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ABSTRACT

In this study, we demonstrate the use of cyclical low frequency signals with insulator-based dielectrophoresis (iDEP) devices for the separa-
tion of particles of similar characteristics and an experimental method for estimating particle DEP mobilities. A custom signal designer
program was created using Matlab® and COMSOL Multiphysics® for the identification of specific low frequency signals aimed at separating
particle mixtures by exploiting slight differences in surface charge (particle zeta potential) or particle size. For the separation by surface
charge, a mixture of two types of 10 um particles was analyzed and effectively separated employing both a custom step signal and a sawtooth
left signal. Notably, these particles had the same shape, size, and surface functionalization as well as were made from the same substrate
material. For the separation by size, a sample containing 2 um and 5um particles was successfully separated using a custom step signal;
these particles had the same shape, surface functionalization, were made from the same substrate materials, and had only a small difference
in zeta potential (10 mV). Additionally, an experimental technique was developed to estimate the dielectrophoretic mobility of each particle
type; this information was then utilized by the signal designer program. The technique developed in this study is readily applicable for
designing signals capable of separating micron-sized particles of similar characteristics, such as microorganisms, where slight differences in
cell size and the shape of surface charge could be effectively exploited. These findings open the possibility for applications in microbial
screening using iDEP devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115153

INTRODUCTION

There is a growing interest in the development of more selec-
tive and precise bioanalytical techniques for applications in the
clinical and biomedical fields. In particular, assessments involving
biological cells often require distinguishing subtle biophysical
differences of size, shape, and electrical charge between similar cell
species. The electrical phenotype of a cell is the collection of the
electrical properties of the cell; differences in electrical phenotype
could indicate significant changes in pathogenicity, antibiotic resis-
tance, or gene transference between different strains.”” The devel-
opment of microfluidic devices has enabled rapid growth in the
study of cellular properties. Microfluidic techniques have the poten-
tial to substitute traditional bench scale methods employed in
microbiological analysis by decreasing costs, sample size, and
processing time."’

Microscale electrokinetic (EK) techniques offer an attractive
option due to their flexibility, robustness, and ease of optimization.
When designing electrokinetic microsystems, there is a series of
parameters that can be fine-tuned for highly specific applications.*”
Dielectrophoresis (DEP), the migration of particles due to polariza-
tion effects when exposed to nonuniform electric fields, is a label-free
technique that can be utilized for the assessment and manipulation
of a wide range of particles, including microorganisms. A majority of
DEP based systems have employed either a series of electrodes or
insulating structures to generate DEP forces on particles; the former
is electrode based DEP (eDEP) and the latter is known as insulator-
based DEP (iDEP). There are numerous reports illustrating the
potential of iDEP for the separation, identification, and concentra-
tion of desired bioparticles.”™ Fine-tuned iDEP assays have also
shown promise for a point of care diagnosis using lab on a chip
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style devices for the inexpensive and rapid detection of various
biomarkers.”'""

Carefully designed custom signals have numerous potential
applications, as they can be used to manipulate a wide array of
particles, from macromolecules to parasites.'' For example, the
development of highly selective detection assays that employ
functionalized polystyrene particles can enable challenging sep-
arations and isolation of low abundant particles.'” Regarding
bioparticles, an effective manipulation allows for the production
of concentrated mixtures of cells, DNA, mitochondria, and
protein crystals, which have applications in several fields."”~'°
There are a few reports in the literature on “ratcheting” behav-
ior of particles using electric fields. Ajdari and Prost'” proposed
a theoretical model to enhance the electrophoretic separation of
DNA fragments by imposing an AC orthogonal electric field
onto a conventional free flow electrophoretic system. Their
model predicted the trapping of DNA fragments at periodic
intervals which resulted in mostly forward motion."” In a later
report by the same group, Rousselet et al.'® explored the use of
asymmetric periodic potentials to achieve the “pumping” of
particles in an interdigitated electrode array. They reported the
migration of a population of particles due to Brownian motion
and EK effects under an applied signal of 5V at 500 kHz.'® The
study of iDEP devices has demonstrated successful particle sep-
arations utilizing both high frequency AC signals'” as well as
DC’ signals but very few reports have focused on the use of
low frequency signals.”’”>’ Our group reported the separation
of particles, differing a half micrometer in diameter, using an
electroosmotic flow (EOF) gradient and a low frequency AC
signal (1-20 Hz).?’

