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Refinement of Insulator-based Dielectrophoresis

Claire V. Crowther and Mark A. Hayes
Arizona State University, School of Molecular Sciences

Abstract

The ability to separate analytes with increasingly similar properties drives the field of separation
science. One way to achieve such separations is using trapping and streaming dielectrophoresis
(DEP), which directly exploits the subtle differences in the electrophysical properties of analytes.
The non-uniform fields necessary for DEP can be formed using various insulator shapes in
microchannels. Current insulator shapes include triangles, diamonds, circles, and rectangles.
However, all of these insulators pose problems for trapping, streaming, and sorting (deflection) as
the induced fields/gradients are not behaviorally consistent across the lateral dimension. This leads
to analytes experiencing different forces depending on their pathline in the microchannel and
result in low resolution separations. Based on an iterative process that explored approximately 40
different insulator shapes, a design was chosen that indicated improved particle streamlines, better
trapping efficiency, and consistent electrical environments across the lateral dimension. The design
was assessed by simulations where the electric field, gradient of the electric field squared, and the
ratio of the two were plotted. The improved design includes a unique new multi-length scale
element. The multi-length scale structure streamlines the analyte(s) and improves homogeneity in
the lateral dimension, while still achieving high gradients necessary for analyte separation using
DEP. The design is calculated to keep analytes on the centerline which should improve resolution,
and eliminate extraneous trapping zones. Behaviors consistent with the features of the simulations
were observed in proof of principle experiments using representative test probes.
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Introduction

In the last several years the exploitation of microfluidics as a method for analyte
manipulation has grown rapidly, particularly for biological samples. This is driven by the
limitations of current diagnostic methods, especially their need for large sample volumes,
lengthy analysis times, and low resolution/sensitivity. Microfluidic devices have the
potential to improve each of these figures of merit and provide increased portability. A wide
range of bioparticles can be addressed, including animal cells!, organelles?, proteins3: 4,
DNA5-7 and bacteria.8-11

One major division of microfluidics uses electrokinetic (EK) and the dielectrophoretic
(DEP) forces on particles (molecules are considered particles for the purposes of this
discussion). The EK forces allows for the manipulation of both the particle and the
suspending medium, as it is the sum of electrophoresis and electroosmosis. DEP is the force,
in its purest form, exerted on a polarizable particle present in a non-uniform electric field

(E). Utilizing EK and DEP forces, trapping and streaming of particles is possible. This
allows for the separation of analytes based on their specific and subtle electrical physical
properties.10. 12-14

Previous work on DEP separations has utilized electrode-based dielectrophoresis (eDEP),
which has the advantage of being able to induce high field gradients with a low applied
voltage.15-22 Fabrication of eDEP devices can be difficult and is sometimes expensive. The
electrodes are easily fouled, rendering the channels non-reusable. The electrodes also induce
electrolysis, creating bubbles and buffer alteration and the high gradients are limited to local
volume near the conductive interface.

Insulator-based dielectrophoresis (iDEP) is an alternative to induce non—uniform electric
fields in a microchannel. In contrast to eDEP, the electrodes are placed in distal inlet and
outlet reservoirs and the electric field is defined by channel insulators and the conductive
media. This resolves many of the issues encountered with eDEP (electrolysis, bubbles,
fouling). Both AC and DC fields can be used with iDEP; DC fields drive overall particle
movement since it induces EK and DEP transport and AC can refine separations influencing
DEP only.2 6.23-27 iDEP was theoretically conceived and proof of concept established in the
early 2000s.5 28 Since then many different types of insulators have been utilized to achieve
points of constriction2? including single obstacles of various shapes3%- 31, oil menisci32: 33,
and insulating posts.28: 34-36 \Work has also been performed using height constrictions in
microchannels and presents many unique opportunities for future developments.3’~40 The
first separation to be demonstrated using iDEP was that of live and dead bacteria.®: 10

For all iDEP designs, the constriction geometry defines the overall performance, whether the
basic shape is repeated or varies some characteristic dimension. The assessment here focuses
on the constriction design, which is universal to all iDEP systems.29 Examples of insulator
shapes currently utilized include rectanglel# 3141, triangle25-27. 31 sawtoothll: 23. 42,43
circular posts? 10 11,27, 28, 35,44 ‘and diamond posts.28: 45 46 Trapping DEP leads to the
isolation and concentration of analytes near the constriction points in the

microchannels.1-3. 6. 8, 10, 11, 25,26, 28, 35 gaparation can be achieved as a bipurification,
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where one analyte is trapped and other analytes continue to flow through the
microchannel2?, or multiple analytes can be trapped in the same microchannel.1! Deflection
techniques can also be used to achieve separations.13: 47 Separation is possible in this case as
the different mobilities of analytes results in different degrees of deflection when the particle
passes the point of constriction in the microdevice.#8 Inducing the same behavior for a given
particle type across all starting points will improve all existing iDEP systems.

