Scanning x-ray microdiffraction of optically manipulated liposomes
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We show optical tweezers manipulation of individual micron-sized samples investigating at the
same time their inner nanostructure by synchrotron diffraction experiments. The validity of this
technique is demonstrated for clusters of multilamellar liposomes trapped in single and multiple
positions in the optical path of a microfocused x-ray beam and analyzed in a microscanning mode.
The signal to background ratio of the first order peak shows that single liposome measurements are
feasible. Multiple trapping by means of diffractive optical elements is demonstrated as an effective
manipulation tool for future x-ray diffraction studies of the interaction between different sample

entities.

The third generation synchrotron radiation (SR) sources
generate intense x-ray beams, which can be used as experi-
mental probes in various areas of basic and applied
research.! Their high spectral brightness has allowed the de-
velopment of optics for focusing soft and hard x-rays to mi-
cron and submicron focal spots: refractive, diffractive, or
capillary optics, Kirkpatrick-Baez (KB) mirrors, two-
dimensional (2D) waveguides, and multilayers.”” These
achievements have enabled x-ray imaging and diffraction ex-
periments on small sample volumes (<um?) to resolve
structural information on a length scale from small-molecule
crystallography (~0.1 nm) to large proteins or supramolecu-
lar assemblies (~100 nm).* SR microbeam represents an
ideal in situ probe to study local transient phenomena using
inkjet systems'® or conformational changes within microflu-
idic cells.'"'?> A common feature of these experiments is the
need to move the sample, fixed on its support, in front of the
x-ray beam. Consequently, this limits the freedom degrees
for sample orientation and manipulation and does not allow
to study interactions between two independent objects in
terms of mutual orientation or growth (e.g., single cell study,
real time crystal growth).

On the other hand, since the first demonstration," opti-
cal tweezers (OT) has emerged as a powerful tool in micro-
manipulation of a large variety of microparticles immersed in
fluids."* ¢ Since OT allows to apply calibrated forces mea-
suring the displacement of the trapped object with nanometer
precision, to trap and manipulate multiple objects in real
time, it can be considered as a valuable tool for sample ma-
nipulation in SR experiments.

Here, we demonstrate the usefulness of OT in micro-
small-angle-x-ray-scattering (micro-SAXS) experiments of
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colloidal suspensions (specifically, lipid/water model sys-
tems). The chosen lamellar and inverse hexagonal lipid/water
systems find wide applications, especially in the food and
pharmaceutical industries. For instance, multilamellar
vesicles serve as model systems to mimic cellular biomem-
branes, dispersed lipid/water systems such as hexosomes and
cubosomes are used as drug carriers,'” and lipoplex particles
(cationic lipid/DNA complexes) serve as efficient transfec-
tion vectors.'"® However, such systems are usually studied
only in bulk and, therefore, a technique that allows single
particle studies would be of great help for a deeper under-
standing and improvement of these pharmaceutical vehicles.
We designed and implemented a custom OT microscope
and set it up in front of the microfocused x-ray beam at the
ID13 beamline of the ESRF, to perform micro-SAXS experi-
ments. The setup is shown in Fig. 1. The sample cell (SC),
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FIG. 1. (Color online) The combined SAXS-OT setup. The capillary SC,
attached to the OT stage (red box), is illuminated by the WL source and
observed by the IM, which are attached to the SAXS stage (black box). The
x-ray beam is microfocused by x-ray focusing optics (XFO) inside the SC
and the scattered light is recorded by the CCD. The IR laser beam is directed
onto the spatial light modulator (SLM) and its wavefront shaped by DOEs
(blue inset) to control the focus and the splitting of the beam which is then
reflected to the microscope objective (MO) by the dichroic mirror DM. The
laser beam is focused by the MO into the SC to form the trap. The OT stage
can be moved along the three axes, as indicated by the red arrows.
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which contained the colloidal dispersions, was a thin walled
glass capillary of 100/ ~80 Um external/internal diameters
(Hilgenberg). By means of a remote controlled syringe pump
(TSE Systems GmbH), small volumes of liquid were moved
in front of the microfocused x-ray beam. The direct beam
was blocked by a central stop and the pattern of the x-ray
light scattered by the sample was recorded with a 2D charge-
coupled device (CCD) camera (MAR165, MarResearch). A
white source and an upright microscope (objective 40X,
Olympus) were used to image the sample. The SC holder and
the OT microscope were built on a separate stage (red box in
Fig. 1), which could be moved along the x, y and z axes to
align the region of interest of the SC with the microfocused
x-ray beam. A single mode cw fiber laser (IPG-Photonics)
generated a collimated linear polarized beam at 1064 nm.
The phase of the wave front was controlled by a pre-
calculated diffractive optical element (DOE), which was dis-
played onto the active area of the spatial light modulator
(SLM) (PPM-X8267-11, Hamamatsu). The DOE allowed to
suitably shape the laser beam, which was then directed by
the dichroic mirror into the microscope objective [Nikon
60X, 0.7 numerical aperture (NA), dry] and focused into the
SC to form the trap. The use of immersed objectives with
high NA, typical for OT, was prevented because of the strong
x-ray scattering induced by the immersion fluid touching the
capillary. In addition, the capillary shape and the difference
between the refractive indices of air, glass, and water made
the capillary behave like a cylindrical lens which degraded
the shape of the trap and, hence, its efficiency. This was
compensated by using a spherical-cylindrical DOE (see the
upper DOE in the blue inset of Fig. 1). Since the 0.7 NA of
the trapping objective was low, the particles were trapped in
two dimensions by the laser, the confinement in the third
dimension being provided by the capillary wall. DOEs can
also be used for multiple trapping.'” For instance, the DOE
in the lower part of the blue inset in Fig. 1 shapes the laser
beam to form two traps.