This study explores the use of low frequency cyclical electri-
cal signals in iDEP devices for the separation of mixtures of poly-
styrene beads with similar characteristics based on surface charge
or particle size differences. Four different types of particles were
used in this study to create two distinct particle mixtures. The
first mixture was aimed at demonstrating particle separation
by exploiting charge differences, and the second mixture was
selected for illustrating particle separation by size differences. This
work, which relied on experimentation and simulation, required
the design of specific low frequency electrical signals that were
fine-tuned for a particular type of separation. In order to rapidly
test and vary the large number of parameters defining a low fre-
quency cyclical signal, a custom signal designer program was
created to simulate particle migration inside an iDEP device. The
program required information on the EK and DEP mobilities for
each particle type. These mobilities were derived experimentally,
and a new approach was developed for assessing particle DEP
mobility. In order to test the accuracy of the signal designer
program, the displacement of a single particle type was simulated
with a specific signal. This signal was then used for an experiment,
and the resulting simulated particle positions were compared with
experimentally observed particle positions. Using the designer
program, three signals, two custom and one conventional, were
selected, and the defining parameters were optimized for the best
particle separation. Once the two signals were simulated, experi-
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THEORETICAL BACKGROUND

The main forces acting on microparticles in iDEP devices
[Fig. 1(a)] are divided into EK forces and DEP forces. The EK
forces can be further divided into Stokes drag from electroosmotic
flow (EOF) and electrophoresis (EP). The EK forces can be
exploited for particle separations by taking advantage of differences
in particle zeta potentials (é’gurt,-cle) and varying the electric field.
The EK velocity is given by”**

- 8m(§wull - Cparticle)

;EK = luEKE = — n E> (1)

where &, is the medium permittivity, E is the electric field, and n
is the viscosity of the medium. The DEP velocity of microparticles
depends greatly on particle size, which is given by”**

~ rle
voer = Mo VE' = T Rel fou VE, @)
where 7, is the radius of the particle, VE? is the gradient of the
electric field squared, and Re[ fcu] is the real part of the Clausius-
Mossotti factor, which for frequencies below 100 kHz is given by

Cp—Op

™M = (0',, +20_m)> 3
where o refers to real conductivity of the particle and the medium,
and fey can vary from —0.5 to 1 for a spherical particle. The sign
of fom depends on the relative polarizability of the particle with
respect to the suspending medium. Particles exhibit positive DEP
(pDEP) behavior when they are more polarizable than the medium
and migrate toward the regions of higher electric field gradient.
Negative DEP (nDEP) is the opposite effect. All particles in this
study exhibited nDEP under the condition of low frequency electric
fields."" The particle conductivity (c,) depends on the conductivity
of the bulk material (¢,) and the surface conductance (K,),””

K
op = 0';,+275. (4)
p

The overall particle velocity, accounting for EK and DEP, is
given by the equation”®*"

Vp =tk E + tpppVE?

£ - ) —  re
_ M E+ LRl VE, (5)

where ppg and upgp are the EK and DEP mobilities, respectively.
Particle trapping occurs when vp =0, and Eq. (5) can be rear-
ranged to estimate upgp,

ments with iDEP devices with cylindrical posts verified the suc- Upgp = Fpk |Ex| ) (6)
cessful particle separations. IVE?|
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MATERIALS AND METHODS
Microdevices

Microchannels with cylindrical insulating posts [Fig. 1(a)]
were made from polydimethylsiloxane (PDMS) employing standard
soft lithography techniques.”' To create a device, PDMS (Dow
Corning, Midland, MI) was cast onto a negative replica mold made
with a silicon wafer (Silicon Inc., Boise, ID) and SU-8 3050 photo-
resist (MicroChem, Newton, MA). After curing, the PDMS slab
was sealed with a PDMS-coated glass wafer, creating microchannels
where all internal surfaces are PDMS and have same wall zeta

Vy=1800V and V. =200V. (c)
Cartoon of predicted particle position
over time using signal shown in (b). (d)
Experimental images of particle 5 (red)
and 6 (green) demonstrating the 3-step
particle separation by charge differ-
ences using signal shown in (b).
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potential ({,,y), ensuring consistent EOF. The microchannels were
10.16 mm long, 0.88 mm wide, and 40 um deep and contained one
inlet and one outlet liquid reservoir.