Each of these configurations creates different local environments for the analytes relative to
the central longitudinal axis, depending on the initial lateral position in the channel (Figure
1).1.49.50 This s true for local traps or elution strategies. For the purpose of high resolution
separations, several factors come into play; including high values for the electric field and
gradient12 and the induction of all particles of an identical population to traverse the
longitudinal axis in a similar fashion where the electric field strength and gradient intensity
achieve separatory differentials (whether trapping, streaming (multi-outlet), or stochastic-
based and chromatography-like elution-based strategies).10: 11. 42, 43, 51-55 The jdentical or at
least similar (accounting for diffusion and dispersion) movement of all particles of a
homogeneous population is a core tenet of separations science. The manipulation of analytes
by DEP is possible because each analyte has unique properties reflected by their
electrophoretic ( ;,,,,) and dielectrophoretic ( ;) mobilities. For all microchannels
varying the constriction size, shape of the insulator, suspending medium, or the applied
potential will alter the forces and thus the interaction of the particle with the
microchannel.3: 43. 56 Preliminary work has been performed to improve and optimize the
current iDEP designs utilized for trapping DEP.4%: 57: 58 However, these works only
manipulate the dimensions of currently-used shapes, and do not focus on streamlining the
analytes thus eliminating extraneous trapping zones to help improve all types of DEP
(trapping, deflection, and streaming). Several other works in DC and AC DEP have focused
on generating a constant gradient, but these focus on the longitudinal axis or within limited
zones of interaction.5%-%1 In contrast, this work is aimed at minimizing inhomogeneity
across the lateral dimension.

This work seeks to develop a novel insulator geometry to improve the separation capabilities
of iDEP. By iterative modeling of current and potential new designs using finite element
software, a new multi-length scale insulator has been developed for negative DEP
applications. The insulator design is calculated to streamline the particles, minimize the
possibility for extraneous trapping zones, laterally homogenize the forces, while maintaining
high gradients to allow for separation. Assurance that the models were physical was
demonstrated using several experimental test probes.

Manipulation of the analytes is possible because of the influence of the EK and the DEP
forces. Further development can be found in several previous works.®: 10. 28, 62, 63The

electrokinetic velocity, v __, is the combination of electrophoretic and electroosmotic

velocities

EK’
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The DEP velocity, v can be represented in terms of dielectrophoretic mobility ( 1, ..)

DEP?

and the gradient of the electric field squared, V| E |2 62,64, 65

UDEP:_UDEPV|E|2 2

Dielectrophoresis describes the force that is exerted on a polarizable particle present in a
non-uniform electric field. For a spherical particle the force is described by the
following:52: 65

F DEP:27r8mr3f(7AJv| E |2 3)

where E e 1S the DEP force, o is the permittivity of the medium, 7 is the radius of the
particle, and £, is the Clausius-Mossotti factor which is dependent on the conductivity of
the particle and medium in DC fields. Depending upon the sign of 7, , the particle of
interest will either undergo positive or negative DEP. In positive DEP, the conductivity of the
particle is greater than the conductivity of the media; meaning that the particle is attracted to
areas of high electric field. In negative DEP, the conductivity of the media is larger than that
of the particle so the particle is effectively repelled from the locations of high electric field
strength.

The flow of analytes in a microfluidic channel is controlled by advection, diffusion and
electrokinetic effects.*® By eliminating pressure driven flow in the system advection can be

ignored. For large particles (>1 um) diffusion can be disregarded. Therefore particle flow, ?
can be described by the following.46: 66

N

J =DVCHC (v g+ 0 g+ Vpgp) B C(V gtV ppp) 4)

Where D is the diffusion coefficient, Cis the particle concentration, and ?Bulk is the motion
of the fluid due to pressure driven flow. Therefore, particle flow is consequently only
affected by the concentration of the analyte, EK, and DEP.

