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Enhanced sub-micron colloidal particle separation
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Abstract Dielectrophoretic separation of particles finds a va-
riety of applications in the capture of species such as cells,
viruses, proteins, DNA from biological systems, as well as
other organic and inorganic contaminants from water. The
ability to capture particles is constrained by poor volumetric
scaling of separation force with respect to particle diameter, as
well as the weak penetration of electric fields in the media. In
order to improve the separation of sub-micron colloids, we
present a scheme based on multiple interdigitated electrode
arrays under mixed AC/DC bias. The use of high frequency
longitudinal AC bias breaks the shielding effects through elec-
troosmotic micromixing to enhance electric fields through the
electrolyte, while a transverse DC bias between the electrode
arrays enables penetration of the separation force to capture
particles from the bulk of the microchannel. We determine the
favorable biasing conditions for field enhancement with the
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help of analytical models, and experimentally demonstrate the
improved capture from sub-micron colloidal suspensions with
the mixed AC/DC electrostatic excitation scheme over con-
ventional AC-DEP methods.
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1 Introduction

Dielectrophoresis (DEP) is based on the separation of neutral
particles that are polarized under a spatially non-uniform elec-
tric field (Pohl 1978). Over the years, this method has gained
considerable interest (Pethig 2010) in the separation of bio-
logical species, and DEP has been demonstrated widely for
capture, segregation and even patterning of rare cells, bacteria,
viruses and other biomolecules (Bajaj et al. 2013; Cemazar
etal. 2011; Cen et al. 2004; Gadish and Voldman 2006; Huang
et al. 2013; Li et al. 2005; Park et al. 2007, 2009; Pratt et al.
2011; Zhu et al. 2010). The time-averaged DEP forces acting
on a particle is given by (Gascoyne and Vykoukal 2002; Liu
and Garimella 2009)

(FF0) =
2menr {Re(K(w))VE,iMS + Im(K(w)) (E_iv% + B2V, + Ejvpz> }

(1)

Where, r is the radius of the particle, ¢, is the electric

permittivity of the medium, E is the applied electric field,
v; (i=x,y,z), its spatial phase components, and K(w) is
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the frequency dependent Clausius-Mossotti factor that deter-
mines the nature of DEP forces (see appendix). The two com-
ponents described on the right-hand side of Eq. (1) describe
the DEP (real) and travelling wave (twDEP - imaginary) ef-
fects respectively. DEP efficiency scales poorly due to the
volumetric dependence on the particle size and, further, it is
also inversely dependent on the spatial dimensions of the sys-
tem (Albrecht et al. 2004; Cao et al. 2008). Hence the forces
are weak compared to thermal fluctuations to cause separation
of sub-micron sized colloids (Castellanos et al. 2003). Various
approaches have been adopted for enhancing the DEP effects
such as with the use interdigitated electrode arrays and travel-
ing wave schemes (Edwards et al. 2009; Jo etal. 2012; Liet al.
2004; Sun et al. 2007; Yantzi et al. 2007), multiple frequency
DEP (Wang et al. 2009) and novel electrode shape/topology
effects (Gadish and Voldman 2006; Horii et al. 2014; Pratt
etal. 2011; Yasukawa et al. 2012). However, the electric field
typically decays rapidly towards the bulk away from the elec-
trodes, and hence the DEP effects are weaker in these regions.
In this paper, we present a mixed AC/DC excitation scheme
using two pairs of interdigitated electrode arrays in a longitu-
dinal AC bias and a transverse DC bias that collectively enable
enhanced separation of the colloids from the bulk. The method
draws its advantages from the AC electroosmosis induced
micromixing effects that break the shielding effects (Bazant
and Squires 2010; Pascall and Squires 2010; Ramos et al.
1999; Sun et al. 2007; Wu 2008; Zhou et al. 2005) to enable
further penetration of the separation forces in the bulk region
of the microchannel.