Microparticles

Four different types of particles were chosen for the separa-
tions characterized in this study (particles 1-4, Table I). An addi-
tional pair of particles (particles 5 and 6) was employed for
feasibility demonstration. Two of the particles have the same size
(10 um) but differing zeta potentials. The other two particles have
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TABLE I. List of particles used for this study with the associated particle properties. The particle zeta potential, EK mobility, and DEP mobility were found experimentally.
Reported uncertainties for {,arice and uex are one standard deviation. Reported uncertainties for upep are based on the accuracy of the image based determination of trapping

distance and the uncertainty of ugx.

No. Brand Color Diameter (um) Surface funct. Cparticle (MV) UEK (m?v~tsh Uppp (m* v=2sTh
1 Magsphere Green 9.7 Carboxylated —609+6 2.40+0.30x 1078 —2.80+0.40 x 1078
2 Invitrogen Red 10.0 Carboxylated —19.1+11 5.66+0.20 x 1078 —7.58+0.031 x107'®
3 Magsphere Green 2.0 Carboxylated —582+£15 2.61+026x107° -1.70+0.19x 107*®
4 Magsphere Red 5.1 Carboxylated —483+5 3.38+0.35x107° —4.63+0.56 x 107'®
5 Magsphere Red 5.1 Carboxylated 0.0+8.1 7.58+0.61 x 107° —5.93+0.47 x 1078
6 Magsphere Green 5.1 Non-funct. —355+7.6 481+063x107° —3.14+041x107"®

differing size (2 um vs 5um) and similar zeta potentials. This parti-
cle selection was done to demonstrate the ability of our technique to
exploit charge differences and size differences for achieving particle
separations. Particle zeta potentials were experimentally measured
in our laboratory by combining particle image velocimetry (PIV)
and current monitoring assessments.’>”” Uncertainty in the deter-
mination of particle EK mobility and zeta potential were based on
the standard deviation of particle velocity distribution as detailed in
the study by Hidalgo-Caballero et al.”* Uncertainty in DEP mobility
is the propagation of EK mobility uncertainty and uncertainty in
trapping distance. Experimental errors of all measurements are
reported in Table I. Particle suspensions were made of varying con-
centrations (1.8 x 10°-2.0 x 10® particles/ml) based on the size.

Equipment and software

Microparticle behavior was observed and recorded in the form
of videos and pictures with a Leica DMi8 inverted microscope
(Wetzlar, Germany) with a Leica DFC7000T camera and the soft-
ware LASX. Periodic electric potentials were applied by employing
a high voltage supply (HVS3000D, LabSmith, Livermore, CA).
COMSOL Multiphysics 4.4 was used to model the electric field in
the microchannel. Matlab 2016b was used to create the signal
designer program. Full program details can be found in the
supplementary material.

Suspending media

The suspending medium consisted primarily of deionized
(DI) water with a conductivity of 20-25uS/cm and a pH of
6.0-6.5. Tween 20 was added at a concentration of 0.05% (v/v) to
minimize particle aggregation. A 0.1M KOH solution and a 0.1M
KClI solution were used to adjust the medium conductivity and pH
to the desired values. These media generate a wall zeta potential
(&wan) of —93.9 mV in our PDMS devices.

Experimental procedure

All iDEP experiments started with a clean PDMS device, pre-
conditioned to ensure stable EOF. A sample of 1-10ul of the
selected particle suspension was added to the channel inlet, and
platinum wire electrodes were placed in the channel reservoirs.
After eliminating any pressure-driven flow, the desired signal was
applied by employing the high voltage supply. Particle response

was recorded in the form of pictures and videos that were used for
further analysis.

