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The shaping of laser beams has developed into a powerful tool for
optical micromanipulation. In this context, Airy and parabolic laser
beams which follow curved trajectories have drawn considerable
attention. These beams may allow clearing of microparticles
through particle transport along curved paths, a concept termed
“optically mediated particle clearing (OMPC).” In this communi-
cation we apply this concept to microparticles and cells within
specially designed microwells. Our results open novel perspectives
for the redistribution of cells between different media within
a microfluidic environment.

Optical micromanipulation has evolved into a powerful technique
that is applied in several disciplines particularly within a microfluidic
environment.! Many applications in optical micromanipulation
greatly benefit from the use of light fields shaped both in phase and
amplitude, including “non-diffracting” laser beams. The most
prominent example of a “non-diffracting” laser beam is the Bessel
beam? which does not spread while propagating, even if the beam
diameter is reduced to the size of a tightly focused Gaussian laser
beam. Examples of its use include the trapping of particles in multiple
microfluidic chambers,? the creation of elongated particle conveyor
belts* and nanotechnology where optically trapped microspheres are
used for subwavelength nanopatterning.® In biology, Bessel beams
have been used for microfluidic cell sorting and the optical trans-
fection of cells.* The Airy beam, a second type of “non-diffracting”
laser beam, has only recently enriched the field of optical microma-
nipulation through a basic demonstration of OMPC.” This peculiar
beam enables particles to follow curved trajectories as opposed to the
Bessel beam where particles are guided along a straight line.

In this communication, we apply OMPC in the microfluidic
domain by redistributing microparticles and mammalian cells
between patterned microwells without the need of microfluidic flow.
This opens an alternative route to expose given cell or colloidal
samples to various differing environmental media within the same
microfluidic chip. An alternative, previous approach to achieve this
was based on multiple parallel laminar streams of buffer media
combined with optical trapping.® Our studies include the first ever use
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of parabolic beams, another type of curved “non-diffracting” laser
beam, for optical micromanipulation. In addition, we provide
a quantitative analysis of the redistribution effect using Airy and
parabolic beams. Whilst the majority of experiments were performed
on colloidal particles, we also demonstrate the redistribution of red
blood cells between microwells. Moreover, we propose a method-
ology that will allow the redistribution of any cell type.

In our studies, we used Airy*'® and parabolic beams,'* a novel
family of “non-diffracting” beams discovered only recently. Airy
beams consist of a bright main spot and a number of side lobes (left
image, in Fig. 1(a)). These beams experience constant transverse
acceleration during propagation (see the sequence of transverse beam
intensity profiles in Fig. 1(a) from left to right showing the beam’s
main spot moving downwards). Zero-order parabolic beams (see
Fig. 1(b)) exhibit properties similar to Airy beams except that the
beam intensity pattern reduces to a main spot and a single tail of side
lobes. This pattern splits up into two main spots and tails for para-
bolic beams of n-th order (n > 0). The gap is filled by n—1 side tails as
shown in Fig. 1(c) and (d) for n = 12 and n = 24, respectively. In
practice the “non-diffracting” properties are only retained for a finite
beam propagation distance due to the finite beam intensity. There-
fore, both Airy and parabolic beams smear out while propagating.

In our experiments, Airy and parabolic beams were incident
from below onto a sample chamber. Due to the optical gradient
and scattering forces exerted,’® particles are dragged into the
beam’s main spot across the side lobes and levitated away from the
cleared region along curved trajectories. When the beam is smeared
out optical forces become weak and, therefore, particles drop out of
the beam and sediment back to the sample bottom in a different
place from the cleared region. Intuitively, the Airy beam acts as
a micrometre-sized snowblower, “blowing” microparticles and
cells upwards on an arc-like trajectory.

