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(54) Title: ELECTRODE ARRAY FOR VORTEX-ASSISTED ELECTROPORATION

(57) Abstract: A device includes a microfluidic
trap disposed along a microfluidic channel, the
trap and channel having dimensions to create a
fluid vortex within the trap to trap a particle of in-

terest and an electrode having interdigitated elec-

trically isolated fingers positioned in the trap to
create an electric field across the trap such that

the electric field causes electroporation of a mo-
lecule into the particle of interest. A further
device includes an array of channels, traps and in-
terdigitated electrically isolated fingers.
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Electrode Array for Vortex-Assisted Electroporation

Related Application
0061} This application claims priority to United States Provisional
Application serial number 62/147.492 (entitled Electrode Array for Voriex-
Assisted Electroporation, filed April 14, 2015) which 1s incorporated herein by

reference.

Background
(6602} Prior vortex-assisted microscale electroporation systems provided

limited sample processing throughput.

Summary
[B003] A device includes a microfluidic trap disposed along a
microthmdic channel, the trap and channel having dimensions to create a flud
vortex within the trap to trap a particle of interest and an electrode having
mterdigitaled elecirically isolated fingers positioned n the trap to creaie an
electric field across the trap such that the electric field causes electroporation of
a molecule into the particle of interest.
80041 A further device includes an array of microfluidic traps disposed
along a set of microfluidic channels, the traps and channels having dimensions {o
create a fhud vortex within each trap to trap a particle of interest. and an
electrode structure having a set of interdigitated electrically isolated {ingers
posifioned i each trap o create an elecine field across the trap, and a pair of
pads to couple to a voltage source such that the electric field causes
electroporation of molecules in the fluid into the particles of interest.
[B005] A method includes providing fluid containing particles of interest
to an array of traps posttioned along multiple channels, the fluid provided at a
pressure sufficient to cause vortex flow within the traps and trap one or more
particles of interest in the iraps and applving a voltage across an electrode

stracture, the electrode structure having inferdigitated electrodes formed in the
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traps to provide an electric field in the traps to cause electroporation of
molecules in the fhud inio the trapped particles.
16606} A further method includes forming an electrode array structure on

an electrode subsirate, the elecirode array structure having an array of sets of

S interdigitated electrically isolated sets of finger electrodes and forming a channel
and trap pattern in a device layer over the elecirode subsirate, such that each trap
sealingly covers a corresponding set of interdigitated electrically isolated finger
electrodes.

10
Brief Description of the Drawings
60071 FIG. 1 is a block diagram of an eleciroporation chamber

according to an example embodiment.

{6008} FI1G. 2 1s a block diagram of the electroporation chamber of FIG.
15 1 ilustrating an interdigitated electrode structwre according to an example

embodiment,

16609} FIG. 315 a block schematic diagram of an electroporation device

including an array of electroporation chambers and channels, with an electrode
structure according 1o an example embodiment.

20 001y FIG. 4 1s a block schematic diagram of cross connectors for an
electrode structure according to an example embodiment.

6011} FI1G. 5 1s a block schematic diagram of an array of eleciroporation
chambers and corresponding electrode structure according {o an example
ernbodirsent.

25 [0012] FIG. 61s a block schematic diagram ilhustrating interdigitated
finger electrodes within a chamber of an array of electroporation chambers
according to an example embodiment.

[B013] FIG. 715 a block schematic diagram of a SPICE model for an
electroporation array according to an example embodiment,

30 (0034 FIG. 8 15 a graph illustrating simulated voliage at multiple nodes

of an electroporation arrav according to an example ernbodiment.

2
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Detailed Description
[6615] In the following description, reference 13 made to the
accompanying drawings that form a part hereof, and in which is shown by way