A schematic of the colloid separation method is depicted in
Fig. 1a. The device consists of two pairs of interdigitated
microelectrodes patterned on either side of a microfluidic
channel. Using a mixed AC/DC biasing scheme, it is possible

(a)

Electrode array

to establish enhanced separation fields that cause particles in
the flow to collect over the electrodes. Figure 1b shows the
biasing method. Each pair of interdigitated electrode is in lon-
gitudinal high-frequency AC bias. At the same time, a trans-
verse bias is applied across the channel by providing a DC
offset for one pair of electrodes relative to the second pair. The
power sources that drive both these electrode pairs are con-
nected in-phase to control the uniformity of the transverse
signal. At high frequency, the AC bias perturbs the vicinity
of the electrodes so fast so as to prevent salt ions from accu-
mulating in the EDL, through electroosmotic pumping
(Fig. 1c). The magnitudes of the AC and DC components
are adjusted in such a way as to ensure maximum electroos-
motic depolarization, while the transverse field
is simultaneously maintained for improved separation.
Figure 1d shows a micrograph of a device with two pairs of
electrodes embedded underneath a 100 nm thin Si;N,4 dielec-
tric in a microchannel, prior to the final bonding of the PDMS
microfluidic layer. The electrodes in each pair are 5 um wide
and 5 um apart. Across the channel, electrode lengths are
50 um and the gap between both pairs is 50 pm.

2 Theory

DC electrostatic fields are ineffective for separation in aque-
ous suspensions because of rapid shielding by counter-ions
that migrate towards the electrodes to form the electrochemi-
cal double layers (EDLs) that shield their surface potential
(Bard and Faulkner 2001). When AC electrostatics is incor-
porated, however, the RC-constant of the EDL determines the
effectiveness of the ion shielding. At low frequencies, similar
to the DC biasing case, the ions migrate rapidly and shield the

(b) ()

Induced fluid flow
AC pair #1 [

Fig. 1 Schematic of the AC/DC combined separation method. a Layout
of the experimental setup showing two arrays of interdigitated electrodes
in mixed AC/DC excitation to cause improved colloidal separation. b
Shows the excitation scheme where each electrode (color-coded) is in
lengthwise AC bias, with a transverse DC offset across the channel
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between electrode pairs. ¢ Schematic of AC electroosmotic flow that
occurs over the interdigitated electrodes to break EDL formation and
sustain electric field in bulk. d Micrograph of a device with pairs of
interdigitated electrodes, prior to PDMS channel attachment
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electrodes. When the frequency approaches the RC-
characteristic of the electrodes, this causes perturbation of
the ions which are then forced to circulate locally around the
electrodes due to the phenomenon of electroosmotic pumping.
As a result, the induced electroosmotic flow causes chaotic
mixing around the electrodes and prevents the formation of
EDL—thus decreasing the potential drop across the EDL.
Electric fields now penetrate out into the bulk electrolyte
and the colloidal particles can experience the forces to be
separated out.

Ramos et al., have provided an elegant analytical model for
determining the electroosmotic depolarization by micromixing
around interdigitated electrodes (Pascall and Squires 2010;
Ramos et al. 1999). The local electric field lines around the
microelectrodes follow semi-circular paths and can be modeled
as a parallel circuit of infinitesimal current tubes flowing through
two linearized EDL capacitors in series with a solution resistance.
The voltage drop, Vpepye, in the EDL, as a function of the peak-
to-peak bias, Vpp and the electrode width/spacing, z, is given by

Vpebpe = ———— 2
where, 2 = wgi—i, Ap, the Debye length, w the angular

frequency and o, is the conductivity of the medium. The time
averaged electroosmotic velocity, <v>at the electrodes is giv-
en by

) _Em V2,00

Sne(14 92)° ©

where, 1 is the dynamic viscosity of the medium.

Figure 2 shows of the effects of AC electric field induced
electroosmotic flow in overcoming the EDL shielding. The
relative potential drop due to ionic shielding, Vpepye!Vep,
(Fig. 2a) has been determined by the circuit analysis model

