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(57) ABSTRACT

Microfluidic devices in which electrokinetic mechanisms
move droplets of a liquid or particles in a liquid are described.
The devices include at least one electrode that is optically
transparent and/or flexible.
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MICROFLUIDIC DEVICES WITH FLEXIBLE
OPTICALLY TRANSPARENT ELECTRODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/486,714 filed on Jun. 1, 2012, incor-
porated herein by reference in its entirety, which claims pri-
ority to, and the benefit of, U.S. provisional patent application
No. 61/493,334 filed on Jun. 3, 2011, incorporated herein by
reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with Government support
under ECCS-0747950, awarded by the National Science
Foundation. The Government has certain rights in the inven-
tion.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT DISC

[0003] Not Applicable
NOTICE OF MATERIAL SUBJECT TO
COPYRIGHT PROTECTION

[0004] A portion of the material in this patent document is
subject to copyright protection under the copyright laws of
the United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the United States Patent and Trademark
Office publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright owner
does not hereby waive any of its rights to have this patent
document maintained in secrecy, including without limitation
its rights pursuant to 37 C.F.R. §1.14.

BACKGROUND OF THE INVENTION

[0005] 1. Field of the Invention

[0006] This invention pertains generally to microfluidic cir-
cuit devices such as optoelectronic tweezers (OET) devices,
and more particularly to electrode configuration in such
devices.

[0007] 2. Discussion

[0008] Optoelectronic tweezers (OET), dielectrophoresis
(DEP), electrowetting, opto-electrowetting (OEW), elec-
troosmosis, and electrophoresis devices are examples of tech-
nologies that utilize an electrokinetic mechanism to move
particles, such as polystyrene beads, semiconductor micro-
disks, nanowires, DNA, cells, and liquids or liquid droplets.
OFET, for example, is a powerful technology that allows for
massive parallel manipulation of single cells with light
images at low light intensity. Cells are manipulated on an
OET platform through light induced dielectrophoresis
(DEP), a force exerted on a particle subjected to a non-uni-
form electric field. OET technology has been used for
manipulating many types of particles, including polystyrene
beads, semiconductor microdisks, nanowires, DNA, and
cells. OEW technology has been used for manipulating liquid
droplets on a platform through DEP forces. However, con-
ventional OET and OEW platforms require a sandwich struc-
tures consisting of a photoconductive electrode and an ITO
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electrode for applying voltage. The ITO electrode prohibits
OET from being integrated with many microfluidic compo-
nents for conducting more complex multi-step protocols. On
the other hand, Au-mesh electrodes have successfully
enabled OET and OEW integration with multilayer PDMS
microfluidic devices with wvalve functions. However,
Au-mesh electrodes can withstand only a small amount of
deformation and could fail after large deformation that
induces cracks on the electrode. To realize OET and OEW
integrated microfluidic devices as well as other types of
devices that utilize electrokinetic mechanisms (e.g., DEP,
electrowetting, opto-electrowetting, electrophoresis, or elec-
troosmosis devices) capable of processing complex functions
or to allow microscopic inspection or fluorescence detection,
the electrode needs to be transparent, conductive, flexible,
and/or capable of bonding strongly to OET, OEW, electrowet-
ting, or DEP chips.

BRIEF SUMMARY OF THE INVENTION

[0009] Accordingly, we have developed a new fabrication
method that allows embedding of single-walled carbon nano-
tube thin-film (SWNT) into PDMS, and formation of multi-
player PDMS microfluidic structures with optically transpar-
ent, electrically conductive, and mechanically deformable
membrane valves. The valve permits repeated deformation
without losing its conductivity. Furthermore, the SWNT
embedded PDMS membrane can be deposited deep into the
channel without residual carbon nanotubes remaining on the
side wall that will affect local electric field distribution or on
the bonding surface. This allows for a clean surface to form
strong covalent bonding between OET and PDMS through
regular oxygen plasma surface treatment. Our embedded
single-walled carbon nanotube thin-film (SWNT) electrodes
can be used as a conductive, transparent and flexible layers in
poly(dimethylsilane) (PDMS), and our integration with opto-
electronic tweezers allows for optical manipulation of micro-
particles or cells.

[0010] In some embodiments, an electrokinetic microflu-
idic device can include a first wall, a second wall, a chamber,
and a biasing voltage source. The first wall can comprise a
transparent electrode. The chamber can be configured to hold
aliquid and can be between the first wall and the second wall.
The biasing voltage source can be between the transparent
electrode and the second wall and can create an electric field
in the chamber between the transparent electrode and the
second wall. The electric field can provide an electrokinetic
mechanism for moving the liquid or a particle in the liquid in
the chamber.