RESULTS AND DISCUSSION

In order to use a periodic electrical signal to separate the par-
ticle mixtures, a custom designer program was devised, which
allowed for the rapid testing of various signal parameters. Without
estimations provided by the simulation, which can test a given
signal under 1 s, the search space required an unreasonable number
of individual experiments to obtain a working signal. After simulat-
ing a variety of signals, two kinds of signals were chosen to demon-
strate effective separations by exploiting charge or size differences
between the particles [see Figs. 3(a)-5(a)]. The use of a custom step
signal and a sawtooth left signal was found to be the most promis-
ing based on the simulation and experimental results.

Mechanism behind particle separation with cyclical
signals

By employing low frequency cyclical signals, particle migration
can be carefully controlled within an iDEP channel [Fig. 1(a)]. The
goal of this particular iDEP technique is to separate a mixture of
particles by having particles of a certain characteristic (charge, size,
or shape) effectively migrate forward, while other types of particles
oscillate back and forth remaining in the same overall location.
This mechanism works by switching between two iDEP regimes,
trapping iDEP and streaming iDEP. Trapping iDEP is the capture
of particles due to DEP forces overwhelming the EK forces exerted
on a particle. Streaming iDEP™ is characterized by continuous par-
ticle motion because the EK forces are comparable to the DEP
forces, and particles migrate under the influence of both forces.'*
The mechanism exploited in this study relies on both particles
being under the trapping iDEP step followed by both particles
experiencing streaming iDEP. The separation occurs during the
streaming iDEP step, because one type of particle will have a higher
velocity. The particle type with the higher velocity will migrate to
the downstream side of the postconstriction while the other particle
type is on the upstream side of the constriction. At this moment,
the cycle repeats and the particles experience trapping iDEP again
but at distinct locations, with the lower velocity particle being
pushed upstream and the faster particle being pushed downstream
due to DEP forces. As this cycle repeats, the faster particle keeps
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migrating to the next constriction downstream at each cycle, and
the slower particle will remain in the same constriction.

An example of a successful particle separation by exploiting
charge differences with a cyclical signal is fully illustrated in
Figs. 1(b)-1(d) as a three-step process. A step signal where the
potential varies from Vi =1800V to V; =200V is depicted in
Fig. 1(b); the red circle in the signal corresponds to the signal mag-
nitude for the results in Figs. 1(c)-1(d). The shaded region in the
signal highlights the voltage magnitude at which DEP dominates
the system and particles are trapped. The two particles in Fig. 1 are
both 5um in diameter, spherical, and made from polystyrene; the
only difference, besides their color, is a small difference in particle
zeta potential (ie., charge difference). The green particle has a
higher magnitude of ¢, (—35.5mV) which decreases the mag-
nitude of its EK velocity; that is, under the same condition, the
green particles migrate less than the red particles that have a lower
magnitude of { i (—0.0 mV). Figure 1(c) shows a cartoon of the
expected separation, and Fig. 1(d) illustrates the actual experiment
depicting this 3-step separation. These experimental results confirm
that by using a cyclical step signal, which varies from Vi and Vi, it
is possible to separate two very similar particles with only a small
difference in their particle zeta potentials.

Custom signal designer program

In order to find the correct combination of frequency, ampli-
tude, DC bias, duty cycle, and signal type, a custom designer
program was developed to predict the motion of particles within
the iDEP channel. (Complete program is provided in the
supplementary material.) By integrating the equation for particle
velocity [Eq. (5)] using the Euler method, the particle location
can be determined. In order to integrate Eq. (5), the following
parameters had to be determined a priori with COMSOL and
experimentation: E, VE2, ypx, and ppgp.

Since both E and VE? vary with voltage and position, the
electric field distribution within the device was simulated using
COMSOL Multiphysics® at five different voltages. A “cutline”
located halfway between two posts was used to extract the values of
E and VE?, assuming the particle follows this path. Once these
values were obtained an equation consisting of a second order
polynomial for voltage multiplied by a tenth order polynomial for
position was fitted to the dataset in order to have a smooth contin-
uous function for the integration (supplementary material).