The monochromatic SR beam at 12.56 keV energy
(0.987 A wavelength) was focused onto the sample to about
1 Um? using KB mirror optics.® The sample-to-detector dis-
tance was 348 mm and an Ag-behenate grain was used for
calibration.”® The imaging microscope (IM) was aligned to
the grain’s position, which was used as a reference thereafter
(see the Cartesian reference system drawn in green in Fig. 1).
The capillary, containing the colloidal dispersion, was then
introduced into the setup to trap and fix the sample in the
reference position. Lipid dispersions of palmitoyl-oleoyl-
and di-oleoyl-phosphatidylethanolamine (POPE: multilamel-
lar vesicles; DOPE: inverted hexagonal phase) (Avanti Polar
Lipids) were prepared according to standard procedures in
excess of water.”' Lipid concentrations were in the range of
0.1 — 1 mg/ml. The dispersion was transferred, at room tem-
perature, into the capillary by the remotely controlled syringe
pump. Using a laser power of 400 mW (at the exit of the
laser), we created an optical trap of micrometric size where
the POPE vesicles were attracted to form a cluster. The po-
sition of the OT stage was then adjusted to get the trapped
cluster exactly in the focus of the IM.

A typical diffraction pattern of the POPE cluster, using
5 s exposure time is shown in Fig. 2. The exposure time was
close to the limit of the radiation damage, as tested on a
small cluster fixed to the capillary wall, but since only single
exposures were taken in one position, the radiation damage
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FIG. 2. (Color online) Plot of the azimuthally integrated intensity of a
trapped POPE cluster (red line) and the Lorentzian function (black line)
fitted to experimental data. The inset shows the 2D diffraction pattern as
recorded by the CCD detector.

can be neglected for our experimental conditions. The radial
intensity profile was obtained by azimuthally integrating the
2D diffraction pattern using the FIT2D software.?? The result-
ing d spacing of the first order diffraction peak d = 5.29 nm,
corresponds well to the values obtained for bulk samples®
showing that these specific experimental conditions do not
affect the structure of the sample.

