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Optical trapping has enabled a multitude of applications focusing, in particular, on non-invasive studies of cellular material. The full potential
of optical trapping has, however, not yet been exploited due to restricted access to the trapped samples, caused by high numerical aperture
objectives needed to focus the trapping laser beams. Here, we use our recently developed biophotonics workstation to overcome this
limitation by introducing probing and spectroscopic characterization of optically trapped particles in a side-view geometry perpendicular
to the trapping beams rather than in the traditional top-view geometry parallel to the trapping beams. Our method is illustrated by CARS
and fluorescence spectroscopy of trapped polystyrene beads. The side-view geometry opens intriguing possibilities for accessing trapped

particles with optical as well as other types of probe methods independent from the trapping process. [DOI: 10.2971/je0s.2008.08034]
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1 INTRODUCTION

Optical tweezers have caused a revolution in trapping and
manipulation of nano- and micrometer sized particles using
strongly focused laser beams [1]-[3]. This has enabled a mul-
titude of applications focusing, in particular, on non-invasive
studies of cellular material. In principle it is quite simple why
optical techniques based on trapping and manipulating nano-
and micron sized samples have not yet reached their full po-
tential and become a standard tool in bio-molecular labora-
tories. Using a tightly focused laser beam to trap the sam-
ples, the working distance to the object becomes very small,
typically only a few tenths of a millimetre. Consequently, the
trapped sample is only accessible through the microscope ob-
jectives used to focus the trapping laser. In practise, this limits
characterization and imaging of the sample to a top-view ge-
ometry parallel to the trapping laser propagation axis. Thus,
although the combination of optical trapping and spectro-
scopic characterization has been investigated previously, they
were mostly limited to configurations where optical access
to the trapped samples is through the optics of the trapping
laser beams. Raman spectroscopy of optically trapped sam-
ples was introduced by Ajito and Torimitsu [4] and by Xie et.
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al. [5], the latter using the same diode laser for trapping and
Raman excitation. More recently, Chan et. al. [6] and Shi et.
al. [7] used lasers and super-continuum sources to simulta-
neously trap and characterize samples based on CARS (co-
herent anti-Stokes Raman) spectroscopy. Raman techniques
have also been used for direct imaging of optically trapped
cells. Creely et. al. [8] used Raman imaging at specific vibra-
tional frequencies corresponding to protein- and lipid bands
to image human T-cells. The acquisition time of the Raman
spectrum was several minutes and again a high numerical
aperture was required for the holographic optical tweezers.
In these cases, the high numerical aperture objectives needed
to focus the trapping laser beams restricts the access to the
trapped samples, which also restricts the potential utility of
the combined user-controlled manipulation and monitoring.
An alternate configuration uses opposing optical fibers to de-
liver counterpropagating beams to create an optical trap that
allows access to the trapped particle for independent moni-
toring along an orthogonal axis [9]-[11]. However, a fiber pair
generates only a single trap whose manipulation capability
is restricted to simple axial translation within the highly con-
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stricted operating region between the fiber tips. Scaling these
systems to multiple traps capable of independent and arbi-
trary three-dimensional manipulation is nontrivial even based
on purely geometrical constraints that can easily obscure the
available orthogonal access.

In this work, we exploit our biophotonics workstation [12] to
obtain autonomous access to the optically trapped samples
and break away from restrictions of probing along the trap-
ping laser axis. Multiple independently controllable counter-
propagating beamlets delivered through low numerical aper-
ture microscope objectives enable concurrent, yet indepen-
dent, 3D manipulation of a plurality of particles within a
large operating volume [13, 14]. The geometry opens ample
space for incorporating autonomous functional optical sys-
tems along the orthogonal axis for characterizing the trapped
particles [15]. We show that optically trapped particles can be
imaged and probed in a perpendicular or side-view geom-
etry. We describe the system in Section 2 and demonstrate
its capacity for simultaneous top and side-view optical mi-
croscopy of multiple trapped particles. The next sections then
illustrate how optical systems can be tailored into the inde-
pendent axis to characterize the optically trapped particles.
Section 3 demonstrates autonomous fluorescence microspec-
troscopy of trapped samples while Section 4 demonstrates au-
tonomous CARS microspectroscopy of trapped samples. Sec-
tion 5 presents a summary and outlook.

