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Abstract

We describe a novel particle separation technique that combines deterministic lateral displacement (DLD) with
orthogonal electrokinetic forces. DLD is a microfluidic technique for continuous flow particle separation based on size.
We describe new tunable devices that use a combination of AC electric fields with DLD to separate particles below the
critical diameter. Planar electrodes were integrated into a classical DLD device to produce a force orthogonal to the
fluid flow direction. Experiments with 3.0 um, 1.0 um and 500 nm diameter microspheres show that at low frequencies
(up to 500 Hz) particles oscillate in the direction of the field due to Electrophoretic (EP)/Electroosmotic (EO) forces. As
the frequency of the field increases, the amplitude of these oscillations vanishes and, eventually dielectrophoresis (DEP)
becomes the dominant electrokinetic force on the particles (DEP arises from electric field inhomogeneities caused by the
presence of the DLD posts). Both mechanisms alter the paths of the particles inside the DLD devices leading to enhanced
sorting of particles below the critical diameter of the device.

Introduction

Almost every biological sample is composed of mixtures of cells, vesicles and macromolecules of different types and
properties and the separation and purification of sub-sets of micrometre and sub-micrometre particles is an essential step
in many analytical processes. However, current separation techniques are time consuming and often require large amounts
of sample. To address this, a range of different microfluidic separation technologies has been developed. One of the most
promising is Deterministic Lateral Displacement (DLD) which is a passive particle separation technique that uses an array
of circular posts to separate particles based on size; particles larger than a critical diameter (D) are separated from smaller
particles in a continuous flow. The method was first reported by Huang et a/ in 2004 ! and has been extensively studied
since then 2% Many research groups have explored this technique and have modified the geometry of the devices to
improve efficiency and extend the range of potential applications. Loutherback et al > demonstrated successful separation
of particles using triangular posts rather than cylinders to reduce the critical diameter with respect to the gap between the
posts, resulting in a reduced risk of clogging and a lower hydrostatic pressure. Liu et al ¢ used similar triangular posts for
isolation of Circulating Tumor Cells (CTCs) from spiked blood samples demonstrating enhanced efficiency. Non-
cylindrical posts also improve the separation of non-spherical particles and Zeming et al 7 showed how I-shaped posts
could be used to separate non-spherical particles like Red Blood Cells (RBCs). Asymmetrical DLD devices have also been
made 8, where different lateral and horizontal gaps led to improved separation efficiency and throughput over traditional
symmetric DLD arrays where enhanced sorting of non-spherical particles was shown. In ° a staggered DLD was used for
fractionation of sub-micrometre particles of several using a device with different sections of increasing critical diameters
fabricated within the same channel, each section responsible for separating particles of a specific size.
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DLD devices have been successfully used to separate biological and non-biological particles based not only on size but
also on other properties like shape 7 or deformability '°. Recently it was shown that the principle could be scaled to enable
the separation of very small particles in the range of nanometres like exosomes '!. Further modifications include the
addition of external forces to the system to increase the range of separation possibilities. For example Devendra et al
used a gravitational force to both drive the fluid and the particles through the devices and tune the separation. Beech et al
13 developed a tunable DLD by applying strain to an elastomeric DLD device to modify the dimensions of the array of
posts. The same group were the first to demonstrate the combination of AC electrokinetic forces (dielectrophoresis) with
DLD '% They placed an electrode at the inlet and the outlet of a mirrored DLD device creating an electric field along the
channel, in the direction of the fluid flow. They reported tunable separation of 5 um and 3 um diameter polystyrene beads
in a 6.0 pm critical diameter DLD using a 100 Hz AC electric field. The induced deviation of particles smaller than the
critical diameter was attributed to the action of DEP forces on the flowing particles due to the non-uniform electric field
created by the presence of the insulating posts. Zeming et al ° recently reported that electrostatic forces between pillars and
nano-scale particles can be modulated by the electrolyte salt concentration that modifies the apparent particle and post size
by changing the double layer repulsion, with measurable effects on the performance of micron-sized DLD for separation
of nanoparticles.
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A commonly used separation technique termed insulator-based Dielectrophoresis (iDEP) has been use%gy seveY;ﬁ gi‘@gﬁ@
s . : . . ; X O IPSS/CBLCOLAL

. It consists of an array of insulating structures fabricated in a channel to create a spatial electric field gradient.
Conventional DEP techniques utilise patterned metal electrodes with different geometries to create the required electric
field gradients 'S, but this is only in 2D. By contrast, iDEP can produce 3D field gradients using structures of insulating
materials, such as plastic or polymers. These are in general easier to make and simplify the fabrication procedures, enabling
mass-fabrication, and have convenient properties like flexibility or transparency !”.