[0011] Further aspects of the invention will be brought out
in the following portions of the specification, wherein the
detailed description is for the purpose of fully disclosing
preferred embodiments of the invention without placing limi-
tations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0012] The invention will be more fully understood by ref-
erence to the following drawings which are for illustrative
purposes only:

[0013] FIG. 1 is a schematic diagram of a generalized
embodiment of a microfluidic integrated OET device accord-
ing to the present invention.
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[0014] FIG.2isaschematic diagram ofthe device shown in
FIG. 1 illustrating a SWNT embedded PDMS thin film elec-
trode as the top channel surface and the deformable check
valve according to an embodiment of the present invention.
[0015] FIG. 3 is a detailed schematic diagram of a microf-
luidic integrated OET device using a SWNT embedded flex-
ible PDMS electrode as the top channel surface and the
deformable check valve according to an embodiment of the
present invention.

[0016] FIG. 4(a)-(d) is a schematic flow diagram of a fab-
rication process for embedding a thin layer of SWNT network
in a multilayer PDMS microfluidic structure according to an
embodiment of the present invention.

[0017] FIG. 5: (a) A microscopic image of SWNT embed-
ded valves and channels in a multilayer PDMS microfluidic
device. The channel is bonded on an OET chip; (b) SEM
image of SWNT/PDMS composite surface; (c)(d) Bright
field and fluorescence images of 10 um fluorescence particles
underneath a SWNT embedded electrode; (e)(f) Deformed
SWNT membrane electrode closes the bottom channel. The
flow channel height is 19 pm; (g) Measured sheet resistance
of SWNT embedded PDMS electrode and its relation with
optical transmittance at 632 nm.

[0018] FIG. 6: (a)(b) Transport of a 10-um particle by light
across a membrane valve on an OET integrated multilayer
PDMS device. The scale bars are equal to 150 um; (¢) Com-
parison of particle moving speed in OET using ITO electrode
and SWNT embedded PDMS electrode. The light intensity is
0.06W/cm?® and the applied frequency is 100 kHz.

[0019] FIG. 7 illustrates a light controlled electrokinetic
device of which the OET device of FIG. 1 through FI1G. 3 is an
example.

[0020] FIG. 8 and FIG. 9 illustrate additional examples of
electrokinetic devices.

DETAILED DESCRIPTION OF THE INVENTION

Device Configuration

[0021] FIG. 1 through FIG. 3 schematically illustrate the
general configuration of an apparatus 100 that incorporates a
microfiuidic integrated optoelectronic tweezers (OET)
device 102 (which is an example of an electrokinetic device)
according to an embodiment of the present invention. In the
embodiment shown in FIG. 1 through FIG. 3, the device 102
comprises an upper polydimethylsiloxane (PDMS) microflu-
idic channel 106, a bottom photoconductive OET substrate
104, an embedded transparent electrode 108 in the form of a
single-walled nanotube (SWNT) thin-film electrode (which
is an example of a mesh material), and a bottom channel 110.
Unlike a conventional OET device in which a fluid chamber is
formed between an indium tin oxide (ITO) electrode and a
photoconductive substrate, our invention comprises a multi-
layer PDMS microfluidic integrated OET with two or more
layers of channels 106, 110.

[0022] In one embodiment, the bottom channel 110 con-
tains aqueous solutions carrying biological cells or particles
112 and the top channel 106 is used to control the membrane
valve 114 (see FIG. 1) formed at the region where the upper
channel 106 and bottom channel 110 intersect. In one
embodiment, this elastic membrane 114 works as a mechani-
cal valve that can be controlled by pneumatic pressure to
close the bottom channel 110 and stop the fluid flow. In one
embodiment, a peristaltic pump can be achieved by actuating
three valves along a channel in series.

Jun. 2, 2016

[0023] Referring more particularly to FIG. 3, in a preferred
embodiment a multilayer bottom electrode is provided to
establish the photoconductive OET substrate 104 (which is an
example of a multilayer photoconductive wall). In the
embodiment illustrated, these layers comprise an ITO layer
308, a 50-nm heavily doped n+ hydrogenated amorphous
silicon (a-Si:H) layer 306 over the ITO layer, a photoconduc-
tive 1-um undoped hydrogenated amorphous silicon a-Si:H
layer 304 over the n+ a-Si:H layer, and a 100-nm silicon
dioxide layer 302 over the undoped a-Si:H layer. The layer of
silicon dioxide 302 is deposited for bonding with PDMS.
[0024] Inthe embodiment illustrated in FIG. 3, an embed-
ded single-walled nanotube (SWNT) thin-film electrode 108
is fabricated on the top surface of the bottom PDMS channel
110. In this embodiment, electrode 108 comprises a compos-
ite SWNT 316/PDMS 314 thin film that establishes the top
surface of the upper channel 110. Because SWNT/PDMS
composite thin film exists only on the top surface of the
channel 110, the surface for bonding with the OET substrate
104 is clean. This allows forming strong covalent bond with
the silicon dioxide 302 coated OET substrate 104. Flow chan-
nel 318 is formed at the intersection of the upper 106 and
bottom 110 channels.

[0025] For OET operation, an ac bias 114 is applied to the
top SWNT electrode 108 and the bottom photoconductive
electrode of the OET substrate 104. In the embodiment illus-
trated in FIG. 3, a Digital Micromirror Device (DMD) based
projector 320 with an optional magnifying lens 322 isused to
create dynamic optical images 324 and project it on the sur-
face of the OET substrate 104 to generate virtual electrodes
and induce DEP forces for cell and particle manipulation.