To demonstrate the capabilities of the technique, we per-
formed a scanning diffraction experiment with a step size of
2.5 X 5 U m? Figure 3(b) shows a trapped cluster of POPE
liposomes imaged by the IM. Some other small clusters at-
tached to the capillary wall are also visible. To demonstrate
that our cluster was not attached to the wall, we switched off
the laser and saw the vesicles leaving the trap. Turning the
laser on, the central cluster is formed again (see movie).?*
The corresponding scanning x-ray diffraction of the trapped
POPE cluster, i.e., the first order intensity versus the scan-
ning position, is shown in Fig. 3(c). From the Figs. 3(b) and
3(c), one can reconstruct the position and the shape of the
trapped cluster inside the capillary, as shown in Fig. 3(d).
Considering the full width half maximum intensity as rel-
evant for size estimation, we assimilated the cluster to an
ellipsoid, centerd at about 12 Um below the capillary wall
with the three main axes of about 10, 3, and 4 Um, respec-
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FIG. 3. Microcanning SAXS of an optically trapped POPE liposome cluster.

(a) The three view points for the trapping region in capillary. (b) Optical
image of the POPE cluster in the capillary. (c) X-ray diffraction image of the
POPE cluster (the arrow indicates the capillary wall). (d) Transversal section
of the capillary with the position of the trapped POPE cluster.
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FIG. 4. Multiple trapping of DOPE clusters with an inverse hexagonal inner
nanostructure. (a) Microscope image of the capillary with the IR-laser
switched on, two laser traps are visible. (b) X-ray diffraction image of the
two DOPE clusters, viewed in x direction.

tively. Since the size of the microfocused x-ray beam is
1 Um and the average size of POPE liposomes is about
1 Um, we estimate that, at most, 10 liposomes got irradiated
at once. Analyzing the values of the signal peak to back-
ground ratio (SPBR) >450 /1 and scaling down the SPBR
from 10 to 1 liposome, we conclude that single liposome
measurements are feasible. Furthermore, the application of a
more sensitive and fast CCD detector will help to reduce the
exposure time to improve the SPBR and, hence, to reduce
the radiation damage.

Another important remark is that, by using OT, the
samples can not only be fixed and manipulated, their shape
be analyzed (microscanning) and their inner nanostructure be
determined (x-ray diffraction), but this technique allows also
to change simultaneously the environmental conditions (e.g.,
pH, salinity) by remotely controlled microfluidics.

OT was demonstrated recently as a valuable technique to
control the growth of birefringent tetragonal lysozyme
crystals® and multiple trapping was used to investigate lo-
cally reactions on a micronscale using optical fluorescence
microscopy.”® Our technique allows to perform this type of
experiments with x-ray beams. For instance, using two opti-
cal traps different micron-sized clusters, let us call them A
and B, can be brought into contact and, consequently, a re-
action between them can be induced. While OT is used to
trigger the reaction, the combined microfocused x-ray beam
would allow to view the nanostructural changes at the com-
mon interface of A and B. A proof of concept is illustrated in
Fig. 4. Here, two microclusters of DOPE in the inverse hex-
agonal phase are fixed at about 15 Um from each other. The
microscanning experiment (step width 3 X 5 Um?) revealed
one cluster (A) with an ellipsoidal shape (the longest axis, y
of ~10 Um) and another cluster (B) with almost spherical
shape (diameter of ~10 Um). The cluster B contains less
lipid material than the cluster A since the flux of fluid is
oriented down to top and, hence, the second trap is partially
shielded by cluster A. In a second step, using a sequence of
DOE:s, the two DOPE entities can be brought close to each
other and as a consequence fuse.

In this letter, we presented a combined setup that enables
microdiffraction x-ray experiments of microsamples that are
fixed and manipulated by means of OT inside a capillary
which is connected to a remotely controlled microfluidic cir-
cuit. Single and multiple optical traps created by means of

DOEs are demonstrated for fixing the samples in scanning
micro-SAXS experiments with multilamellar liposomes. The
high SPBR for ten liposomes shows that single liposome
measurements are feasible. Multiple trapping was demon-
strated in the view of future more complex experiments, e.g.,
investigate the reactions between different colloidal micro-
systems.

The setup can be improved to enable three-dimensional
optical trapping and simultaneous imaging through the same
objective. In this regards, we are considering new immersion
objectives, with long-working distance and high enough NA.

The results presented here have given insight into the
very fascinating gamble field—to look at single supramo-
lecular assemblies with micron- and submicron-sized SR
beams, which will find multiple applications in third and in
particular future fourth generation SR sources.
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