
micromachines

Article

Charge-Based Separation of Micro- and Nanoparticles

Bao D. Ho , Jason P. Beech and Jonas O. Tegenfeldt *

Division of Solid State Physics and NanoLund, Physics Department, Lund University, P.O. Box 118, 22100 Lund,
Sweden; bao.hodang@gmail.com (B.D.H.); jason.beech@ftf.lth.se (J.P.B.)
* Correspondence: jonas.tegenfeldt@ftf.lth.se; Tel.: +46-46-222-8063

Received: 16 October 2020; Accepted: 14 November 2020; Published: 18 November 2020 ����������
�������

Abstract: Deterministic Lateral Displacement (DLD) is a label-free particle sorting method that
separates by size continuously and with high resolution. By combining DLD with electric fields
(eDLD), we show separation of a variety of nano and micro-sized particles primarily by their
zeta potential. Zeta potential is an indicator of electrokinetic charge—the charge corresponding
to the electric field at the shear plane—an important property of micro- and nanoparticles in
colloidal or separation science. We also demonstrate proof of principle of separation of nanoscale
liposomes of different lipid compositions, with strong relevance for biomedicine. We perform careful
characterization of relevant experimental conditions necessary to obtain adequate sorting of different
particle types. By choosing a combination of frequency and amplitude, sorting can be made sensitive
to the particle subgroup of interest. The enhanced displacement effect due to electrokinetics is found
to be significant at low frequency and for particles with high zeta potential. The effect appears to scale
with the square of the voltage, suggesting that it is associated with either non-linear electrokinetics or
dielectrophoresis (DEP). However, since we observe large changes in separation behavior over the
frequency range at which DEP forces are expected to remain constant, DEP can be ruled out.

Keywords: electrokinetic deterministic lateral displacement; charge-based separation

1. Introduction

Deterministic Lateral Displacement (DLD) is a powerful size-based particle sorting method
that has multiple advantages: It is label-free, it has high resolution, and it allows for continuous
operation [1]. The method has been applied to sort various types of cells or bio-particles from
blood: white blood cells [2–6], circulating tumor cells [7–12], trypanosomes [13,14], nucleated red
blood cells [15], microvesicles [16,17], and PC3 prostate cancer cells [18]. In addition, DLD has
found applications in separation or enrichment of different types of mammalian cells [19–23], fungal
spores [24], droplets [25,26], bacteria [27], DNA [1,28], and exosomes [29]. Extensive reviews of DLD
can be found elsewhere [30,31]. Here we give a brief description of the method.

A schematic of a DLD device is shown in Figure 1a. The main feature is an array of micro-pillars
that is tilted at an angle with respect to the flow carrying the particles. A heterogeneous sample
containing small and large particles is loaded into the sample reservoir on the top left of the schematic
in Figure 1a and driven through the pillar array. The DLD mechanism is fundamentally based on
whether or not particles are able to follow the carrier fluid as they moves through the array. At low
Reynolds numbers it is primarily steric interactions between the particles and the posts that prevent
this but under certain conditions other interactions play a role such as charge interactions when the
carrier fluid has low ionic strength [32] or inertia and wall lift forces when Reynolds numbers are
high [33]. These additional interactions can be carefully chosen to be sensitive to relevant particle
parameters and we will show here how externally applied AC fields make it possible to sort particles
by their zeta potential in a tunable manner.

Micromachines 2020, 11, 1014; doi:10.3390/mi11111014 www.mdpi.com/journal/micromachines

http://www.mdpi.com/journal/micromachines
http://www.mdpi.com
https://orcid.org/0000-0002-2554-8000
https://orcid.org/0000-0002-1347-4657
https://orcid.org/0000-0002-3695-6886
http://dx.doi.org/10.3390/mi11111014
http://www.mdpi.com/journal/micromachines
https://www.mdpi.com/2072-666X/11/11/1014?type=check_update&version=3


Micromachines 2020, 11, 1014 2 of 22

Figure 1. Working principle of conventional Deterministic Lateral Displacement (DLD) and DLD with
electric fields (eDLD). (a) Diagram of a typical DLD device. The device is driven by a pressure difference
between inlets and outlets and is capable of sorting a mixture of particles by size. Electrokinetic effects
are added by applying a voltage along the device. In this case, the average field is parallel to the
flow. (b) Mechanism of conventional DLD. Separation is a result of consecutive migration of large
particles across different flow streams (here numbered 1, 2, 3) due to steric interactions with the pillars.
(c) In eDLD, the particle trajectories are modified by electrokinetic wall force fields around the pillars.

Unlike sieves, which also hinder particles from following the flow, steric and other interactions
lead to changes in trajectories only and DLD devices can therefore be considered as non-clogging
sieves. The DLD mechanism causes different-sized particles to follow different trajectories so that they
can be collected in separate reservoirs at the end of the device.

The mechanism of conventional DLD (steric interactions only) is illustrated in Figure 1b. The pillar
array repeats itself after N rows where N is called the period of the DLD. Due to the specific arrangement
of the pillar array, the fluid flow is split into N different streams between any two neighboring pillars
in each row. For a device with equal lateral and longitudinal inter-post distance, the corresponding
tilting angle of the array is given by tan(θ) = 1/N. For the sake of convenience and to avoid anomalous
modes [34], the design is often such that N is an integer. As an example, in Figure 1b, the period is
N = 3, corresponding to a tilt of arctan(1/3) = 18.4◦.

The separate trajectories of one small particle (green) and one large particle (red) are illustrated in
Figure 1b. The radius of the green particle is smaller than the stream width w depicted in Figure 1b,
and as a result, the particle’s center of mass remains in stream #2 throughout the array. This mode of
transport is termed the zigzag mode due to the shape of the trajectories. In contrast, the red particle
whose radius is larger than w bumps into the pillar and is displaced from stream #2 to stream #3.
This stream-switching occurs every time the particle encounters a new row of pillars, forcing the
particle to travel along the tilting angle of the array. This mode is termed the displacement mode and
we will refer to the angle θ henceforth as the displacement angle. At the end of one period (N rows) of
the pillar array, particles in zigzag mode have a maximum lateral displacement of G + D, where G is
the gap between posts and D is the post diameter, while particles in displacement mode are shifted
laterally by a distance N × (G + D). Using the angular formulation instead, the displacement of the
smaller particles is ≈0 and that of the large particles is l × tan(θ), where l is the length of one period
(N rows) of the pillar array. The critical diameter DC, which is the diameter at which the transition
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between zigzagging and displacing occurs, is predetermined by the geometry of the array, and can be
estimated by:

DC = 1.4GN−0.48 (1)

Equation (1), an empirical formula reported by Davis [35], is used throughout this paper to
estimate the critical diameters of our DLD devices.

