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ABSTRACT

Insulator-based dielectrophoresis (iDEP) has become a powerful tool for biomicrofluidic separation and analysis because it is capable to
selectively separate biological particle systems according to properties like size, material, and shape. However, it has rarely been used to solve
challenging separation problems involving nonbiological particles, namely, for systems that are prone to particle agglomeration. Here, we
demonstrate material-selective separation of nonbiological systems, i.e., polystyrene and gold-coated polystyrene particles of two different
sizes, using iDEP at high accuracy. For this purpose, we present a method to generate fluorescent gold-coated particles. We further introduce
a method to reduce the static backpressure that builds up between in- and outlet reservoir due to electroosmotic flow. Moreover, we found
that particle agglomeration makes their separation impossible when conventional iDEP routines are applied. Therefore, two solutions to
reduce particle agglomeration are presented: A combination of AC and DC potentials and adjustment of pH and conductivity of the sus-
pending medium. Both approaches allow separating particles under challenging conditions such as initially low absolute particle zeta poten-
tials and high particle concentrations. Since those conditions can also be present in biological iDEP separation processes, the results are of
general value for biological and nonbiological iDEP operations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124110

I. INTRODUCTION

Material-selective separation of small particles is very relevant
for the generation of highly specific particle systems that are
required in many fields such as the production of ceramic and
powder-metallurgical components,1 semiconductor technology,2

and functional pharmaceutics.3 With decreasing particle dimen-
sions, conventional separation techniques lose their efficiency and
selectivity; they ultimately reach their limit when the particle size is
decreased below 10 μm. For example, selectivity of particle separa-
tion by density-based methods such as field-flow fractionation or
centrifugation in the submicron scale is low for mixtures of parti-
cles of similar densities or in the case of coupled separation proper-
ties such as size, shape, and density.4–6 An example for the need of
a material-selective separation is the recovery of valuable particles

from dust that accumulates during electrical scrap recycling7 and
that cannot be further sustainably treated with established separa-
tion processes.8

Insulator-based dielectrophoresis (iDEP) is an electric field-driven
separation technique that is used for highly selective separations
and enrichment of particles of interest with important microfluidic
applications in the fields of biomedical/bioanalytical chemistry.
The dielectrophoretic force ~FDEP results from the action of an
inhomogeneous electric field on an induced dipole, and it depends
on the volume of the particle and its polarizability. For a spherical
particle of radius rp, the force is expressed as9

~FDEP ¼ 2πϵmr
3
pRe[fCM]∇(~E �~E), (1)
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with the dielectric constant of the medium surrounding the particle
ϵm, the gradient of the squared electric field ∇(~E �~E), and the real
part of the Clausius-Mossotti (CM) factor Re[fCM]. In the case of
direct current (DC) excitation potentials, the CM factor is a func-
tion of medium’s and particle’s electric conductivity σm and σp,
respectively, and is defined by

Re[fCM] ¼ σp � σm

σp þ 2σm
: (2)

It describes particle’s relative polarizability in a given medium.
Due to the dependency in Eq. (2), it is possible to perform
conductivity- and material-dependent separation with DEP. The
CM factor determines both the strength and the direction of the
DEP force. If a particle is less polarizable than the surrounding
medium, it moves away from the regions of high field strength
termed negative dielectrophoresis (nDEP), and if the particle is
more polarizable than the medium, it moves toward regions of
highest field strength termed positive dielectrophoresis (pDEP).

In DC-iDEP, developed by Cummings and Singh,10 electroki-
netic (EK) motion of particles is used, i.e., electroosmosis (EO) and
electrophoresis (EP), to carry particles with a steady and homoge-
neous velocity into trapping zones where they are retained by nDEP
that counteracts the EK motion of the particles. As EK and DEP
scale differently with particle volume, relative polarizability, and field
strength, particles can be selectively retained as a function of their
dielectric properties and size by tuning the applied field strength.
Major advantages of iDEP compared to electrode-based DEP tech-
niques are that it does not need complex electrode microstructures
that can be expensive to produce and that particles do not come into
direct contact with the electrodes, reducing the possibility of particle
damage by electrical breakdown. The electric field is disturbed by
insulating microstructures to achieve sufficiently high electric field
gradients between widely spaced external electrodes. Production and
reproduction of the microfluidic channels can be kept simple if poly-
mers, such as polydimethylsiloxane (PDMS), can be used as an insu-
lating channel substrate material.11–13

Numerous model particle and cell systems have been studied
in iDEP devices to show the influence of different particle proper-
ties on their separability. The majority of these were cells, viruses,
or bacteria in medical or biological studies. For example, iDEP was
applied to concentrate virus,14,15 to concentrate and separate
different types of bacteria,16,17 to separate different blood cells for
blood analysis,12 and to trap and manipulate DNA.18 Also, in less
common cases, nonbiological particles had been manipulated such
as carbon nanotubes according to their conductivity19 and plastic
particles such as polystyrene according to their charge,20,21 size,
and shape.22 To the best of our knowledge, material-selective iDEP
separation of nonbiological particles has not been applied and it
poses certain challenges.

