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The application of electrical fields within a microfluidic channel enables many forms of manipulation
necessary for lab-on-a-chip devices. Patterning electrodes inside the microfluidic channel generally
requires multi-step optical lithography. Here, we utilize an ion-implantation process to pattern 3D
electrodes within a fluidic channel made of polydimethylsiloxane (PDMS). Electrode structuring within
the channel is achieved by ion implantation at a 40° angle with a metal shadow mask. The advantages of
three-dimensional structuring of electrodes within a fluidic channel over traditional planar electrode
designs are discussed. Two possible applications are presented: asymmetric particles can be aligned in
any of the three axial dimensions with electro-orientation; colloidal focusing and concentration within
a fluidic channel can be achieved through dielectrophoresis. Demonstrations are shown with E. coli,
a rod shaped bacteria, and indicate the potential that ion-implanted microfluidic channels have for

manipulations in the context of lab-on-a-chip devices.

1. Introduction

Controlling particles within liquids is critical in many lab-on-
a-chip applications.’? For most applications, an external force is
applied to accurately and reliably control a biological cell
through the microfluidic channel. Such control has been
demonstrated utilizing mechanical, electrical, thermal and
optical force methods.>'® Electrical methods require the inte-
gration of electrodes to the microfluidic chip. If an electric field is
applied between two electrodes on the same plane, a non-
uniform electric field distribution is formed within the channel
and the directionality and adaptability of the field is limited.
Electrodes on all walls of microfluidic channels would be very
beneficial to generate an electric field of any alignment for die-
lectrophoretic and electro-orientation purposes.'*?

Dielectrophoresis and electro-orientation allows for the
manipulation and differentiation of different samples of interest
through size, dielectric properties and size asymmetry.'* Recent
studies of dielectrophoresis show its capability to separate
different beads based on size and determine the dielectric prop-
erties of biological samples such as yeast, blood cells and
bacteria.'’'¢ Recent studies of electro-orientation have revealed
its ability to orient bacteria and nanowires.'”"*® Dielectrophoresis
provides for concentration and sorting capabilities!™**!¢ and
electro-orientation allows for the alignment of asymmetric
particles on a macro scale.?

Several methods for integration of electrodes with microfluidic
channels have been developed. Electrodes forming the channel
were demonstrated using highly doped silicon.?! Electrodes on
the walls of an elliptical microfluidic channel were demonstrated
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using multi-step optical lithography involving glass wet etching
and metal deposition.?> Vertical electrodes in the sidewall of
a rectangular micro- or nano-fluidic channel were demonstrated
using multi-step optical lithography involving SU-8 with metal
deposition and electroplating.’** Single-step optical litho-
graphic fabrication of microfluidic channels has been demon-
strated®* and simplicity in fabrication of electrodes has been
demonstrated as well.>® In this paper, we demonstrate a novel
technique for the fabrication of electrodes in all four walls of the
channel without increasing the complexity of its fabrication.

Electrodes are implanted onto the sidewall and topwall of the
PDMS microfluidic channel through an ion-implanting
process.?*” The electrodes are connected across the borders by
implanting into the PDMS at an angle and exhibit optical
transparency over 35%.%7 Potential applications utilizing these
electrodes within microfluidic channels are demonstrated by
aligning and concentrating E. coli using electro-orientation and
dielectrophoresis.

2. Design

A rectangular microfluidic channel 100 um in width, 70 um in
height, and approximately 2 cm in length is fabricated using the
replica molding technique. A master mold is produced utilizing
UV lithography with SU-8 (GM-1070, Gerstelec) on a silicon
wafer. After trimethylchlorosilane (Sigma Aldrich) treatment of
the master mold for 5 min, the PDMS (Sylgard 184, Dow
Corning) is poured onto the mold with a 10 : 1 base-to-curing
agent ratio. After curing in an oven at 80 °C for 1 h, the silicone is
released from the mold. Next, we use low energy metal ion
implantation from a Filtered Cathode Voltage Arc (FCVA)
source to coat the inside of the microfluidic channel with gold
ions through a steel shadow mask. The steel shadow mask
consists of two openings of 8 mm by 15 mm separated by 100 pm.
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The ions form a layer of gold nanoparticles in the top 50 nm of
the PDMS. The main advantage of the implantation process is
the excellent adhesion of the gold electrodes to the PDMS, since
they are implanted a few nanometers below the surface. This
adhesion can be verified by using scotch tape on the surface of
a PDMS surface with both sputtered and implanted gold. The
scotch tape will readily remove the sputtered gold from
the PDMS surface while no noticeable change will occur to the
implanted gold. The FCVA deposition is pulsed at 1 Hz. For
each pulse, an arc is initiated between the gold cathode and the
trigger electrode, creating a dense plasma between the cathode
and anode. After being filtered, the plasma is accelerated towards
the sample, held at a bias of 2.5 keV. The gold ions are doubly
charged, and the ion energy varies from 5 keV at the beginning of
the pulse to 50 eV at the end of the pulse. The implantation
process is explained in detail in references 26 and 27. This
procedure is repeated twice at a 40° angle to create mirror image
electrodes within the fluidic channel as shown in Fig. 1(b). After
the implantation, 4 gold electrodes are sputtered on the surface in
the 4 corners of the implanted area to ensure good electrical
contact to the implanted layer.