Although the behaviors of particles in DLD devices are primarily dependent on their size, size
is not always a well-defined property of a particle. Instead, we use the term effective size to relate
the particle’s trajectory to the trajectory of a perfectly spherical particle moving through a DLD
device driven solely by a pressure driven flow. In other words, an arbitrary particle under arbitrary
experimental conditions is said to have an effective size Deff if it moves along the same trajectory as
a perfectly spherical particle of size Dparticle = Deff experiencing only the pressure driven flow and
steric interactions in the DLD array. This is useful to describe, for example, non-spherical, deformable,
or charged particles that have effective sizes that depend on the detailed properties of the particles along
with the exact experimental conditions being used. Previous approaches have targeted one or more of
these properties to separate particles in DLD based on, for example, shape [13,14,36,37], length [27],
and deformability [6,36,38]. Surface charge has also been employed in the context of DLD [32,39], but in
general in a different manner than in our current work. Zeming et al. [32] modulated the effective size
by tuning the electrostatic force between pillars and nanoparticles, which was achieved by adjusting
the salt concentration of the running medium. The method works well for particles below 1 µm in
low-salt medium (≤1 mM NaCl). In contrast, our approach, with the integration of an electric field,
can be used for micro as well as nano particles, and operates at higher salt concentrations that can be
relevant for biological samples.

The interaction between particles and applied electric fields is complicated. A full description
must take into account the behavior of the solvent (water) and the dissolved ions near the particle
surface. The zeta potential of a particle is simply the electrostatic potential at the shear plane due to the
charges on the particle. The zeta potential depends on the density of charged groups on the surface of
the particle, the distance between the particle surface and the shear plane, and the ionic strength of the
suspending medium. Because the zeta potential is both easy to measure (taking several minutes with a
Zetasizer NanoZS instrument (see Section 2.1) and captures the behavior of the effective charge of the
particle as the ionic strength of the buffer changes, we will use “zeta potential” throughout and not
“charge”, but the reader should keep in mind that they are related.

The use of electric fields for particle manipulation in a liquid medium encompasses multiple
mechanisms, among which electrophoresis and dielectrophoresis are the most notable. Electrophoresis
(EP) refers to the movement of charged particles in an electric field, which can be uniform or
non-uniform [40–43]. It should be noted that EP of charged particles is in fact “force-free”: the particle
motion is driven by the electroosmotic slip on the particle surface. The applications of electrophoresis
to manipulate and separate particles and molecules are countless, and it has become a gold standard for
separation of proteins and nucleic acids. Dielectrophoresis (DEP) refers to the movement of polarizable
particles (charged or uncharged) in a polarizable medium under a non-uniform electric field [44–46].
Although having a shorter history than electrophoresis, DEP has also found numerous applications in
enrichment, isolation, or separation of bio-particles, including yeast cells [47–50], human cells [51],
microalgae [52], bacteria [53–55], viruses [56], DNA [57,58], proteins [59], and nanocrystals [60], to name
but a few. Dielectrophoretic techniques can be categorized into Microelectrode-based DEP (eDEP) or
Insulator-based DEP (iDEP) [61]. As their names suggest, these two branches are distinguished by
the materials the particles are in contact with: conducting electrodes (eDEP) or insulating obstacles
(iDEP). For eDEP systems, in the early days, the electrodes were pin-and-plate macroelectrodes [47] but
using microfabrication, electrodes have been miniaturized to achieve higher field strengths. Various
configurations of electrodes have been reported in the literature, with castellated [48,49,56,62,63],
quadrupole polynomial [56,64], zipper [65], or 3D-well [66] designs. In iDEP systems, efforts are invested
in designing innovative insulating structures inside microfluidic channels to achieve the desired field
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gradients for DEP. These structures include constrictions [51,59,60,67–69], ridges [70,71], curves [50,72],
and obstacle arrays [53,57,73–75]. A thorough review of iDEP can be found elsewhere [61].

In terms of configuration, the electrokinetic DLD devices presented in this paper are relatively
similar to an iDEP system with an insulating pillar array. The key difference is, however, that our
devices have pillar arrays tilted at an angle to the flow to achieve the DLD function. Furthermore,
we are interested in not only DEP, but also other electrokinetic phenomena that enhance particle
displacement. In general, any electrokinetic force fields that are specific to some particle property and
that change the probability that particles switch streams at every row of pillars (altering the cumulative
lateral displacement of the particles), can be exploited for tunable particle separations (Figure 1c).
The nature of different electrokinetic forces will be discussed in Section 3.4.

Some examples of the applications of electric fields in DLD (eDLD) have been reported. In the first
DLD paper [1], a DC electric field was used to transport DNA through a DLD device via electrophoresis
and separation of kilo base pair DNA was achieved, but here the electrophoresis was seen solely as a
means to drive the DNA through the array. Hanasoge et al. also used DC field to drive the flow and
explore the effect of different array orientations on particle separation in eDLD [76]. The development
of eDLD has been driven primarily by the Tegenfeldt group at Lund University, Sweden, [77–79]
and Morgan group at University of Southampton, UK, [39,80,81], who have made use of AC fields
in various modes and geometries. Among the benefits of using AC fields are the fact that the flow
(carrying the particle through the device) is decoupled from the forces near to the posts (causing
separation) and that much greater control can be achieved through the balancing of these forces.
What is more, the nature of the force and the property of the particle that is targeted can be controlled
via the frequency of the applied electric field.