in Eq. (2). While most of the potential drop occurs within the
EDL at low frequencies, the effect of the AC induced electro-
osmotic flow becomes apparent at intermediate and higher
frequencies (=1 kHz). This can also be seen in Fig. 2b where
the mean electroosmotic velocity (by solving Eq. (3)) at the
electrodes increases at these frequencies to its maximum value
and finally decreases to zero again because the AC cycling is
too fast for the ions to follow. When f ;> / re- the EDL
capacitance is completely disrupted by the micromixing and
hence Vpepye— 0. Under this condition, all of the applied volt-
age extends out to the bulk solution, where the colloids may
be perturbed. The curves in Fig. 2a and b shift towards higher
frequencies as the electrode dimensions decrease in size.
However, the corresponding electric field strength is much
higher because it inversely scales with the length. This is ad-
vantageous for increasing the force of separation acting on the
particles. Figure 2¢ shows plots of Ve,V pp for various ionic
strength media. The threshold frequency for electroosmotic
field enhancement increases with the salt concentration due
to the decreased RC-constant as the Debye length decreases.
The electric field distribution under the combined AC-DC
biasing scheme was simulated computationally (Fig. 3) using
a finite element solver in Comsol Multiphysics 4.4®. The
domain consisted of two pairs of electrodes, each made of
5 um wide electrodes with 5 pm spacing, set 100 um apart.
The lengthwise high-aspect ratio of these electrodes (>20:1),
and large center-to-center distance (100 um) between the pairs
compared to the electrode width enabled simplifying the sys-
tem to a 2-D model domain. A 0.1 um thin SizN, dielectric
(e,=7) was incorporated as a passivation layer over the elec-
trodes, which were set to their respective biasing potentials of
2 Vpp AC longitudinal and 1 V DC transverse bias, and the
channel region was composed of a aqueous dielectric (e,=80).
Physical continuity at the interface between the dielectrics was
enforced by maintaining compatibility between the displace-

. - =g . . .
ment electric fields (D = €6 E') on either side, while a pe-
riodic boundary condition was applied on the transverse walls
of the domain to ensure continuity of electric flux.
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Fig. 2 Calculations of AC electroosmotic flow parameters while
breaking the EDL barrier. a Normalized potential drop in the capacitive
EDL compared to the resistive bulk vs. frequency for various electrode
dimensions. b Time-averaged electroosmotic velocity in the EDL vs.
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frequency for various electrode dimensions. <v>is maximized at 2=1
and<v>— 0 as Vpeyy, approaches 0. ¢ Normalized voltage drop in EDL
vs. frequency for 5 pm electrodes across various salt concentrations. As
salt content increases, the curve shifts towards higher AC frequency
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Considering high-frequency depolarization, the EDL capaci-
tive effects were ignored, as were other effects such as elec-
trothermal heating and flow induced charge separations.
Figure 3a shows the root-mean-squared (RMS) poten-
tial distribution in the channel. Due to high-frequency
depolarization, it is possible to sustain a transverse gra-
dient that aids in colloid separation. Partial asymmetry
also arises in the solution due to this transverse bias
across the channel, which is seen in Fig. 3c and d.
Figure 3b shows a comparison of the transverse electric
field, E,, across the channel, with and without the trans-
verse bias. When only a conventional AC bias is used,
the electric field decays within ca. 10 um from the
electrodes at either side of the channel and hence parti-
cles in the bulk will be unperturbed. However, under
the mixed biasing scheme, it is possible to sustain as
high as 100 V/cm in the transverse potential gradient.
Figures 3c and d show the respective transverse (E))
and longitudinal (E,) components of the electric field
along various sections of the channel. Within the prox-
imity of the electrodes (1-5 pm), high field intensity
(500-1500 V/cm) leads to the electroosmotic depolari-
zation and also provides large trapping forces near the
electrodes. As expected, the transverse electric field is
maximum directly above the center of the electrodes,
but the longitudinal component is maximized at the
electrode edges. While the field decays to less than
10 % of the peak value at 10 um, we are still able to
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sustain 100 V/ecm in E), as E, is practically zero in the
bulk region. Furthermore, using the mixed scheme, we
can sustain a non-zero electric field profile across the
channel and at least 10-fold larger gradients that are
necessary in the proximity of the electrodes to over-
come EDL shielding.