The general principle of iDEP was first reported by Masuda ef al '® in 1989. They utilised a constriction between two
electrodes to trap cells by DEP and induce fusion. Since then many researchers have reported devices with different
geometries covering a wide range of applications for microparticle manipulation and separation. Cummings et al. '°! used
arrays of insulating posts, to generate non-uniform electric fields within a channel demonstrating DEP focusing and
trapping of particles. Similar devices have been used by Lapizco-Encinas and co-workers for enrichment and trapping of
different particles, like bacteria and proteins 2>24. Although iDEP devices have shown great potential for particle trapping
and enrichment, these devices based on arrays of insulating posts lack the ability to separate particles in a continuous flow.

Other iDEP devices with different geometries have been developed for this purpose. For example, Srivasta et al > described
particle separation using DC-iDEP with insulating rectangular obstacles placed in the channel, while the fluid was also
pumped by the electric field. Similarly, Lewpiriyawong et al ° utilised a microfluidic H-filter with several constrictions
within the channel to produce a DEP force and control separation of micron-sized particles. Different geometries have also
been reported for continuous flow separation by iDEP 27-30

In this article, a new tunable DLD technique is described that applies an AC field of variable frequency orthogonal to the
particle flow direction. Two coplanar electrodes are placed either side of a single DLD channel generating electrokinetic
forces to control particle behaviour. High electric field gradient zones are generated in the vicinity of the insulating posts
inducing deviation of particles smaller than the critical diameter. Particles are affected either by DEP (similar to '4) at all
frequencies > 100 Hz, or oscillating electrophoretic and electroosmotic forces at low frequencies. This electrode
configuration has an electrode spacing of a few mm, much less than previous publications where the electrodes are placed
at the inlet and oulet of the DLD/iDEP channels. Consequently, much smaller voltages are required to generate similar
electric fields. This electrode configuration also means that a much wider frequency range (up to MHz) can be used. This
compares with conventional devices where electrode spacing is of the order of a few centimetres requiring thousands of
volts with limited frequency range.

Combining the versatility of electrokinetics with the precision of DLD enables separation of particles in a continuous flow.
Unlike continuous flow iDEP separation techniques, the forces are not applied at specific points in the channel; separation
occurs gradually as particles flow through the array, similar to traditional DLD. In this paper the behaviour of the system
is analysed as a function of the applied AC frequency and suspending electrolyte conductivity along with a preliminary
analysis of the experimental observations.

DLD theory

The principles of DLD have been extensively described 43!. This passive technique exploits the broken symmetry of an
array of offset pillars within a conventional laminar flow. The simplest DLD devices consist of an array of circular posts
placed at a given centre-to-centre distance A within the same column. The gap G between posts is equal to the post diameter
Dy, sothat 4 = D, +G. The next column is at the same spacing A but shifted a certain lateral distance A4 from the previous
column (see Figure 1a). The periodicity N of this geometry in the downstream direction is given by:

A
N=2r

The tilt angle 6 of the rows of posts is related to the period of the array N:

AL 1
tan (8) = 7 = N 2)

This geometry defines a critical particle diameter D, where particles bigger than D, are separated from the smaller particles.
The principle of operation of DLD is described schematically in Figure 1b. As show, in the figure, a stagnation point is
found either side of each pillar. On the upstream side of one pillar (left side of the posts in Figure 1b); streamlines that end
at stagnation points separate the fluid that passes above the post from the fluid that passes below (see example posts A and
B in Fig 1b). Following Kim et al 3!, we adopt the term separatrix to define a streamline that starts at a stagnation point
on a pillar and ends on a pillar that is exactly N rows downstream as shown in Fig 1b.

line

6G
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The critical diameter of the device D, corresponds to twice the minimum distance between post A anthg;]]_e 1%6%%%?3{&? l‘é_)”g
ends in post B. Particles bigger than D, are forced to cross the separatrix as they interact with the posts, passing above the
next post so that the particles start bumping; this behaviour is termed displacement mode. Particles smaller than D, do not
cross the separatrix, but pass below the post, and keep flowing following the fluid, zigzagging around the posts, in the so-
called zig-zag mode. This process is repeated every time a particle interacts with the post and is magnified as the particles
flow along the channel. After many successive bumps the particles separate into two populations with diameters bigger

and smaller than D, as shown in Figure 1b. The deviation angle is defined as the tilt angle of the rows of posts, 6.