of iltustration specific embodiments which may be practiced. These

(W4

embodiments are described in sufficient detail to enable those skilled in the art to
practice the invention, and it 15 to be undersiood that other ernbodiments may be
utilized and that structural, logical and electrical changes may be made without
departing from the scope of the present invention. The following description of
example embodimentis is, therefore, not to be taken in a himited sense, and the
10 scope of the present invention is defined by the appended claims.
601 6] An optimized electrode geometry for a microfluidic vortex based
particle trapping array device facilitates efficient electroporation. In some
embodiments, a 4-fold higher throughput {e.2., enhanced parallehization
capability) and 10-fold lower operational voltage may be obtained over previous
15 configurations. Some embodiments utilize micropatterned gold electrodes which
may be seamlessly miegrated with microfabrication process flows, allowing
batch productions of the device.
16617} Fi(z 1 1s a simple block diagram of an eleciroporation device
100. A pair of electroporation traps 105 and 110 are bisected by a channel 115,
20 Together, the traps 105 and 1190, along with corresponding portion of the channel
115 formo a chamber. Flnd through an mput 120 of channel 120 contains
particles 125, such as cells, which become trapped in a vortex flow 130 created
in each trap 105, 110 when the fluid is flowing through the channel 115 with a
Revnolds nurmber of approximately 100, Fluid exits channel 115 via an output
25 135, Muluple such devices 110 may be assembled in an array consisting of
myuttiple channels and multiple traps per channel. While opposing pairs of traps
are shown, forming a chamber that is bisected by the channel, in further
embodiments, traps may be formed on only one side of a channel, or altemate on
different sides along the length of the channel. Various different geometries of
30 iraps may be used from rectangular to semi-circular or other arcuate or
geometric shapes suttable for formung a vortex flow and capturing particles. The
vortex, and orbit of the vortex may be modified by modifying the geometries and

flow rates of the device.
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(6018} FIG. 2 15 a block diagram of the device 100 in FIG. 1 shown in
forther detail. The chanmel 115 and traps 103, 110 are shown as broken lines to
facilitate showing a substrate layer having an elecirode structure indicated

generally at 210, The electrode structure 210 comprises a negative finge

(W4

connective conductor 215 and a positive finger connective conductor 220

disposed on opposite sides of the traps 105 and 110 respectively. The negative

finger connective conductor 215 comprises a plurality of electrode fingers 225

extending from the negative finger connective conductor 215 into the trap 103

and to near the end of trap 110. Sinularly, the positive finger connective

10 conductor 220 comprises a plurality of electrode fingers 230 extending from the
positive finger connective conductor 220 into the trap 110 and to near the end of
trap 105. By only extending to near the end of the respective traps, only one set
of electrode fingers need be accounted for when creating a seal between the
electrode substrate and a channel and trap layer that are coupled to form the

15  device 100. The respective sets of electrode fingers are mterleaved in an
alternating manner to create the ability to generate an electric field when a
voltage is applied across the connective conductors 215 and 220, Note that the
positive and negative connotations of the electrode structure may be reversad in
further embodiments.

20 [0019] In some embodiments, the electroporator device 100 is composed
of two layers: A glass slide with pattemed conductive electrodes {Au for
example} on the surface enclosed with a fluidics layer having an array of cell
trapping chambers and channels. The fluidics array may be formed of PDMS in
one embodiment. Plastic (COP, COC, PMMA, PC) and other suitable materials

25  may also be used. The slide with electrodes may be glass or other material
suitable for forming conducting electrodes and mating with the fluidics layer.
The electrode dimension, number of electrodes per chamber, and the gap
distance between adjacent electrodes may be optimized such that the chamber
area influenced by the electric field 1s maximized, a cell trajectory does not

30 reside at the tip of the electrodes, thereby enhancing the umformity of the

electric field that cells are experiencing, and the electric field should be

sufficient enough to electroporate cells without unwanted electrolysis and bubble

formation.
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{6026} In further embodiments, the electrical resistances at each location
may be varied to have different electrical field profiles within each charber.
This 1s useful to help identify an optiroum electric field profile to electroporate a
given cell tvpe. The device can be tested with varied electrical resistance to tind
out the optimum condition. The device can then be changed to create a uniform
electric field across all chambers to perform the electroporation. For both cases,
the electric field in the chamber is uniform across the width or height of the
chamber.

[6621} In a further embodiment, cross chamber voltage for each
electroporation chamber may be modified individually by carefully tweaking the
geometry of connecting electrodes and corresponding electric fields can be
predicted using COMSOL and SPICE modeling. With a single injection of the
given cell population, their responses to selected series of voltage magnitudes
could be assessed simultaneously and rapidly. In addition, by setting up different
outlets from the channels, cells, from the same batch but treated with different
electroporation conditions or chemical doses, can be collected separately for
parametric studies.