Device Fabrication

[0026] FIG. 4 illustrates a fabrication method that allows
embedding SWNT thin film into PDMS and forming multi-
player PDMS microfluidic structures with optically transpar-
ent, electrically conductive, and mechanically deformable
membrane valves according to an embodiment of the inven-
tion. The valve permits repeated deformation without losing
its conductivity. Furthermore, SWNT embedded PDMS
membrane can be deposited deep into the channel without
residual carbon nanotubes remain on the side wall that will
affect local electric field distribution or on the bonding sur-
face, which gives a clean surface to form strong covalent
bonding between OET and PDMS through regular oxygen
plasma surface treatment.

Example 1

[0027] This fabrication method utilizes transfer-printing
techniques and soft lithography to fabricate a transparent and
flexible SWNT electrode on the top surface of PDMS chan-
nels. The process starts from disperse SWNT in DI water to
form aqueous-based SWNT. Powders of commercial SWNT
(Carbon Solutions, Inc.) are dissolved in 1 wt % sodium
dodecyl sulfate (SDS) solution to prepare solution-based
SWNT for vacuum filtration. After SWNT solution is soni-
cated and centrifuged, a porous anodic aluminum oxide
(AAO) filter (Anodisc 47, Whatman Inc.) is used to obtain a
SWNT network 404. For the PDMS stamp 402, a master mold
was made by using standard photolithography processes with
negative photoresist (SU-8 2025, MicroChem corporation)
on a silicon wafer. Then Poly-dimethylsiloxance (Sylgard
184, Dow Corning) at the ratio 10 base: 1 curing agent is
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poured onto the master mold and cured. The PDMS stamp
402 with patterns of microfluidic channels are treated by
trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (Sigam-Ald-
rich, Inc.). The treated PDMS stamp 402 is pressed to contact
the AAO filter 406 (FIG. 4a). After the PDMS stamp 402 is
removed from the filter 406, the SWNT thin film 404 is
transferred onto the PDMS surface. The PDMS stamp 402
with the SWNT thin film 404 was used as the mold for the
next casting step. Uncured PDMS with a ratio of 20 base:1
curing agent spin coated on the PDMS mold to create a thin
PDMS film (FIG. 4b). Another thick PDMS layer made at the
ratio of 5 base:1 curing agent is poured on the thin layer. The
two layers are bonded after curing (FIG. 4¢). The cured
PDMS 408 can be peeled off from the mold 402 and the
SWNT thin film 404 is transferred and embedded into the
PDMS channels of the cured PDMS 408 (FIG. 44).

Example 2

[0028] A vacuum filtration method is used to get uniform
SWNT thin films. The suspension of SWNT is filtered
through a filtration membrane to form a thin layer of SWNT
network. The highly dense SWNT suspension was made by
high purity (>90%) arc discharge nanotubes from Carbon
Solutions, Inc. SWNT were dissolved in 1 wt % sodium
dodecyl sulfate (SDS) solution to prepare solution-based
SWNT. This highly concentrated SWNT suspension was
ultrasonically agitated using a probe sonicator for —10 min-
utes. To remove the carbon particles and impurities, the sus-
pension was centrifuged at 14000 rpm for 30 min. A porous
anodic aluminum oxide (AAO) filter (Anodisc 47, Whatman
Inc.) was used in vacuum filtration. The suspension flows
through the pores and leaves a thin film of a SWNT network
on the surface of the AAO filter. The concentration and the
volume of the flow suspension can control the density of
SWNT network.

[0029] A PDMS stamp 402 was then used to transfer the
SWNT thin film 404 from the filter 406. To fabricate the
PDMS stamp 402, a master mold was made by using standard
photolithography using a negative photoresist (SU-8 2025,
MicroChem corporation) on a silicon wafer. Poly-dimethyl-
siloxance (Sylgard 184, Dow Corning) witha ratio of 10 base:
1 curing agent was poured onto the master mold and cured at
65° C. for 4 hr. A PDMS stamp 492 with a pattern of microf-
luidic channels could be peeled off from the Si wafer. Before
the stamp contact the filtration membrane, it was treated by
trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (Sigam-Ald-
rich, Inc.), a chemical release agent that lowers the adhesive
forces between the PDMS stamp 402 and the SWNT thin film
404. The treated PDMS stamp 402 was then pressed in con-
tact with the SWNT network 404 on the AAO filter 406 (FIG.
4a). After the PDMS stamp 402 is removed, the SWNT thin
film 404 is transferred onto the extruding surface of the
PDMS stamp 402. This PDMS stamp 402 with a SWNT thin
film 404 was then used as the mold for casting microfluidic
channels.

