
contain a pair of arylboronic acid groups in somewhat flexible
structures which form two cyclic boronates with a single sugar
molecule.[11±14] These bis-boronic acids, while not designed for
complexation with a specific sugar, have demonstrated some-
what enhanced, though still modest, selectivity. A glucopyr-
anose receptor 1 containing a pair of precisely positioned
phenylboronic acid groups was chosen as an initial target for
receptor design using CAVEAT (Scheme 1). The large oval
structure in 1 represents a polycyclic organic framework to be
identified using CAVEAT. Since glucopyranose 2 can form
cyclic boronates between the a-1,2 and 4,6-hydroxy
groups,[14, 18] the receptor was designed to incorporate aryl-
boronic acid groups in the proper relative position to form a
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Scheme 1. Complex formation between glucose and a bis-arylboronic acid.
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