Both upx and ppgp are particle based parameters that were
determined experimentally. The upx was found using the same
process as Martinez-Lépez et al.”® A new methodology was devel-
oped as part of this study for determining uppp, which consisted on
applying a voltage high enough to cause trapping iDEP and then
measuring the distance from the particle center to the postcenter-
line as shown in Fig. 2(a). Particles are trapped when the DEP
forces generated at the constriction between two posts, as repre-
sented in Fig. 2(b), are balanced with the EK forces. Knowing this
trapping distance and trapping voltage, as well as the particle fp,
allows for determining upgp using Eq. (6).

After obtaining the necessary input data, the signal designer
program was used to quickly test numerous frequencies, ampli-
tudes, DC biases, and duty cycles to design custom signals that
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FIG. 2. Model predictions. (a) Experimentally measured trapping distance for
particle 1 (Table |, 9.7 um green). (b) Gradient of the electric field squared and
representation of the negative DEP forces in a postconstriction. (c) Predicted
position of particle 3 (2um green) shown in green and particle 4 (5um red)
shown in red when a custom signal, shown in blue, is applied. (d) Predicted
position of particle 4 (5um red) vs time, experimentally found particle position
vs time, and applied custom signal.

produce different displacements of particles 3 and 4 (Table I), as
shown in Fig. 2(c). By selectively allowing a specific particle type to
migrate further than the other particle type present in the mixture,
an effective particle separation can be achieved. For example, the
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separation simulated in Fig. 2(c) illustrates that, under the custom
step signal shown in blue, particle 3 (2um green) migrated
~550 um while particle 4 (5um red) stayed at the same position of
~50 um. This produced a separation distance between the two par-
ticle types of ~500 um in a time frame of only 0.6 s.

To test the accuracy of the signal designer program, a particle
migration experiment with only one particle type was performed
and the particle positions were tracked using Image]°. The starting
position of each particle was then set to zero using the program
detailed in the supplementary material. For comparison, the pre-
dicted particle positions as well as the experimental particle posi-
tions are shown in Fig. 2(d). The simulated and experimental
particle positions are close, demonstrating that the code has a good
agreement with experimental results. Some of the possible reasons
why the predictions are not perfect are perhaps that the program
does not account for additional factors, such as population distribu-
tions, particle-particle interactions, Joule heating, particle movement
off the centerline, and other effects.””** Other contributions to
the program inaccuracies may include expected experimental uncer-
tainty in measuring trapping distance, trapping voltage, and EK
mobility as well as variability in device geometry. The next three
sections describe in detail how custom signals were selected for par-
ticle separation by charge and size differences.

Particle separation by exploiting charge differences
with a custom step signal

The signal designer program was employed to identify a suitable
signal for separating a mixture of two types of 10 um particles (parti-
cles 1 and 2, Table I) that were roughly the same size, shape, and
type of surface functionalization and both were made of polystyrene.
The property utilized to separate particles 1 and 2 was the difference
in surface charge, in terms of their zeta potentials as seen in Table I:
—60.9mV vs —19.1 mV. This surface charge difference exhibited itself
as a difference in their EK mobilities. It was also found that the DEP
mobilities of particle 1 and 2 also differ due to differences in surface
conductance [Eq. (4)]. The higher magnitude of zeta potential of par-
ticle 1 increases the surface conductance,”” which, in turn, modifies
the magnitude of o, [Eq. (4)] causing a lower magnitude of Re(fcys)
[Eq. (3)], thus decreasing the DEP mobility [Eq. (2)]. The ability of
particles with the same size and surface charge to have difference in
surface conductance was demonstrated by Arnold et al.”’

In order to exploit this surface charge difference, a voltage
(VL) low enough to avoid trapping iDEP was applied to cause parti-
cle 1 (9.7 um green) to migrate through the constriction while the
slower moving particle 2 (10 um red) does not progress all the way
through the constriction. Once the faster particle is through the
constriction but before the slower particle passes through, the
voltage is increased to Vi generating a dominating negative DEP
force [Fig. 2(b)], which propels both particle types out of the con-
striction, but in opposite directions. The faster moving particle
1 (9.7um green) is pushed forward, while the slower moving
particle 2 (10 um red) is pushed backward.