[0030] To cast the microfluidic channels, an uncured
PDMS precursor at the ratio of 10 base:1 curing agent was
poured onto the PDMS stamp 402, and baked in an oven. The
uncured gel-like PDMS precursor infiltrates the vacant
regions in the SWNT thin film 404 during the curing process.
The cured microfluidic channels 408 were then be peeled off
from the PDMS stamp 402 with a SWNT thin film 404
embedded near the top surface of channels. This fabrication
technique can be used to embed SWNT thin film on multi-
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layer PDMS microfiuidic devices. To achieve that, the
uncured PDMS precursor at a ratio of 20 base:1 curing agent
was spin-coated on the PDMS stamp 402 to create a thin
membrane (FIG. 45). A top thick PDMS layer made with a
ratio of 5 base:1 curing agent is pressed to contact the thin
PDMS layer. These two layers are bonded after cured (FIG.
4c). The cured PDMS 408 with a top control channel and a
thin film SWNT 404 embedded bottom PDMS channel can be
peeled off from the first PDMS stamp 402 as shown in FIG.
4d. This multilayer PDMS channels 408 with an embedded
SWNT thin film electrode 404 on the top surface of bottom
channels including the membrane valve locations was then
bonded with an OET device through oxygen plasma treat-
ment.

[0031] Note that, in the examples above, the PDMS stamp
402 is not only used as the mold for casting other microfluidic
channels but also transferring a SWNT thin film 404 to the top
surface of a channel. This fabrication process is compatible
with the standard soft lithography process. Since the SWNT
electrode exists only on the top surface of the flow channels,
this provides for a clean surface for forming strong covalent
bonding between PDMS and silicon dioxide surface of an
OET device. The electrode is continuous, optically transpar-
ent, electrically conductive and has robust mechanical flex-
ibility allowing large deformation without failure.

[0032] Demonstration of SWNT Electrodes Embedded in
PDMS
[0033] FIG. 5a shows the microscopic image of the SWNT

electrode embedded in a multiplayer PDMS microfluidic
device. This device has two layers of microfluidic channels.
The ring-shape pattern is the bottom channel with SWNT
electrodes embedded for sample delivery and cell manipula-
tion. The top channel is used to deliver pressure to deform the
membrane valves for closing a microfluidic chamber or
pumping fluid in the bottom channel. FIG. 556 is the SEM
image of a SWNT/PDMS composite electrode showing that
the randomly distributed SWNT network is completely fixed
in the cured PDMS matrix.

[0034] Because the a-Silayer on the microfluidic integrated
OET is non-transparent to short wavelength visible light,
fluorescence analysis has to come from the top SWNT/PDMS
electrode, which one of the reason that this electrode needs to
betransparent. FIG. 5¢ and F1G. 5d are the bright field and the
fluorescence images of 10-um fluorescent particles under-
neath the SWNT electrode. Three particles marked by arrows
are located at the intersection of the top and the bottom
channels separated by a =50 um thick SWNT/PDMS mem-
brane. Comparison between the bright field and the fluores-
cence images shows fluorescent analysis is achievable via
SWNT electrodes.

[0035] The transmission measurement is conducted by
using a HeNe laser (wavelength=633 nm, power=2 mW,
THORLAB). The relation between the measured sheet resis-
tance and transmittance of embedded SWNT thin films are
plotted in FIG. 5g. The transparency and the sheet resistance
can be controlled by the thickness of the SWNT network,
while the thickness can be adjusted by tuning the amount of
SWNT dispersed in solution.

[0036] To evaluate the resistance change of the SWNT
electrode after deformation, the SWNT/PDMS membrane
valve was deformed by pressurizing the control channel
repeatedly (FIG. 5¢ and FIG. 5f). The valve can be pushed
down and closed by applying a pressure of 25 psi in the top
control channels while the pressure in the bottom flow chan-
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nel is 2 psi. The area of the valve is 300 pmx300 um and the
thickness of membrane is ~50 um. The channel height of the
bottom channel is 19 um. The SWNT/PDMS membrane elec-
trodes are still conductive after deforming for 30 times. This
demonstrates that the SWNT/PDMS electrode is ideal for
integrating OET with multilayer PDMS based microfluidic
devices to not only supply electrical signals but also provide
valve and pump functions that are required for conducting
multi-step and complex protocols.

OET Manipulation

[0037] To verify the microfiuidic integrated OET platform,
we coupled a DMD based projector (BenQ, MP730) with an
inverted microscope. The projection lenses of the projector
are removed and replaced by a 4x objective lens to focus the
light images on the photoconductive surface. 10-um particles
were firstly suspended in PBS buffer (conductivity=186
uS/cm) and flowed into the microchannels using syringe
pumps. The microfluidic integrated OET was connected to a
function generator (AGILENT 33220A) for supplying sinu-
soidal ac bias (100 kHz, 10Vpp). Virtual electrodes were
turned on by a projected light. Particles experienced negative
DEP forces and repelled away from the light spots. FIG. 6a
and FIG. 64 are the consecutive images showing a 10-um
particle is transported across a deformable PDMS membrane
valve by the projection light.