In the first eDLD devices reported by Beech et al. [77], macro electrodes located inside the
inlet and outlet reservoirs were used to apply an AC electric field parallel to the direction of the
pressure-driven flow. The effective critical sizes were tuned in a controlled manner by up to a factor
of four, for the applied voltages used. Subsequently, higher electric fields have been achieved by
having electrodes right on top of an open pillar array [78] and more recently by coating pillars with
platinum (3D electrode) [79] and applying the voltage between the rows of pillars. The novel 3D
electrode approach obtains the closest possible inter-electrode distances, increasing the field strength
per applied voltage by about three orders of magnitude. This active pillar eDLD device is able to
displace particles with diameters of 250 nm, much smaller than the gap size of 11 µm. In a different
approach, the Morgan group increased the field strength in eDLD by integrating microelectrodes on
the sides of the pillar array. Using this configuration, Calero et al. demonstrated sorting of 500 nm
from 1 and 3 µm polystyrene beads in a DLD array with a critical size of 6.3 µm using an AC voltage
(50 Hz–10 kHz) [80]. In their subsequent work, by using an AC voltage with a DC bias, they were able
to separate 100 nm from 500 nm and 1 µm polystyrene beads as well as sorting based on zeta potential
for 3 µm microspheres [39]. Finally, in a very recent paper, Calero et al. compared their experimental
data at 50 kHz with DEP numerical simulation and found good agreement [81].

Here we expand on our previous work with eDLD, using the simplest approach, i.e., macro
electrodes located inside inlet and outlet reservoirs, and show tunable separation based on zeta potential
of a variety of particles. We characterize and optimize our devices with regard to different running
parameters using polystyrene beads with diameters from several micrometers down to 100 nanometer
scales and with a wide range of zeta potentials. Finally, we apply the technique to the sorting of
bio-relevant particles: Nanoscale liposomes with different sizes and zeta potentials. Liposomes
have found tremendous applications in medicine and pharmacology [82] since their inception in the
mid-1960s, most notably for drug delivery. What is more, liposomes are structurally and chemically
similar to extracellular vesicles (EVs)—cell-derived particles involved in intercellular communication,
and as such are highly relevant as a model system.

Nanoscale bio-particles, such as liposomes or EVs [83–86], have considerable potential in diagnostic
and therapeutic applications. However, sorting of nanoscale particles has been identified as an important
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challenge [87]. Sorting of EVs down to 20 nm has been demonstrated [29] using nanofluidic DLD with
feature sizes on the scale of 100 nm, but the fluidics is difficult to control and the risk of clogging is high.
In addition, fabrication of these devices requires sophisticated and expensive processes like electron
beam lithography, limiting broad usage. Conversely, devices with features on the micrometer scale can
be fabricated using commonly available methods. We show that eDLD devices with micrometer scale
gaps can be an alternative approach to the separation of nanoparticles, without the scaling down of
device features and thus without some of the problems in fabrication and operation that such scaling
down entails.

To optimize eDLD for different applications, it is necessary to understand how different parameters
individually or mutually affect the separation. For example, increasing driving pressure can improve
throughput (particle numbers or volumes), which is of great interest in many applications, but it
also means a higher voltage is required to effectively displace particles. The maximum voltage that
can be applied is limited by electrolysis and possibly by Joule heating through the device geometry
and the conductivity of running medium. However, some particle systems place constraints on the
conductivities of the suspending medium that can be used. To untwine complex dependencies as
such, we scan and investigate the influence of medium conductivity, voltage, frequency, and pressure
on the efficiency of separation and establish a few simple rules that may help employing eDLD for
biological applications.

2. Materials and Methods

2.1. Devices and Experimental Setup

The DLD devices used throughout this paper were fabricated from polydimethylsiloxane (PDMS)
using replica molding [88]. Detailed device fabrication steps can be found in Table S1 of the
Supplementary Information. In each device (Figure 2a), only a narrow, single stream of sample is
allowed to enter the DLD array and is buffered on two sides. Particles having different properties
(size, charge) in the sample are separated as they travel along the array before entering a single outlet
reservoir. At the observation windows at the beginning and at the end of the array, the lateral positions
of the particles are analyzed.

Table 1. Parameters of DLD devices used in this work. Critical diameters, DC, are nominal values
based on the geometry of the pillar array (Equation (1)).

Device Name Gap (µm) N DC (µm)

Device #1 2 20 0.66
Device #2 5 10 2.32
Device #3 6 10 2.78
Device #4 8 10 3.71
Device #5 13 10 6.03
Device #6 13 5 8.41
Device #7 4 23 1.24

A list of the devices used in this work is presented in Table 1, together with their featured
parameters. More details about the designs of the devices can be found in Figure S1 and Table S2 of the
Supplementary Information.

During an experiment, a device is positioned on the stage of an inverted microscope (Nikon
Eclipse TE2000-U, Nikon Corporation, Tokyo, Japan) (Figure 2b,c). The pressure at the inlet reservoirs
(1–100 mBar) is regulated by a pressure controller (MFCS-4C, Fluigent, Paris, France). The voltage
applied along the device is generated by a function generator (33120A, Hewlett Packard, Palo Alto, CA,
USA) and amplified using either a high-voltage amplifier (Bipolar Operational Power Supply/Amplifier
BOP 1000M, Kepco, Flushing, NY, USA) or a high-frequency amplifier (WMA-300, Falco Systems,
Amsterdam, The Netherlands). The voltage is measured using an oscilloscope (54603B 60MHz, Hewlett
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Packard, Palo Alto, CA, USA) with a 1×/10× probe (Kenwood PC-54, 600 VPP, Havant, UK). Note that
care should be taken when working with high voltages. The voltage should be turned off before any
changes are made to the setup. A pair of rubber gloves should be worn at all time during the course of
the experiments.

To capture experimental image stacks, a monochrome Andor Neo sCMOS camera (Andor
Technology, Belfast, Northern Ireland) is used. The image stacks are analyzed using FIJI (ImageJ
1.52f, National Institutes of Health, Bethesda, MD, USA) with MOSAIC particle tracking plugin [89].
The conductivities of the media are measured with a conductivity meter (B-771 LAQUAtwin, Horiba
Instruments, Kyoto, Japan). The zeta potentials of the particles are measured with a Zetasizer NanoZS
instrument (Malvern Instruments, Ltd., Worcestershire, UK).

