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Abstract—We present a novel light-actuated ac electroosmo-
sis (LACE) mechanism that allows the concentration and trans-
portation of micro- and nanoscopic particles using light-patterned
dynamically reconfigured microfluidic vortices on a photocon-
ductive surface. LACE is realized by sandwiching an aqueous
liquid medium between a featureless photoconductive surface and
a transparent indium tin oxide electrode. By applying an ac
electrical bias with a frequency that is close to the electric dou-
ble-layer relaxation frequency, a light-patterned virtual electrode
can induce ac electroosmotic flow to concentrate and transport
nanoscopic particles on the photoconductive surface. By integrat-
ing with a spatial light modulator such as a digital micromirror
device microdisplay, we can create 31 000 microfluidic vortices on
a 1.3 X 1-mm? area for massively parallel trapping of 2- and
1-pm polystyrene beads. We have also demonstrated LACE con-
centration and transportation of nanoscopic particles including
200- and 50-nm polystyrene beads, A-phage DNA molecules, and
quantum dots. [2007-0197]

Index Terms—Dielectrophoresis (DEP), electroosmosis, elec-
trophoresis, lab-on-a-chip, optoelectronic tweezers.

I. INTRODUCTION

OOLS FOR manipulating cells, microparticles, and

nanoparticles are important in the fields of biological and
colloid science. Functions such as trapping, concentrating, sort-
ing, and transporting are highly sought after. To effectively ma-
nipulate nanoscale particles, strong field strength is necessary to
form stable traps to overcome the strong Brownian motions of
nanoparticles, particularly for the cases of optical tweezers [1],
[2], dielectrophoresis (DEP) [3], [4], optoelectronic tweezers
[5], and magnetic tweezers [6], [7] that give trap forces that are
proportional to the volume of the trapped particles. When par-
ticle size scales down to the nanometer scale, strong fields are
needed, and this often imposes limitations on manipulations.
For example, a strong optical field could damage a spatial light
modulator used for shaping a light beam; a strong electric field
used in DEP traps could induce electrolysis that changes the
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local chemical composition or could create Joule heating that
raises the local temperature.

On the other hand, ac electroosmosis has recently been
demonstrated to be capable of manipulating nanoscale particles
with low electric-field strength. Wong et al. [8] have utilized ac
electroosmosis to concentrate a variety of nanoscale particles
and biomolecules including E. coli bacteria, A\-phage DNA,
and 20-base single-strand DNA fragments with electric-field
strength on the order of 10* V/m.

In this paper, we present a light-actuated ac electroosmosis
(LACE) mechanism that allows optically patterned microfluidic
vortices and self-aligned surface electric fields to concentrate
and transport nanoparticles continuously on a photoconduc-
tive surface. Tens of thousands of microfluidic vortices can
be patterned on a 1.3 x 1-mm? area for massively parallel
manipulation of micro- and nanoscopic particles.

II. LACE

Electroosmosis is widely used in microfluidics for liquid
pumping [9]-[11]. The tangential electric field in a fluidic
channel interacts with the charged ions in the double layer and
generates an electrostatic force to drive the boundary liquid
to flow at a slip velocity that can be calculated by using the
Helmbholtz—Smoluchowski equation [12]

75<Et
n

6]

Vslip =

where v, is the slip velocity, € is the permittivity of the liquid
medium, ( is the zeta potential at the interface between the
liquid and the channel wall, F, is the tangential component of
electric field, and 7 is the fluidic viscosity.

Electroosmosis is usually observed in dc mode, in which the
zeta potential is determined by the material property of the
channel wall, the type of electrolytes, and the ionic strength.
Recently, ac electroosmosis has also been applied to generate
continuous dc flow by coupling the tangential electric field with
the field-induced double-layer charges on electrodes [13]-[16].