1066221 In sull further embodiments, Au electrodes embedded in one or
more chambers may serve as sensing electrodes as well as eleciric potential
sources. With appropriate biochemical surface modification corresponding o
target analvies, these electrodes, or a further set of electrodes in one or more
chambers may be used to pick up minute electrical signal change (fvpically
current) in correlation with the response of trapped cell population to specific
chenucal/biological stimuli applied in the chamber. The electrical component
connected to the device may be modified accordingly to collect and amplify the
signal while deducting background noise.

231 The use of an array may increase the overall throughput per baich
and make the electroporation process more efficient and practical. However,
simply adding more electroporation units does not guarantee replication of the
same performance of the device with a single electroporation unit. The rationales
for the optimum layout design of the electroporator array, especially the
connecting electrode pattern include: (1) to maximize voltage efficiency of the
glectroporation array, (.., to minimize the voltage drop {waste) outside the cell-

trapping chamber area); (2) to precisely predict electric fields being applied to
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orbiting cells and apply a uniform electric field across all chambers, or apply
distinctive electric fields to different chambers to identify optimum conditions
for given cells; and (3) to ensure sealing between PDMS and glass substrate. Tn
some embodiments, wider connecting electrodes may be used to minimize the
voltage variation across each chamber (trap} while a narrower electrode width is
desired to ensure sealing.

16024} An example microscale electroporator symmetrical array is
tHustrated in FIG. 3 at 300, with FIGs. 4, 5, and 6 showing further detail of
elements of FIG. 3. In one embodiment, the array 300 inclades an input flud
channel 303 that branches mto four chamber channels 310 that each containg 10
chambers 315. The channels 310 proceed through the array of chambers and
empty at 317. Each chamber comprises a pair of opposed traps extending from
the chamber channels 310, as shown in further detail in FIG. 6. The array thus
includes 40 chambers (4 rows X 10 chambers per each row, 1.e, a total of 80 cell
trapping vortices per device at its full capacity). In one embodiment, sets of four
neighboring chambers (2x2) are positioned such that they can be fit into a single
field of view of a camera (not shown) when a 4x objective 1s used. 10 multi-
point automated imaging sequences may be used to visualize and monitor all 80
cell-trapping vortices in real time dwring electroporation. In further
embodiments, other sensing mechanisms may also be emploved.

[6025] An electrode structure s illustrated generally at 320 and is formed
of various widths of conductors, which may also be referred to as conductors or
cormecting wires. A source pad 325 provides a convenient conductive pad for
coupling to a positive voltage source, and a source pad 330 provides for coupling
to anegative voltage source. The sources may be reversed in one embodiment,
and mav be varnable voltage or BC voltage sources. Variable voliages include
square wave sources and AC sources 1o name a few. The electrode structure 320
also includes two connective conductors indicated at 335 and 340 to couple to
further finger connective conductors shown in further detail with interdigitated
finger conductors in FIG. 5. Similarly, the negative source pad 330 branches
mto two connective conductors indicated at 345 and 350, which further branch
o finger connective conductors and interdigitated finger conductors, forming
the array of finger conductors to create a desired electric field in the traps for

glectroporation.
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{6026} Sets of cross conductors is tlusirated at 400, and serve to couple
the finger connective conductors, indicated at 405 and 406 {0 each other,
providing a failsafe for broken conductors and further enhancing the voltage

uniformity of the electrodes in each trap. As seen in FIG. 4 at 400, there are four

(W4

cross conductors 410, 415, 420, and 425 and addition orthogonal cross

conductors 430, 435, 440, and 445 coupled to the connective conductors 335 and

340. Similar cross conductors may be used for connective conductors 345 and

350 as shown in FIG. 3.

(6027} The two {inger connective conductors 405 and 406 are sufficient

10 to couple to posttive interdigitated finger conductors in each of the chambers.
Conductor 405 extends between the first two rows of chambers, and conducior
406 extends between the last two rows of chambers. The finger connective
conductors coupled to the negative source pad 330 branch inlo three, extending
along the outsides of the first and fourth rows of chambers and between the

15 second and third rows of chambers. In one embodiment, the finger connective
conductors extending between rows may comprise a conductor for each row,
which may be periodically interconnected along their length.
16028} Within each PDMS cell trapping chamber (Le= 720 pm; We=
480 pm; He= 70 um), there are 5 pairs of interdigitated Au electrodes (20 pm =

20 450 um) in one embodiment. For each row, electrodes with the same polarity are
connected with a single wire (denoted as E3 corresponding to 405 and 406, Wrz
= 80 pm), fransferring eleciric signals from the source. Several connecting points
may be formed between two adjacent wires to eliminate chances of device
malfunctions due to fabrication defects. The connecting wires were designed to