[0038] Theperformance ofusinga SWNT PDMS electrode
for OET manipulation has been compared with a regular [TO
electrode. The tests were under the application of various
voltages at 100 kHz. The results are shown in FIG. 6¢. This
experiment is conducted on an inverted microscope and the
light beam for OET manipulation pass through the SWNT/
PDMS electrode before illuminating on the photoconductive
surface. The SWNT/PDMS electrode absorbs part of the
light, and only 60% of light is transmitted. This contributes to
the slightly lower particle speed of OET manipulation using
the SWN'T/PDMS electrode.

Conclusion

[0039] We have successfully demonstrated a novel manu-
facturing method to fabricate an enabling SWNT/PDMS
electrode that is transparent, flexible, deformable, and able to
integrate OET with multilayer PDMS microfluidic device.
The method can transfer SWNT thin film onto the top sur-
faces of PDMS channels without leaving any residuals on the
sidewall that could affect the local electric field distribution
and on the bonding surface, which leaves a clean PDMS
interface to forming strong covalent bonding with the silicon
dioxide coated OET surface for tight sealing. SWNT/PDMS
electrodes with sheet resistance between 350~550 ohm and
optical transmittance of 55% to 80% have been successfully
fabricated. OET manipulation on an integrated PDMS based
multilayer microfluidic device has also been tested and com-
pared with conventional ITO electrodes. A valve closing
function using SWNT/PDMS membrane has also been
shown, and no degradation of electrical conductivity was
observed of after repeated deformation for 30 times. The
results show that SWNT electrodes solve the cracking prob-
lems of prior Au mesh electrodes. The microfluidic integrated
OET has potential applications for high throughput, multistep
cell-based analysis in the future.

[0040] Although the description above contains many
details, these should not be construed as limiting the scope of
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the invention but as merely providing illustrations of some of
the presently preferred embodiments of this invention. For
example, although flexible, optically transparent electrodes
108 are illustrated and discussed in the examples above as
comprising SWNT material and being used inan OET device,
the flexible, optically transparent electrodes 108 of the
present invention can comprise other materials and can be
used in other types of devices.

[0041] Forexample, the flexible, optically transparent elec-
trode 108 of the present invention can alternatively comprise
materials such as multi-walled nanotubes. As another
example, the electrode 108 can comprise other types of nano-
materials such as electrically conductive (e.g., metal) nanow-
ires or clusters or electrically conductive (e.g., metal) nano-
particles or a combination of the foregoing (e.g., a
combination of nanowires and nanoparticles). As yet another
example, the electrode 108 can comprise a flexible, optically
transparent material such as a polymer or a silicone with
embedded nanomaterials such as electrically conductive
(e.g., metal) nanowires or clusters or electrically conductive
(e.g., metal) nanoparticles or a combination of the foregoing
(e.g., a combination of nanowires and nanoparticles). Thus,
the electrode 108 discussed above as comprising an SWNT
material can alternatively be an electrode that comprises any
of'the forgoing materials (all of which are examples of a mesh
material).

[0042] Examples of other types of devices that can include
the flexible, optically transparent electrode 108 of the present
invention include devices that use an electrokinetic mecha-
nism to move a liquid (e.g., a droplet of the liquid) and/or a
particle (e.g., objects, cells, or the like) in a liquid disposed
between electrically biased walls. In such devices, an elec-
trode in one or both of two such electrically biased walls can
be a flexible FIG. 7 through FIG. 9 illustrate examples of such
devices.

[0043] FIG. 7 illustrates a light-induced microfluidic elec-
trokinetic device 700 that can comprise a chamber 710 dis-
posed between a first wall 702 comprising a transparent elec-
trode 108 and a second wall 704 comprising a
photoconductive layer 708. The chamber 710 can be suffi-
ciently enclosed to hold a liquid. As shown, a biasing voltage
source 712 (e.g., an alternating current or a direct current
voltage source) can be applied to the electrode 108 and the
second wall 704 (e.g., the photoconductive layer 708). The
voltage source 712 can create an electric field in the chamber
710 between the first wall 702 and the second wall 704.

[0044] In some embodiments, the device 700 can be an
OET device. Generally in accordance with the discussion of
OET above, light directed onto the photoconductive layer 708
can selectively create virtual electrodes at the photoconduc-
tive layer 708 that induce DEP forces that move particles in a
liquid in the chamber 710. This is an example of an electro-
kinetic mechanism for moving particles in the liquid in the
chamber 710. A light source 716 can provide patterns of light
714 through the transparent electrode 108 to the photocon-
ductive layer 708 to selectively create such virtual electrodes.
[0045] In other embodiments, the device 700 can be an
OEW device. The second wall 704 can comprise, in addition
to the photoconductive layer 708, an optoelectronic wetting
surface (not shown), which can have a hydrophobic coating
(not shown), that faces into the chamber 710. The light pattern
714 projected onto the photoconductive layer 708 can selec-
tively create virtual electrodes at the photoconductive layer
708 that induce electrowetting forces that move a liquid (e.g.,
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a droplet of the liquid) on the optoelectronic wetting surface
(not shown) in the chamber 710. This is an example of an
electrokinetic mechanism for moving the liquid (e.g., a drop-
let of the liquid) in the chamber 710.