Dielectrophoretic forces are influenced by constrictions in the microchannel, as this is where
the highest gradients are induced. Particle motion can be mostly attributed to EK when the
particles are not near points of constriction in the microfluidic device, hence particle
movement can be approximated by the electric field lines in these zones (Eq. 4).
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Trapping of analytes occurs when the particle velocity along the field line is zero,

f n E —0, such that ?Dm,is equal to ?EK, A detailed determination of the trapping condition
is included in the Supplementary Information. Trapping of analytes can therefore be
described using the EK and DEP mobilities:

N 2 N
(.uEK E _NDEPV‘E‘ ) mE<0 ©)

Eq. 7 can be rearranged such that dielectrophoretic trapping is described as:67

2

VIE N
G
E Poee  (6)

For streaming and sorting DEP the threshold for trapping is never achieved, but the particles
are influenced by DEP (Eq. 4).

EK and DEP result in extremely complex systems, however the behavior can be classified as
either streaming or trapping behaviors. Trapping behaviors occur when the interaction

VIE| ~
2B B ' meet at highly acute angles. Streaming DEP

between the E and the slope of

—

— 2
‘ B F interact at glancing angles.

V\E
E2

occurs where the E and the slope of

Microchannel Geometries

Six-constriction microchannels with various insulators were used in this study, where the
gate pitch changed after 3 gates, resulting in 2 gate groupings. The gate pitches were 36.37
pum and 34.10 pm (Figure 2A). The gate pitches were chosen to mimic measurements for a
current channel design. The current channel measurements have been used for the
manipulation and separation of several analytes including: polystyrene spheres, red blood
cells, different serotypes of Escherichia coli, and different strains of Staphylococcus
epidermidist 8 1142 The channels modeled ranged in length from 7.5-12 mm (only the
Inverse 20x Curve channels were on the upper end of this). A 500 V potential was applied so
that the inlet wall was a ground and the outlet wall carried the potential (Figure 2A).
AutoCAD 2014 (Autodesk, Inc., San Rafael, CA) was used to build the to-scale
microchannels.

Insulator geometries were modeled to determine their effects on the local electric potential
induced by distal electrodes. The insulator geometries focused on the following features: the
effect of sharp features (triangular shape), flat designs (/nverse 20x Curve and rectangular
insulators), rounded insulators (circular and elliptical shapes), and the addition of small
insulator features to larger geometry elements near or at the point of highest constriction
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(Figure 2B). Several manipulations to the small insulating features were tested. Examples of
these manipulations include: changing the height (ex. 20-30 um), diminishing the insulator
height, in-setting them into the base insulator, changing the width, increasing and decreasing
the number of small insulators, altering the distribution of small insulators (over half the top
or the full top of the base insulator), changing the shape (triangles, rectangles, curved fins,
and ellipses). A sampling of these different geometries can be found in the Supplementary
Material (Figure S1 & S2).

Fabrication limitations were not considered when testing the different variations of the
multi-length scale designs. However, the multi-length scale insulator design developed and
discussed in this paper was conceived to adhere to follow current fabrication limitations. The
photomask has a tolerance for the critical dimension of 0.3 pm = 10% with a maximum
tolerance of 0.6 um.8 For the photomask the resolution over a 5.0 cm channel is 1.5 pm.%8
Wafers were made using standard photolithographic techniques; specifically using the
photoresist AZ 3312 (AZ Electronic Materials) which can be used to create features less
than 0.50 pm.5% A microchannel depth of 20 pm with minimum feature size of a 2 um is
achievable using a Surface Technology Systems Deep Silicon Etch, which utilizes SFg,
C4Fg, and O, to etch using the Bosch process for an anisotropic etch.’® Therefore the final
multi-length scale insulator shape discussed in this paper was developed with a minimum
critical dimension of 2.5 pm.

Finite Element Multiphysics Mathematical Models

The distribution of the electric potential was modeled using the finite-element multiphysics
simulation software (COMSOL Multiphysics 5.1). The AC/DC module was specifically

—

2
‘IE.

V‘E
E2

— 2
used to determine the distribution of the E V‘E‘ , and

Two dimensional models of the microchannels were utilized as the electric potential is
expected to vary minimally across the channel depth as the channels are relatively shallow
compared to the other dimensions of the microchannel.8” The insulating posts will distort
the electric field of the entire depth of the microchannel as they are they full height of the
microchannel. The same material properties and element size parameters were used for all
microchannels for original comparison. The mesh was refined further for all designs
discussed in this paper.

The distribution of the electric potential was determined using the Laplace equation, where
the electric potential (%) within a microchannel is continuous:

V=0 (7)

The boundaries are defined as the surfaces of the microchannel and insulators where the
boundary conditions applied are as follows:
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nm j =0at the boundaries (8)
@ZVvinlet (9)

Y= Voutlet (10)

where ;" is the normal vector from the surface, j is the electrical current density, and 1

inlet
and v, ... are the potentials applied at the inlet and outlet of the microchannel.

