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Abstract A fifth-generation poly(propylene imine) dendrimer decorated with palmitoyl- and
azobenzene-containing alkyl groups forms giant vesicles in aqueous solutions with diameters
from 50 nm up to 2im and a multilaminar onion-like structure. Dense and ordered arrange-
ment of the azobenzene chromophores in the bilayer structure leads to fluorescence with
Amax= 600 nm. The fluorescence intensity can be increased by irradiation with blue light, and
at low pH a distinctive blue shift of the spectrum is observed. With the aid of a single-beam
optical tweezers it is possible to trap vesicles and direct them in a billiard-like fashion against
each other using forces in the range of several pN. In collision experiments, the vesicles
behave like hard spheres, and merging is not observed.

INTRODUCTION

Dendrimers are highly branched, well-defined macromolecules having a number of interesting charac-
teristics [1,2]. Some examples of their potential use are drug delivery and nanoscale building blocks.
Aggregates of dendrimers may serve as micelle mimics and, more generally, as models for biomem-
branes [3]. If substituted with chromophores, the highly defined and specific structure of dendrimers
equip them with unique possibilities in photophysical and photochemical studies [4-6]. The ease of
controlling the position, number, interaction, and environment of photoactive groups at the periphery of
the dendrimer will lead to the development of novel photosystems. There have been several attempts to
synthesize supramolecular architectures with the photoisomerizable azobenzene group to obtain photo-
switchable systems [7,8] or optical data storage devices [9-10].

The dendrimer (compourt studied in this paper forms giant vesicles in neutral or acidic aque-
ous solutions [8]. Protonation of the dendrimer induces a change in its structure, and the interior goes
outside. Simultaneously, the hydrophobic chains come together and form well-packed bilayers, in
which the alkyl chains are oriented parallel to each other. In contrast to the same dendrimer functional-
ized only with palmitoyl groups the vesicles can also be visualized by fluorescence microscopy using
420-nm excitation light [11]. We report here about the properties of the giant vesicles formed by the
fifth-generation poly(propylene imine) dendrimer decorated with 32 palmitoyl- and 32 azobenzene-
containing alkyl groups (compourid as characterized by transmission (TM), scanning fluorescence
(SFM), confocal scanning fluorescence microscopy (CSFM), and fluorescence spectroscopy. By using
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a single-beam optical tweezers, the giant vesicles can be brought into close contact, and interactions
between them can be investigated.

MATERIALS AND METHODS

Compoundl was synthesized according to literature procedures [8,11]. Tetrahydrofuran (THF, Aldrich,
spectrophotometric grade) was used as received. Titrisol buffer (Merck) was filtered over Millex-VV
Millipore filters (0.14um pore size). Water used for all experiments was obtained from a Millipore Milli

Q system1 was dissolved in THF (50 mg/ml) and 1@0wvere injected into 10 ml of hot titrisol buffer

(343 K; pH = 1). After cooling to room temperature, a droplet was placed on a cover glass and used at
the microscopy set-ups.

Absorption spectra were recorded on a Perkin—Elmer lambda-6 UV/Vis spectrophotometer. The
frequency doubled output of a mode-locked, solid-state Titanium Sapphire laser with ps-pulses
(Tsunami, model 3960) pumped by a continuous beamlocked Argon lon laser (488 nm) (model 2080)
was used as a blue excitation source in all microscopy measuremert§ KW cm? Ao, = 420 nm).
Fluorescence spectra of single giant vesicle were measured on an inverted confocal microscope
(Diaphot 200, Nikon) with an oil immersion lens (100x/NA 1.4) using an avalanche photodiode as the
detector for sample scanning fluorescence imaging. Fluorescence spectra were measured with a liquid
nitrogen-cooled, back-illuminated CCD camera (LN/CCD-512SB, Princeton Instruments) coupled to a
150-mm polychromator (SpectraPro 150, Acton Research Cooperation) using 2 s integration time. The
recorded spectra were first background subtracted and then corrected for the response of the CCD cam-
era and the optics used.

All other microscopy investigations were performed on a BioRad MRC 600 beam-scanning con-
focal microscope unit connected to a Nikon Diaphot 300 inverted microscope (objective 100x/1.3). It
uses photomultipliers as fluorescence light detectors. Transmission-microscopy images were recorded
with a CCD camera coupled to a video recorder and a frame-grabbing system. A single-beam optical
trapping system is coupled to the other sideport of the Nikon microscope by a dichroic mirror that
reflects infrared light of a diode-pumped cw Nd:YAG laser (1064 nm) but transmits visible light below
650 nm [12]. A beam expander is used to fill properly the aperture of the oil immersion objective. Two
planconvex lenses (150 and 100 mm focal length) are placed in the light path in a distance of 250 mm
with their flat surfaces facing one another. The second lens is mounted on an x,y,z translation stage, and
by changing its position the focus of the IR beam (and hence the location of the optical tweezers) can
be moved in the sample in x-, y-, and z-direction by seyenalThe infrared light power at the sample
was 250 MW crit.