Figure 2. Devices and experimental setup. (a) Overview of device design. The red arrows schematically
represent the trajectory of displacing particles. The actual trajectory angles of different devices are given
in Table S2 of the Supplementary Information. Drawings are to scale. (b) Schematic of the experimental
setup. (c) Image of the experimental setup, showing a DLD device on a microscope stage, with pressure
and electrical connections. The electrical hooks are highlighted by the white dotted lines for visibility.
The DLD array is enlarged and shown on the left, with color-coded trajectories of zigzagging (green)
and displacing (red) particles. It has been compressed along its length by a factor of two to fit within
the picture frame. (d) Scanning electron microscopic images of a typical DLD array (device #7, Table 1).

2.2. Data Analysis

The sorting performance of a device can be assessed by comparing lateral positions of different
types of particles at the beginning and at the end of the DLD array. In our experiments, the lateral
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positions are discretized by the gaps. To easily compare experiments across different devices, the lateral
positions can be linearly converted into percentages, with 0% displacement being perfectly zigzagging
and 100% displacement being perfectly displacing. The displacement of the particles can be compared
between different experiments to study the effects of different parameters including voltage, frequency,
pressure, and medium conductivity. More details of the data transforming processes can be found in
Figure S4 of the Supplementary Information.

To quantify the particle displacement, we need to count the numbers of particles of interest exiting
at each gap at the end (outlet) of the DLD arrays. This can be done manually, particle by particle,
but this method is labor intensive and inapplicable for concentrated polystyrene nanospheres or nano
liposomes. Instead, provided the particle concentration is not too high, which would lead to shadowing
effects, the fluorescence intensity can be used to deduce the number of particles. More specifically,
in the average image of all frames of an image stack, the integrated fluorescent intensity across each
gap is proportional to the number of particles passing by that gap. We denote this quantity as inferred
particle count in the plots throughout this paper. More details of the image processing can be found in
Figure S2 of the Supplementary Information and a comparison between the method and manual count
can be found in Figure S3.

2.3. Sample Preparation

Particle trajectories in the DLD devices were studied for a wide range of polystyrene beads and
liposomes (see more details in Table S3 of the Supplementary Information).

Polystyrene nano- and microspheres (D = 160 nm–6.3 µm), referred to as beads for brevity, were
suspended in media containing KCl at various molar concentrations and 0.1% w/v Pluronic® F127
(Sigma-Aldrich Sweden AB, Stockholm, Sweden). Pluronic®was found to markedly reduce non-specific
sticking of the beads to PDMS. The volumetric concentrations of the beads were 0.02% v/v for 2 µm,
160 nm, 250 nm, and 490 nm beads, and 0.086% v/v for 4.3 µm and 6.3 µm beads.

Liposomes (D ~ 150–300 nm) were made by extrusion. Two lipids with different surface charge
densities, the low-charge DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and the high-charge POPS
(1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) were mixed to achieve liposomes with different
zeta potentials. DOPC lipid was mixed with a lipid conjugated Rhodamine dye (18:1 Liss Rhod PE,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt))
in chloroform at concentrations of 10 mg/mL (DOPC) and 10 µg/mL (Rhodamine) in a glass vial. POPS
lipid was used at a concentration of 1 mg/mL dissolved in chloroform. The lipids and the dye were
purchased from Avanti Polar Lipids (Industrial Park Drive, Alabaster, AL, USA). The lipid solutions
were gently blown with nitrogen until a dry, thin film formed at the bottom of the vial. A solution
of KCl (2 mM) was added to the vial to obtain concentrations of DOPC, Rhodamine, and POPS of
1 mg/mL, 1 µg/mL, and 0.1 mg/mL, respectively, and the vial was vortexed vigorously to completely
dissolve the lipid film into the solution. The solution was subsequently extruded 15 times back and
forth through either 100 nm or 200 nm filters on an extruder platform (T&T Scientific Corporation,
7140 Regal Lane, Knoxville, TN 37918, USA). Finally, the extruded liposomes were characterized
using the Zetasizer NanoZS instrument, for both size and zeta potential, before sorting experiments.
All liposome samples are monodispersed, with polydispersity indices (PDI = (std/mean)2) below 0.24
(PDIDOPC-100nm = 0.10, PDIDOPC-200nm = 0.20, PDIDOPC/POPS-100nm = 0.08, PDIDOPC/POPS-200nm = 0.24),
and no large clusters were observed in the size distributions from the DLS measurements.

3. Results and Discussion

To better understand the behavior of charged particles in an eDLD, we begin with the separation
of polystyrene microspheres by their size and by their zeta potential. We then explore the capability
of eDLD to effectively decrease the critical diameter to sort polystyrene nanospheres and nano-sized
liposomes in micrometer-gap devices. In each case, the optimum conditions for separation regarding
device geometry, applied pressure, electric field strength, and frequency are explored.
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3.1. Important Sorting Parameters

We perform experiments on beads with surface carboxyl groups (4.3 µm and 6.3 µm), using device
#5 with DC = 6.0 µm (for 4.3 µm beads) and device #6 with DC = 8.4 µm (for 6.3 µm beads) in order to
determine contributions of some of the relevant sorting parameters.

Effect of frequency and medium conductivity. The applied voltage was kept constant (300 VPP),
the applied pressure varied slightly (1.0, 1.5, or 2.5 mBar) over a distance of ≈ 7 mm between inlet and
outlet reservoirs and the frequency scanned in the range 1 Hz-500 kHz. Results show (Figure 3) that
the 4.3 µm and 6.3 µm beads are maximally displaced at frequencies below 1 kHz for all pressures
and conductivities tested. Displacement was also observed to be greater at low medium conductivity
(0.7 mS/m) and lower at high conductivity (500 mS/m). Since the zeta potential is known to decrease
with increasing ionic strength [90] (see Equation (6) in Table S5 for details), this indicates that the
enhanced displacement due to electrokinetics increases with |ζ|. For example, the absolute value of the
particle zeta potential (|ζ|) of 4.3 µm beads at medium conductivity of 0.7 mS/m (milliQ water), 25 mS/m
(1.7 mM KCl), and 500 mS/m (37 mM KCl) are 50 mV, 24 mV, and 1 mV, respectively. For 6.3 µm beads,
they are 53 mV, 27 mV, and 1 mV, respectively (Table S3 of the Supplementary Information). This will
be investigated further in Section 3.2.