[0046] FIG. 8 illustrates a microfluidic DEP device 800
(which is an example of an electrokinetic device) that can
comprise a chamber 812 between a first wall 802 comprising
atransparent electrode 108 and a second wall 804 comprising
a substrate 808 and an array of fixed electrodes 810. The
chamber 812 can be sufficiently enclosed to hold a liquid. A
biasing voltage source 814 can be applied to the transparent
electrode 108 and selectively applied to one or more of the
electrodes 810 in the electrode array on the substrate 808. By
selectively connecting and disconnecting the biasing voltage
source 814 to and from different ones of the electrodes 810,
electric fields, which induce DEP forces, can be created in the
chamber between selected ones of the electrodes 810 and the
transparent electrode 108. The DEP forces can move particles
in a liquid in the chamber 812. For example, by selectively
connecting and then disconnected a sequence of the elec-
trodes 810 to the biasing voltage source 814, a particle in a
liquid in the chamber 812 can be moved from one electrode
810 to another electrode 810 and thus moved in the chamber
812. This is an example of an electrokinetic mechanism for
moving particles in the liquid in the chamber 812.

[0047] Because the electrode 108 is transparent, movement
ofparticles in the chamber 808 can be observed. For example,
optical monitoring equipment (e.g., a camera) (not shown)
can capture through the transparent electrode 108 images of
particles in the chamber 812.

[0048] FIG. 9 illustrates a microffuidic electrowetting
device 900 (which is an example of an electrokinetic device)
that can be similar to device 800 except that device 900 can
include an insulating material 902 disposed on the substrate
804 and over the fixed electrodes 810. The material 902 can
have a surface 904, which can have a hydrophobic coating
(not shown). As shown, the insulating material 902 can cover
the electrodes 810. The electrowetting device 900 can operate
generally like the device 800 except the electrowetting device
900 can move a liquid (e.g., droplets of the liquid) in the
chamber 812. For example, by selectively connecting and
disconnecting the biasing voltage source 814 to different ones
of the fixed electrodes 810, electric fields, which induce elec-
trowetting forces, can be selectively created in the chamber
812 between selected ones of the fixed electrodes 806 and the
transparent electrode 108. The electrowetting forces can
movetheliquid (e.g., droplets of the liquid) on the surface 904
in the chamber 812 from one fixed electrode 810 to another
electrode 810. This is an example of an electrokinetic mecha-
nism for moving the liquid (e.g., droplets of the liquid) in the
chamber 812, and the surface 904 is an example of an opto-
electronic wetting surface.

[0049] It is noted that that the devices illustrated in FIG. 1
through FIG. 3 and FIG. 7 through FIG. 9 are examples only
and can, for example, include additional and/or different ele-
ments, and the elements shown can be arranged in different
configurations. Also, those devices can be in different orien-
tations. For example the devices shown in FIG. 1 through
FIG. 3 and FIG. 7 through FIG. 9 can be rotated (e.g., can be
upside down) in alternative configurations.

[0050] From the discussion above it will be appreciated that
the invention can be embodied in various ways, including but
not limited to the following:
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[0051] 1. A microfluidic integrated OET apparatus, com-
prising: an upper PDMS chamber with an embedded SWNT
thin film electrode; and a lower photoconductive OET sur-
face, the photoconductive OET providing a lower electrode.
[0052] 2. The apparatus of embodiment 1, wherein the
lower electrode comprises: an ITO layer; a 50-nm heavily
doped n+ hydrogenated amorphous silicon (n+ a-Si:H) layer
over the ITO layer; a photoconductive 1-um undoped hydro-
genated amorphous silicon (a-Si:H) layer over the n+ a-Si:H
layer; and a 100-nm silicon dioxide layer over the undoped
a-Si:H layer.

[0053] 3. The apparatus of embodiment 2, wherein the sili-
con dioxide layer facilitates bonding with PDMS.

[0054] 4. The apparatus of embodiment 1: wherein the
PDMS chamber has a bottom PDMS channel; wherein the
bottom channel has a top surface; and wherein the SWNT
embedded PDMS thin film electrode is fabricated on the top
surface of the bottom PDMS channel.

[0055] 5. The apparatus of embodiment 2: wherein for
operating this device, an ac bias is applied to the embedded
SWNT thin film electrode and the lower OET photoconduc-
tive electrode; wherein when light beams illuminate the
a-Si:H layer, virtual electrodes are turned on to create non-
uniform electric field between the lower light-patterned vir-
tual electrode and embedded SWNT thin film electrode for
DEP manipulation; and wherein when a virtual electrode is
turned on by a projected light beam, cells or particles expe-
riencing DEP forces are moved away or attracted to the light
pattern.