Then, we lithographically pattern an ITO-coated glass slide
(30-60 ohm/square, Sigma Aldrich) to create electrical contact
with the gold implanted region as well as provide electrodes for
the open side of the microfluidic channel as shown in Fig. 1(c).

(a)
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ITO contacts

(b)

lon source

PDMS chip

(]

Gold-implanted PDMS

ITO-coated glass slide

Fig. 1 Picture of the device. (a) The finished device and close up image.

Spin-on-glass (Honeywell) is coated onto specific regions of the
ITO-coated glass slide to insulate the electrodes for the micro-
fluidic channel from the gold ion implanted region of the PDMS.
Inlet and outlet ports are punched into the PDMS with a hole-
punching machine and the PDMS chip is given an oxygen plasma
treatment for 20 s at 50 W. Immediately afterwards, the PDMS
chip is bonded to the ITO-coated glass slide. The finished device
is shown in Fig. 1(a).

The finished chip contains 8 electrodes on the ITO. Half of the
electrodes are used to manipulate particles within the micro-
fluidic channel directly from the ITO-coated substrate. The other
electrodes are utilized to make contact with the electrodes inside
the PDMS microfluidics. When the electrodes on the PDMS
walls and on the ITO are utilized independently, the applied
electric fields are primarily in a plane parallel to the substrate
with the capability of producing two separate orthogonal electric
fields. Using a combination of the ITO electrodes and PDMS
electrodes, the applied electric fields can be orthogonal to the
plane of the substrate. By separately controlling each orthogonal
electric field in the 3 axes with 8 distinct electrodes, we gain great
flexibility in specifying the direction and distribution of the
electric fields inside the fluidic channel. Further structuring such
as arbitrary sidewall angles and thinner electrodes may be
necessary to obtain more arbitrary alignment of electric fields
throughout the entire fluidic channel.

icrofluidic channel
in the middle of the
implanted zone

PDMS

Y/

B Metal ion implanted POMS
B Gold sputtered PDMS

| ITO electrodes interfacing to PDMS electrodes

- ITO electrodes within microfiuidic channel
z
Vol
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In both images, the microfluidic channel runs from left to right between the

sputtered gold contacts. In the close up image, there are implanted gold electrodes on the left and right of the image. (b) The ions are implanted at an

angle to create electrodes on the walls of the fluidic channel. (c) A lithographically patterned ITO-coated glass slide is bonded to the PDMS chip. Half of
the electrodes on the ITO-coated glass slide connect to the PDMS electrodes.
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To apply the AC voltages to the electrodes, a function gener-
ator (HP 3312A) is utilized to generate frequencies between 1 Hz
to 10 MHz at voltages up to 10 V,,,. The output of the function
generator is connected to a custom built circuit to control the
electrode voltages through a set of relays with the USB-
controlled Velleman P8055. By selecting which set of electrodes is
connected to either output of the function generator through the
PC, we can either float the electrode or set it to be one of the
active applicators of the electric field.

3. Simulation

We can investigate the field distributions generated by three-
dimensional structuring of electrodes within a fluidic channel
through finite element simulations using the COMSOL software
package. For a given electrode separation with only electrodes on
the substrate, we note that the electric field distribution within
the microfluidic channel is similar to the fringing fields of
a capacitor. Depending on the height within the channel, the
particle sees a significantly different magnitude of the x-axis
component of the electric field. Particles closer to the electrodes
sees at least one order of magnitude higher electric field than
particles closer to the topwall of the microfluidic channel (for
a 50 um channel height, a 10-fold change occurs when the par-
ticle’s height is changed from 5 pm to 45 pm). When the elec-
trodes are coated on the PDMS, the magnitude of the x-axis

Electric field

(a)

component electric field seen by the particle is more uniform
throughout the height of the fluidic channel.