3 Experimental
3.1 Microfabrication steps

Figure 4 shows a step-by-step fabrication sequence for
the microfluidic colloid separation device. The substrate
used is a 500 wm thick silicon wafer with 1 pum thick
LPCVD silicon nitride that provides complete electrical
isolation. Interdigitated electrodes are patterned through
conventional photolithography of a bilayer photoresist
combination of lift-off resist LOR3A and photosensitive
Shipley S1805 in step a. This is followed by e-beam
evaporation of 100 nm thick of Ti/Pt and lift-off to
reveal the electrodes in step b. A 400 nm thick dielec-
tric layer of PECVD Si3N, is deposited to cover the
electrodes and passivate the metal surface from
Faradaic reactions at high applied bias. In step c, vias
in the SizN, layer are isotropically etched using Freon
RIE to reveal openings on the second electrode of each
pair. This step uses a 100 nm thick Cr/Cu lift-off
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Fig. 4 Fabrication steps for the
microfluidic colloid separation
device. a Photolithography. b
Lift-off pattern Cr/Au/Cr elec-
trodes 100 nm thick. ¢ Deposit
400 nm thick PECVD Si3N, and
pattern vias using CF4 RIE with
Cu sacrificial mask. d Deposit
and pattern Cr/Au connection bus
(100 nm thick) for 2nd electrodes.
e CF, RIE thinning of dielectric
over the electrodes. f Pattern SU-8
channel template, PDMS molding (d)
& peel off for channels. g O,

plasma for channel bonding. h Ir-
reversible PDMS-SizN,4 bonding
with alignment of channel/elec-
trodes. i Final top view assembly
showing a cut section through
PDMS

0, plasma (g)
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patterned layer as the etch mask. Subsequently, a
100 nm thick Cr/Au connection bus is deposited and
patterned on either side to complete the connections.
Steps ¢ and d are crucial for the electrical connections,
while maintaining electrical isolation between the elec-
trodes within each pair. In step e, the SizNy, dielectric is
thinned down over the electrodes to <200 nm in the
microchannel region using the Freon RIE. The
microfluidic layer is fabricated out of PDMS in step f.
A 25 pm thick SU8 master template of the
microchannel is patterned using SUS-25 on a 500 pm
thick bare silicon wafer. A degassed mix of Sylgard®
PDMS prepolymer and curing agent (10:1 ratio) is
poured over the template, cured at 65 °C for 6 h, and
peeled away to reveal the microchannel. Ports are cored
into the PDMS for the electrical and fluidic connections.
The substrate and PDMS microfluidic layer are irrevers-
ibly bonded after O, plasma treatment (step g) in a
diener benchtop barrel plasma RIE. Immediately follow-
ing plasma activation, precise alignment of the PDMS
channel to the electrodes is performed in a Carl Suss
MIJB3 mask aligner (step h). Figure 4i shows the top
view of a cut-section of the complete microfluidic

|
i
Top view

Finished device: electrodes -
embedded in Si;N, layer

100 nm Ti/Pt [ su8 photoresist

100 nm Cr/Au PDMS

I cr/Cu RIE mask [0 PECVD SisN,

device with embedded interdigitated electrodes inside
the PDMS microchannel.

3.2 Sample preparation and experimental setup

All separation experiments were performed using
0.75 pum beads (Thermo Scientific), with surface car-
boxylic groups that stabilized the suspension. Low con-
ductive solutions were prepared by suspending the par-
ticles in Millipore® deionized (DI) water, and the high
salt buffer was made using 0.01X PBS for an ionic
strength of 1.5 mM. In both cases, the concentration
of the colloids was ca. 107 particles per mL and the
suspensions were agitated prior to each experiment.
During the separation experiment, the colloids were
fed into the microfluidic chip through two inlet channels
at <30 nL/min using a syringe pump (Harvard
Apparatus). Each pair of electrodes was electrically bi-
ased by a signal generator (Agilent 33250). Both the
function generators were coupled through the external
10 MHz timebase, and the waveforms were synchro-
nized in-phase using the internal triggering capability.
The additional DC offset was applied for one pair of
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electrodes to create the transverse DC bias. Particle flow
and separation in the microchannel was optically imaged
(Nikon FN-1 fluorescence microscope) with high-NA
objective.

4 Results and discussion

Separation experiments were performed with the microfluidic
device with two arrays of interdigitated electrodes, using
0.75 um diameter particles in DI water that served as a low
conductive medium. Figure 5 shows a series of time lapse
snapshots of the colloidal particles getting collected between
the 5 um wide electrodes when a 2 Vpp 1 MHz AC signal was
used. The transverse DC bias across the microchannel be-
tween the top and bottom electrode pairs was +1 V. Upon
biasing the system, we observed particles gradually getting
trapped over the top electrode pair and near the tips of the
bottom electrodes. Some of the particles from the channel
gap were also captured. Within about 60 s of applying the
AC/DC bias, the colloids had redistributed themselves to the
collection zones.