[0056] 6. A method for fabricating a PDMS microfluidic
channel with an embedded SWNT thin film electrode, com-
prising: preparing a SWNT solution; collecting an SWNT
network from said solution with an AAO filter; preparing a
PDMS stamp as a mold for a microfluidic chamber, said
PDMS stamp having an upper mold surface; contacting the
AAQ filter with the upper mold surface of the stamp, wherein
the SWNT network is transferred onto the upper mold sur-
face; spin coating a thin layer of PDMS over the SWNT
network; forming a thicker layer of PDMS over the thin layer,
wherein the thin and thicker layers bond after curing and form
a molded structure with a PDMS microfluidic channel; and
removing the molded structure from the mold; wherein the
SWNT network is transferred and embedded into the PDMS
microfluidic channel.

[0057] 7. An electrokinetic microfluidic device, compris-
ing: a first wall comprising a transparent electrode; a second
wall; a chamber between said first wall and said second wall,
said chamber configured to hold a liquid; and a biasing volt-
age source between said transparent electrode and said sec-
ond wall for creating an electric field in said chamber between
said transparent electrode and said second wall for providing
an electrokinetic mechanism for moving said liquid or a par-
ticle in said liquid in said chamber.

[0058] 8. The device of embodiment 7: wherein said cham-
ber comprises a flexible mesh material disposed on said sec-
ond wall; and wherein said transparent electrode is flexible
and embedded in said flexible material.

[0059] 9. The device of embodiment 8, wherein said cham-
ber is sufficiently flexible to be pinched closed.

[0060] 10.Thedevice of embodiment 9: wherein said trans-
parent electrode is sufficiently flexible to flex with said cham-
ber as said chamber is pinched closed; and wherein said
transparent electrode remains electrically conductive as said
chamber is pinched closed.
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[0061] 11. The device of embodiment 8: wherein said sec-
ond wall comprises a photoconductive layer disposed on a
conductive layer; and wherein said biasing voltage is con-
nected to said conductive layer.

[0062] 12.The device of embodiment 8, wherein said flex-
ible material comprises a PDMS material.

[0063] 13. The device of embodiment 12, wherein said
second wall further comprises an outer material that facili-
tates bonding with said PDMS material.

[0064] 14.Thedevice of embodiment 8, wherein said trans-
parent electrode is a thin film, mesh electrode.

[0065] 15.Thedevice of embodiment 8, wherein said trans-
parent electrode comprises nanoparticles.

[0066] 16. The device of embodiment 15, wherein said
nanoparticles comprise nanotubes or nanowires.

[0067] 17. The device of embodiment 7, wherein said sec-
ond wall comprises a photoconductive layer responsive to
light passed through said transparent electrode to create vir-
tual electrodes that induce DEP forces sufficient to move a
particle in said liquid.

[0068] 18. The device of embodiment 7, wherein said sec-
ond wall comprises: a photoconductive layer; and an opto-
electronic wetting surface that is an inner surface of said
chamber.

[0069] 19. The device of embodiment 18, wherein said
photoconductive layer of said second wall is responsive to
light passed through said transparent electrode to create vir-
tual electrodes that induce DEP forces that move a droplet of
said liquid in said chamber.

[0070] 20. The device of embodiment 7, wherein said sec-
ond wall comprises an array of fixed electrodes each selec-
tively connectable to said biasing voltage source.

[0071] 21. The device of embodiment 20, wherein said
second wall further comprises an insulating material covering
said fixed electrodes.

[0072] 22.Thedevice of embodiment 7, wherein said trans-
parent electrode is a thin film, mesh electrode.

[0073] 23.Thedevice of embodiment 7, wherein said trans-
parent electrode comprises nanoparticles.

[0074] 24. The device of embodiment 23, wherein said
nanoparticles comprise nanotubes or nanowires.

[0075] 25.Thedevice of embodiment 7, wherein said trans-
parent electrode comprises clusters of nanoparticles.

[0076] 26.Thedevice of embodiment 7, wherein said trans-
parent electrode comprises nanoparticles embedded in a flex-
ible material.

[0077] 27. The device of embodiment 26, wherein said
flexible material is a polymer or a silicone.

[0078] 28.Thedevice of embodiment 7, wherein said trans-
parent electrode comprises a combination of nanowires and
nanoparticles embedded in a flexible material.

[0079] Therefore, it will be appreciated that the scope of the
present invention fully encompasses other embodiments
which may become obvious to those skilled in the art, and that
the scope of the present invention is accordingly to be limited
by nothing other than the appended claims, in which refer-
enceto an element in the singular is not intended to mean “one
and only one” unless explicitly so stated, but rather “one or
more.” All structural, chemical, and functional equivalents to
the elements of the above-described preferred embodiment
that are known to those of ordinary skill in the art are
expressly incorporated herein by reference and are intended
to be encompassed by the present claims. Moreover, it is not
necessary for a device or method to address each and every
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problem sought to be solved by the present invention, for it to
be encompassed by the present claims. Furthermore, no ele-
ment, component, or method step in the present disclosure is
intended to be dedicated to the public regardless of whether
the element, component, or method step is explicitly recited
in the claims. No claim element herein is to be construed
under the provisions of35 U.S.C. 112, sixth paragraph, unless
the element is expressly recited using the phrase “means for.”