The following parameters were utilized for the simulations:
relative static permittivities of 2.8 for PDMS,?® 4.2 for the glass
slide (given by COMSOL) and 80.1 for water within the fluidic
channel,? with an ITO and gold ion implanted PDMS electrical
conductivity of 2 x 10° S m~'. We obtain this value by
assuming the ITO is 100 nm thick and the gold ion implanted
PDMS is 50 nm thick while measuring the ITO sheet resistance
to be 50 ohm/square and the gold ion implanted PDMS to be
100 ohm/square. For the first set of simulations, we assume
a 100 um wide by 70 pum tall fluidic channel that is 300 pum long.
There are two electrodes on the top of the glass substrate that
are spaced 100 um apart. The fluidic channel is placed on top of
this gap. There are also electrodes on the PDMS in the same
configuration as the actual implantation. Fig. 2(a) shows, at 3
different slices in height, the simulation of the electric field
when only the electrodes on the substrate are utilized. Fig. 2(b)
shows the simulation of the electric field with all the electrodes
utilized. The uniformity of the magnitude of the x-axis
component of the electric field can be compared in arrow plots
on the z = 60 um plane for both figures. However, there is no
uniformity in the magnitude of the z-axis component of the
electric field.

For the second set of simulations, we take a cross section
with the fluidic channel moving liquids in and out of the plane.
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Fig.2 Simulation of electric field within a fluidic channel. PDMS surrounds the microfluidic channel except on the right-hand side of the image where the
ITO-coated glass slide is located. (a) With planar electrodes on ITO-coated glass slide substrate only. Images to the right show E. coli aligned at different z
planes. The ITO/glass is at z = 0 pm and the top of the fluidic channel is at z = 70 pm. At z = 10 um all the bacteria are aligned. At z = 60 um, the electric
field does not orient all the bacteria. Some of the bacteria are on the substrate and do not move. They can be seen moving out of focus. (b) With electrodes
on the microfluidic channel as well as the ITO-coated glass slide substrate. At both z = 10 um and z = 60 pm, all flowing bacteria are aligned.
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There is an electrode on the glass substrate as well as two proportional to the gradient of the electric field. There is
electrodes on the walls of the PDMS. The gap between the two a strong force pushing most of the particles in the channel
PDMS electrodes is 10 um. We simulate the electric field experiencing negative dielectrophoretic forces down and
generated orthogonal to the fluidic flow. Fig. 3(a) shows the towards the middle of the fluidic channel. Arrows on the plot
simulation of the electric field for the direction parallel to the indicate the magnitude and direction of the force. The contours
substrate. Fig. 3(b) shows the simulation of the electric field in indicate where the magnitude of the force is the same. The force

the direction pointing from the substrate to the top of the is largest at the top and the two lower corners of the fluidic
fluidic chip. The electric field is not completely uniform channels, becoming smallest at the bottom and the two top
throughout the microfluidic channel due to the coating of the corners of the fluidic channels. For the two top corners, the
top-wall of the device. This can be visualized in Fig. 3(c) by forces are quite weak in the z-axis and we visualize few bacteria
looking at the negative dielectrophoretic forces, which is in this region experimentally.
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Fig. 3 Simulation of electric field and negative dielectrophoretic forces within a fluidic channel. PDMS is on top, the left and the right of the channel.
ITO-coated glass is the substrate on the bottom. (a) The electric field is applied across the fluidic channel between the PDMS electrodes A and B. (b) The
electric field is applied from electrodes on the fluidic channel to the ITO-coated glass slide between ITO electrode C and PDMS electrodes A and B
shorted together. (c) Normalized negative dielectrophoretic forces experienced by a particle when the electric field is applied across the fluidic channel
between PDMS electrodes A and B. Contour lines denote equivalent force magnitudes with the smallest forces represented in blue and the largest forces

*

represented in red, going from 0.6 x 10"°-a N to 3.0 x 10"*-«a N in steps of 0.3 x 10"« N where & = (Volume of bacteria)- 8;' *Re {81’ ~fm }, &, is the

dielectric permittivity of the particle, and ¢, is the dielectric permittivity of the medium.*® Arrows indicate magnitude and direction of this force. For
negative dielectrophoresis, collection occurs in the area denoted by the contour with the smallest force indicated in blue.
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Fig.4 Demonstration of bacteria orientation. The white arrows indicate
the direction of the applied electric field. The SYTO 9 fluorescence
labeled bacterium is also aligned in this direction. White circles mark live
bacteria which are currently in the fluidic channel. (a) The electric field is
applied in the horizontal direction. (b) The electric field is applied with
both vertical and horizontal components. (c) The electric field is applied
in and out of the image plane. Electrodes are not shown.