The simplest signal designed with this methodology is the
custom signal shown in Figs. 1(b) and 2(c), which is a step signal
with a positive DC bias and negative duty cycle bias. The high
voltage applied (Vy) for the first part of the signal should be high

scitation.org/journal/bmf

enough to trap both particles [as shown in Fig. 2(b)] at a sufficient
distance from the postcenterline shown in Fig. 2(a), such that the
difference in particle EK mobilities can be exploited during
the second part of the signal. However, as the voltage is increased,
the effect on trapping distance is reduced as the particles move out
of the constriction. By fine tuning the amplitude of Vy, which
traps the particles, it is possible to maximize the difference in the
starting position of the two particle types. By balancing the
trade-off between the trapping distance from the postcenterline and
difference in particle trapping positions, an optimal Vy can be
found. It may be desirable to minimize the period of the higher
voltage (Vy) to reduce biological sample damage’>*’ and Joule
heating effects.”"** Our current system featured potentials as high
at 1800 V, which produced currents in the range of 40 #A; depend-
ing on the size of the biological cells being assessed, these condi-
tions might need to be modified to preserve cell viability. It is
important to note that the actual separation occurs during the
application of Vi, (low voltage), and therefore, small changes in the
amplitude and period of Vi can easily ruin the separation. While
designing a separation signal, if both particles had a net displace-
ment, the amplitude or period of Vi decreased and, if both particles
had no net displacement, the amplitude or period of Vy increased.

The signal designed for the separation by charge of particles 1
and 2 was a rectangular wave, shown in Fig. 3(a), with a frequency
close to 3 Hz. The signal required a positive DC bias to avoid back-
ward particle migration. The high voltage was set to Vi =1000 V
in order to be in the trapping iDEP regime of both particles. The
low voltage was set to Vi, =200V so that both particles experienced
streaming iDEP. For these electrical potentials, the DEP force
(Fpep o< VE?) increases by a factor of 25 when the potential
increases from Vi, to V. With distinct particle velocities, a negative
duty cycle bias was used because the time for which Vi was
applied was fine-tuned such that the two particles were at opposite
sides of the constriction when Vy; started, and V; was applied only
until the trapping of both particles stabilized. The result of the
properly designed signal is a ratcheting behavior in which the faster
moving particle will progress from one constriction entrance to the
next during each signal cycle while the slower particle will oscillate
back and forth in the same constriction. Figure 3(a) illustrates these
results, where particle 1 (9.7 um green) moved forward ~500 mm,
as depicted by the green line, and particle 2 (10 um red) remained
roughly at the same initial location, as illustrated by the red line.
The plot also includes linear fits of particle displacement (y) as a
function of time (x) for each particle type. The experimental trap-
ping of both particles just prior to a constriction between to post is
shown in Fig. 3(b), and an image of the actual separation when the
green particle moves forward while the red particle is left behind is
included in Fig. 3(c).

Particle separation by exploiting charge differences
with a sawtooth left signal

In addition to the custom step signal developed in this study
for particle separation by charge (Fig. 3), several conventional
signals were tested in order to identify an additional signal for sep-
aration by charge differences. True AC signals were found to be
counterproductive because, at the end of the positive part of the
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FIG. 3. (a) Plot of tracked particle positions, particle 1 (9.7 um green) and particle 2
(10 um red). Custom 2-step signal shown with dashed blue line. (b) Image of both
particles trapped at 1000 V part of signal. (c) Image of particle 1 on the right side
of constriction and particle 2 on the left side of constriction resulting in particle
separation. Although the red particle appears to be larger than the green particle,
both particles have similar diameters but different levels of fluorescence.

AC signal, the particles had a difference in position but, during the
negative part of the signal, this difference was diminished, which
hindered the separation. To avoid this, a DC bias equal to the half
amplitude was used when testing sawtooth left, sawtooth right,
sine, and triangular signals. After extensive experimental testing, it
was found that a sawtooth left signal [Fig. 4(a)] provided the best
separation of particles by charge differences.