The colloid separation profile across the microchannel
has also been analyzed in Fig. 6. As shown in Fig. 6a, the
two cross-sections of interest are directly over the elec-
trodes (AA’) and through the midline of the electrode
spacing (BB’). The mean grey values of the background
before the separation experiment (blue) and after =60 s
of separation (red) have been superimposed for both these
cross-sections in Fig. 6b and c, respectively. Due to the
AC frequency of this experiment, we observed that the
colloids preferentially accumulated in the electrode gaps
and the grey values also reflect this trend. The local min-
ima in the red curves follow the occurrence of the colloi-
dal particle (dark) and, hence, the gray value is lower in
these collection zones. More colloids are collected at the
top electrodes and the tips of the bottom electrodes as
seen by the grey value distributions. While the gray values
in the bulk region overlapped, as expected, a few local
minima are also indicative of the instantaneous occurrence
of some of the particles in flow. The difference in grey

Fig. 5 Sequential snapshots of
colloid separation (0.75 pm
particles) using 2 Vpp and

1 MHz AC bias on each electrode
pair, with + 1 V DC bias for the
top electrodes. Images were
extracted after turning on voltages
at r=0, 10, 30 and 60 s,
respectively, and show
progressive increase in the
collection of the electrodes
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values between separation and background for the BB’
cross-section within the electrode pairs has been used to
determine the relative particle concentration of each snap-
shot. When this difference is statistically significant, it
indicates the presence of a particle. By averaging this over
all points along the length of the electrodes, we obtain the
relative concentration as a percentage. This is plotted for
the electrode regions of each snapshot in Fig. 6d. As seen
in Fig. 6d, the particle concentration increases over time until
71 % at =30 s and saturates to ca. 75 % by =60 s.

Incorporating the additional transverse DC bias enables
the electric field to penetrate fully across the channel for
improved capture of the colloidal particles from the bulk
region. We compared this case against conventional DEP
by applying only the AC bias (in-phase) at both pairs of
electrodes. Figure 7 shows time lapse snapshots (=0, 10,
30 and 60 s) of colloid separation with +1 V DC bias
(Fig. 7a) and without DC bias (Fig. 7b). The AC bias
used was 10 Vpp and 100 kHz at which we can expect
positive DEP effects. The relative particle concentrations
are also plotted for both cases over the electrode (Fig. 7¢c)
and bulk (Fig. 7d) regions. As seen from the time lapse
sequence of Fig. 7a, the presence of a transverse DC bias
greatly improved the capture from the bulk region outside
the electrodes and almost all of the particles were trapped
by =60 s. This is also consistent with the increase in
concentration over the electrodes to 83 % (Fig. 7c) and
decrease from 30 % to zero in the bulk region (Fig. 7d).
In contrast, the AC-only case (Fig. 7b) showed particle
trapping only over the electrodes (Fig. 7c). The bulk re-
gion was largely unaffected, as seen in Fig. 7d, except for
minimal extraction (ca. 58 %) from the fringing regions at
the electrode tips. The electric fields were localized over
the electrodes and did not sufficiently extend out across
the microchannel.

Further, the effect of salt concentration is analyzed
by comparing with a high salt medium (0.01X PBS)
in Fig. 8. The separation results were obtained at 7=
60 s in both cases, with an applied AC bias of 10
Vpp along with the transverse +1 V DC bias between
the top and bottom electrode pairs. Figure 8a shows the

t=60s

t=10s
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Fig. 6 Mean gray value profiles across the channel for particle
distribution comparing collected particles and background. a Schematic
cross-sections AA’ (overlapping the electrodes) and BB’ (in-between
electrode gap) that were analyzed across the channel. b Profile through

result for low conductive case (DI water) at 100 kHz
and this is identical with the =60 s snapshot from
Fig. 7a. The particles travelled towards the electrodes
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section AA’ on top of electrodes. ¢ Profile through section BB’ over the
gap between the electrodes. d Relative particle concentration profiles near
the electrodes determined from time lapse images by subtracting gray
values from background shows increasing separation with time

and were fully captured from the bulk as well due to
the transverse electric field. The particle concentration
data (Fig. 8c) also shows high accumulation at the