Materials and Methods

Microdevice fabrication

The multi-length scale insulator was developed into two different devices (Analyte and

— 2
Larger) with varying sizes of gate sizes to achieve VJEE;’ m Fratios applicable to micron
sized analytes. For both microchannels the width and depth were 1000 pm and 19.6 + 0.7
pum (average between templates), respectively. The microchannels have circular, terminal
reservoirs that defined the inlet and the outlet. The length of the microchannels is 3.69 cm
and 3.52 cm for the Analyte and Larger designs, respectively. The channels vary based on
the differential of the size between gates. The Analyte microchannel has 27 gates, where
each gate size is replicated three times with a gate range of 37.01 um to 12.27 ym. The
Larger microchannel has 24 gates, with replicates of three for each gate size, ranging from
20.4 ym to 17.6 pm. The microfluidic devices were fabricated as discussed previously.

Once the template wafers were prepared polydimethylsiloxane (PDMS) (Sylgard 184, Dow/
Corning, Midland, MI) was poured on the wafers and cured at 70 °C for one hour. The
PDMS casts were peeled from the templates, cut to size, and the terminal reservoirs access
points were punched out with a diameter of 3 mm.

The microchannels were assembled by bonding the PDMS to a glass coverplate. Both were
treated with oxygen plasma in a plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY) for
60 seconds at 18W. The PDMS and glass coverplate sealed on contact forming the
microchannel.

Microparticles and Suspending Medium

Experiments were performed using two different analytes. Sulfate-modified, 2.0 um
diameter, fluorescent yellow- green (ex/em 505/515) polystyrene spheres (Life
Technologies, Eugene, OR) were suspended in DI-water, pH 6.3, to reach a desired particle
concentration. 2.7 um unlabeled silica spheres (Agilent Technologies, Santa Clara, CA) were
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suspended in 2 mM phosphate buffer, pH 7.4 with 3 mg/mL bovine serum albumin (BSA).
All analytes were vortexed and sonicated before use to disrupt aggregates.

Experimental

Preliminary experiments were performed to ensure general features noted in the simulation
were physical. Using an Olympus IX70 inverted microscope with 4x and 20x objectives,
completed microdevices were observed. Approximately 20 uL of the either the polystyrene
or silica spheres were pipetted into the inlet reservoir. A similar volume was added to the
outlet reservoir and used to balance pressure driven flow, confirmed by observing the
elimination of longitudinal particle motion in the channel. Platinum electrodes with a
diameter of 0.404 mm (Alfa Aesar, Ward Hill, MA) were inserted into the reservoirs and
connected to a HVS448 3000D high voltage sequencer (Labsmith, Inc., Livermore, CA).
The samples were illuminated using a combination of a mercury short arc lamp (H30 102
w/2, OSRAM) and Fiber-Lite High Intensity Illuminator (Model 170D, Dolan Jenner,
Lawrence, MA). To observe the fluorescence a Texas Red triple bandpass cube (Olympus,
Center Valley, PA) was utilized. A range of DC voltages, ~0-1000V, were applied across the
device and used to manipulate both analytes. For the polystyrene sphere experiments color
video was collected using a digital single-lens reflex Nikon D5000 camera (Nikon, Melville,
NY). Videos and images of the silica spheres were collected using a monochrome QICAM
cooled CCD camera (QImaging, Inc., Surrey, BC) and Streampix V image capture software
(Norpix, Inc., Montreal, QC). ImageJ was used for file conversion and to assess, manipulate
and quantify the images and generate data.

Results and Discussion
The shape of insulators in iDEP defines the ability to manipulate analytes within the

microfluidic channel. The insulator induces the distribution of E and therefore the V| E 2
and the streaming or trapping of the analyte. For trapping, streaming, and sorting it is
desirable for each particle of a given physical makeup to experience the same environment
to ensure consistent outcomes. Concurrently, the dielectrophoretic forces must be high
enough to overcome transport and diffusional forces to generate an observable effect. This

requires large gradients, resulting in large v| £ |? values. 12

Depending on the geometric configuration and strength of the various forces, streaming or
trapping can result. Sorting of particles in a continuous or semi-continuous mode has been
an important use of dielectrophoresis. A common strategy is deflection using streaming
DEP, but recent work has shown sorting by exploiting trapping or trapping-like
mechanisms.8 11 13.47 For deflection techniques to operate most efficiently, similar
principles apply, in that, all particles of a population should occupy a homogenous lateral
environment during the deflection process. This suggests that all particles for each analyte

2
G
o WE values within each zone throughtout the

population is influenced by the same
process.
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The need for a gradient and to have all analytes experience equivalent forces as they traverse
the system can be at odds with one another, by definition gradient means a change in the
value where as there needs to be homogeniety in a lateral (or semilateral) dimension. This
study probes a large variety of insulator shapes to create an environment where high gradient
values are attained, while giving a homogeneous environment to all particles within a given
analyte population exposed to the separatory system.