1-28. (canceled)

29. An electrokinetic microfluidic device, comprising:

(a) a bottom channel configured to hold a liquid, compris-

ing:

(1) a first wall comprising a transparent flexible mesh
electrode; and

(ii) a second wall opposite said first wall comprising an
electrode;

(iii) wherein said first wall defines an upper surface and
said second wall defines a lower surface of at least a
portion of said bottom channel; and

(b) a top channel overlying at least a region of said bottom

channel, wherein said top channel is formed within a
flexible material; and

(c) wherein a membrane valve is formed at said region

where said top channel and said bottom channel overlap.

30. The device of claim 29, wherein said device is a dielec-
trophoresis (DEP) device.

31. The device of claim 30, wherein said second wall
comprises an array of fixed electrodes.

32. The device of claim 29, wherein said second wall of
said bottom channel comprises a photoconductive layer.

33. The device of claim 32, wherein said device is an
optoelectronic tweezers (OET) device.

34. The device of claim 29, wherein said photoconductive
layer of said second wall of said bottom channel comprises a
hydrophobic coating on said lower surface of said portion of
said bottom channel.

35. The device of claim 34, wherein said device is an
optoelectronic wetting (OEW) device.

36. The device of claim 29, wherein said flexible material
forming said top channel is transparent.

37. The device of claim 36, wherein said flexible material
is a polymer or silicone.

38. The device of claim 37, wherein said flexible material
is polydimethylsiloxane (PDMS).

39. The device of claim 29, wherein said transparent flex-
ible mesh electrode is a thin film.

40. The device of claim 29, wherein said transparent flex-
ible mesh electrode comprises nanoparticles.

41. The device of claim 40, wherein said nanoparticles
comprise nanotubes or nanowires.

42. The device of claim 29, wherein said transparent flex-
ible mesh electrode comprises clusters of nanoparticles.

43. The device of claim 29, further comprising a biasing
voltage source disposed between said transparent flexible
mesh electrode and said second wall.

44. A method of manipulating a droplet of a liquid or
particles in a liquid in a microfluidic device, comprising the
steps of:

(a) introducing a liquid or particles in a liquid to a bottom

channel of said microfluidic device;

(b) applying an electrokinetic force to said liquid or said

particles in said liquid in said bottom channel; and

(c) closing a membrane valve formed at a region of overlap

between said bottom channel and a top channel.
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45. The method of claim 44, wherein said step of applying
said electrokinetic force comprises applying a biasing voltage
between a transparent flexible mesh electrode embedded in a
first wall defining an upper surface of said channel and an
electrode in said second wall defining a lower surface of said
channel.

46. The method of claim 45, wherein said step of applying
said electrokinetic force further comprises projecting light
onto a photoconductive layer of said second wall, thereby
inducing a dielectrophoresis force upon said particles in said
liquid in said bottom channel.

47. The method of claim 45, wherein said step of applying
said electrokinetic force further comprises projecting light
onto a photoconductive layer of said second wall, thereby
inducing an electrowetting force upon said liquid in said
bottom channel.

48. The method of claim 45, wherein said step of closing
said membrane valve comprises applying pressure to said top
channel, thereby expanding said top channel and deforming
said first wall of said bottom channel.

49. The method of claim 44, further comprising a step of
detecting said particles in said liquid in said bottom channel.

50. The method of claim 49 wherein said step of detecting
said particles comprises observing fluorescence from said
particles in said liquid.

51. The method of claim 49, wherein said step of detecting
said particles is performed by observing said particles
through said transparent mesh flexible electrode imbedded in
said first wall of said bottom channel.

52. The method of claim 44, wherein said step of closing
said membrane valve stops fluid flow in said bottom channel.

53. A method of moving particles in a liquid in a microf-
luidic device, comprising the steps of:
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(a) introducing particles in a liquid to a bottom channel of
said microfluidic device, wherein said microfluidic
device comprises:

a first wall comprising a transparent flexible mesh elec-
trode and a second wall opposite said first wall com-
prises an electrode, wherein said first wall defines an
upper surface and said second wall defines a lower
surface of at least a portion of said bottom channel;
and

(ii) a first top channel, a second top channel, and a third
top channel overlying a respective first region, a sec-
ond region, and a third region of said bottom channel,
wherein said first, second, and third top channels are
formed within a flexible material, and further wherein
a first membrane valve, a second membrane valve,
and a third membrane valve are formed at said respec-
tive first, second and third regions; and

(b) applying pressure consecutively to said first, second,
and third membrane valves, thereby moving said par-
ticles in said liquid in said bottom channel.

54. The method of claim 53, further comprising a step of
applying an electrokinetic force to said particles in said liquid
in said channel.

55. The method of claim 54, wherein said electrokinetic
force is a dielectrophoretic force or an electrowetting force.

56. The method of claim 54, further comprising a step of
detecting said particles in said bottom channel by observing
said particles through said transparent flexible mesh elec-
trode.

57. The method of claim 56, wherein said step of detecting
said particles comprises observing fluorescence from said
particles in said liquid.
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