25 have two sections of varned elecirode widihs. The first section {denoted as E'1
corresponding to 335 and 340), which is immediately after the electric source
pad 325, are designed to have electrode length and width of Ley = 16 ram and
WEeL= 500 pm, respectively. The first section elecirodes are then branched into
the second sets of 4 connecting electrodes 410, 415, 420, 425, denoted as £2,

30 whose length and width are Lez= 3mum and We2= 20 pm. The first and second

sections of electrodes are located orthogonally 1n order to deliver electric signals

to each row of the electroporation chambers. The purpose of four repeating £2

cross connectors may be to lower the overall electrical resistance across those
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electrodes (1.e., lowering the voltage loss) by parallelizing resistors while
eliminating the leakage of injecied fluids at the site where Au electrodes are in
contact with PDMS. The number and widths of the repeating connectors can be

varied in order to intentionally vary electric fields for each chamber. The width

(W4

of the electrodes, directly under the edge of electroporation chamber {where
PDMS and glass substrate are bonded) should be smaller than 20um for a 300um
thick Aulayer. Otherwise, the injected fluid may leak between the chamber and
substrate where the connectors traverse the substrate under the edge of the
chamber. In one erabodiment, the value of Wez = 20 pm is small enough to help
10 ensure sealing, such as irreversible sealing, between a substrate layer on which
the electrodes are formed and a device laver in which the traps and channels are
formed. In one embodiment, the electrodes may be formed on a glass slide with
micropatterned 300nm-thick Au electrodes and the traps and channels may be
formed in a PDMS laver. These values are just examples, and mav be varied in
15 further embodimenis.
(6629} FIG. S provides a larger view of the array at 500, Note that the
reference numbers used in FIGs. 3, 4, 5, and 6 are consistent. The finger
connective conductors 405 and 406 are illustrated running between the rows
from posttive source pad 325. Further finger connective conductors 505, 506,
20 and 507 are shown running outside of the outer rows {505 and 307} and between
(506} the second and third rows from the negative source pad 330. A chamber
area identified by a box 600 is shown in further detail in FIG. 6.
16030} Charsber area 600 shows the chamber 315 and chamnel 310
hisecting a pair of traps 610 and 615, Posttive finger connective conductor 405
25 is shown at one side of chamber 315, with negafive finger connective conductor
505 shown at an opposite side of chamber 315, Note that the finger connective
conductors are shown running i substantially the same direction as the
channels, and are located outside the boundaries of the chamber.
6031} Positive finger electrodes 620 run from the positive finger
30 connective conductor 505 toward the negative finger connective conductor 603,
and negative finger electrodes 625 run from the negative finger connective
conductor 605 to the positive finger connective conductor 505, Both seis of
finger connective conductors in one embodiment interdigitate and extend to

almost a far end of the chamber, without going further than the chamber wall (o
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ensure a betier seal of the chamber {o the electrode substrate. In one
ermbodiment, there are five each of the positive finger conductors and negative
finger conductors interleaved to form a uniform electric field distribution over

the area of the chamber corresponding to the electrode substrate. The figld

S strength weakens as the distance in the chamber orthogonal to the electrodes
mereases,
16032} Square waves may show slightly better performance compared to

that of sine wave in terms of electroporation efficiency when the identical peak
AC voliage 1s applied. The effectiveness may be related to the root mean square

10 (e, Vius) of the voliage, rather than the absolute magnitude, Vpx, for
electroporation.

30331 Due to the minute gap beiween the two adjacent electrodes {40
umy}, the correct frequency choice should be made for the proper functioning of
the electroporator array. Note that adjacent electrodes of opposite polarity are

15 electrically 1solated from each other except for any conductivity provided by the
fluid.

16034} If the frequency is too low (£ < 10 kHz, the lower lmit of the
feasible frequency range for the current configuration), bubbles may be
generated inside the electroporation chambers. Bubble generation may interfere

20 with cell trapping stability and may also damage the Au electrodes. On the other
hand, if the frequency is too high, such as £ > 40 kHz in one embodiment, the
rapid shift of electric {ield polarization may duminish the electroporation process.
In one embodiment, 20 kHz was chosen as the optimal frequency for the current
electroporator array with cells of interest.