Davis derived an empirical formula to estimate D, from the geometrical parameters of the array, assuming spherical
particles in an array of circular posts 32:

D.=14GN %% (3)

(a)

Stagnation points

Figure 1 Schematic diagram of a DLD array. (a) Parameters that define the geometry of the array of circular posts in a DLD channel.
(b) Paths followed by particles in a DLD device together with forces on the particles. Stagnation points are located at both sides of the
posts, where the separatrices (black lines) start and end. Particles bigger than D. (orange) are forced to cross the separatrix when
interacting with the posts, entering the bumping mode whereas particles smaller (green) than the D flow in a zigzag manner around the
POsts.
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Electrokinetic forces: Electrophoresis, Electroosmosis and Dielectrophoresis

= Electrophoresis (EP) and Electroosmosis (EO)

When a charged surface is immersed in an electrolyte, the ions in suspension effectively screen the surface charge and
electroneutrality is maintained. When an electric field is applied, a force is exerted on the cloud of ions of opposite charge
to the surface. This force gives rise to relative motion between the liquid and solid. The fluid flow relative to a stationary
surface is termed Electroosmosis (EO). The ratio between the fluid velocity v and the magnitude of the electric field E is
the electroosmotic mobility {gp, defined by the Helmholtz-Smoluchowsky equation:

_17_ gm(s 4
#Eo—E—— n €))

where &, is the permittivity of the medium, 17 the dynamic viscosity and (s is the zeta potential of the surface, the electrical
potential at the slip plane 3336,

Likewise, when a charged particle is immersed in a quiescent liquid, the relative motion between the liquid and solid results
in particle motion. This movement is called electrophoresis (EP) and the ratio between the particle velocity v and the
magnitude of the electric field E is the electrophoretic mobility ugp, defined by the same equation, the Helmholtz-
Smoluchowski equation:

_v_gm(p c
.uEP—E— n )
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where (), is the zeta potential of the particle. In the case of a particle within a microchannel, both forces act on the particle
and the total electrokinetic mobility is the sum of both, the electrophoretic and electroosmotic mobilities:

KEk = Ugo + ep  (6)

= Dielectrophoresis (DEP)

Dielectrophoresis is the force exerted by a non-uniform electric field on a polarisable particle suspended in an electrolyte
33,3738 If the polarisabilities of medium and particle are different, the application of an electric field leads to the creation of
an induced dipole across the particle. The magnitude and direction depend on both the properties of the medium and the
particle. If the electric field is spatially uniform, the force exerted on each pole is the same and the net force is zero.
However, if the electric field is spatially non-uniform the force acting on each pole is different leading to movement called
DEP. For a spherical dielectric particle the DEP force is given by 33:

(FDEP> = Zﬂgma3Re[fCM]V|E|2 ™

where a is the particle radius and fCMthe Clausius-Mossotti factor:

& —Em

T &, + 28,

fem ®

The indices p and m refer to the particle and medium respectively, and &, and &y, are the complex permittivities, defined
as € = € —io/w, where 0 is the conductivity and w the frequency of the field. The magnitude of the DEP force depends
on the gradient of the electric field and has two different directions depending on the sign of the real part of feum. If the
particle is less polarisable than the medium, Re[fCM] < 0 and the particle is repelled from regions of high electric field
gradient; this is called negative DEP (nDEP). Conversely, if the particle is more polarisable than the medium, Re [fCM] >0
and it is attracted to the high electric field regions; termed positive DEP (pDEP). The particle polarisation depends on the
frequency of the electric field meaning that the DEP direction can be controlled by changing the frequency. It also depends
on the complex permittivity of the suspending electrolyte, so that changing the conductivity of the electrolyte also controls
the DEP properties.

For solid insulating particles the particle conductivity dominates the behaviour at low frequencies. The total particle
conductivity is given by the sum of the bulk conductivity 0,5 and the surface term g, 5 given by:

2K

Op,s = a (9)

where K is the surface conductance 3%, which is typically around 1nS. Thus, for large diameter particles (>1 pm) their
DEP behaviour is always negative across all frequencies (except for extremely low conductivity electrolytes). However,
nano-particles can have a conductivity greater than the suspending electrolyte leading to pDEP. This is illustrated in Figure
2 where the frequency dependence of the Clausius-Mossotti factor for different particle sizes and electrolyte conductivity
is plotted. At high frequencies (>1MHz) particle behaviour is dominated by particle permittivity which is always lower
than the suspending electrolyte and, therefore, all solid particles eventually experience nDEP for frequencies larger than
1MHz. Figure 2 depicts the results of the Maxwell-Wagner-O'Konski relaxation mechanism [36]. Note that the so-called
alpha-relaxation has not been considered #'. This relaxation mechanism appears for frequencies of the order of f, = D/(2m
a®) , where D is the diffusion constant of the ions. For the particles used in this work (2a = 1, 3 pm), the alpha-relaxation
appears for frequencies around 10 — 100 Hz. For positive particle polarisabilities, it is expected that this leads to a small
decrement in the induced dipole amplitude for f < f, but the effect is negligible for negative polarisabilities.
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Figure 2. Change in Re[fcm] for a solid dielectric sphere as a function of the frequency of an AC electric field for different particle
sizes and electrolyte conductivities (Em = 80&0,6p = 2.5€0,0p = 0ps,Ks = 1 nS),

Electrokinetically biased DLD

Figure 3a shows a 2-D plot of the field gradient together with the fluid streamlines for an electric field applied along the
direction of the fluid flow (as in ref. '4), while Figure 3b shows the field gradient for an electric field applied perpendicular
to the fluid flow. When the electric field is parallel to the flow, the high electric field regions are in between the posts along
the direction of the streamlines. In ref. 4 it was shown that high electric field gradients push particles to cross the separatrix
by nDEP when they pass close to the posts. As depicted in Figure 3a, even if a particle is smaller than the critical diameter,
the nDEP force generated by the field gradient around the insulating pillar has the same effect as a hydrodynamic interaction
with a post, displacing the particle that enters the displacement mode. A similar behaviour is observed when the electrodes

generate a field orthogonal to the flow (Figure 3b).
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Figure 3. Schematic diagrams summarising the electrokinetic behaviour of particles inside a DLD. The particle trajectories represented
do not correspond with calculated trajectories and are only a qualitative representation of the behaviour that agree with experimental
observations. (a) nDEP induced deviation of a particle, as reported in *; the nDEP force pushes the particle to cross the separatrix
when it passes close to a post. (b) nDEP induced deviation with the field orthogonal to the flow; the nDEP force prevents particles from
zigzagging when trying to pass between the posts of the same row. (c) Diagram of the low frequency induced deviation of a particle. The
oscillation of the particles along the field lines and perpendicular to the fluid flow due to electrophoresis and electroosmosis changes
the effective diameter of the particle, leading to deviation.

In the configuration presented in this work, the high electric field gradients are located between posts of the same row (Fig
3(b)). In order for particles smaller than the critical diameter to flow without deviation, they must follow the fluid flow
direction, zigzagging between the posts. However, if these particles experience nDEP, the force acts mainly orthogonally
to the Stokes force created by the fluid flow. If the nDEP force is strong enough, particles are prevented from zigzagging
and start bumping along the posts, flowing in displacement mode (see Fig 3b). Atlow frequencies (below 1 kHz), particles
are observed to enter a different mode of behaviour where the force is controlled by the superposition of DLD and an
oscillating DC, electrophoretic and electroosmotic force which creates a low frequency oscillation of the particle along the
direction of the electric field lines. This oscillation is superimposed on a non-zero DEP force (in the low frequency range),
and modifies the effective particle diameter, leading to deviation of particles smaller than the critical diameter as illustrated
schematically in Fig. 3c. Both these mechanisms (nDEP at high frequency and EP/EO at low frequency) change the
dynamics of the DLD separation system so that the deviation of particles through the device can be tuned using an external
electric field.

As mentioned above, the application of an orthogonal field enables lower voltages to be used, and thus a wider frequency
range. In addition, it enables the study of low frequency electrokinetic forces in a direction perpendicular to the fluid flow
within DLD devices. In ref. '* the electrokinetically induced particle deviation was solely attributed to DEP, even though
low frequency (100 Hz) electric fields were used. In this work we show that both EP and EO are significant at these
frequencies and could have played a role in the mechanism reported in '“.
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Electric field and fluid flow simulations

To calculate the electric field distribution and the fluid velocity field around the posts, a 2-D finite element simulation
was performed using the commercial software COMSOL Multiphysics® v.5.3 (COMSOL AB, Stockholm, Sweden).
The results are presented in Figure 3. For the electric field calculation the Laplace equation was solved in the liquid with
the pillars considered to be perfect insulators. For the hydrodynamic problem, the Stokes equation was solved with no
slip boundary conditions on the posts walls. The simulation domain consisted of a large DLD array of posts and the
images for Figure 3 were taken from a solution in the central region of the domain.