Fig. 1(a) shows the device structure and the working prin-
ciple of LACE. An aqueous medium containing nanoparticles
and molecules of interest is sandwiched between a transpar-
ent indium tin oxide (ITO) electrode and a photoconductive
electrode coated with multiple featureless layers, including a
200-nm ITO, a 50-nm n+ a-Si:H, and a 1-ym undoped a-Si:H.
An ac bias is applied to the top and the bottom ITO layers.
At areas without light illumination, the undoped a-Si:H has

1057-7157/$25.00 © 2008 IEEE



526

(@) (b)

|ITO Glass | Vycos(mt)

-4 Riiquid

1ljwc

¢{

ITO Glass

Fig. 1. Illustration of LACE mechanism. (a) A microfluidic vortex generated
by a light-patterned virtual electrode through driving the double-layer charges
via the tangential component of electric field. (b) The equivalent circuit model
along an electric-field line. LACE operates at frequencies that are close to the
double-layer relaxation frequency.

high electrical impedance compared to the liquid medium. The
majority of the applied voltage drops across the a-Si:H layer. At
illuminated areas, the photoconductivity of the undoped a-Si:H
layer increases by several orders of magnitude, which switches
the voltage to the interfacial double-layer capacitor C and the
liquid layer resistor R, as shown in Fig. 1(b). By using light
patterning to create virtual electrodes, electrode patterns can
be changed quickly and efficiently, rendering fixed physical or
chemical pattering of the electrodes unnecessary.

Because creating the boundary slip velocity requires both the
tangential electric field and the charged ions at the interface,
there exists an optimal ac frequency at which the product of
the electric field and the interface zeta potential in (1) reaches
maximum. For a frequency that is much higher than f,, the
capacitor has low electrical impedance, and the bulk liquid
resistor dominates. This results in a small zeta potential and
a small slip velocity. For a frequency that is much lower
than fop¢, the impedance of the capacitor is much larger than
the bulk liquid layer. The electric field that can penetrate
through the double layer is small, resulting in a small tangen-
tial electric field. This also yields a small slip velocity. The
optimal frequency fopy = 1/2wRC [see Fig. 1(b)] can be esti-
mated to be

1 o)\
f opt — % g f (2)
where o is the conductivity of the liquid medium, € is the
permittivity of the liquid, )4 is the double-layer thickness, and
L is the gap spacing of the liquid layer. For a LACE device with
100-pm gap spacing, a liquid conductivity of 10 mS/m, and
a double-layer thickness of around 10 nm, the estimated fop¢
is 229 Hz. The actual f,,¢ in LACE is higher than this value
because the geometry factor is not considered in this estimation.
In current LACE devices, the operation ac frequency is usually
between 1 and 10 kHz. The liquid conductivity used for LACE
operation is between 3 and 10 mS/m.

A microfluidic vortex pattern created by a virtual electrode
on a LACE device is shown in Fig. 1(a). The charged ions
accumulated at the interface are driven toward the center of
a virtual electrode by the tangential field on the surface. This
pumps the surrounding fluids to circulate around the virtual
electrode. The polarity of the ions and electric field shown
in Fig. 1(a) represents the situation in a half ac cycle. In the
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Fig. 2. Vertical- and tangential-electric-field distribution in the liquid layer
induced by a virtual electrode. (a) The vertical component of electric field is
symmetrical to the center of a virtual electrode and with its highest field strength
in the middle. (b) The tangential component of electric field is antisymmetric
to the center of a virtual electrode and with its highest electric field at the edge
of a virtual electrode.

other half cycle, the polarities of both the ions and electric
field change, resulting in an electrostatic force driving the fluids
to flow in the same direction as in the previous half cycle.
Therefore, ac electroosmosis allows an ac electrical signal to
generate a dc force to pump fluids continuously in the same
direction.

III. SIMULATION OF ELECTRIC FIELD
AND FLOW PATTERN

The LACE mechanism is simulated using both the elec-
trostatic and incompressible Navier—Stokes fluidic models on
FEMLAB 3.0. A dc electrostatic model is chosen to calculate
the zeta potential, the tangential component of the electric field,
and the slip velocity at the surface of the photoconductive layer.
In the dc electrostatic simulation, the double-layer capacitor
layer is represented by a conductive layer with an equivalent
electrical resistance at the operation frequency. Fig. 2 shows
the vertical and tangential components of electric field in
the liquid layer using the following parameters: double-layer
thickness—10 nm, liquid conductivity—10 mS/m, and applied
bias—2 V. The impedance of the capacitor is calculated at
8 kHz. The photoconductivity in the a-Si:H layer is a Gaussian
distribution with a full-width-at-half-maximum spot size of
30 um and a peak conductivity of 0.2 mS/m. Fig. 2(a) shows
that the vertical electric field is symmetric with respect to
the center of the illumination spot and has a strong gradient
near the surface. The tangential electric field on the surface
is antisymmetric and has its largest magnitude at the edge
of a virtual electrode, as shown in Fig. 2(b). The tangential
electric field and the voltage across the capacitor layer, zeta
potential, are extracted from the electrostatic model to calculate
the slip velocity at the interface by using (1). This slip-velocity
profile is used as the boundary condition to solve the incom-
pressible Navier—Stokes equations for the flow pattern shown
in Fig. 3.