25 {0035} Various pulse numbers were tested o evaluate whether exira
pulses would lead to dramatic performance eshancement. Both the
electroporation efficiency and cell viability were simalar when etther 6 or 10
pulses were applied, especially at higher voltage (i.e., >12 Vi, suggesting that
within the tested voltage range, using 10 pulses will not cause adverse effects to

30 some cells.

16036} Based on the discussion above, the standard parameters used for
some experiments to perform electroportation were set to be a square wave with

20kHz, 10 pulses, 1ms pulse width and 1s interval between each pulses unless

9



WO 2016/168492 PCT/US2016/027581

otherwise specified. Adopting the standard parameter, electroporation at
different voliage levels were conducted and cells were collected downstream
imto 96 well plates after electroporation for evaluation. Further analvsis revealed

Vo= 14.5 V¥ as an optimal voltage for HEK 293. It was also noticed that the total

(W4

cell number collected in the well plate dropped dramatically at relatively higher

voltage ranges (>17 Vi) Presumably, it 15 due to either the interference of

bubble generated inside the chamber or trapped cell bursting occurred at high
voltage. Therefore, when 17< Vpk, the electroporator array suffers from low
number of collected cells although the efficiency and viability percentage are

10 still comparable to that of the optimal voltage,

16637} In further embodiments, the voltage mayv be selected to
intentionally yse or burst selective cells. Dhfferent pulse parameters may also be
selected. Such a process may be used 1o create more pure subpopulations of
cells to collect downstream.

15 {0038} After target cells are trapped in vortices, various voltages can be
applied to trapped cells. Voltages higher than the transmembrane potential of
cells would cause irreversible cellular membrane damage to achieve “controlied”
cell lvsis. Here, the applied voliage can be lower than the voltage inducing
electrolysis (i.e., 1o avoid severe bubble issue). Gradual increase in voltages

20 would enable sequential cell lysis. The intracellular components from burst cells
may also be sequentially sampled downstream at each cell-lysis event for further
concentration and analysis.

(6639} Ome of the parameters for the performance evaluation of
electroporation is the apparent electric field intensity that cells are exposed to.

25  The conventional approach for electric field estimations is to divide the applied
voltage magnitude by the distance of two vertical electrodes between which cell
solutions reside. However, with the use of planar electrodes localed at the
bottom of the chamber, the electric field distrnibution may vary widely across the
cell solution over the depth of the chamber. In addition to consequences caused

30 by the planar electrode configurations, the fact that cells are moving 1o

suspension during electroporations suggests that the siraple average estimation

may not be accurate or reliable. Simulations using COMSOL provide a better
understanding of the electric field distribution inside the chamber, particularly at

different heights of the chamber and along the cell trgjectory. Based on some

10
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simmilation results, the resistance of single chamber filled with DPBS, whose
electrical conductivity 13 1.4 §/m, during electroporation was estimated at about
430 Ohm.

[6040] During electroporation, both the Au patterns and the conducting

(W4

solution injected in the microchannel function together as a complex circuit

composed of various electrical resistors. The applied voltage reading from the

power supply does not nacessarily represent the actual voltage across each
chamber due to the complexity of the device lavout. The use of SPICE
simudations prior to electrode manufachuring may be used for verification of

10 circwmt/device operation at the transistor level, and may provide guidance for
design optimization of devices having varving array and channel sizes and
fayvout.

D041} FIG. 7 dlustrates a SPICE model 700 of an upper half of the array
500. The lower half of the array shares exactly the same structure. Varying the

15 widths of the different connecting wires results in different resistances, which
may be taken into account by the SPICE model. Using the SPICE model 700,
cross chamber voltage variation of the first two rows of the array with an input
peak voltage, Vpk, of 20 volts is illustrated in a graph 800 in FIG. & showing the
voltage at each node. Each circle or node on the graph corresponds to a

20 chamber. The same model may be used to design an elecirode array with
intentionally vared resistances at each chamber in further ernbodiments. Such
embodiments may be useful in identifying and confirming electrode arrays to
obtain desired performance in different situations, such as for electroporating,
lvsing, or sensing different particles or cells.