Figure 3. Effects of medium conductivity and voltage frequency on displacement of beads in eDLD.
(a,b) The 4.3µm beads in device #5 (DC = 6.0µm) at 2.5 mBar and 1.5 mBar, respectively. The displacement
is strongest at frequencies between 10 and 500 Hz, and at low electrical conductivity of the medium.
(c) The 6.3 µm beads in device #6 (DC = 8.4 µm). The displacement is strongest at frequencies between
10 and 500 Hz, and at low conductivity.

Effect of voltage and pressure. Intuitively, the displacement increases when the applied voltage
increases (the electrokinetic forces are stronger) or the applied pressure decreases (the particles travel
slower, and the electrokinetic forces have more time to act). To confirm this, we kept the frequency
constant at 50 Hz (which from Figure 3 gives the strongest displacement), and varied pressures from
0.5 mBar to 3 mBar in 0.5 mBar steps and applied voltages from 0 VPP in 10–20 VPP steps until the
beads were completely displaced. The pressure/voltage combinations that yield 50% displacement,
specifically, the threshold voltages required to displace beads to 50% at given pressures, are plotted in
Figure 4.
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Figure 4. Effects of pressure and voltage on displacement of beads in eDLD. The data points are the
voltage-pressure pairs that yield 50% displacement. More details about the data analysis can be found
in Figure S4 of the Supplementary Information. The experiments were performed on 4.3 µm carboxylate
beads in device #5 (DC = 6.0 µm) at 50 Hz, in media at conductivity of 1.1 mS/m or 25 mS/m. Note that
the voltages of the square wave data points have been scaled up by a factor of

√
2, to compare with the

sine wave data points.

It is apparent from the plot that at a higher applied pressure, a higher voltage is required in order
to displace particles. What is more, the plot in Figure 4 confirms our previous observation that at lower
medium conductivity, the effect is stronger and thus, lower voltage is required in order to displace
particles at a given pressure. Since a square waveform gives a root mean square (RMS) voltage that is
√

2 greater than the RMS voltage of a sine wave, we performed experiments with a square waveform.
Indeed, after applying a correction term of

√
2 the curves corresponding to the square and the sinewave

overlap. It is important to note that a square wave consists of a sum of odd harmonics making the
understanding of the frequency dependence less straightforward.

3.2. Sorting Polystyrene Microspheres by Zeta Potential

To study the effect of zeta potential, polystyrene microspheres of the same size (D = 2 µm) but
different surface modifications were run in device #3 (DC = 2.8 µm). Although suspended in the same
medium (25 mS/m KCl), the microspheres possess different surface charge density dependent on their
types resulting in different zeta potentials (more details in Table S3 and Equation (6) of Table S5).

The experiments were performed at constant pressure and voltage (P = 10 mBar and V = 300 VPP)
applied over a distance of ≈ 7 mm between inlet and outlet reservoirs, while the frequency was varied
from 10 Hz to 5 kHz. The displacement of different bead types at different frequencies are shown in
Figure 5a. The distribution of displacements in Figure 5a can be fitted to normal distributions and
the means are plotted against the zeta potentials (Figure 5b) and against the frequencies (Figure 5c).
For illustration purposes, a supporting video showing the separation of the sulphate #2 (red) beads
and carboxylate #2 (green) beads at 100 Hz can be found in the Supplementary Information (Video S1).

There is a clear correlation between the absolute value of the zeta potential and the bead
displacement in Figure 5a,b. In the frequency range of 50–200 Hz, the sulphate beads, which have
higher absolute values of zeta potential than that of the carboxylate beads and the amine beads, displace
much more. This result demonstrates that same-sized particles with a difference in zeta potential on
the order of 10 mV can be separated. Figure 5c confirms our observation in Section 3.1 that the effect is
strong at low frequency (≤1 kHz).



Micromachines 2020, 11, 1014 10 of 22

The throughput of the devices was estimated to be 2 µL/hr with a Péclet number much larger
than unity. Detailed calculations are presented in Table S4 of the Supplementary Information.

Figure 5. Displacement at outlet of 2 µm beads of different zeta potentials in device #3 (DC = 2.8 µm).
(a) Displacement of six different bead types, at frequencies from 10 to 5000 Hz. (b) Displacement as a
function of zeta potential. (c) Displacement as a function of frequency. In (b,c) the standard deviation
of each data point corresponds approximately to 7% displacement (one gap). Note that there is small
negative displacement in plot 5a at 0 V, which can be attributed to particle diffusion (see Section 5 and
Table S4 of the Supplementary Information for the calculation of diffusion length).

3.3. Sorting Polystyrene Nanospheres and Nano Liposomes

We demonstrate sorting of nano particles in devices with micrometer sized gaps by displacing
490 nm beads in device #7 (G = 4 µm, DC = 1.24 µm) with 500 VPP and 10 mBar applied over a distance
of approximately ≈ 17 mm (Figure 6a). To decrease the size range further we used device #1 (G = 2 µm,
DC = 0.66 µm) to separate beads of size 160 nm and 250 nm using 1000 VPP and 7.5 mBar applied over
a distance of ≈ 7 mm (Figure 6b). A supporting video can be found in the Supplementary Information
(Video S2).

For nano liposome separation, we used device #1 (G = 2 µm, DC = 0.66 µm) to displace liposomes in
the range 100–300 nm. We performed independent experiments on each of the four types of liposomes
but in the same device and at the same voltage and pressure (500 VPP and 10 mBar). The data are
combined in the plots of Figure 7 for comparison. Our method allows us to separate by size (Figure 7b)
or charge (Figure 7a,c) as the specific application requires. The full set of data relating to the sorting
optimization of nanospheres and liposomes can be found in the Supplementary Information (Figure S5
and Figure S6, respectively). The sizes and zeta potentials of the nanospheres and nano liposomes can
be found in Table S3 of the Supplementary Information.
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Figure 6. Displacement at outlet of nanospheres in micro-sized gap DLD devices. (a) Displacement of
490 nm beads in device #7 (DC = 1.24 µm) at 500 VPP. Medium: milliQ water + 0.1% Pluronic® 127
(σ = 0.5 mS/m). (b) Sorting of 160 nm versus 250 nm beads in device #1 (DC = 0.66 µm) at 1000 VPP at
1 kHz. Medium: milliQ water + 0.1% Pluronic® 127 (σ = 0.5 mS/m).