In Fig. 3, this light-induced flow circulates around the il-
lumination spot, with the highest velocity at the edge of a
virtual electrode. In the center surface of the virtual electrode,
there exists a stagnant zone where the flow speed is zero, as
shown in the inset in Fig. 3. Nanoparticles suspended in the
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Fig. 3. Light-induced ac electroosmosis flow near a virtual electrode. The
highest flow velocity exists on the surface at the edge of a virtual electrode.
Owing to the symmetrical flow pattern, there exists a stagnant flow zone near
the middle surface of a virtual electrode. This is where the nanoparticles are
trapped.
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Fig. 4. Photographs of the LACE device. (a) The photoconductive a-Si:H-
coated ITO glass. The a-Si:H layers at the edge are removed for electrical
contact. (b) The commercially available ITO glass.

medium near the virtual electrode are circulated to the edge of
the virtual electrode by viscous fluidic force and are swept into
the stagnant zone.

IV. DEVICE FABRICATION

The fabricated LACE device is shown in Fig. 4. The photo-
conductive electrode that includes multiple featureless layers, a
200-nm ITO, a 50-nm n+ a-Si:H, and a 1-um undoped a-Si:H
are deposited by using the plasma-enhanced chemical-vapor-
deposition method in a foundry (Silicon Display Technology
Inc., Korea). Fig. 4(a) is the fabricated photoconductive elec-
trode. The a-Si:H at one edge is removed by reactive-ion
etching (CF4 + O2) to expose the bottom ITO layer for mak-
ing electrical contact. Fig. 4(b) is the commercially available
transparent ITO glass.

Fig. 5 shows the experimental setup constructed on a Nikon
TE-2000E inverted microscope. The LACE device is placed on
the observation stage. We can operate the LACE device with the
photoconductive side being either up or down. For fluorescent
observation, the photoconductive surface is placed on top of
the ITO glass to prevent the excitation and the emission signals
from being absorbed by the a-Si:H layer.
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Fig. 5.

Experimental setup for nanoparticle manipulation using LACE.

Fig. 6. Parallel trapping and transport of single 2-,sm polystyrene beads. Each
trap is produced by a single DMD pixel, and the pitch is 5 pixels. There are
31000 traps in total, which are created ona 1.3 X 1-mm? area.

V. EXPERIMENT RESULTS

Using LACE mechanism, we have created 31000 traps
across a 1.3 x 1-mm? area for trapping and transporting 2-ym
beads in parallel using a digital micromirror device (DMD)
display. The illumination source is a red light-emitting diode
(625-nm wavelength), and each light pixel uses 25-nW light
power. Fig. 6 shows a small part of this trap array. Each trap
is produced by a single DMD pixel. The spot size of each
virtual electrode is 1.54 pm, and the pitch is 8 ym. In Fig. 6(a),
the particles are randomly distributed and not yet trapped by
LACE. Within a second, these particles are swept into the
bright spots by microfluidic vortices induced around virtual
electrodes. The spot size of the virtual electrode is small enough
that each trap only accommodates one particle. The untrapped
particles keep moving in the dark area until they are captured
by an empty trap, as shown in Fig. 6(b). Two trapped particles
can be combined together by projecting optical patterns with
optical spots merging. The applied ac frequency is 1 kHz,
and the bias is 4 V,;,. The process from Fig. 6(a)—(c) takes
less than 10 s. The same optical patterns can also be used to
trap 1-pm beads individually. For particles with sizes that are
smaller than 1 pm, multiple particles can be trapped in one
optical spot.