2 MULTIPARTICLE OPTICAL TRAPPING

WITH CONCURRENT TOP- AND
SIDE-VIEW MICROSCOPY

The biophotonics workstation [12] used in this work is illus-
trated schematically in Figure 1. It employs an optical map-
ping from a beam modulation module to obtain reconfig-
urable intensity patterns corresponding to two independently
addressable regions relayed to the sample volume where the
simultaneous optical manipulation of a plurality of micro-
objects takes place. Fluid-borne microscopic particles are ush-
ered in through a rectangular cuvette of high optical quality
where they are trapped and steered in three dimensions us-
ing a real-time reconfigurable matrix of counter-propagating
structured laser beams (A = 1064 nm). The counter- propa-
gating geometry currently generates up to 100 powerful opti-
cal traps using well-separated objectives, which eliminates the
need for high numerical aperture oil immersion objectives re-
quired in conventional optical tweezers. This generates a large
field-of-view and leaves vital space for integrating other en-
abling tools for probing the trapped particles, such as linear
and nonlinear microscopy or micro-spectroscopy. As is evi-
dent from Figure 1 the working distance, ~ 1 cm, of the objec-
tives in the biophotonics workstation is much larger than the
short working distance required in a standard optical tweez-
ers setup.

The array of counter-propagating trapping-beams is easily
aligned using a computer guided alignment procedure [16].
The spatial addressing of the expanded laser source is done
in real-time through a high-speed computer controlled spa-
tial light modulator that is integrated in the beam modulation
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FIG. 1 Schematic of the experimental setup. The biophotonics workstation utilizes a
single spatial light modulator illuminated by an expanded near-infrared laser source to
generate an array of currently 100 fully reconfigurable counter-propagating laser-traps
for 3D real-time optical trapping and manipulation. The counter-propagating geometry
generates powerful optical traps even with well-separated objectives (numbered 1 and
2). This leaves space for integrating enabling spectroscopic and imaging tools with flow
cells or incubators, for independently probing the trapped particles via objectives A
and B. In the present study the separation between objectives 1 and 2 is approximately

1cm.

module (see Figure 1). Through a computer interface, the op-
erator can simply select, trap and move the desired object(s)
with a mouse or joystick. Once trapped, arbitrary motion pat-
terns can also be programmed for the sample(s) and com-
plicated moving patterns of many independent samples can
be orchestrated. The amount of particles being manipulated
is only limited by the size of the working region (currently
~ 70 ym diameter). Examples of such manipulations are il-
lustrated in Figure 2. Panels (a)-(f) demonstrate trapping and
controlled rotation of a large polystyrene bead with a diame-
ter of 40 ym. The bead is trapped by a large beamlet-pair and
as a result of dragging an additional trap addressing the small
bead attached to its surface the large bead can be precisely
rotated around its axis. This manipulation feature could per-
form the function of a microscopic “workbench” for large cells
or other microbiologic specimens. The images are obtained
in both top- and side-view geometry (video online). In pan-
els (g)-(1) we show a 3 x 3 array of small polystyrene beads
(@ = 4.5 ym) held in the optical trap. A simple moving pat-
tern is defined allowing the 3 x 3 array to move. The 3 x 3
array can be viewed both in top-view and side-view geome-

try.

3 OPTICAL TRAPPING WITH
AUTONOMOUS FLUORESCENCE
MICROSPECTROSCOPY

The biophotonics workstation can host a variety of charac-
terization tools along the independent orthogonal axis, such
as linear and nonlinear microscopy and microspectroscopy.
Initially, we use laser-induced fluorescence to characterize
the samples in the trap. A frequency-doubled Nd:YAG laser
pointer, ~ 1 mW at A = 532 nm, induces fluorescence from
a suspension of red fluorescence polystyrene beads (J =
30 pm) held in the optical trap. Figure 3(a)-(d) shows a se-
quence of images obtained with a camera in the side-view ge-
ometry (video online). Using the computer mouse a trapped
bead is gradually dragged into the exciting laser beam prop-
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FIG. 2 Panels (a)-(f) shows a @ = 30 pm polystyrene bead trapped in the biophotonics
workstation. A small defect on the side of the large bead was used to spin the large
bead. Panels (a)-(c) show the spinning bead in top-view geometry and panels (d)-(f)
show the bead in side-view geometry (videosize: 1.9 MB, format: avi, see Fig2a-f.avi).
Panels (g)-(I) show nine 4.5 um polystyrene beads in a 3 x 3 configuration which
are simultaneously manipulated. To change angle and amplitude of the tilt of the flat
structure we use a joystick to alter the power ratio between the individual counter-
propagating beams vyielding the desired vertical displacements. The depth of focus
for the top-view is quite large, so only with large displacements, as in panel (1), is
the displacement visible through the defocusing visible on the three beads to the left
in panel (i). The real-time online video shows the beads moving with speeds up to