DLD device

The DLD device used in this work uses a sheath flow to confine the particle stream, as shown in Figure 4. It has three
inlets; the central inlet (towards the bottom of the device) is used to introduce the sample. The other two inlets control the
sheath flow and focus the sample stream from inlet to outlet. In the absence of any deflection, the deviation angle of
particles flowing through the device is by definition zero degrees and the particle exit from the bottom outlet. However,
any force will deflect particles away from the central axis, and experimentally this is measured by comparing the position
where the particles enter the channel to the total lateral displacement at the end of the array. The sheath flow also prevents
the majority of electrolysis products produced at the electrodes from interfering with the sample stream and prevents
particles from trapping at the electrodes. At the end of the channel there are two outlets, one to collect the deviated particles
and another to collect particles flowing in zig-zag mode. Particles that are deflected in the bump or displacement mode
accumulate in the upper part of the device and exit from the upper of the two outlets. The DLD device consists of a simple
array of offset circular posts with a diameter D, of 18 um. The array is symmetric with gap between the posts equal to the
post diameter (G = D). This geometry defines a critical diameter of 6.3 pm (according to eq. 3) and a maximum deviation
angle of 3.18°. The dimensions of the channel were 2.6 mm X 31.7 mm with an average channel depth of 8 um. A
diagram of the DLD design is shown in Figure 4.

Samples

The particles used were fluorescent carboxylate polystyrene microspheres of 0.5 um, 1.0 pum and 3.0 pm diameter with
coefficients of variation of 3%, 3% and 5 % respectively (Fluoresbrite® YG Carboxylate Microspheres). They were
suspended in KCI with conductivities of 1.7 mS/m, 6.6 mS/m, 15.7 mS/m and 58 mS/m.

Published on 19 March 2019. Downloaded by University of Southampton on 3/19/2019 2:14:39 PM.

Experimental

The DLD devices were made from PDMS (Polydimethylsyloxane), cast from a silicon master fabricated using standard
photolithography, and bonded using plasma-activated bonding to a glass substrate with patterned platinum electrodes. The
electrodes consisted of two parallel plates 31.3 mm long, separated by a 2.2 mm gap. The electrodes were connected to a
signal generator (TTi, Inc TGA12104) and a 50x amplifier (Falco Systems High Voltage Amplifier WMA-300) that
delivered up to 320 Vpp at frequencies up to | MHz. This produced an AC electric field with a maximum magnitude of
150 kV/m. To filter out any residual DC offset a 10 uF capacitor was connected in series with the amplifier. Fluid flow
was controlled independently at each of the three inlets — the sheath flow inlets and the sample inlet — with a pressure
controller with 3 channels, (Elveflow® OB1 MK3) that delivers an accurate flow rate using a pressure-driven pump.
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(a)

Sheath flow inlets

Electrodes

Sample inlet DLD channel Outlets

h=2.6 mm ) Deviation angle

J

w=31.6mm

Figure 4 (a) Diagram of the experimental setup. Two planar platinum electrodes are placed alongside the channel creating an electric
field perpendicular to the fluid flow. The sample is introduced via the central inlet and the pressure is controlled in the three inlets to
ensure particles flow horizontally in a single stream with the same width as the sample inlet. (b) SEM picture of the posts in the DLD
array.

Results and discussion

DLD without fluid flow

To understand the effects of the AC electric fields on particle behaviour, experiments were first done in the absence of any
fluid flow. This enabled analysis of the electrokinetic behaviour of the particles to confirm that their behaviour matched
theory. Images of particle movement for different frequency regimes are shown in Fig 5. Significant differences in
behaviour were observed between low frequency (50 Hz - 500 Hz) and high frequency (above 500 Hz) signals. There was
a predictable difference between the nDEP and the pDEP behaviours, which depended on the electrolyte conductivity.

Similar to iDEP devices, the array of insulating PDMS posts within the channel perturbs the electric field and creates zones
of high and low electric field gradient between posts as shown in Figure 3. These regions of field gradient give rise to a
DEP force that acts on particles as they flow through the channel. In general, when AC electric fields are used in iDEP
systems the effects of electrophoresis and electroosmosis are ignored since for high frequencies the direction of the force
changes too fast to produce an observable effect. However, at low enough frequencies (below 500 Hz), particles have
sufficient time to move before the electric field changes direction and the time averaged electrophoretic effects can be non-
zero. At low frequencies, particles oscillate along the direction of the electric field lines with the same frequency as the
applied AC electric field. We observed that this low-frequency oscillation plays a significant role in the behaviour of
particles within the DLD device.