Several geometric constructs were probed, including the effect of different base insulators:
triangle, rectangle, /nverse 20x Curve, circle, and ellipse (Figure 3). Futhermore the addition
of small insulators to the base structure was tested; variables included the shape of the small
insulator(s) (triangle, ellipse, rectangle, and curved fin), number of small insulator(s),
location on the base insulator (across the whole top or half, insetting the insulators in the
base insulator), and the dimensions of the small insulators (height, width variations at base
and top). Examples of these different geometries that were tested can be found in the
Supplimentary Information (Figure S2). All of these geometries were eliminated based on

one or more of the following factors: not achieving V| E | values comparable to currently
utilized designs, inefficient streaming (presence of local traps) of analytes, and/or severe
lateral field inhomogeniety (Supplementary Material Table S1). The multi-length scale
insulator design was developed futher and was optimized to adhere to the fabrication

limitations as noted.To achieve high v | E |2, the most effective insulator design has sharp
points, demonstrated by the triangular insulator (Figure 3C). The radius of curvature of the
insulator for sharp features changes rapidly which, in turn, constricts the electric field and

results in a high v | E |2. The triangular insulator is representative of diamonds, sawteeth,
and triangles used for insulators.11: 23. 28, 31,42, 43,45 Along the centerline, the value for the

gradient of the V| E 2 is for the 34.10 pm gate is approximated to be 3.2x1016 \V2/m?,
which is the highest value of any of the insulator shapes examined. Particles will travel along
the field line by EK forces in the absence of a significant gradient. However, these sharp
features create local dielectrophoretic traps where the electric field line impinges the slope
of the local gradient at an acute angle. This is seen at the lateral pathlines away from the
centerline for these triangle designs, which are representative of this class of insulator
shapes. In cases where trapping does not occur, particles are deflected in a highly non-linear
fashion preventing consistent separations via deflection and streaming.

Circular insulators have smaller gradients (Figure 3 A & B) as the constriction of the electric

field is more gradual as compared to triangular insulators. Therefore only smaller V| E |

values are possible with the same constriction size compared to sharp insulators. The v | E |2
along the centerline is 8.8x1014 and 1.85x1015 \/2/m3 for the circular and ellipse shaped
insulators respectively with a gate pitch of 34.10 um.

Rectangular insulators are also used to alter the gradient of the electric field (Figure

3D)!* 41, The maximum v | E |? along the centerline is 6.3x1014 \V2/m3 with a gate pitch of
34.10 pm. The gradient for rectangular and /nverse 20x Curve insulators (Figure 3 D&F) are
smaller than for circular and triangular insulators as the constriction of the electric field is
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abrupt, so a high gradient is limited to the corners of the insulators. These values are the
lowest of any insulator shape, this could be increased by shortening the insulator or channel,

however the V| E | will still be lower than the other designs, leading to less influence on

the particles in the channel. The V| E |valug is not the same laterally for the triangular,
circular, and rectangular insulators, so that particles will experience different forces based on
their initial pathlines. Within each of these designs, particles starting at various vertical
positions (as drawn, lateral position relative to the longitudinal axis of the device and applied
external electric field) will be trapped at widely varying locations (Figure 1), meaning that
trapping DEP will not occur at the same voltage for the different analyte pathlines.® 50 The
rectangular and /nverse 20x Curve have the most laterally homogeneous electric field,
however they do not have a strong enough gradient to trap analytes of typical interest.}2 For

the case of sorting DEP methods having a low V| E |2 will result in lower resolution
separations as particles will not be deflected as much. This is compounded by the fact that
like-particles along different pathlines will experience different forces, altering their
deflection and thus the resolution of the separation. Streaming DEP is also affected by

having low V| E |2 values, and thus lower DEP forces, therefore the particles are not as
effectively streamlined. The effects of inhomogeneous lateral fields are similar to the wall
effect in chromatography, which results in lower resolution separations.’!