20 um/s (videosize: 2.9 MB, format: avi, see Figag-l.avi).

agating perpendicular to the image plane. When the bead is
brought into overlap with the laser beam a strong fluores-
cence appears (Figure 3(d)), saturating the camera completely.
When the polystyrene bead is outside the laser excitation
beam it is still visible through its faint fluorescence induced
by the room light. Figure 3(e), shows the unfiltered fluores-
cence spectrum obtained by replacing the camera, with a fibre-
coupled spectrometer. The spectrum is composed of scattered
light from the 532 nm laser and the strong fluorescence from
the polystyrene beads extending from 500 nm to 700 nm. In
addition, a weak signal around 830 nm is observed originat-
ing from the diode laser used to pump the Nd:YAG-laser. The
fluorescence results clearly show the advantage of the side-
view geometry, enabled by the long working distance: Even
the faint fluorescence signal, excited with a milliwatt laser
pointer is easily detectable when the viewing direction is per-
pendicular to the strong trapping beams used.

4 OPTICAL TRAPPING WITH
AUTONOMOUS CARS
MICROSPECTROSCOPY

We now proceed to show how CARS spectra, and potentially
CARS images, of trapped particles can be recorded in the
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FIG. 3 Laser induced fluorescence from a dyed polystyrene bead trapped in the bio-
photonics workstation. In panel (a) the distance between the bead (green) and the
532 nm laser beam (blue) used to excite the fluorescence is approximately 30 pm.
The faint fluorescence observable in panels (a)-(c) is induced by the room light. The
trap is used to gradually move the bead closer to the 532 nm laser beam and in panel
(d) they overlap giving rise to the fluorescence spectrum depicted in panel (e). False-
color contrasts the excitation from the fluorescence while maintaining their relative

brightness (videosize: 1.4 MB, format: avi, see Fig3.avi).

side-view geometry. The ability to work with untagged or un-
stained samples is highly desirable for numerous reasons and
it has been the driving force behind the rapid development
of CARS microscopy and CARS-microspectroscopy since 1999
[17]-[19]. The CARS process is resonant scattering of coher-
ently driven molecular vibrations. Consequently, it is both
sensitive and chemically selective, and it gives similar infor-
mation on the molecular composition of a sample as sponta-
neous Raman scattering. However, the coherent nature of the
CARS process facilitates shorter acquisition times and further-
more reduces the detrimental effects of fluorescence from the
sample. We drive the CARS process with a pump and a Stokes
pulse using a single femtosecond laser and micro-structured
crystal fibres [20, 21, 28]. The pump pulse is generated by spec-
tral compression of a negatively chirped femtosecond pulse
in a crystal fibre with its zero dispersion wavelength close to
the laser wavelength of 800 nm. This compresses the broad-
band femtosecond pulse to a near-transform limited picosec-
ond pulse with a bandwidth of 1 nm corresponding to an or-
der of magnitude increase in spectral brightness. The Stokes
pulse is generated by launching an 800 nm femtosecond pulse
into an optical fibre, dispersion shifted relative to the laser
wavelength such that the Stokes pulse experiences negative
group velocity dispersion. This results in the formation of a
soliton and a gradual redshift of the soliton centre wavelength
as the soliton propagates through the fibre [22]-[24]. By ad-
justing the laser power, the soliton can be continuously tuned
from 800 nm to 1200 nm, corresponding to Raman shifts up
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to vg = 4000 cm~!.The frequency resolution in the present
setup is determined by the spectral width of the compressed
pump pulse and is Avg ~ 15 cm~L. The collinear pump- and
Stokes beams are focussed on the sample using a x20 objec-
tive and the phase matched anti-Stokes light is detected in the
forward direction.