RESULTS AND DISCUSSION
Fluorescent giant vesicles

In organic solvents such as THFjs molecularly dissolved and displays reversitiletransisomer-
ization upon excitation with 365-nm light. Injection of concentrated THF solutioris infwater
(pH = 1-6) at 343 K, results directly in the formation of opalescent solutions containing vesicles. The
diameter of those vesicles ranges from less than 200 nmpbm 16th an average diameter of 216h.
A typical TM-image is shown in Fig. 1A. About 10% of the vesicles, however, showed a circular sub-
structure as the one in Fig. 1C.

Both types of giant vesicles were found to be fluoreségnt € 600 nm) when excited with light
of 420 nm in contrast to the nonfluorescent giant vesicles formed by the same dendrimer decorated only
with palmitoyl groups [11]. This emission was unexpected since the azobenzene chromophore is known
to be nonfluorescent in organic solvents. Azobenzene fluorescence was only detected in low pH aque-
ous solutions at low temperatures [13]. Recently, two research groups reported fluorescence from
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Fig. 1 Transmission-microscopy images of giant vesicles formed by comgoimngblutions at pH 1 with (A)
and without (C) substructure and series of CSFM images representing z-scans through the two vesicles (B, D).
The size of scale bars igin, the CSFM images are separated Iy

azobenzene in restricted environments with a maximum near that reported by Rau at low pH [14,15].
A different type of emission with &, = 600 nm was observed for aggregated azobenzene chro-
mophores in bilayers by Shimomura and Kunitake [16]. They attributed this emission to fluorescence
from an excitonic state of aggregated azobenzenes in a bilayer system where the photoisomerization
of the azobenzene unit is hindered to some extent. The similarity of the fluorescence spectrum as well
as the indications for a multi-bilayer structure in the giant vesicles lead us to the hypothesis that the
azobenzene chromophores arrangement in those bilayers resembles that of the bilayer system
described in ref. 16.

The use of confocal fluorescence microscopy allows a 3D mapping of the fluorescence origin
with a resolution of 200 in x- and y- and 3@t in z-direction, respectively, for the used excitation
wavelength. The giant vesicles without substructure in TM-images show a homogeneous distribution of
fluorescence through the entire vesicle (Fig. 1B). On the contrary, the giant vesicles with substructure
in TM show no or reduced fluorescence in the centre of the substructure (Fig. 1D). The reasons for no
fluorescence could be either no azobenzene chromophores (i.e., no moledylgesént in the dark
areas or a disordered configuration of the azobenzene chromophores preventing the exciton-like fluo-
rescence. By applying IR-light (1064 nm, leading to heat release after being absorbed by water) and
blue light (420 nm, leading tvans-cis andcis-trans photoisomerizations) together nonfluorescent
areas can be transformed into fluorescent areas [11]. Therefore, the nonfluorescent regions are filled
with azobenzenes, i.e., compouhdf D,0, which does not absorb 1064-nm light, was used instead of
H,O the nonfluorescent areas remained dark, proving the necessity of the heat release for the morpho-
logical changes leading to the fluorescent azobenzenes. The experiments also prove the presence of
water inside the giant vesicles, which probably separates the individual bilayers.

Fluorescence enhancement

Irradiation of a small area of approximately Qus? in a giant vesicle for 30 s, using a focused laser
beam, results in an increase in the emission intensity of that area (Fig. 2B). The average power in the
diffraction-limited spot is 25 kW ci. If subsequently the giant vesicle is stored in the absence of light,
and only imaged from time to time, a further increase in emission intensity is found (Fig. 2B).
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Fig. 2 (A) Absorption of an aqueous dispersion (pH 1) of vesiclelsafd emission spectra .= 420 nm)

before (lower curve) and after fluorescence enhancement (upper curve). (B) Transmission microscopy (top) and
their corresponding fluorescence images (bottom) of giant vesicleslfiom solution of pH 1A= 420 nm.

(Left) before irradiation; (center) after 30 s of irradiation; (right) 2 min after irradiation, respectively (scale bar

10 um).

Irradiation with 420-nm laser light also alters the refractive index of the vesicle, however, only in a
small area.