25 [0042] Criteria which may be used to assess the electroporator array
performance include: {1) chamber voltage efficiency, which refers o how much
fraction of applied voltage actually available at the cell trapping chambers for
sufficient electroporation {i.e., part of the applied voltage would be inevitably
lost via the connecting Au patterns; (2) Cross chamber voltage variation, which

30 represents that, within the chamber array, how varable the voliages are among

mndividual chambers. Using row 4 in FIG. 5 as an exarople, chambers 1 1o 5 have

different cross chamber voltages due to the variation in lengths of the finger
connective conductors. Typically the more chambers serially connected in one

row and/or the more rows one device consists of in parallel, the larger the

i
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chamber-to-chamber voltage vanation tends to get. For optimization, it is desired
to optimize electroporation effectiveness with muinimal voltage, and to have
uniform electroporation effectiveness across all the chambers on the same

device. Based on the calculation using a SPICE model, the balance between the

(W4

two parameters may be achieved with 80% voltage efficiency and a chamber

voltage variation less than 8% for 40 chambers (trap pairs) per device using the

dimensions shown. The particular dimensions utilized for the electrode structure

and channel and trap sizes may be varied significantly in further embodimenis.

More or fewer channels and traps per channel may be used. The electrode

10 structure and layout may also be modified. The dimensions, such as length
(straight vs. serpentine), width, and number of parallel arravs of electrodes can
be modified to create desired electric field profiles within the electroporation
chambers. Serpentine geometry may be useful for applications benefiting from
higher electrical resistances {(Joule heating or large voltage drop across

15  electrodes). The materials used for the electrodes may also be varied, with Au
being one material that roay be incorporated with other materials, or other
conductive materials or combinations of materials may be used, such as
platinum, copper, and aluminum for exarmple.
30431 Due 1o the “independent”, vet “flexible”, nature of the device

20 having a wide range of modifiable parameters {e.g., chamber geometry, chamber
height, fluid conductivity, electrode geometry and eleciric field distribution), the
levice may serve as a fine model to combine with theoretical studies such as
electrolvsis and electroporation mechanism to provide experimental observation
as well as validation with an aid of visualization equipment {e.g., high speed

25  camera) and imaging analysis tools {e.g.. computer vision algorithms).

0441 In still further embodimenits, the electrode array may be used to

conduct fundamental studies on electrolysis and determine the thickness of

electrical double layver of given conductive solution. This can be very useful tool

for designing better next-generation electrical biosensors, and electroporator

30 and/or cell lysis devices.
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{6045} Examples
[6046] i A device comprising:
a microfluidic trap disposed along a microtiuidic channel, the trap and

channel having dimensions to create a fhnd vortex within the trap to trap a

(W4

particle of interest; and
an electrode having interdigitated electrically isolated fingers positioned
in the trap to create an electric field across the trap such that the electric field
causes electroporation of a molecule into the particle of interest.
(6647} 2. The device of example 1 wherein the electrode s formed
10 on aplane of a first substrate and 1s enclosed with a first layer having the
channel and trap formed therein.
048] 3. The device of example 2 wherein the interdigitated
electrically isolated fingers are interdigiiated withuin the trap.
6049} 4, The device of any of examples 2-3 wherein the trap
15 comprises a pair of traps opposed from the channel and wherein the electrode
comprises:
a first finger cormective conductor running in the same direction as the
channel and disposed outside one side of the pair of traps;
a second finger connective conductor running in the same direction as the
20 channel and disposed outside the other side of the pair of traps: and
wherein the fingers run from each finger connective conductor toward
the other finger connective conductor to form an interdigitated array of
electrodes.
0050} 5. The device of any of examples 2-4 wherein the first
25  substrate comprises glass or plastic, the electrodes comprise gold, and the first
faver comprises PDMS or plastic.
6081} 6. The device of any of examples 1-5 wherein the device
comprises an array of channels, each having a plurality of traps and electrodes.
16652} 7. The device of any of examples 5-6 wherein the electrodes
30 mclode conductive pads and comective conduciors coupled to the interdigitated
fingers, the conductive pads to couple to plus and minus termunals of a voltage
source.
3083 8. The device of example 7 wherein the electrodes are

paiterned to munimize voltage variations between traps.

13
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16054} 9. The device of example 8 wherein the electrode pads are
wider than the connective conductors, and wherein the electrodes further
COMPrise:

multiple cross conductors to couple the connective conductors together:

(W4

and

a plurality of finger connective conductors coupled between the
connective conductors and sets of the interdigitated fingers, wherein the
conmnective conductors are wider than the finger conneciive conductors to
minimize vollage variation across chambers.