The advantage to multi-length scale design is the small insulators alter the distribution of the
electric field significantly at the points approaching the constriction resulting in higher

values for the V| E |2, while the elliptical base minimized lateral heterogeneity. As the
particles approach the point of constriction, under conditions of negative DEP, the analytes
are pushed towards the center of the microchannel as they are repelled from the small
insulators. The most useful insulator design from this study has an elliptically-shaped base
insulator and small 20 um-tall elliptically-shaped insulators across half the top of the base

(Figure 3E). The V| E |%at the 34.10 um gate pitch is 1.7x10%5 V2/m3. This value is lower
than for the triangular insulators and comparable to ellipse insulators, but higher than the
other insulators.

All further comparisons made are between a triangular insulator, an elliptical insulator, and
the new multi-length scale insulator. The triangular and elliptical insulators represent issues
of partial trapping and an inhomogeneous lateral environment present for all other designs

(circle and rectangle) and the triangular insulator has the highest v | E |“along the centerline.
The elliptical insulator is also used for comparison to determine the effects of the addition of
the small insulators for the multi-length insulator. Using the definition of trapping in an
iDEP device defined in Eq. 4 particles are trapped based on the ratio of the ;,_,_and ;.
Using a known analyte (Escherichia coli), an established value for ;_is =1.0x1078 m?/Vs8,
noting that the analyte is rod shaped, but this is accounted for in the determination of ;.
The dielectrophoretic mobility can be calculated assuming the particle is between 0.1-1.0
pum, using the following relationship.12

Analyst. Author manuscript; available in PMC 2018 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowther and Hayes

Page 11

i — Em/TQfCM
DEP 377 (12)

where media permittivity (¢, ) is 1079 F/m, the radius of the particle () is 107 to10~7 m,
o 18 =0.3, and solution viscosity (n) is 10~3Ns/m? 12, This gives a range for ,,__ of
-1.0x10717 to —1.0x1071% m#/\/2s. Therefore a range for the ratio of mobilities is 1.0x10°
V/m?2 to 1.0x101 V/m?2. These values reasonably coincides with the value determined for
Staphylococcus epidermidis of 4.6 + 0.6x10° VV/m? for gentamicin resistant and 9.2

+ 0.4x10° VV/m? for gentamicin sensitive.11

— 2
VIE| =
A direct visual 2D comparison of . E within the three designs provides evidence for
— 2
Ve[ -

significantly different behaviors (Figure 4). The full range of 20 E values depicts that
a triangular insulator achieves the highest values followed by the multi-length scale and then
elliptical insulator (Figure 4A, 4C, & 4E). In these representations, the intensity of the

VEE; m Fvalue is plotted showing effect on a particle with a various mobility ratios.
Specific ratios were utilized as the various shapes with the same constrictions and voltage
applied will trap particles with ratios between 5.4x10° and 1.7x10%0 \//m?2 (Figure 4B, 4D,
& 4F). The ratios were chosen to depict potential trapping conditions specific to the applied
voltage, insulator shape, and gate pitch. A ratio of 5.6x10° VV/m? was selected for the multi-
length scale design selected to show trapping behavior at a slightly narrower gate (right) and
complete passage of all particles at the wider gate (left) for the multi-length scale design
(Figure 4F). The color scale toward red is the most repelling environment and the white
areas completely exclude analytes with these properties. The portions with color define the
area accessible to this analyte. This can be observed by noting that the white area completely
bridges the gap on the right gate, indicating excluded area and trapping behavior.

Significantly different behaviors can be deduced for the triangular and ellipse insulators

(Figures 4A, 4B, 4C, & 4D). For particles off the centerline, the electrokinetic pathlines

impinge upon the gradient at an acute angle, allowing for partial trapping at wider gates

(Figures 4B & 4D). At the top (or bottom) the pathlines clearly impinge on the slope of the
— 2

Ve[ - _

52 B F at an acute angle. When full trapping across the gate occurs, an arc forms
represented by the left edge of the white areas (Figures 4B & 4D). This arc structure has
been observed in many experimental systems and is demonstrated computationally (Figures
5A, 5B, 5C, & 5D).1: 3. 8-11.42, 45,49, 50 The net result is consistent with current experimental
systems, where small collections of analytes are observed close to the point of greatest
constriction of wide gates and full arcs form when complete trapping across the lateral
dimension occurs. For a single particle population, some particles will trap on these wide
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gates, while other will continue on, which distributes that single population throughout the
device.