For high frequencies (above 500 Hz), the particle behaviour is governed solely by DEP forces. When the particles are more
polarisable than the medium (Re [fCM] > 0), they are attracted to the high electric field gradient regions between the posts
(see Figure 5a). Conversely, when particles are less polarisable than the medium (Re [fcm] < 0), they are repelled from the

high electric field gradient regions between the posts and concentrate in the low electric field gradient regions (see Figure
5b). In these conditions the DLD array behaves much as a normal iDEP trapping device.


http://dx.doi.org/10.1039/C8LC01416G

Page 9 of 15 Lab on a Chip

View Article Online

DOI: 10.1039/C8LC0O1416G
(b)

(d)

Figure 5 Electrokinetic behaviour in the DLD devices in the absence of fluid flow for an applied voltage of 320 Vpp. (a) pDEP trapping
of 1.0 um microspheres in DI water in the high electric field gradient regions for an applied signal of 10 kHz. (b) nDEP trapping of 3.0
um microspheres in a 15.7 mS/m KCI solution for an applied signal of 500 Hz. (c) Oscillation of 1.0 um microspheres at intermediate
positions between the high and low electric field regions caused by applied signal of 100 Hz in DI water. (d) nDEP trapping of 3.0 um
microspheres in a 15.7 mS/m KCl solution for an applied signal of 50 Hz, the oscillation reduced drastically when the particles reached
the minimum field position.

For low frequency AC electric fields (below 500 Hz), it was observed that the particles oscillate along the direction of the
electric field lines due to a combination of EP and EO, which dominates at these frequencies. The oscillation is
synchronous with the electric field, but because the posts distort the magnitude of the electric field, the amplitude of particle
oscillation depends on the position of the particles with respect to the posts, as shown in Fig. 3c.

Although EP and EO dominate at low frequencies, a non-zero DEP force is still present. Particles that experience nDEP
were pushed away from the zones of high electric field gradient whilst continuing to oscillate due to low frequency
electrophoretic and electroosmotic forces. These particles move to an equilibrium position where the magnitude of the
field is minimum, and the induced oscillation reduces drastically as shown in Figure 5d (see also Figure 3c). The
equilibrium position in this case was similar to that observed at higher frequencies, where electrokinetic-induced oscillation
is negligible. For particles more polarisable than the medium, the combination of pDEP with the low frequency oscillation
moves particles to an equilibrium position with at an intermediate position between the high and low electric field regions,
but almost in contact with the posts as shown in Figure 5c. The pDEP forces attract particles towards the high gradient
electric field regions around the posts, where both the field gradient and the amplitude of the low frequency oscillation are
maximum, this situation is unstable, and particles ultimately oscillate around the equilibrium positions shown in Figure 5c.

Published on 19 March 2019. Downloaded by University of Southampton on 3/19/2019 2:14:39 PM.

DLD with hydrodynamic flow

In the presence of an external fluid flow, the same electrokinetic forces are present but particles now experience a Stokes
force. The trajectories of the particles through the DLD array are therefore modulated by a combination of EP/EO and DEP
forces, and the action of these forces mean that particles smaller than the critical diameter can be fully deflected.

In the absence of any additional perturbation, particles smaller than the critical diameter move in zig-zag mode through the
device; they pass between posts of the same row, not crossing the separatrices (see Figure 6a). However, when an AC
electric field is applied perpendicular to the flow direction, the high electric field gradient regions created between the posts
generates a DEP force. For particles that experience nDEP, the force acts mainly orthogonal to the Stokes force of the fluid
and if the force is strong enough, particles are prevented from zigzagging through the device, changing their behaviour so
that they bump between the posts, i.e. they transition into displacement mode. This is shown in Figure 6b.
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When particles experience pDEP, their behaviour was not significantly affected, and they remained iB ?ii%ﬁ%g’é%g?gggg“”e

they were smaller than the critical diameter). Increasing the voltage applied to the electrodes eventually
particles in the high electric field gradient regions by pDEP, but no displacement mode was observed.
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Figure 6 Electrokinetically induced deviation of 3.0 um microspheres in a D = 6.3 ym DLD device for an electrolyte conductivity of
15.7 mS/m. (a) Particles zig-zag in the absence of an electric field. (b) nDEP induced displacement for a 1 kHz, 320 Vpp voltage signal.
(c) Low frequency oscillation induced displacement for a 100 Hz, 320 Vpp voltage signal.