Fig. 1 (a) Airy beam at different propagation distances z. (b)-(d)
Parabolic beams of different order n at the propagation distance z = 0. (b)
n =0, (¢)n =12, (d) n = 24. The white arrows indicate the directions in
which particles tend to leave the beam’s main spot as discussed in the text.
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Our experiments were performed using a polarized Ar* laser (A =
514 nm). Following the approach presented in ref. 10, a spatial light
modulator (SLM) was used to impose a cubic phase modulation
onto a Gaussian beam which was subsequently Fourier-transformed
into the Airy beam by a spherical lens. The Airy beam was down-
sized by an inverse telescope to =10 um and imaged from below
into a sample chamber (1 cm in diameter, 100 um thick) which
consisted of two cover slips separated by a vinyl spacer. The sample
contained an aqueous suspension of polymer particles (radius R =
2.85 um), heparinised human blood, or Chinese Hamster Ovary cells
(CHO) that had phagocytosed polymer spheres (R = 1.5 pm).**
Particles and cells were imaged with a 20x objective onto a CCD
camera, and images were recorded onto a hard disk. Parabolic
beams are created in a similar manner to that of Airy beams except
that an additional amplitude modulation is required.'* This modu-
lation reduces the intensity transferred into a parabolic beam by the
SLM (approximately 80% less than for an Airy beam). To aid
comparison between these light fields, we reduced the Airy beam
intensity by 80% using the SLM (see ref. 15 for details). The effective
laser powers in the sample plane were 25 mW. Dedicated labview
software allowed beam positioning and orientation by simply
drawing a line on a recorded image.

The microwell structure was created by coating a negative mold
with poly(dimethyl siloxane) (PDMS)."® A microscope slide was
placed on top and the PDMS was cured in an oven at 80 °C for one
hour. Afterwards, the microwell structure was peeled off using
tweezers and put onto the bottom plate of our sample. The structure
comprised 10 x 10 microwells each 100 um x 100 pum in size. The
separating walls had a height of 20 um.

Human blood was taken and placed into heparinised containers
(Becton-Dickinson Vacutainer tubes type NH 170 TU 10 ml). It was
diluted 1 : 100 into Hanks Balanced Salt Solution (Sigma, UK) and
placed onto either glass coverslips or PDMS microwells. CHO K1
cells were routinely kept in a humidified atmosphere of 5% CO»/95%
air at 37 °C in Modified Earles Medium (MEM) with 10% foetal calf
serum (FCS) (Globepharm, Surrey, UK), 20 enzyme units/ml of
penicillin (Sigma, UK) and 20 pg/ml of streptomycin (Sigma, UK).
Cells that had been exposed to polymer spheres (R = 1.5 um) for 24 h
(Nuncleon, Fisher Scientific, UK) were rendered non-adherent and
non-adhesive by suspending in 1 ml trypsin-EDTA (Sigma, UK)
throughout the duration of the experiment (<30 min). For PDMS
microwell pacification to prevent adhesion, a solution of 20 mg/ml
poly-2-hydroxyethylmethacrylate (Sigma, UK) in 95% ethanol was
added and allowed to evaporate prior to the addition of the cell
solution."”

The redistribution of microparticles and cells between microwells
requires a careful choice of both the laser power and the laser
operating time depending on the particle/cell material. The effective
gravitational force Fg~(pp — ps)R? (pp = density of particle/cell,
ps = density of solvent medium) is crucial for both particle escape
from the laser beam and sedimentation back to the sample bottom.
For instance, polystyrene spheres (pp = 1.05 g/em®) immersed in
water (ps = 1 glem®) have a low density contrast. As a conse-
quence, the effective gravitational force is weak which hampers the
ability of the particles to drop out of the laser beam. This is even
exacerbated for large particles (R > 2 pm) which are tightly
trapped in the beam due to high optical gradient forces.’
To circumvent this problem the laser beam is periodically switched
off to aid particle escape.

Fig. 2 Particle and cell redistribution between microwells. Particles are
guided up and over the 20 pm PDMS wall into the neighboring micro-
well. A parabolic beam (n = 24) (left solid-line rectangle) feeds the Airy
beam (right solid line rectangle) with particles. Both beams are oriented
rightwards. The dashed-line rectangle outlines the microwell area used
for the efficiency measurements (see Fig. 3). Insert: clearing of red blood
cells with an Airy beam (black rectangle) oriented to the right.