4. Experiments
4.1 Electro-orientation within a fluidic channel

Bacterial orientation within a microfluidic channel is possible
through the electro-orientation force. This force is exerted on an

10 pm

-
3 T T

Bacteria (counts)

asymmetric particle within a medium due to the application of an
electric field. By applying an AC frequency where the particle has
a dielectric permittivity higher than the medium, the particle will
align along the field."* We can align the bacteria to any of the
axial directions by simply applying the electric fields along the
proper electrodes. This type of measurement is useful, for
example, when an asymmetric sample of interest is located at
a known position and the precise height, width and length of the
particle need to be determined. Also, it is possible to flow the
particle over a sensing structure in a particular orientation if one
is interested in a particular viewing angle of the sample of
interest, for example, the flagellum. This technique may be
especially useful when wanting to probe particular entities within
a biological cell, in particular, to orient microtubules.3!

We utilize the same parameters as have been shown in the
electro-orientation techniques of E. coli K12 described in
previous work to align the bacteria to the electric field.'” 10 V,,, at
10 MHz is applied across two electrodes to obtain a preferred
alignment. Live bacteria is flowed horizontally from right to left
within the microfluidic channel at a rate of 20 um s~'. Fig. 4(a)
shows bacteria aligned to a horizontally applied electric field.
Fig. 4(b) shows bacteria aligned to an electric field with both
vertical and horizontal components. Fig. 4(c) shows bacteria
aligned to an electric field which is applied in and out of the
plane. Without an applied electric field, most bacteria prefer to
align horizontally along the direction of flow.

4.2 Dielectrophoresis within a fluidic channel

Colloidal focusing within a microfluidic channel is possible
through the dielectrophoretic force. This force is exerted on

Electrodes ———

10 pm

|

[ 8 10

Applied electric field (Vpp)

Fig. 5 Demonstration of bacteria concentration. The fluidic channel contains 4 electrodes in this picture with the bacterial solution entering from the
right. An electric field can be applied on the right-hand side electrodes from the top of the image to the bottom of the image. (a) The electric field is not
applied. Bacteria come into the picture from the right without preference for focusing within the fluidic channel or focal plane. (b) The electric field is
applied on the noted right hand side electrodes. Bacteria come into the picture from the right in the center of the fluidic channel at the same focal plane.
Note that the electric field is not applied on the left side electrodes. The bacteria immediately redisperse in both focal plane and within the fluidic channel
as marked by the dashed lines. (c) Data for applied electric field strength versus bacteria within the central 25 pm of the fluidic channel. The measurement
of the position was taken for a total of 25 bacteria each time. Voltages lower than 4 V,,, resulted in a similar profile to no electric field.
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a particle within a medium due to the application of a non-
uniform electric field. By utilizing an AC frequency where the
particle has a dielectric permittivity lower than the medium, the
particle will move towards where the fields are weakest.'**> We
utilize this force to move particles to the middle of the rectan-
gular microfluidic channel. This is advantageous where a sample
of interest must be flowed over a region which is much smaller
than the size of the fluidic channel. This can be especially useful
for sparse suspensions as the colloids will be concentrated in the
middle of the region. A key advantage of this approach over
fluidic flow focusing is the ability to flow colloidal solutions at
a slower rate without losing any focusing capability. This may be
especially useful for lab-on-a-chip applications that combine
larger microfluidic channels with smaller structures.

We change the conductivity of the solution to 170 uS cm~' and
apply a frequency of 1 MHz to obtain negative dielectrophoresis.
10 Vo, is applied across the two PDMS sidewall and topwall
electrodes. Bacteria is flowing horizontally from right to left
within the microfluidic channel at a rate of 10 um s~'. Fig. 5(a)
shows no field applied. Fig. 5(b) shows bacteria in the center of the
fluidic channel due to the field being applied on the electrodes to
the right-hand side. This concentration occurs as the bacteria flow
along the channel from the sidewall electrodes. Fig. 5(c) shows the
bacteria counts in the central 25 pm of the fluidic channel across
different electric field strengths. With 10 V,,, most of the bacteria
are being concentrated to within 25 um of the center of the fluidic
channel. This corresponds to an increase in the concentration by
about 15 times. This is similar to the concentration of microbeads
and human leukemia cells with 10 V,,, at 10-100 kHz in.*

5. Conclusion

Three-dimensional electrode patterning within a PDMS chip for
microfluidic application utilizing metal ion-implantation is
described for the first time. The ease of electrode structuring
without the need for several fabrication steps highlights the
advantages of utilizing this particular technique for electrical
manipulation in lab-on-a-chip applications.
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