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Massively parallel manipulation of single cells and
microparticles using optical images

Pei Yu Chiou', Aaron T. Ohta' & Ming C. Wu'

The ability to manipulate biological cells and micrometre-scale
particles plays an important role in many biological and colloidal
science applications. However, conventional manipulation tech-
niques—including optical tweezers'™S, electrokinetic forces
(electrophoresis™®, dielectrophoresis’, travelling-wave dielectro-
phoresis'®'"), magnetic tweezers'>", acoustic traps'* and hydro-
dynamic flows'>'”—cannot achieve high resolution and high
throughput at the same time. Optical tweezers offer high resolu-
tion for trapping single particles, but have a limited manipulation
area owing to tight focusing requirements; on the other hand,
electrokinetic forces and other mechanisms provide high through-
put, but lack the flexibility or the spatial resolution necessary for
controlling individual cells. Here we present an optical image-
driven dielectrophoresis technique that permits high-resolution
patterning of electric fields on a photoconductive surface for
manipulating single particles. It requires 100,000 times less optical
intensity than optical tweezers. Using an incoherent light source (a
light-emitting diode or a halogen lamp) and a digital micromirror
spatial light modulator, we have demonstrated parallel manipu-
lation of 15,000 particle traps ona 1.3 X 1.0 mm? area. With direct
optical imaging control, multiple manipulation functions are
combined to achieve complex, multi-step manipulation protocols.

Light-patterned electrodes have been widely used in xerography,
which was invented in 1942, This concept was recently applied to
patterning of colloidal structures'®*’; optically-induced electro-
phoresis was used to attract charged particles onto indium tin
oxide (ITO)" and semiconductor® surfaces. However, none of the
previous literature has shown the capability of single-particle
manipulation. Our optoelectronic tweezers (OET) utilize direct
optical images to create high-resolution dielectrophoresis (DEP)
electrodes for the parallel manipulation of single particles. DEP
force results from the interaction of the induced dipoles in particles
subjected to a non-uniform electric field®. The magnitude of the force
depends on the electric field gradient and the polarizability of the
particle, which is dependent on the dielectric properties of the
particle and the surrounding medium. DEP is a well established
technique, and has been widely used to manipulate micrometre and
submicrometre particles as well as biological cells®"*. Travelling-
wave DEP is particularly attractive for high-throughput cell manipu-
lation without external liquid pumping'®''. The travelling electric
field produced by a multi-phase alternating current (a.c.) bias on a
parallel array of electrodes levitates and transports many particles
simultaneously. However, travelling-wave DEP cannot resolve indi-
vidual particles. Recently, a programmable DEP manipulator with an
individually addressable two-dimensional electrode array has been
realized using complementary metal-oxide-semiconductor (CMOS)
integrated circuit technology®: parallel manipulation of a large
number (~10,000) of cells was demonstrated. The CMOS DEP
manipulator has two potential drawbacks: first, the need of on-
chip integrated circuits increases the cost of the chip, making it less

attractive for disposable applications; and second, the trap density
(~400 sitesmm ™ >) is also limited by the size of the control
circuits.

Figure 1 illustrates the OET device structure used in our experi-
ments. The liquid containing the cells or particles of interest is
sandwiched between a upper transparent, conductive ITO-coated
glass, and a lower photoconductive surface, which consists of
multiple featureless layers of ITO-coated glass, an n+ hydrogenated
amorphous silicon (a-Si:H) layer, an undoped a-Si:H layer, and a
silicon nitride layer. These two surfaces are biased with an a.c. signal,
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Figure 1| Device structure used in optoelectronic tweezers. Liquid that
contains microscopic particles is sandwiched between the top indium tin
oxide (ITO) glass and the bottom photosensitive surface consisting of
ITO-coated glass topped with multiple featureless layers: 50 nm of heavily
doped hydrogenated amorphous silicon (a-Si:H), 1 pm of undoped a-Si:H,
and 20 nm of silicon nitride. The top and bottom surfaces are biased with an
a.c. electric signal. The illumination source is an light-emitting diode
operating at a wavelength of 625 nm (Lumileds, Luxeon Star/O). The optical
images shown on the digital micromirror display (DMD) are focused onto
the photosensitive surface and create the non-uniform electric field for DEP
manipulation.
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Figure 2 | Massively parallel manipulation of single particles. a, 15,000
particle traps are created across a 1.3 mm X 1.0 mm area. The 4.5-pm-
diameter polystyrene beads experiencing negative DEP forces are trapped in
the darker circular areas. Each trap has a diameter of 4.5 um, which is
adjusted to fit a single particle. b, Parallel transportation of single particles.
Three snapshots from the video show the particle motion in part of the
manipulation area. The trapped particles in two adjacent columns move in
opposite directions, as indicated by the blue and yellow arrows.