Fig. 2 shows a typical micrograph of our system at work. The Airy
beam is oriented towards the right microwell, the beam size indicated
by the right solid-line rectangle. The beam is operating for t,,; = 4 s
and is then switched off for t,; = 4 s. The micrograph shows the
situation t = 100 s after the experiment started. The beam transported
a significant fraction of particles (=20%) over the wall and particles
reappear in the right microwell. Note that the Airy beam was fed by
a large parabolic beam (n = 24), which was operating after the Airy
beam for t,,» = 4 s and the size of which is indicated by the left solid-
line rectangle. Within this area the parabolic beam collects particles
and conveys them towards the Airy beam which further transports
them to the neighboring microwell. We have also demonstrated the
transport of red blood cells as shown in the insert in Fig. 2. The region
where the Airy beam operated (black frame rectangle) was cleared
from cells which were transported across the wall to the right
microwell (see dark shade arising from sedimenting cells). Although
Fig. 2 only shows a partially cleared microwell, one only needs to
sweep the entire microwell in order to fully clear it. It is also worth
noting that this proof-of-concept study used a wavelength that is
associated with a high absorption by cells. However, we did not
observe any acute morphological changes during the course of the
experiment (blebbing, granularity, efc.) and our approach could be
easily applied to more biocompatible wavelengths (750 nm < A <
1100 nm).

To obtain quantitative information on particle redistribution we
compared the number of particles cleared by a single beam or
a combination of different beams within 10 cycles of ty, ; = 4 s (first
beam), then t,,» = 4 s (second beam, feeding the first beam), and
finally t,q = 4 s. The dashed-line rectangle shown in Fig. 2 served as
a reference area. The results are summarized in Fig. 3. A single Airy
beam removes just less than 20% of the particles while a combination
of two Airy beams transports twice this amount. The most efficient
redistributing method was found to be a combination of Airy and
parabolic beams. This configuration allows one to control the
amount of conveyed particles between 20% and 50% for beam orders
up to n = 18. Higher-order parabolic beams display a lower clearing
efficiency because the distance between the two main spots becomes
larger than the Airy beam size. Therefore, particles conveyed by the
parabolic beam are no longer dragged by the Airy beam’s side lobes.

This journal is © The Royal Society of Chemistry 2009
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Fig. 3 Efficiency of optically mediated particle clearing for different
beams/combinations of beams (reference area indicated in Fig. 2 as
dashed-line rectangle). Ai: Airy beam, pb: parabolic beam.

We also investigated how the choice of timing {to, 1,ton2,tofr}
affects the efficiency of particle clearing. Cycles of {4 5,4 s, 4 s} turned
out to be the best compromise between a short total operating time T
and a large particle transport. For larger t,,, particles tend to jam in
the beam and are levitated to larger heights; this reduces the precision
of the transport direction because particles are forced out of the beam
in random directions due to this jamming. For smaller t,,, particles
are not levitated well across the wall and lots of them sediment or
diffuse across the wall back into the original microwell. The same is
observed for larger t,g. Overall, a microwell can completely be
emptied in a period of T = 10 min through relocation of the beam(s)
across the microwell.

In our studies we found that parabolic beams are less efficient than
Airy beams. This can be explained as follows: As indicated by the
white arrows in Fig. 1(a) (left graph) and Fig. 1(b), Airy beams and
parabolic beams smear out at angles of 135° and 180° with respect to
the main spot’s deflection, respectively. As a consequence, optical
gradient forces' become weak at these angles and particles tend to
leave the main spot at these angles. In the case of the Airy beam,
particles leaving the main spot are still guided towards their intended
destination. In contrast, particles leaving the main spot of a parabolic
beam fall in the reverse direction of their intended destination.

Another issue relates to cell transport. Although successful for red
blood cells, there are general limitations for the application of this
technique to other cell types. Most cell types, such as CHO cells,
exhibit too little a refractive index difference with respect to the
sample medium. Therefore, the light pressure forces required for cell
transport are too weak.'® This is exacerbated by the fact that neither
an Airy nor a parabolic beam’s main spot can be adjusted to =10
um, the typical cell size, without considerably decreasing the curva-
ture of the trajectory followed by the Airy beam’s main spot.’®
A simple solution is to tag cells with dielectric spheres, which increases

the exerted light pressure forces. In phagocytotic cells such as CHO
cells, tagging may be achieved simply by exposing cells to spheres.™
A general solution for non-phagocytotic cell types is to antibody tag
cells with microparticles.® We prepared samples containing trypsi-
nized CHO cells which had phagocytosed polymer spheres (R = 1.5
um) and observed successful redistribution of this cell type.

We have redistributed both microparticles and mammalian cells
between PDMS microwells using curved Airy and parabolic beams.
Both the size of the cleared area and the amount of the cleared
particles can be controlled through the use of single or combinations
of different beams. Overall our results open up an alternative route to
relocate cells between different buffer media in a microfluidic
chamber but notably without the presence of microfluidic flow.?
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