The reason the multi-length scale system prevents these local traps at wide gates is the slope

—

g - o | |
of the 220 Eimpinges upon the electrokinetic lines at a glancing angles and simply
streams particles that experience negative DEP toward the centerline. For the left, larger,
gate particles not on the centerline will be influenced by the gradient near the white space
(inaccessible area) first and be deflected towards the centerline, as this interaction does not
occur at the highly acute angles necessary for trapping. As the particles interact near an
inaccessible area first, and are deflected towards the centerline they will not interrogate the
local minima between the small insulators (Figure 4F). If the centerline trapping forces are

insufficient, no trapping occurs at that gate.

Predicted trapping locations for the different designs were determined, based on different
mobilities ratio. For both the triangular and elliptically shaped insulators partial trapping is
seen at the 36.37 pm gate (Figures 5A & 5C), while no trapping is seen for multi-length
insulator (Figure 5F). Complete trapping of an analyte is seen for all insulator shapes at the
34.10 pm gate (Figures 5B, 5D, & 5F). These results for the common insulator shapes agree
with what many groups have seen computationally and experimentally.?: 35 45. 67

One feature which promises improved results beyond the removal of local traps is that the

assessable area limits the lateral variation in VEE; B F. At a trapping location (Figure 5F),
the values are relatively constant across the entire gap. This is a direct result of the
streamlining such that at the third small tooth (starting at the point of constriction working
left) the channel width is 42.80 um, however the accessible area to the analyte is only about
30 pm (Figure 5F). The particles are deflected towards the centerline of the channel, such
that they will not interrogate the space close to the top or between the small insulators.

The multi-length scale insulator was fabricated and exploratory testing performed using two
model analytes, polystyrene and silica spheres. Based on the preliminary results presented in
Figure 6 the model was determined to be physical. This was based on the streaming effect of
the analyte depicted in Figure 6 and Supplementary Videos. The analytes are seen to be
deflected away from the small insulators and pushed towards the centerline of the channel,
(Figure 6 A-D). This ensures that the analytes will experience more similar forces as the
analytes follow more similar pathlines. Looking at Figure 6 E & F both analytes are trapped
at the third tooth (starting at the point of constriction working left), which reflects what was
predicted in the model (Figure 5F).

For the separation of mixed samples, the effect of analytes that experience positive DEP
must be considered as they will be drawn to the drown-stream side of the small elliptical
insulators. This is represented by the dark blue regions in Figure 4F. This may result in
unwanted behavior including clogging, distortion of forces, particle-particle interactions, etc.
It is important to note that the majority of the analytes that experience positive DEP
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theoretically would be trapped at the preliminary gates in the microchannel and would
therefore not influence separations at later gates. Some potential ways to address this
concern would be by including a primary wide gate that would trap all the analytes that
experience positive DEP, allowing for the separation of analytes that experience negative
DEP in the rest of the microchannel. Additionally, to prevent clogging, the introduction of
side channels may allow for the drain off desired analytes, including those that experience
positive DEP.

For sorting and streaming techniques, in the region particles are predicted to interrogate, the
forces are more uniform laterally with the multi-length scale insulator meaning that the
particles will be repelled or deflected in more a similar manner as they will experience more
similar forces. This lays the framework for the possibility of higher resolution separations as
particles are deflected the same amount and better streaming will occur as the particles will
be confined to a smaller area in the channel than with the other designs.

Conclusion

The development of a new multi-length scale insulator for iDEP insulator streamlines the

analytes to ensure that like-particles experience similar environments as the Eis more
homogenous in the accessible area. This should minimize partial and extraneous trapping.
The two factors are predicted to improve separation for both deflection and trapping
techniques. Preliminary experimental evidence is consistent with the model and this claim.

— 2
Ve[
2B m £ values high enough to

This can all be accomplished while maintaining
accomplish trapping.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

(DEP) dielectrophoresis
(iDEP) insulator-based dielectrophoresis

(g-iDEP)  gradient insulator-based dielectrophoresis

(EP) electrophoresis
(EO) electroosmosis
() electrokinetic mobility
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(ppp) electrophoretic mobility
(o) electroosmotic mobility
(ppgp) dielectrophoretic mobility
(for) Clausius-Mossotti factor
( ng) electrokinetic velocity
( ?DEP) dielectrophoretic velocity
( E) electric field strength
2 dielectrophoretic gradient factor
(V‘E‘ )
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Figure 1.