10V peak-to-peak. When projected light illuminates the photo-
conductive layer, it turns on the virtual electrodes, creating non-
uniform electric fields and enabling particle manipulation via DEP
forces. These featureless layers are made without photolithography in
fabrication, making the device inexpensive and attractive for dis-
posable applications. The OET-based optical manipulation has two
operational modes, positive OET and negative OET, as a result of the
DEP forces induced for actuation. Particles can be attracted by or
repelled from the illuminated area, depending on the a.c. electric field
frequency and the particle’s internal and surface dielectric properties.

Thanks to the photoconductive gain, the minimum optical inten-
sity required to turn on a virtual electrode is 10 n\W pm ™2, which is
100,000 times lower than that used in optical tweezers. This opens up
the possibility of using incoherent optical images to control the DEP
forces over a large area. The optical images are created by combining
a light-emitting diode and a digital micromirror spatial light modu-
lator (Texas Instruments, 1,024 X 768 pixels, 13.68 pm X 13.68 pm
pixel size). The pattern is imaged onto the photoconductive surface
through a 10 X objective. The resulting pixel size of the virtual
electrode is 1.52 pm. The illumination source is a red light-emitting
diode (625 nm wavelength) with a 1-mW output power (measured
after the objective lens), which is sufficient to actuate 40,000 pixels.
Tight focusing is not required for OET, and the optical manipulation
area can be magnified by choosing an appropriate objective lens.
Using a 10 X objective, the manipulation area (1.3 mm X 1.0 mm) is
500 times larger than that of optical tweezers.

Patterning high-resolution virtual electrodes is critical for achiev-
ing single-particle manipulation. OET has higher resolution than the
optically-induced electrophoretic methods reported previously'**.
The minimum size of the virtual electrode is limited by the lateral
diffusion length of the photogenerated carriers in the photoconduc-
tor, as well as the optical diffraction of the objective lens. The large
number of electronic defect states in undoped a-Si:H results in a
short ambipolar electron diffusion length of less than 115nm
(ref. 24). The ultimate virtual electrode resolution is thus determined
by the optical diffraction limit. In addition, the induced OET force is
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Figure 3 | An example of an integrated virtual optical machine.

a, Integration of virtual components, including an optical sorter path,
conveyors, joints and a wedge. The motion of different components is
synchronized. b, ¢, Two polystyrene particles with sizes of 10 pm and 24 pm
pass through the sorter path and are fractionated in the z direction owing to
the asymmetrical optical patterns. The particle trajectories can be switched
at the end of the sorter path by the optical wedge. d, Optical sorting
repeatability test. The white and black loops in b and ¢ represent the
particle traces after 43 cycles. The trace broadening at the white bar has a
standard deviation of 0.5 pm for the 10-pm bead and 0.15 pm for the 24-pm
bead.

proportional to the gradient of the square of the electric field, making
it well confined to the local area of the virtual electrodes, which is also
a key property for single-particle manipulation. A demonstration of
the high-resolution capabilities of OET is the creation of 15,000 DEP
traps across an area of 1.3 X 1.0 mm? (Fig. 2). The particles are
trapped in the darker circular areas by the induced negative DEP
forces, which push the beads into the non-illuminated regions, where
the electric field is weaker. The size of each trap is optimized to
capture a single 4.5-pm-diameter polystyrene bead. By programming
the projected images, these trapped particles can be individually
moved in parallel (Fig. 2b, and Supplementary Movie 1). Compared
with the programmable CMOS DEP chip®, the particle trap density