We propose that this intensity increase is causetamg-cisisomerizations taking place in the
organized bilayer structure. It has been reported that visible light in the range of 436 to 514 nm can
induce photoisomerizations in azobenzene. It has to be noted, however, that the aiewzobien-
zene produced by visible light is much lower than that produced by UV light (e.g., 360 nm) [17]. In our
case, irradiation at 420-nm laser light indut@ssto-cis and cis-to-trans photoisomerization cycles,
followed by reorientation of azobenzene moieties. It is well known that linearly polarized laser light can
induce reorientation of azobenzene groups through photochemical isomerizations [18]. The reorgani-
zation leads to a different state of aggregation, resulting in an increase in fluorescence intensity and a
different refractive index. This latter phenomenon has found applications in the field of optical data
storage [7,9,10].

The change in refractive index occurs in an area that is comparable to the focal spot (white rec-
tangle in top right, Fig. 2B). The area with enhanced fluorescence intensity, on the other hand, is much
larger. The dumb-bell shape of the excitation laser beam focused to a diffraction limited spot leads to a
fluorescence enhancement in z-layers far from the focus with much lower intensities compared to the
focus area. Obviously, the change in fluorescence needs much lower light intensities than the refractive
index change.

The emission spectrum recorded after the enhancement experiments (Fig. 2A) reflects not only
the higher fluorescence intensity, but shows also a pronounced blue shift. The fluorescence maximum
shifts from 605 to 525 nm. Similar fluorescence enhancement experiments were performed in giant
vesicle solutions of pH 5.5 [11]. Besides a smaller fluorescence intensity increase, only a small blue
shift is observed. The fluorescence maximum in pH 1 solutions is in good agreement with the spectrum
of azobenzene chromophores with protonated nitrogen atoms in solution, proton-rich membranes, and
microporous aluminum phosphate [13,16,19]. The large blue shift in pH 1 solutions can, therefore, be
attributed to the presence of a high concentration of protons or positive charges in the proximity of the
azobenzene units. A change in morphology may induce the shielded layer-structure to open, leading to
close contact of part of the azobenzenes and protons from the protonated poly(propylene imine) core.
Another alternative is an intrusion of protons from the intercalated water layers.
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The fluorescence enhancement continues after storage of the vesicle in the absence of light. In all
experiments, the fluorescence intensity reached a maximum after approximately 2 h. Storage overnight
did not affect the intensity further, both transmission and fluorescence images remained unaltered. The
intensity increase in the absence of light is probably caused by a contirssingnsback-isomeriza-
tion to the thermodynamically more stalbdensform of azobenzene. During this process, a more flu-
orescent type of aggregates is formed, resulting in the rise in intensity.

Hard-sphere behavior

Micromanipulation of giant vesicles formed by compourid readily achieved, using optical trapping

[20]. In this technique, an object is forced to stay near the focal point of a tightly focused, nonabsorbed
light beam [21-25]. In the simplest form, the object is larger than the diameter of the light focus and
has a higher refractive index than the solution. Due to multiple refractions and reflections and the sym-
metry of the light beam, an attractive potential with a minimum near the light focus is created.

Figure 3A displays the TM image in which a trapped vesicle (encircled) and two vesicles, immo-
bilized on the cover glass, are shown. In the next images, the microscopy stage is moved to the left, and
consequently one of the immobilized vesicles hits the trapped vesicle (Fig. 3B). In this instance, the
moment of inertia of the immobilized vesicle is large enough to force the trapped vesicle from its orig-
inal position in a billiard-like fashion. The acting forces are in the range of several pico newtons, as was
determined in the literature for traps with similar optical components and light sources [26-28]. Figure
3C clearly shows the displacement of the formerly trapped vesicle, its position is now on the far left of
the image. The vesicles behave like inert hard objects.

If the microscopy stage was moved at a low velocity, the hard-sphere nature of the vesicles led to
a different observation. In such an experiment, shown in Fig. 4, the trapped vesicle was lifted upwards
by the immobilized vesicle but was still trapped by the infrared light. This can be observed in the TM
image as a change in contrast of the trapped vesicle (Figs. 4C—4E). Additional translation of the
microscopy stage resulted in reverse downward movement of the trapped vesicle regaining its original
position while the immobilized vesicle moved away parallel to the movement of the stage (Fig. 4F). In
other words, the trapped vesicle was rolled over the immobilized vesicle. The trapping force fixed the
position of the trapped vesicle in the x- and y- but not in the z-direction.

If two giant vesicles were kept in close contact for a longer time, no attractive interaction could
be observed, the vesicles behaved inert. The behavior described in this paragraph is remarkably differ-
ent from that of giant unilaminar vesicles investigated thus far, which do merge upon close contact [29],
whereas the vesicles of compouhtesemble hard spheres in their behavior.

Fig. 3TM images that display pushing of a trapped vesicle (encircled in 3A) by an immobilized vesicle due to
sample stage movements.
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Fig. 4 (A)—(F): TM images of a trapped vesicle (left) rolled over an immobilized vesicle moving with the sample
stage (right).
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