10 [0085] 10 The device of example 9 wherein the electrode pads,
conmective conductors, and finger connective conductors are disposad ouiside
gach trap.

0861 it The device of any of examples 9-10 wherein the trap
comprises g pair of traps opposed from the channel and wherein:

15 gach channel has a first finger connective conductor running in the same
divection as the channel and disposed outside one side of the pair of traps;

each channel has a second finger connective conductor running in the
same direction as the channel and disposed outside the other side of the pair of
traps; and

20 wherein the fingers ran from each finger connective conductor toward
the other finger connective conductor to form an interdigitated array of electrode
fingers in each pair of traps.

16057} 12, The device of any of examples 6-11 wherein each channel
comprises up to 20 traps.

25 [0D58] 13 The device of anv of examples 1-12 wherein the electrode
comprises patterned gold.

(3059} 14, A device comprising:
an array of nucrofluidic traps disposed along a set of microfiuidic
channels, the traps and channels having dimensions to create a Hluid vortex

30 within each trap {o trap a particle of interest; and

an electrode structure having a set of interdigitated electrically isolated

fingers positioned in each trap to create an electric field across the trap, and a

pair of pads to couple to a voltage source such that the electric field causes

electroporation of molecules in the fhad into the particles of interest,

14
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(W4

10

30

{6660} 5. The device of example 14 and further comprising an input
coupled to the set of microfhuidic channels for providing fluids contaiming the
particles of interest and selected molecules, and an output to remove fluid from
the channels.
0061} 16.  The device of any of examples any of examples 14-15
wherein the electrodes include finger connective conductors coupled to the
interdigitated fingers, wherein the electrode pads are wider than the connective
conductors, and wherein the elecirodes further comprise:

multiple cross conductors to couple the connective conductors together;
and

a plurality of finger connective conductors coupled between the
connective conductors and sets of the interdigitated fingers, wherein the
connective conductors are wider than the finger connective conductors o
mininuze voltage variation across chambers.
180662} 17. A method comprising:

providing fhud containing particles of interest to an arrav of traps
positioned along multiple channels, the flind provided at a pressure sufficient {o
cause vortex flow within the traps and trap one or more particles of interest in
the traps; and

applving a voltage across an electrode structure, the electrode structure
having interdigitated electrodes formed n the traps to provide an electric field in
the traps to cause electroporation of molecules in the fluid into the trapped
particles.
6063} I8 The method of example |7 wherein the electrode structure
is formed with different connection widths.
30641 19. The method of any of examples 17-18 wherein electrode
dimensions are selecled to promote variations in elecinie field profiles in
different chambers to identifv electrode dirensions that produce a desired
electric field profile.
[6065] 20, The method of example 19 wherein the desired electric
field profile 1s suitable for optimum electroporation or cell fysis.

[3066] 21 A method comprising:
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forming an electrode array structure on an electrode substrate, the
electrode array structure having an array of sets of mierdigitated electrically
isolated sets of finger electrodes; and

forming a channel and {rap pattern in a device layer over the electrode

(W4

substrate, such that each trap sealingly covers a corresponding set of

mierdigitated electrically isolated finger electrodes.

16067} 22. The method of example 21 wherein the elecirode array

structure comprises finger connective conductors running in the same direction

as the channels and positioned outside an area enclosed by the traps.

10 [0068] Although a few embodiments have been described in detail
above, other modifications are possible. For example. the logic flows depicted
in the figures do not require the particular order shown, or sequential order, o
achieve desirable resulis. Other steps may be provided, or steps may be
eliminated, from the described flows, and other componenis may be added to, or

15 removed from, the described systems. Other embodiments may be within the

scope of the following claims.

16
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CLAIMS
1. A device comprising:
a microfluidic trap disposed along a microtiuidic channel, the trap and

channel having dimensions to create a fhnd vortex within the trap to trap a

(W4

particle of interest, and
an electrode having interdigitated electrically isolated fingers positioned
in the trap to create an electric field across the trap such that the electric field

causes electroporation of a molecule into the particle of interest.

2 The device of claim 1 wherein the electrode is formed on a plane of a
first substrate and is enclosed with a first layer having the channel and trap

formed therein.

3. The device of claim 2 wherein the interdigitaied electrically isolated

15 fingers are interdigitated within the trap.