These observations are similar to the results reported in '* where the field was applied along the direction of flow and the
particle deviation attributed to nDEP. However, when the field is parallel to the flow direction the high electric field
gradient regions are in a different place on the pillars (rotated by 90° - see Fig 3) and particle behaviour is different. Instead
of particles being pushed away from the post when they pass close to the posts, particles start bumping because they cannot
pass between the posts of the same row due to the action of the nDEP force (compare Figures 3 and 6b).

The particle behaviour changed completely at low frequencies (below 500 Hz), where their behaviour switched from zig-
zag mode to displacement mode. We postulate that the EP/EO low frequency oscillation caused by the time varying
orthogonal field leads to an increase in the effective diameter of the particles. For high enough voltages particles started to
bump on the posts so that their trajectories deviate from the normal zig-zag mode. This effect is illustrated diagrammatically
in Figure 3¢ which shows how the oscillations follow the field lines. This corresponds to the observations of particle
trajectories seen in Figure 6¢, where it is possible to appreciate the amplitude of the oscillation while the particles bump
on the posts (compare with Figure 6b).

6G
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Separation of 3.0 pm, 1.0 pm and 500 nm particles DOL: 10.1039/C8LCO1416G

In order to characterise the system, the electrokinetically induced deviation angle for 1.0 pm and 3.0 um diameter
microspheres was measured as a function of applied frequency for different electrolyte conductivities. This was performed
for a device of 6.3 pum critical diameter where all particles are expected to move in zig-zag mode. The deviation angle was
measured by comparing the lateral position where the particles enter the channel to the position at the exit. This data is
summarised in Figure 7.

Figures 7a and 7b show the deviation angles for 3.0 pum microspheres for electrolyte conductivities of 1.7 mS/m, 6.6 mS/m
and 15.7 mS/m, for frequencies from 50 Hz to 500 kHz. For these conductivities, the 3.0 pm beads are always less
polarisable than the surrounding medium at all frequencies, and therefore experience nDEP (Re[f¢ym] < 0), as shown by
the calculations in Figure 2. Figure 7a shows the deviation angle when the voltage applied to the electrodes was 320 Vpp.
In this case, the deviation was always maximum for the entire range of frequencies for the three conductivities studied, i.e.
the nDEP force was always strong enough to make the particles bump on the posts. The deviation at low frequencies was
also maximum and no differences in the deviation angle were measured with respect to nDEP-induced deviation. Figure
7b shows data when the voltage was reduced to 120 Vpp. In this case the low frequency oscillation mechanism induced a
displacement mode; the nDEP force was too weak and could not overcome the fluid drag force to prevent particles from
zigzagging. Comparison of Figures 7a and 7b clearly indicates that the EP/EO oscillation-induced behaviour is independent
of the nDEP-induced deviation. According to the current understanding of the polarisation of dielectric colloids, the
dependence of the magnitude of the DEP force with field frequency is given by the Clausius-Mossotti factor, which in this
case is assumed to be constant for the range of frequencies and the three conductivities studied in Figures 7a and 7b, down
to low frequencies. A constant nDEP force cannot produce the data shown in Figure 7b; the low frequency oscillation
induced by EP and EO causes the observed deviation found at low frequencies (in the range 50 Hz to 500 Hz). These
electrophoretic and electroosmotic forces scale linearly with the magnitude of the electric field. However, the nDEP
decreases much more rapidly (with E?) and as a result the nDEP induced deviation becomes significant at higher voltages.

Figure 7c shows summary data for the induced deviation angle of smaller 1.0 um beads in a 6.3 um critical diameter DLD
device as a function of frequency. The particles were suspended in an electrolyte with conductivities of 1.7 mS/m, 6.6
mS/m, 15.7 mS/m and 58 mS/m, and an applied voltage of 320 Vpp. This plot shows differences in the trajectories of
particles that experience pDEP and nDEP. For 1.7 mS/m, Re[fCM] > 0, deviation was only observed at low frequencies,
caused by the EP/EO-induced oscillation. For higher frequencies, this oscillation became negligible and deviation ceases.
For the 6.6 mS/m conductivity electrolyte Re[fcy] was only slightly negative and very close to 0 so the DEP force was
insignificant, therefore only the very low frequency field induced a displacement mode. At higher medium conductivities,
(15.7 mS/m and 58 mS/m), nDEP was significant and strong enough to make the particles switch from zig-zag to bumping
mode.
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Figure 7 Electrokinetically induced deviation angle of 3.0 um andl.0 um diameter microspheres in a D = 6.3 um DLD for different
medium conductivities as a function of the frequency of the AC electric field. (a) 3.0 um and 320 Vpp. (b) 3.0 um and 120 Vpp. (c) 1.0
um and 320 Vpp.