Figure 7. Sorting nano liposomes in eDLD. In general, the 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) liposomes possess lower charge than the DOPC+10%POPS liposomes. (a) Separation
of liposomes of similar sizes but different surface properties (ζDOPC,167nm = −10 mV,
ζDOPC+10%POPS,186nm = −67 mV). The higher charged DOPC/1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (POPS) liposomes are more displaced. (b) Liposomes of different sizes but similar
surface properties (ζDOPC+10%POPS,129nm = −50 mV, ζDOPC+10%POPS,186nm = −67 mV). The larger
liposomes are more displaced. (c) Large liposomes with lower zeta potential (ζDOPC,327nm = −16 mV)
versus small liposomes with higher zeta potential (ζDOPC+10%POPS,186nm = −67 mV). In this case,
the zeta potential is shown to be more important for the outcome of the sorting than the particle
size. More information about size and zeta potential of liposomes can be found in Table S3 of the
Supplementary Information. Device #1 (DC = 0.66 µm). Frequency: 1 kHz. Medium: KCl 2 mM
(σ = 29 mS/m).
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3.4. The Role of Electrokinetic Driving Forces

By adding electrokinetics to DLD, its scope can be significantly broadened, which we demonstrate
in the presented work. Additionally, we find the effect is only significant at low frequency (≤1 kHz)
and increases with zeta potential of the particles. This suggests an association with the phenomena of
electrophoresis (EP) and electroosmotic flow (EOF).

Electrophoresis and electroosmotic flow refer to the motion of charged particles and electrolyte
solution, respectively, under an electric field. A charged particle suspended in an electrolyte solution
will travel under the application of an electric field (particle EP). At the same time, the electrolyte
solution contained in a channel with charged walls also moves when the field is on (EOF). In fact, particle
EP stems from the EOF near the surface of the particle, so the two phenomena are related [41,43,91]. On a
global scale, the total electrokinetic mobility of the particle is the algebraic sum of the electrophoretic
mobility and the electroosmotic mobility. Under low-frequency AC fields, the particles can be seen
oscillating along the direction of the field, as shown in Video S8 of the Supplementary Information.

When a pressure is applied together with a low-frequency AC field, the particle can be seen
traveling in the direction of the pressure gradient but at the same time oscillating at the frequency of
the applied field. This can be seen in Video S4 of the Supplementary Information (pressure driven flow
+ AC 50 Hz), as compared to Video S3, where only a pressure was applied. The electrokinetic wall
force depicted in Figure 1c can be observed in Video S5 (pressure driven flow + AC 10 Hz field) at time
0.34 s when the particle is “pushed” away from the pillar, leading to enhanced displacement. Note that
the direction of this movement is perpendicular to the pillar and is different from the direction of
the EP/EOF oscillation, which is tangential to the pillar (because the pillar is insulating, the electric
field is tangential to the pillar). In Figure 8, trajectories of 2 µm carboxylate beads #1 at different
frequencies are compared. It can be seen clearly that starting from 200 Hz, the beads displace less,
which is consistent with the low-frequency operating range we have reported in Sections 3.1 and 3.2.

Figure 8. Comparison of trajectories of 2 µm carboxylate beads #1 at different frequencies. Identical red
dotted lines based on trajectory at 100 Hz have been added to the images to guide the eye. Device #2
(DC = 2.3 µm) was used. The applied pressure was 30 mBar. The medium was KCl 22 mS/m with 2.5%
w/v polyvinylpyrrolidone (PVP). Similar to Pluronic® 127, PVP helps reduce non-specific adsorption of
the beads to the PDMS walls of the device.

At very low frequency (≤10 Hz), although the electrokinetic wall force might also be strong, the
large oscillation magnitude of the particles may hinder the displacement. This can be observed in
Video S6 (pressure driven flow + AC 2 Hz). During the negative phase of the oscillation, at around
1.00 sec, the particle is pulled backwards in the opposite direction to the pressure driven flow and
may cross streamlines in the opposite direction to the displacement direction. This leads to particles
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moving in the zigzag mode while having a strong displacing tendency otherwise. This explains the
lower displacement of particles at very low frequencies in the plots of Figure 3.

The prospects of various electrokinetic mechanisms influencing sorting in DLD devices have
been brought up for discussion in the literature [80,81]. Due to viscous damping, EOF and EP is not
expected to be of importance at higher frequencies. Calero et al. [80] identified 500 Hz as a reasonable
threshold frequency, above which EOF and EP would not be important.

It is at this point relevant to mention that there are two types of EOF: Linear and non-linear EOF [92].
In linear EOF, the external field is much smaller than the field in the electric double layer (EDL)
(which can be estimated by the zeta potential and the Debye length, and is on the order of 106 V/m).
The external field therefore does not affect the distribution of charge in the EDL. With this condition,
the velocity of the fluid or a particle can be calculated by Smoluchowski’s equation:

v =
ζε
η

E (2)

where ζ is the zeta potential of the wall or particle, ε is the permittivity of the fluid, η is the viscosity of
the fluid, and E is the external field. If ζ > 0, v is parallel with E for EP and anti-parallel with E for EOF.

On the contrary, if the external field gives rise to or modifies the charge distribution in the EDL,
ζ in Equation (2) is no longer independent of E and the velocity no longer varies linearly with the
external field. There are several embodiments of this non-linear electrokinetics reported in the literature.
For instance, when the external field polarizes conductive walls (metal electrodes), it exerts at the
same time an electric force on the newly induced charge and causes circulation of fluid just above the
electrodes. This phenomenon is called AC-electroosmosis [93–95] and the time-averaged electroosmotic
velocity is proportional to the square of the applied voltage [96]:

〈v〉 ∝
ε
η

f (ω, ε, σ,κ, z)V2 (3)

where f is a function of angular frequency ω, medium permittivity ε, medium conductivity σ, inverse
of Debye length κ, and distance z from electrodes.