Fig. 7(a) shows the concentration of 2-pm polystyrene beads
on a 20-pum-diameter virtual electrode. These beads not only
concentrate in the center of the virtual electrode but also form
crystalline colloidal structures. This is because when particles
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Fig. 7. (a) Polystyrene beads of 2 pum form crystalline colloidal structures in
the center of a 20-pm-diameter virtual electrode. (b) Particles concentrated on
a virtual electrode perturb the double layer and induce ac electroosmosis flow
around them.
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Fig. 8. Snapshots of the captured video showing the concentration and release
of 200-nm fluorescent particles using LACE activated by a 5-mW 632-nm laser
beam.

are circulated to the surface of a virtual electrode, they perturb
the electric double layer on the electrodes and create particle-
induced ac electroosmotic flows around themselves, as shown
in Fig. 7(b). These particle-induced ac electroosmotic flows
help these particles form compact crystalline structures. Similar
phenomena have also been reported and applied for guiding
the self-assembly processes of micro- and nanoscopic colloidal
structures using physically patterned or light-patterned elec-
trodes [13], [17], [18].

Fig. 8 shows the trapping and releasing of a group of
200-nm green fluorescent particles by using a 5-mW 632-nm
laser beam and a 8.3-V,, 1.6-kHz ac bias. In Fig. 8(a), the par-
ticles are dispersed in the solution, and the fluorescent signals
are weak. In Fig. 8(b), the focused laser beam is turned on, and
the particles are concentrated in the center of the illuminated
spot. The fluorescent intensity saturates after a few seconds,
indicating that the number of trapped particles has reached a
maximum of this trap. The laser beam is turned off after the
intensity saturates, and the concentrated particles diffuse away
due to the Brownian motion, as shown in Fig. 8(c) and (d).
Fig. 9(a) shows the temporal response of the fluorescent signal
at the center of the illuminated spot. The saturated concentra-
tion and the time to reach this saturation are ac voltage depen-
dent. For 4-, 6.8-, and 8.3-V,, biases, it takes 5.8, 2.55, and
2.19 s to reach saturation, respectively, as shown in Fig. 9(b).
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These results show that a larger ac bias provides stronger ac
electroosmosis flow, which can concentrate nanoparticles on
the virtual electrode surface in a shorter time, and stronger
vertical confinement of nanoparticles, which gives rise to the
higher saturation intensity. However, the flow and the saturated
concentration do not increase linearly with the applied voltage.
The rise time and the saturation concentration do not have much
difference between 6.8 and 8.3 V,;,. This is because the double-
layer capacitor and the zeta potential are not linear at high
voltage [19].

Because light-patterned virtual electrodes can be continu-
ously reconfigured on a featureless LACE device, this allows
a light beam to concentrate and transport nanoparticles to any
locations on a 2-D surface without losing them. This is diffi-
cult to achieve using physically patterned digitized electrodes
because the effective trapping range between nearby electrodes
may not overlap, which results in losing the trapped particles
during transportation. Fig. 10 shows a continuous transportation
of 200-nm fluorescent polystyrene beads on a LACE device
using a 5-mW 632-nm laser beam, with a spot size of 17.6 um,
and a 6-V,,, 1-kHz ac bias. The maximum transport speed is
7.6 pm/s.

LACE concentration of nanoparticles can also be activated
directly by the halogen or mercury lamps on a microscope.
Fig. 11(a) shows the concentration of A\-phage DNA (Rockland
Immunochemicals, Inc.) by patterning the blue fluorescent exci-
tation illumination light with a partially closed iris ring on an in-
verted microscope. The illuminated spot size is around 200 pm.
It takes less than 10 s to concentrate A\-phage DNA molecules to
what is shown in Fig. 11(a). We have also demonstrated LACE
trapping of other types of nanoparticles including quantum dots
(Invitrogen Inc., Qdot 565 ITK amino (PEG) quantum dots,
15-20-nm size) and 50-nm carboxylated polystyrene beads
(Polysciences, Inc.), as shown in Fig. 11(c) and (d). Both of
them are focused to the center of the illuminated area. Adding
a dc bias introduces extra electrophoretic forces during LACE
concentration process; however, they do not seem to be dom-
inant within —1—1-V dc-bias range for trapping the A-phage
DNA molecules and the negatively charged 50-nm polystyrene
beads, as shown in Fig. 11(b) and (c).

VI. DISCUSSION

Concentration and transportation of nanoparticles using
LACE mechanism involve forces in multiple domains. Parti-
cles that are near a virtual electrode are circulated onto the
photoconductive surface by viscous forces in fluid. Because the
maximum slip velocity occurs at the edge of a virtual electrode,
the fluidic flow forms a potential barrier to keep nanoparticles
trapped in the middle of a virtual electrode from escaping
the trap in the lateral direction. The slip velocity induced by
ac electroosmosis can be as high as 400 um/s by applying a
3-V,,, voltage [16], which is an order of magnitude higher than
the diffusion speed of a 1-nm particle at room temperature.
This gives LACE concentration strong lateral confinement of
nanoparticles.