Figure 8 shows two examples of how this technique can be used to tune the separation of a classic DLD system. A mixture
0f 3.0 um, 1.0 pm and 500 nm diameter microspheres suspended in an electrolyte of 1.7 mS/m conductivity were introduced
ina 6.3 um D DLD. The sequence of images in Figure 8a, 8b and 8c are separated by a distance of 5 mm apart along the
device in the downstream direction, demonstrating the separation. Since the particles were smaller than the critical diameter,
no deviation was observed in the absence of an electric field (Figure 8a). At the electrolyte conductivity of 1.7 mS/m only
the 3.0 pm microspheres experience nDEP so when a signal of 320 Vpp and 10 kHz was applied, only these particles
changed behaviour from zig-zag to bumping mode, leading to clear separation from the other particles (Figure 8b). When
the frequency of the applied signal was reduced down to 50 Hz (with the same voltage of 320 Vpp), the 1.0 pm particles
also switched to bumping mode due to the low frequency induced oscillation. At this voltage, the EP/EO force was not
strong enough to induce significant deviation of the 500 nm microspheres that continued to flow in zig-zag mode. Figure
8c shows this mode of operation where both the 1.0 um and 3.0 um particles are separated from the 500nm particles. These
results match perfectly with the deflection angle data shown in Figure 7, and comparison of Figures 8a, 8b and 8c clearly
demonstrate the potential of the technique for continuous flow particle separation. The results show that the separation of
micron-sized particles in DLD channels with a critical diameter larger than the particle size can be controlled using AC
electric induced forces generated orthogonal to the fluid flow. In this way, the effective critical diameter of the device D,
can be controlled by changing the magnitude or frequency of the electric field turning the DLD device into a tunable device
and where differences in both the size and electrokinetic properties of particles can be exploited for sorting.
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Figure 8. AC electrokinetic induced deviation of 3.0 um, 1.0 um and 500 nm microspheres suspended in 1.7 mS/m electrolyte conductivity in a 6.3 um critical diameter DLD. Each set of images
in the three series was taken by scanning along the device in the downstream in 5 mm steps. (a) No electric field applied — All the particles flow parallel to the fluid flow since they are smaller
than the critical diameter of the device. (b) 320 Vpp and 10 kHz applied signal — particles of 3.0 um are separated from the mixture of 1.0 um and 500 nm spheres due to nDEP. (c) 320 Vpp and
50 Hz applied signal — particles of 3.0 um and 1.0 um are separated from the 500 nm microspheres due to the low frequency oscillation.
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Conclusions and outlook

We have demonstrated a Deterministic Lateral Displacement device with integrated electrodes to generate electrokinetic
forces that can deflect particles based on a combination of Electrophoresis, Electroosmosis and Dielectrophoresis. The
technique was characterised for two different particle sizes (3.0 pum and 1.0 um, both smaller than the critical diameter D)
and different electrolyte conductivities. Selective separation of 3.0 um and 1.0 um and 500 nm microspheres was also
demonstrated. For high frequency AC electric fields and sufficiently high electrolyte conductivity, all the particles
experience nDEP. Varying the applied voltage modifies the effective critical diameter of the DLD leading to a tunable
separation system. With low electrolyte conductivities, particles can be separated depending on their electrical
polarizability. If particles experience either weak nDEP or pDEP they do not deviate and follow the fluid flow in zig-zag
mode. Particles that experience a significant nDEP force change behaviour and bump along the posts. In this respect,
particle behaviour is similar to iDEP, except that the DLD device provides a means for high throughput continuous-flow
separation.

Interestingly at low frequencies (< 500 Hz) the EP/EO induced particle oscillation leads to significant perturbation of the
particle trajectories. Preliminary results indicate that the deviation depends strongly on the oscillation amplitude, which
increases the effective particle diameter. This EP/EO behaviour suggests that differences in particle zeta potential could
also be exploited for particle separation. The method shows promise for rapid and high throughput separation of micron-
or even nano-sized particles in continuous flow. Future work will include a full theoretical and numerical analysis of the
forces involved in the separation mechanism, with the aim of quantitatively describing the oscillation-induced deviation.
A fuller understanding of the physics that underlies the combination of DLD and electrokinetics will lead to new device
designs that will extend the range of potential applications.
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