Similarly, for the case of conducting particles (or in 2D, a rod), one can observe vortices
near the particle surface. This phenomenon is called induced-charge electroosmosis/electrophoresis
(ICEO/ICEP) [97,98] and the typical flow speeds are also proportional to the square of the applied field:

U0 ∝
ε
η

aE2 (4)

Non-linear electrokinetics for dielectrics, which is more relevant to our work, has also been
studied [99,100]. Notably, Wang et al. [100] observed vortices of 1 µm polystyrene particles near
a narrow constriction when a 1 kHz AC field was applied, which they attributed to ICEO and
electrothermal flow (the former dominated in low conductivity medium). We also observe vortices
of 1.1 µm polystyrene particles suspended in milliQ water in a pillar array under 100 Hz AC field
(Figure 9 and Supplementary Information Video S7) when no pressure driven flow is present. Similar
vortices have also been reported by Calero et al. [81] in their type of eDLD with microelectrodes on the
sides of the device.

In our eDLD experiments, since the enhanced displacement effect (from now on called “the effect”)
decreases with increasing medium conductivity at any given applied voltage, electrothermal flow can
be excluded. Since the effect is significant at low frequency and increases with the zeta potential, it
may have some dependence on EP and EOF (either linear or non-linear). To investigate this, we look
into the displacement of 4.3 µm beads at different applied pressures and voltages, and at two different
conductivities (Figure 10). For each conductivity, the plot on the left shows the displacement as a
function of the voltage. These plots confirm that at higher pressure, a higher voltage is required to
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achieve the same displacement as in the low-pressure case. This is because the particles travel faster,
and the electrokinetic forces have less time to act at higher pressure.

Figure 9. Vortices of 1.1 µm polystyrene beads in milliQ water at 500 VPP at 100 Hz, in device #4
(G = 8 µm, distance between electrodes ≈ 7 mm). (a) Actual image, (b) Diagram showing the direction
of the vortices). The original image stack (557 frames @25fps) has the field of view of 8 × 7 identical
unit cells (the image shows one unit cell). To simultaneously observe the dynamics of many particles,
we used MATLAB 2017a (Mathworks, Natick, MA, USA) to superimpose all these unit cells into one
unit cell. The resulted image stack was then averaged to produce the image shown in the figure.
A video with particle tracking is available in the Supplementary Information (Video S7).

Figure 10. Displacement of 4.3 µm beads as a function of voltage, voltage/pressure, or voltage2/pressure.
(a) At medium conductivity of 1.1 mS/m. (b) At medium conductivity of 25 mS/m.
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To compare different experiments, the pressure can be normalized (the middle plot for each
conductivity in Figure 10). In these plots, if the effect is linearly dependent on the voltage, the data at
different pressures should collapse into one curve (see Section 6 in the Supplementary Information
for a simplified mathematical model). It is shown not to be the case. However, when we plot the
displacement as a function of voltage squared over pressure (the plot on the right for each conductivity
of Figure 10), the data collapse to one curve within the uncertainty of our experiments. This suggests
association with non-linear electrokinetics, which varies with the square of the applied voltage,
as shown in Equations (3) and (4).

It is necessary to discuss dielectrophoresis (DEP) as a possible mechanism since the DEP force is
also proportional to V2. The DEP force on a spherical particle of radius r in a non-uniform electric field
E is given by:

FDEP = 2πεmr3Re
(
ε̃p − ε̃m

ε̃p + 2ε̃m

)
∇|Erms|

2 (5)

where Erms is the root mean square value of the field, ε̃p, ε̃m are the complex permittivity of the particle
(p) and the suspending medium (m) and are defined as: ε̃ = ε− iσ/ω. Here ε is the permittivity, σ is the
conductivity, and ω is the angular frequency of the electric field. The term in the brackets represents
the relative contrast between the permittivities of the particle and the medium and is called the

Clausius–Mossotti factor: fCM =
ε̃p−ε̃m

ε̃p+2ε̃m
. For polystyrene beads, the bulk conductivity σb is negligibly

small and their conductivity comes from the surface conductivity σs [101]:

σp ≈ σs =
2K
r

(6)

where K is the surface conductance of the beads. For non-conducting polystyrene particles, typically
K ∼ 1nS [102,103]. According to Equation (5), the polarity of the DEP force is dependent on the real
part of the Clausius–Mossotti factor. When Re( fCM) > 0, the particles travel to the regions of high field
strength (positive or pDEP), conversely when Re( fCM) < 0, the particles travel to the regions of low
field strength (negative or nDEP). In eDLD with the electric field parallel to the flow field, as has been
pointed out by Beech et al. [77], the nDEP force “pushes” the particles away from the pillar out of the
first stream and, if sufficiently strong, into the subsequent stream (i.e., in same direction as FEW in
Figure 1c). Conversely, pDEP “pulls” the particles towards the pillar, which intuitively reduces the
effect. To assess the contribution of DEP, the real parts of the Clausius–Mossotti factors for 2 µm and
4.3 µm polystyrene beads at different conductivities used in this paper are plotted in Figure 11.

Figure 11 shows that at high frequencies (≥ 1 MHz), the CM factor approaches a value close to
−0.5 asymptotically, giving rise to nDEP. At lower frequencies it is positive (pDEP) for small particles
in low conductivity medium (here only for 2 µm beads in milliQ water) and nDEP for large particles or
high medium conductivities relative to the particle conductivity. In our experimental data presented
in Sections 3.1 and 3.2, we observe a significantly enhanced displacement effect only at frequencies
between 10 Hz and 1 kHz (the green region in Figure 11) whereas the DEP force, whether it is pDEP or
nDEP, is constant in a much broader frequency range, from 10 Hz to 100 kHz. This indicates that DEP
is not the main contribution to the effect and suggests that non-linear EOF or EP probably plays a more
important role. It should be noted that nDEP can be utilized to enhance particle displacement but
required applied voltages might be higher than those used here.
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Figure 11. The real part of the Clausius–Mossotti factor for 2 µm and 4.3 µm beads at different
conductivities used in the experiments, assuming K = 1 nS for all beads. The blurred green region
highlights the range of frequencies where we observe the enhanced displacement effect.