The successful sawtooth left signal, created by the signal
designer program, used an amplitude of 1800 V so that both parti-
cles were trapped for a significant part of the signal, preventing
both particles from migrating forward to the next constriction. The
period of 0.3s was selected so that as the voltage decreases, and
particles switch from trapping to streaming iDEP, particle 1 (faster
moving) will be on the downstream side of the constriction while
particle 2 (slower moving) has to pass through the constriction.
The success of this separation is illustrated in Fig. 4(a) in terms of
the net particle displacement as a function of time. As it can be
seen, during a time frame of 1.8, particle 1 (9.7 um green) pro-
gressed ~800um through the postarray while particle 2 (10 um
red) remained at the same constriction.
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FIG. 4. Separation of particle 1 (9.7 um green) and 2 (10 um red) by applying
a sawtooth left signal. (a) Plot of experimental particle displacement of
particle 1 shown in green and particle 2 shown in red. Linear curve fit for
particle 1 shown with green dotted line and particle 2 shown with red dotted
line. Equations for particle 1 and 2 curve fits are shown in green and red,
respectively. Applied sawtooth left signal shown with dashed blue line. (b) Image
of both particles trapped at a constriction between two posts. (c) Image of
particle 1 (9.7 um green) having migrated to the right side of postconstriction
while particle 2 (10 um red) is still on the left side of the constriction. Both
particles are 10 um in diameter but appear to be different sizes because of
fluorescent intensity.

Let us explain these results, at the peak of the sawtooth
signal, both particles will be trapped at distinct locations as seen in
Fig. 4(b). As time progresses, and voltage linearly decreases, both
particles will advance as the negative DEP force decreases faster
than the EK force (DEP is a second order effect with respect to E),
releasing the particles from the trapping iDEP. If the period is of
proper length, the cycle will complete with particle 1 (9.7 um
green) having migrated to the right side of the constriction and
particle 2 (10 um red) still remains on the left side as shown in
Fig. 4(c). As the voltage reaches zero and the signal starts over, par-
ticle 2 (red 10 um) will become trapped at the same location while
particle 1 (9.7 um green) will be trapped at the next constriction,
thus, achieving a separation. As the cycle repeats, the separation
will become more evident as can be seen in Fig. 4(a) where the
difference in particle displacement is ~800 um within 1.8 s. For the
sawtooth left signal, the most important parameter to fine tune is
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the period, lengthening it if both particles fail to progress and
shortening it if both particles progress.

While the sawtooth left and square signals both separated par-
ticles by charge, the speed of separation and the applied voltage
make these different signals proficient for distinct applications. The
average velocity of particle 1 (9.7 um green) was faster using the
sawtooth left signal [530 um/s, Fig. 4(a)] than with the custom step
signal [387 um/s, Fig. 3(a)]. However, the required peak voltage
(Vi) was found to be 1800V for the sawtooth left signal as
opposed to the 1000V for the custom step signal. These results
illustrate that the sawtooth left signal [Fig. 4(a)] can be used when
separation speed is of importance, while the custom step signal
[Fig. 3(a)] can be used for separations requiring a lower voltage,
such separations of biological cells.