General illustration showing similar physical processes regardless of insulator geometry. For

the purposes of this illustration, the bulk electrokinetic movement ( EEK) for all the channels
is from left to right. For (A) and (B) the blue spheres represent a single population of
identical particles of interest experiencing nDEP. (A) Typical g-iDEP behavior, where some
analytes are trapped near the point of greatest constriction at larger pitches before full cross-
section sequestration occurs. (B) Identical particles experience different outcomes depending
on initial pathline. In some cases, particles on centerline can traverse the gate, whereas those
near the wall will be trapped. This results in like-particles being distributed throughout a

range of gate pitches. (C) Near-centerline summation of forces for left-to-right Em and
negative dielectrophoresis. (D) Various insulator shapes that are currently used that all allow
variation in like-particle behavior depending on initial pathline. Blue rectangles depict the
point of strongest DEP interaction for a particle in a DC field.
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Figure 2.
Illustration of generalized form of channels investigated computationally. (A) Enlarged

sample schematic for one of the iDEP devices modeled. The approximate length of the
channel and the constrictions were consistent for all models. The gate pitch of the first three
gates is 36.37 um and 34.10 um for the second set of three gates. The only exception is for
the /nverse 20x Curve where the channel was about 12 mm long. (B) Schematics of the
some of the various insulator shapes and an enlarged view of the last gate. Other insulator
shapes can be found in the Supplementary Information.
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Inverse 20 x Curve

Study of general design options (others shown in Supplementary Material, Figure S2). Two

dimensional plots of the V| E |? for different insulator shapes with electric field lines (grey).
The absolute value for the color scale for each design differs to highlight the patterns that
result from the specific insulator shape. Each image is of the first gate of 34.10 um for the
different designs with an applied global potential of 500 V.
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Figure 4.
Study emphasizing differences between triangular, ellipse, and multi-length scale insulators

at the critical transition to full trapping at second gate (non-trapping at left, trapping at right,
panels B, D, & F). White areas indicate zones where the analyte is completely excluded (see
text). Similar data in all six panels, with different representations to emphasize various

transport and trapping features. Panels A, C, & E are the full distribution of VJEL:‘ mE.
Electric field lines present in all panels. Panels B, D, & F illustrates the area that is
accessible (colored region) to a particle that would be repelled (nDEP) with a given particle
property (Uex/Hpep : 1.8x1010 VV/m2 — triangle, 5.4x10% V/m?2 — ellipse, and 5.6x10% V/m?2 —

— 2
VIE| =
multi-length scale). At low 1‘22‘ ® [ values, electric field lines are the pathlines of

particles. Panels showing triangular insulator (A & B) show electric field lines off the

— 2
centerline impinging the slope of the V]LEJ m [ (local direction of dielectrophoretic forces)
at highly acute angles, creating a local trapping point. These lateral trapping areas are
present at all sharp features and some rounded features (B & D). In this study, for the
triangular and ellipse insulator given the analyte Ugk/Upep ratio of choice, the analyte is
partially trapped at the first gate and fully trapped at the second gate. In contrast, the critical
particle would pass the first gate completely and be trapped at the second gate for the multi-
length scale insulator. Further, the multi-length scale insulator does not exhibit any lateral

VIE| =
traps were the electric field lines impinge the LJ B F slope at extremely acute angles.
The gate pitches are 36.37 um and 34.10um, left to right with an applied global potential of

500 V (A-F).
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(B)
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20—pm
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Depiction of trapping locations for various mobility ratios, where the dark red represents the
trapping condition, and the pink is the region surrounding where trapping is also likely to
occur. Partial trapping is depicted in A & C, while complete trapping of the analyte is
present in B, D & F. The multi-length scale insulator does not have partial trapping as
analytes deflected to the centerline, and then not trapped until the necessary conditions are
met. A, C, & E are representative of 36.37 um gates, while B, D, & F are representative of
34.10 um gates. The mobility ratios depicted are as follows: A & B —1.8x101°0vV/m2, C & D
-5.4x109 V/m?, E & F — 5.6x109 V/mZ2. All images are modelled such that the applied
global potential is 500 V.
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Figure 6.
Examples of trapping and streaming of polystyrene and silica spheres using the multi-length

scale insulators. Light field/dark field contrast enhanced image of (A-E) 2.7 um silica
particles. Fluorescence/bright field contrast enhanced image of (F) 2.0 um yellow-green
fluorescent polystyrene spheres. A-D depicts the streaming effect on the analyte with the
applied voltage. C&D are enlarged images of the blue rectangles in A&B. With the voltage
applied the analyte is pushed to the centerline of the channel and deflected away from the
small insulators resulting in more effective streaming. E&F depict that the capture of
different analytes is possible and correlates to the predicted capture location from the
models. Gate sizes and applied potentials are as follows (A-D) 20.5 um, —600 V (E) 18.0
pum, =1000 V (F) 18.7 um, =400 V.
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