(c) 100%

| oV, +1v, 10V, only

80%
60% —-
40% -
20% —-
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Time (s)

B ov,+1v, [0V, only

Relative particle concentration

(d

~

60%

Relative particle concentration

Fig 7 Sequential snapshots of colloid separation (0.75 pum particles)
showing a with and b without the 1 V DC transverse bias. A higher 10
Vpp and 100 kHz AC bias was applied at each electrode pair. a Including
the transverse DC bias enabled capture of the colloids from the bulk

40%

20%

0% -
0 10 30 60

Time (s)

stream, whereas b in the AC-only case, the fields were localized over
the electrodes and the bulk stream was unaffected. Relative particle con-
centration determined from mean gray values of cross-section profiles at
both c¢ electrode and d bulk regions confirmed this trend
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(a) (b)

RN

Low conductive (DI water) at 100 kHz

Fig. 8 Comparison of colloid separation profiles at =60 s between low
and high conductivity solutions. The signal used was 10 Vpp AC bias and
1 Vpc transverse bias, with AC frequencies selected based on the ionic
strengths. a Low salt (DI water) at 100 kHz shows nearly complete
capture, including from the bulk region. b High salt (0.01X PBS~

electrodes (83 %) and complete depletion from the cen-
ter regions of the microchannel. At high salt content of
ca. 1.5 mM in the case of 0.01X PBS at 10 MHz,
however, the high conductivity of the medium competes
with the polarizability of the particle and hence
Re(K(w))<0 throughout the frequency spectrum. As a
result, the colloidal particles can only experience nega-
tive DEP forces, which was apparent in Fig. 8b. The
relative particle concentration (Fig. 8c) at the electrodes
was 4-fold lower (21 %) and it increased to over 50 %
in the bulk region. We observed that the colloids aggre-
gated at the edges of the electrodes and those in the
bulk region of the channel were repelled away towards
the centerline of the channel and focused into a
narrower stream.

5 Conclusions

Dielectrophoretic capture of particles is strongly depen-
dent on the relative polarizability of the particles, as
well as the scaling of electric fields relative to the par-
ticle size and characteristic microfluidic dimensions.
Capture schemes will greatly benefit from the ability
to enhance the electric fields through the use of inter-
digitated microelectrode arrays. At the same time, com-
bining a high frequency AC depolarization with trans-
verse DC bias across the separation zone enhances the
forces of separation acting on the particles. Our results
have indicated that the mixed biasing scheme provides
the ability to sustain electric fields in bulk to improve
the capture of sub-micron colloidal particles that are
normally less affected by electrostatic separation forces.
Our method can be used to spatially design the electro-
static separation schemes with improved efficiency as

@ Springer

High salt (0.01X PBS) at 10 MHz

(c)

100%

‘ < i - Low salt
. v 5 80% - B High salt
€
S J
1
S 60% -
o
P J
£ 40% -
©
Q. g
(Y]
2 20%
| £
TEFTEREETEE i) 2 1
0% - T
Electrode Center
Time (s)

1.5 mM) at 10 MHz shows only local particle collection by the
electrodes and the bulk particles focusing to a narrow stream along the
centerline. ¢ Relative particle concentration at both electrode and bulk
regions determined from gray values of cross-section profiles

well as particle collection systems with discrete, well-
defined collection zones for targeted capture.
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Appendix

The nature and extent of DEP forces (attractive/repulsive) is
determined by the relative polarizability of the particles over
the background medium. This is characterized from the mate-
rial properties by the Clausius-Mossotti factor, K(w), which is
determined as follows:

_ptm (4)

where, e*= €+ ]% is the complex permittivity, and the sub-
scripts p and m represent the particle and medium respective-
ly. K(w) appears as a scaling coefficient in the calculation of<
Fpep>and is bounded as follows: —0.5<Re(K(w))<1 for
DEP and —1<Im(K(w))<0 for twDEP for homogenous
spherical particles. Figure 9 shows plots of the real and imag-
inary components of (K(w)) for polystyrene beads (¢,=2.6) in
aqueous solutions (¢,=80) across the frequency spectrum for
various background ionic strengths.
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Fig. 9 Clausius-Mossotti factor (a) (b)
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