Figure 4 | Selective collection of live cells from a mixture of live and dead
cells. a, Randomly positioned cells before OET. b, ¢, Cell sorting. The live
cells experience positive OET, trapping them in the bright areas, and pulling
the live cells into the pattern’s centre. The dead cells (stained with Trypan
blue dye) leak out through the dark gaps and are not collected. The optical
pattern has a yellowish colour, while weak background scattered light results
in a pinkish hue in the non-patterned areas. d, Sorted cells.
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of OET (11,500 sites mm ™~ °) is 30 times higher, thanks to the high-
resolution addressing ability.

Although OET has the capability to pattern high-resolution virtual
electrodes, the trapping of submicrometre particles requires a strong
electric field gradient to overcome brownian motion. In our current
OET, the electric field gradient patterned by the light-emitting diode
is not strong enough to trap particles less than 1 pm through the DEP
mechanism. However, the trapping of particles 1pm or less in
diameter does occur when we operate our present device at a low-
frequency a.c. bias (~1kHz). (See Supplementary Movie 2.) This
trapping mechanism is not due to DEP forces, but is caused by
optically-patterned electrokinetic flow. Details of this mechanism are
still under investigation.

Using direct imaging, sophisticated virtual electrodes can be easily
patterned and reconfigured to create dynamic electric field distri-
butions for continuous particle manipulation without the assistance
of fluidic flow. Figure 3 shows an example of an integrated optical
manipulator that combines the functions of optical conveyors,
sorters, wedges and joints. Particles are transported through different
functional areas and recycled in this light-patterned circuit, travelling
through different paths depending on the position of the wedge
divider. Particles with different sizes are fractionated in the lateral z
direction as they pass through the sorter path, owing to the asym-
metric shape of the light-patterned electric fields. At the end of the
sorter path, an optical wedge divides and guides the particles into the
two conveyors. The looped optical conveyors recycle the particles
back to the sorter input to repeat the process (see Supplementary
Movie 3). Figure 3b, ¢ shows that the paths of the fractionated
particles can be switched by reconfiguring the tip position of the
optical wedge. The trajectories of the particle movement are highly
repeatable and accurately defined. Figure 3d shows distribution of
the particle position in the middle of the sorter (marked by a white
bar) after the particles have passed through the sorter 43 times. The
standard deviations of trace broadening are 0.5 pm for the 10-pm
bead, and 0.15 pm for the 24-um bead. As the magnitude of the DEP
force is proportional to the particle volume, the larger particle shows
a better confinement in the optically-patterned DEP cages during
transportation.

By exploiting the dielectric differences between different particles
or cells, DEP techniques have been able to discriminate and sort
biological cells that have differences in membrane properties (per-
meability, capacitance and conductivity), internal conductivity, and
size*"*>?, The OET technique not only inherits these DEP advan-
tages, but also provides the capability of addressing each individual
cell. We demonstrate the selective concentration of live human B cells
from a mixture of live and dead cells in Fig. 4. The cells are suspended
in an isotonic buffer medium of 8.5% sucrose and 0.3% dextrose,
mixed with a solution of 0.4% Trypan blue dye to check the cell
viability, resulting in a conductivity of 10mSm™'. The applied a.c.
signal is 14V peak-to-peak at a frequency of 120kHz. The cell
membranes of live cells are selectively permeable, and can maintain
an ion concentration differential between the intracellular and
extracellular environments. Dead cells cannot maintain this differ-
ential. When dead cells are suspended in a medium with a low ion
concentration, the ions inside the cell membrane are diluted through
ion diffusion. This results in a difference between the dielectric
properties of live and dead cells®'. Live cells experience positive
OET, and are collected in the centre of the shrinking optical ring
pattern by attraction to the illuminated region, while dead cells
experience negative OET and are not collected (see Supplementary
Movie 4).

Single-cell analysis is an important technique in comprehending
many biological mechanisms, as it looks at the spectrum of response
of each individual cell under stimulation. In addition to biological
applications, the high-resolution electric field patterned on the
OET surface could also serve as a dynamic template to guide the
crystallization of colloidal structures.
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