DEP forces play an important role in LACE concentration
processes. In fact, optical patterns used to trap 2- and 1-um
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Fig. 10. LACE concentration of 200-nm fluorescent polystyrene particles
using a 5-mW 632-nm scanning laser beam. The diameter of the illuminating
laser spot is 17.6 pm. The maximum transport speed is 7.6 um/s.

polystyrene beads in Fig. 6 cannot trap polystyrene beads that
are larger than 3 pum. Negative DEP forces at the edges of
virtual electrodes are strong enough to keep the beads from
being swept into the center of virtual electrodes.

Aside from DEP forces and the viscous forces induced
by light-induced ac electroosmosis flow, nanoparticles trapped
on the surface of virtual electrodes also perturb the elec-
tric double layer and create ac electroosmosis flow around
themselves. This particle-induced ac electroosmosis flow helps
trapped particles form crystalline colloidal structure, as shown
in Fig. 7.

The forces that are responsible for the vertical confinement
of nanoparticles could be positive DEP forces resulting from
the vertical-electric-field gradient in the middle of virtual elec-
trodes, as suggested by several groups [8], [20], [21]. However,
other types of forces such as particle-induced ac electroosmosis
and electrophoretic forces [8], specifically for small molecules,
should also be considered for factors affecting the vertical
confinement in LACE devices.
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(a) Fluorescent intensity at the center of the illumination spot shown in Fig. 8. LACE concentration process is reversible. (b) The transient fluorescent

VII. CONCLUSION

In conclusion, we have demonstrated a novel LACE mecha-
nism that allows patterning microfluidic vortices on a feature-
less photoconductive hydrogenated amorphous-silicon-coated
glass substrate using optical images. These light-patterned vor-
tices, together with the self-aligned strong electric field on
the surface of virtual electrodes, can concentrate and trans-
port a variety of micro- and nanoscale particles including
2-pm, 1-pm, 200-nm, and 50-nm polystyrene beads; A-phage
DNA molecules; and quantum dots. By integrating a DMD
microdisplay, we can generate 31 000 microfluidic vortices on
a 1.3 x 1-mm? area, with each vortex individually addressing a
single digital micromirror pixel.

The lateral confinement of nanoparticles concentrated on the
middle surface of virtual electrodes is strong because the ac
electroosmosis flow at the edges of virtual electrodes can be as
high as hundreds of micrometers per second, forming a strong
potential barrier for nanoparticles to diffuse out of the trap
through the lateral direction.

The vertical confinement of a LACE trap could involve
multiple forces including positive DEP forces, particle-induced
ac electroosmosis flow, and electrophoresis. The dominant
force could be different for particles of different sizes. For
LACE concentration of A\-phage DNA molecules and 50-nm
negatively charged polystyrene beads, adding dc bias perturbs
the LACE concentration, but the dc electrophoretic force does
not seem to dominate within —1—1 V.

LACE provides the concentration and transportation func-
tions for manipulating nanoparticles. However, it does not
provide immobilization functions in the current version.
Some surface modification steps will be necessary to treat
the amorphous-silicon surface for immobilizing concentrated
nanoparticles or molecules to pattern the surface. LACE has
demonstrated several advantages over other techniques for
nanoparticle manipulations. The light-patterned virtual elec-
trodes can be easily reconfigured to transport concentrated
nanoparticles continuously on a 2-D surface without losing
them. This is a function that is difficult to achieve using
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LACE concentration using a circular virtual electrode patterned by partially closing the iris ring on an inverted microscope during fluorescent excitation.

(a) Photograph of concentrated A-phage DNA molecules. (b) and (c) Effects of adding dc biases to perturb LACE concentration of A-phage DNA and 50-nm
carboxylated polystyrene beads. (d) Concentrating green fluorescent quantum dots.

physically patterned digitized electrodes. The low light-
intensity requirement for virtual electrode excitation allows
massively parallel manipulation of tens of thousands of LACE
traps using a spatial light modulator. We believe that LACE will
have broad applications in the fields of nanofabrication and lab-
on-a-chip systems.
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