Finally, we consider whether or not it is possible to improve future devices based on the findings
of the present study. The question can only be answered in relation to the specific requirements
of the application, but we can give some general guidelines. Larger devices can provide higher
throughput. However, higher applied voltages are required in order to maintain the necessary field
strengths inside pillar arrays, which constitutes a practical upper limit on device size. It is possible
to increase the field gradients inside a pillar array for a given applied voltage, which can improve
device performance, but these improvements also come at a cost. For example, simulations (see
Figure S8c of the Supplementary Information) show that changing the gap (G) and the period (N)
such that the critical size remains the same does not have a significant effect on the field strength at
one critical radius distance from the posts, and we conclude that these parameters alone cannot be
used to greatly improve the voltage response in the device. Changing the diameters (P) of the posts
however has a larger impact on the local field strength for a given applied voltage (see Figure S8d of
the Supplementary Information). This can be understood by considering the ratio P/G, which indicates
the amount by which the electric field is constricted between the posts. Although the field strength at
one critical radius distance from the posts increases 35% when P/G goes from 0.28 to 3.3 with Dc kept
constant, which is significant, the device would also need to be considerably longer, 3.4 times longer
in this case, which entails a large increase in the required applied voltage. Since large N also leads
to longer devices for a given critical size, in general, small N and large P/G lead to higher fields for
a given applied voltage. Other changes to both the geometry of the post array and to the shapes of
the posts are expected to change the distribution of the electric field in the post array and could also
be used to optimize device performance for specific applications, but that is outside the scope of the
present work and will be explored in future studies.

4. Conclusions

We have presented an integration of DLD and electrokinetics to sort particles based not only on
size, but also on zeta potential which in turn depends on the surface charge. The integration has been
done in the simplest way possible, with electrodes located in inlet and outlet reservoirs. Without having
to fabricate microelectrodes or scale down the devices, we were able to sort nanoparticles in devices
having micrometer-sized gaps, in a way that is sensitive to size and zeta potential. Our approach is
applicable to all particle sizes from the micro- down to the nanoscale and is not bound by requirements
for very low salt concentrations for the running medium.
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We posit that non-linear electroosmotic flow and electrophoresis play an important role in the
mechanism of zeta-potential-based or charge-based sorting using eDLD. However, further studies are
necessary to fully understand how these mechanisms interact and are responsible for the separation.
Nevertheless, we have demonstrated that by optimizing running parameters such as ionic strength,
applied voltage, frequency, and pressure, we can adapt the approach to a wide range of relevant
particle sizes and zeta potentials.

Our results prove that eDLD can be used to sort nano particles such as liposomes with strong
biological relevance, for example in medicine and pharmacology, most notably for drug delivery.
This opens up for sorting extracellular vesicles (EVs), which are similar in structure to liposomes. EVs
have great potential in diagnostics and therapeutics but current EV manufacturing and sorting methods
are inadequate in terms of purity, reproducibility, yield, time, and cost [84,85]. From a fabrication
perspective our eDLD devices are simple, disposable, and can be realized in cheap materials using
standard techniques. Ongoing work is focused on using what we have learned to developing devices
that will be capable of sorting EVs based on size and surface charge, at throughputs relevant for
further bioanalysis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/11/1014/s1:
Figure S1: Overview of a typical device, Figure S2: Image processing steps used to estimate relative particle counts
based on fluorescence intensity, Figure S3: Relative amounts of 2 µm beads as measured by manual counting and
by integrated fluorescent intensity, Figure S4: Summary of data transforming steps in order to investigate the
effects of different running parameters on particle displacement, Figure S5: Optimization of nanosphere sorting,
Figure S6: Optimization of liposome sorting, with voltage as the changing parameter, Figure S7: Simple sketch
demonstrating the displacement caused by electrokinetic force, Figure S8: Electric field simulation of eDLD,
Table S1: Device fabrication steps, Table S2: Parameters of DLD devices used in this work, Table S3: Specifications
of the particles used in this work, Table S4: Throughput and Péclet numbers of the experiments reported in
the main text, Table S5: Important equations of electrokinetics, Video S1: Sorting—Sulphate2 (red)—Carbox2
(green)—100 Hz. Real-time, color-coded video showing the separation of the sulphate #2 (red) and carboxylate #2 (green)
beads (both ≈ 2µm) in device #3 (DC = 2.8 µm) when the electric field was turned on at the middle of the video. The result
is plotted in Figure 5 (main text). Video S2: Sorting—Red 250 nm—Green 160 nm—0 VPP then 1000 VPP—1000
Hz. Sorting of 250 nm and 160 nm beads at an applied voltage of 1000 VPP at 1 kHz. The separation is possible only after
the voltage was turned on. The playback is fast-forwarded twice. Video S3: Trajectory—4um3 particle under pressure
driven flow. Trajectories of of a 4.3 µm bead in device #5 (DC = 6.0 µm), under a pressure of 1.5 mBar, in KCl 25 mS/m with
0.1% w/v Pluronic® 127. The pressure driven flow is from left to right. The playback is slowed down 10x. Video S4–S6:
Similar to Video S3 but with voltage of 300 VPP/square wave at frequencies of 50 Hz, 10 Hz, and 2 Hz, respectively.
The playback is slowed down 40x, 40x, and 10x, respectively. The pressure driven flow is from left to right. The oscillatory
motion of beads can be seen clearly in Video S4 (50 Hz) and Video S5 (10 Hz). The enhanced displacement can be seen clearly
in Video S5 (10 Hz) at 0.34 s. The setback from displacing to zigzag at very low frequency can be seen in Video S6 (2 Hz) at
1.00 sec. Note that we used square wave in these slow-motion videos, instead of the sine wave as in most of the data in the
main text, to give the eyes an easier detection of the phase of the oscillation. Video S7: Trajectory—1um1 particles under
100 Hz AC signal (no pressure driven flow). Vortexes of 1.1 µm beads in milliQ water at 500 VPP at 100 Hz, in device
#4 (G = 8 µm). The image is combined from 557 frames @25fps of 8 × 4 different unit cells (i.e., the full field of view is
32 times as wide as the video dimensions). Video S8: Oscillation—2um particles—100Hz (red) 500Hz (green) 5000Hz
(magenta)—(superimposed) .mp4 (no pressure driven flow). Superimposed, color-coded video showing the oscillatory
motion of the same type of bead at different frequencies, in the gap between two pillars, when an AC voltage was applied from
left to right (no pressure applied). The video was combined from three videos at three different frequencies. The video has been
slowed down by 50 times.
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