4, The device of claim 2 wherein the trap cormprises a pair of traps opposed
from the channel and wherein the electrode comprises:

a first finger connective conductor running in the same direction as the

20 channel and disposed ouiside one side of the pair of traps;

a second finger connective conductor running in the same direction as the
charmel and disposed outside the other side of the pair of traps; and

wherein the fingers run from each finger connective conductor toward
the other finger connective conductor to form an nterdigitated array of

25 electrodes.

3. The device of claim 2 wherein the first substrate comprises glass or
plastic, the electrodes comprise gold, and the first layer comprises PIIMS or
plastic.

30
6, The device of claim 1 wherein the device comprises an array of channels,

each having a plurality of traps and electrodes.
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7. The device of claim 5 wherein the electrodes include conductive pads
and connective conductors coupled to the interdigitaied fingers, the conductive

pads to couple to plus and minus terminals of a voltage source.

5 8 The device of claim 7 wherein the elecirodes are patterned {o minimize
voltage variations between traps.
9. The device of claim 8 wherein the electrode pads are wider than the
cormmective conductors, and wherein the electrodes further comprise:
10 multiple cross conductors to couple the connective conductors together;

and

a plurality of finger connective conductors coupled between the
connective conductors and sets of the mterdigitated fingers, wherein the
cormective conductors are wider than the finger connective conductors o

15 minimize voltage variation across chambers.

10. The device of claim 9 wherein the electrode pads, connective conductors,

and finger conmective conductors are disposed outside each trap.

20 1L The device of claim 9 wherein the trap comprises a pair of traps opposed
from the channel and wherein:
each channel has a first finger connective conductor running in the same
divection as the channel and disposed outside one side of the pair of traps;
each channel has a second finger connective conductor running in the
25  same direction as the channel and disposed outside the other side of the pair of
traps; and
wherein the fingers ran from each finger connective conductor toward
the other finger connective conductor to form an interdigitated array of electrode
fingers in each pair of traps.
30

12, The device of claim 6 wherein each channel comprises up to 20 traps.

13, The device of claim 1 wherein the electrode comprises patterned gold.
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14, A device comprising:
an array of microfluidic traps disposed along a set of microfluidic
channels, the traps and channels having dimensions fo create a fluid vortex

within each frap to trap a particle of interest; and

5 an electrode structure having a set of interdigitated electrically isolated
fingers posttioned in each trap to create an electric field across the trap, and a
pair of pads to couple to a voltage source such that the electric field causes
electroporation of molecules in the fluid into the particles of mterest.

1015, The device of claim 14 and turther comprising an 1nput coupled to the set

of microfluidic channels for providing fluids containing the particles of interest

and selected molecules, and an output to remove fluid from the channels.

16. The device of claim 14 wherein the electrodes include finger connective
15 conductors coupled to the interdigitated fingers, wherein the electrode pads are
wider than the connective conductors, and wherein the electrodes further
COMPrise:
multiple cross conductors to couple the connective conductors together;
and
20 a plurality of {inger connective conductors coupled between the
connective conductors and sets of the interdigitated fingers, wherein the
cormective conductors are wider than the finger connective conductors to

minimize vollage variation across chambers.

25 17. A method comprising:
providing fluid containing particles of interest to an array of traps

positioned along multiple channels, the fluid provided at a pressure sufficient to
cause vortex flow within the traps and frap one or more particles of interest in
the traps; and

30 applving a voltage across an electrode structure, the electrode structure
having interdigitated electrodes formed in the fraps to provide an electric field in
the traps to cause electroporation of molecules in the fluid into the trapped

particles.

19
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18. The method of claim 17 wherein the elecirode structure 1s formed with

different connection widthe.

19. The method of claim 17 wherein electrode dimensions are selecied to

(W4

promote variations in electric field profiles in different chambers to identify

glectrode dimensions that produce a desived electric field profile.

20. The method of claim 19 wherein the desired electric field profile is
suitable for optimum electroporation or cell lysis.

10
21, A method comprising:

forming an electrode array structure on an electrode substrate, the

electrode array structure having an array of sets of interdigitated electrically
isolated sets of finger electrodes; and

15 forming a channel and trap pattern in a device layer over the electrode
substrate, such that each trap sealingly covers a corresponding set of

imterdigitated electrically 1solated finger electrodes.
22. The method of claim 21 wherein the electrode array structure comprises

20 finger connective conductors running in the same direction as the channels and

positioned outside an area enclosed by the traps.

20
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