Particles separation by exploiting size differences
using a custom step signal

The signal designer program can also be used for identifying
signals to be applied for separating particles with similar charge
based on size differences: particles 3 (2 um green, —58.2 mV) and 4
(5um red, —48.3mV) from Table I resulting in a difference of
10 mV between particle zeta potential values. In this case, the fact
that the smaller particle is the one with the higher magnitude of
the negative zeta potential increases the difficulty of the separation,
i.e., the separation would have been easier if the larger particle had
a larger magnitude of negative zeta potential. Due to its smaller
size, the 2 um particle has a lower uppp than the 5um particle.
Consequently, there is a trade-off, since both EK and DEP forces
are lower for the 2 um particle than they are for the 5um particle.
The signal predicted by simulations for this separation was a step
custom signal similar to the one used previously, but with different
periods and amplitudes [Fig. 5(a)]. As can be seen from the dis-
placement plot, particle 3 (2um green) migrated at 320 um/s on
average while particle 4 (5um red) migrated at 1.5um/s on average
resulting in a separation of ~200um in a time frame of 0.65s
[Fig. 5(a)]. During the separation, some of the particles did not
always follow the predicted movement, as shown by the migration
of the red particle in Fig. 5(a). During the initial application of Vi
(1500 V), particles 3 and 4 were located roughly at the same posi-
tion [Fig. 5(b)], which caused the separation to be more sensitive to
changes in the Vi and Vi, (50 V) amplitudes as well as V7, period.
By using the program to adjust Vy, Vi, and V, period, particle 3
(2um green) was able to migrate to the next constriction, due to
the DEP force exerted on the particle decreasing by a factor of 900
when the voltage was switched from Vi to V. At the same time,
particle 4 (5um red) remained in the same postconstriction as seen
in Fig. 5(c), producing particle separation.

As mentioned above, while the size difference is significant
(2um vs 5um), the small difference in zeta potential (—58.2 vs
—48.3mV) increases the difficulty in separating these particles.
Based on the DEP mobility being proportional to the particle
radius squared [Eq. (2)], the negative DEP mobility of particle 4
(5um red) was expected to be 6.5 times that of particle 3 (2um
green). However, this was not the case, as can be seen in Table I,
the difference between these experimentally measured mobilities
was actually a factor of just 2.7. This discrepancy might be caused
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FIG. 5. Separation of particles 3 (2um, green) and 4 (5um, red) from Table |
using custom signal. (a) Plot of tracked particle positions, particle 3 shown in
green and particle 4 shown in red. Custom signal shown with dashed blue line.
(b) Image of both particles trapped during the application of V (1500 V). (c)
Image of particle 3 on the right side of constriction and particle 4 on the left
side of constriction resulting in particle separation.

by distinct magnitudes of surface conductance between the two
particle types [Eq. (4)].”” Particle 4, due its lower magnitude of
¢ particie> has a higher EK mobility and will move faster through the
constriction during the application of V. Therefore, the amplitude
and period of V1, had to be fine-tuned to exactly position particle 4
just to the left of the constriction while allowing particle 3 to cross
the constriction centerline. This confirms that the higher ¢, c
magnitude of particle 3 is a hindrance during separation.

SUMMARY AND CONCLUSION

Reported here is the separation of polystyrene particles in an
iDEP device by exploiting differences in surface charge and particle
size using low frequency periodic signals. A total of three distinct
separations were demonstrated; two separations by exploiting
differences in surface charge and one separation by exploiting
differences in particle size. A custom signal designer program was
developed in order to identify cyclical low frequency electric signals
that could be employed for specific particle separations. The signal
designer program was employed to effectively explore the search
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space of varying signal type, frequency, amplitude, DC bias, and
duty cycle. The program, which was developed with Matlab® and
data exported from COMSOL Multiphysics, was used to simulate
particle migration, and these predictions were compared to experi-
mental results.

Furthermore, an experimental procedure, using the same
iDEP device utilized for particle separation, was developed in order
to determine the DEP mobility of the particles. The DEP mobility
information is essential for both the signal designer program devel-
oped in this study and also for modeling other low frequency iDEP
devices. The designer program was used to identify both a custom
step signal and a sawtooth left signal, which were successfully tested
experimentally for the separation of particles of the same size by
exploiting surface charge differences. Additionally, the custom step
signal was modified and employed for performing a separation of
particles of similar charge based on size differences. These findings
illustrate the potential of low frequency cyclical signals for achieving
the separation of similar particles types, based on surface charge
difference, particle size differences, or shape differences. The signal
designer program could be employed for identifying suitable signals
to be employed for the rapid screening of microorganisms with
similar characteristics (charge or size), opening the possibilities for
iDEP in applications for microbial analysis.

SUPPLEMENTARY MATERIAL

See the supplementary material for the two Matlab codes used
in this study: (a) Matlab code for prediction of particle position
and (b) Matlab code for particle image velocimetry data analysis.
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