In Figure 4(a)-(d) we present a sequence of images showing
a 10 ym polystyrene bead in liquid water trapped in the bio-
photonics workstation. The images are obtained in the side-
view geometry looking at the sample perpendicularly to the
strong trapping beams. The red dot in the lower left side of
the images corresponds to the two overlapping laser pulses at
Ap = 800 nm and Ag = 1052 nm, used to drive the CARS pro-
cess. At these wavelengths the CARS process is resonant with
the C-H stretching modes around 3000 cm~! in polystyrene
and the resonant CARS signal appears at an anti-Stokes wave-
length of A4 ~ 645 nm. In Figure 4(a), the trapped bead is
located at the top of the image, barely visible as a faint red
object. Since the trapping laser beams and the CARS laser
beams are completely independent we can gradually move
a trapped bead closer to the CARS lasers until they overlap.
This is accomplished in Figure 4(d). When the bead is in the
CARS laser beams a strong yellow signal is visible in the cen-
tre of the red spot. This yellow spot corresponds to the CARS
signal at 645 nm. The CARS signal is actually present in all
four images. In addition to the resonant part of the CARS sig-
nal, there is also a non-resonant contribution to the CARS sig-
nal. Consequently, there is a weak non-resonant CARS signal
from the solvent water molecules. The resonant CARS sig-
nal from polystyrene is several times stronger than the non-
resonant background from water. Replacing the camera with
a spectrometer, we can obtain the spectrum of the CARS sig-
nal from polystyrene as shown in Figure 4(e). In addition to
the CARS signal at 3000 cm !, we also measured the weaker
CARS spectrum in the fingerprint region around 1600 cm ™!
(not shown), where C-C and C=C vibrational modes con-
tribute to the CARS spectrum [25]. The CARS spectral pro-
file can either be calculated from known Raman lines, or if
the trapped sample is of unknown molecular composition, the
Raman lines can be extracted from the CARS profile using the
maximum entropy method [26], allowing the line position to
be disentangled from the non-resonant background. The solid
line in Figure 4(e) is the calculated CARS profile based on the
known Raman lines of Polystyrene and the wavelengths of
the pump (Ap = 800 nm) and the Stokes (Ag = 1052 nm)
pulses difference. We have obtained the CARS spectrum of
polystyrene beads down to 5 ym in diameter. For the small-
est beads, the co-propagating CARS lasers will actually push
the trapped particles slightly, requiring an adjustment of the
trapping lasers. This can be minimized if the two CARS laser
beams instead are counter propagating [27], which, in addi-
tion, will also reduce the non-resonant background.

5 SUMMARY AND OUTLOOK

We have demonstrated a system that decouples the optical
trapping and manipulation from characterization and moni-
toring. This opens exciting possibilities for a broad range of
techniques, where the samples can be characterized and ma-
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FIG. 4 CARS spectroscopy of trapped polystyrene beads (¢ = 10 um). In panel (a)
the barely visible bead, indicated with the arrow, is located far from the CARS lasers
beams. The red spot in the lower left side of panel a is the non-resonant CARS signal
from the water solvent and indicates the position of the CARS laser beams. Using
the biophotonics workstation, the polystyrene bead is gradually moved closer to the
CARS laser beams in panels (b) and (c) until the overlap in panel (d) (videosize:
2.5 MB, format: avi, see Figa4.avi). This gives rise to a strong CARS signal, resonant
with the C-H vibrational transitions in polystyrene. In panel (e) we show the CARS
spectrum obtained when replacing the side-view camera with a spectrometer. From
the known Raman spectrum of polystyrene we can simulate the CARS spectrum [26]
and we observe good agreement between the measured and calculated spectrum. The
minor discrepancy observed below 2850 cm~! is due to additional chirp in the Stokes
laser pulse [27] caused by the microscope objectives used for the CARS laser beams.
This additional chirp can be removed by pre-compensating for the dispersion in the

side-view optics.

nipulated independently of the trapping laser beams, thus fa-
cilitating sorting based on the molecular characteristics, flu-
orescence tagging for example, of the samples. Not only the
full range of optical techniques are possible. The long work-
ing distances, and the ability to independently control the po-
sition and, importantly the orientation of the samples could
also enable the use of miniaturized NMR-miniprobes [29] or
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X-Ray/electron beam scattering techniques to characterize the  [14]
trapped samples. Furthermore, with the power levels used in
the biophotonics workstation, both the trapping lasers and the
laser pulses used for CARS, untagged live biological samples
can be investigated in vitro for prolonged periods. [15]
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