A challenge of iDEP particle separations, which we especially
observed with nonbiological particles (although it was also observed
with DNA23 and proteins24), is that particles tend to agglomerate.
This is especially the case at high particle concentrations and low
absolute zeta potentials. Consequently, those particles cannot be sep-
arated until these agglomerates are broken up or even stopped from
forming. Additionally, so far, detecting fluorescent signals remains

the state of the art method for quantifying separation or enrichment
efficiency, which requires fluorescent labeling of target particles.13

Techniques such as labeling with fluorescent dyes often used in cell
staining are suitable for this purpose.8 However, the fluorescent
staining of particles can turn out to be difficult. Metallic particles, for
instance, can show quenching effects, which occur in dye-based pro-
cesses and often cause weak fluorescence emission.25,26 One possibil-
ity to avoid quenching is the decoration of metallic particles with
smaller fluorescent particles.27 Another more general issue faced in
reservoir-based iDEP approaches is a backpressure build-up, which is
described in Refs. 28–31. When applying a voltage to start particle
separation, fluid is pumped from one reservoir into the other by EO
resulting in an increasing difference in the reservoir fluid levels and a
pressure-driven backflow against the EO flow. The volumetric flow
rate as a combination of the electroosmotic flow and a time-
dependent backpressure-driven flow exhibits an exponential decay
with time [see Sec. III and Fig. 1(a) of the supplementary material].
In the literature, the effect of a finite reservoir size and channel
dimensions on fluid flow is described.29 A smaller cross-sectional
area, a longer channel length, and larger reservoir sizes28 increase the
time of effective pumping.29 A method to eliminate the backflow
completely is not available to the best of our knowledge. Since a
constant and stable fluid flow is key to iDEP separation, the building
backpressure limits the applicability to short time periods. This effect
is especially pronounced when large applied voltages are required to
achieve separation.

In this study, we show separation of micron-sized nonbiolog-
ical particles according to the material using iDEP, a separation
task that is challenging with conventional methods. We present
methods to avoid particle agglomeration and backpressure
build-up, which are equally important for iDEP separation of bio-
logical particles. As an example for a material system, we use
fluorescent gold-coated and uncoated polystyrene (PS) particles of
two different sizes. We further describe a method on how to gen-
erate the fluorescent gold-coated particles used in this study.

II. MATERIALS AND METHODS

In this paper, we use gold-coated fluorescent PS particles that
we coated using a new process and show that we can separate them
in an iDEP device from uncoated PS particles (carboxylated PS
particles; microParticles GmbH Berlin, diameters of 2:4 μm and
4:5 μm, ex/em 502/518). In this section, we describe how we pro-
duced fluorescent gold-coated particles and how we manufactured
the PDMS microchannels that we used for experiments. Furthermore,
we show the experimental procedure that we followed to characterize
particles and finally, how we separated them from each other.

A. Generation of fluorescent, gold-coated particles

Gold-coated polystyrene particles were prepared using a
process based on the method described in Refs. 32–34. Unlike the
original process, here we directly produce fluorescent, gold-coated
particles and thus do not require further fluorescent labeling. For
this purpose, 45 μL of a 2.5% volume fraction (w/v) suspension of
carboxylated, fluorescent polystyrene particles (microParticles GmbH,
ex/em 530/607) with a diameter of 2:4 μm or 80 μL of an equally
concentrated suspension using 4:5 μm particles are mixed with
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1.8mL of 20 nm gold nanoparticles suspension (BBI Solutions) for
one day (Fig. 1). The seeded beads are washed twice in deionized
(DI) water, and the supernatant is replaced with 1mL of a gold
plating solution [570mM L-ascorbic acid (Carl Roth GmbH) and
340mM gold (I) sodium thiosulfate (Alfa Aesar)]. The gold seeded
microparticles are left in the gold plating solution for 4 days and sub-
sequently washed 3 times with DI water to remove the reagents. The
gold coating process apparently leads to a nearly homogeneous layer
with a thickness of approx. 100–300 nm [determined by scanning
electron microscopy (SEM), Fig. 2(b)]. Compared to the gold seeded
particle [Fig. 2(a)], the coated particle has a coarse surface, and the
color of the suspension changes from reddish to gray/brown.
However, the gold layer is so thin that the fluorescence of the base
particle is not fully shielded but well visible using conventional
epi-fluorescence microscopy. Particles were characterized in terms
of their electrical charge (zeta potential) and size. Particle zeta
potential was characterized via particle image velocimetry (PIV)
measurements, and the results are depicted in Fig. 4. Particle size
and its standard deviation were determined from SEM images.
The 2:4 μm PS particles (manufacturers information: mean diam-
eter 2:36 μm+ 0:04 μm) had a mean diameter of 2:5 μm and a
standard deviation of 0:1 μm after gold coating. The 4:5 μm PS
particles (4:47 μm+ 0:01 μm) had a mean diameter of 5:0 μm and
a standard deviation of 0:3 μm after coating.

B. Fabrication of microfluidic devices

A standard soft lithography technique was used for micro-
channel fabrication made out of PDMS (Sylgard 184, Dow
Corning, Midland). The master molds for the soft lithography steps
were produced using standard photolithography with printed trans-
parency masks and SU8 3050. The molded microchannel was
plasma-activated and bonded to a plasma-activated, PDMS spin-
coated glass wafer. A somewhat more detailed description of the
channel manufacturing is given in Sec. I of the supplementary
material. The produced channels of 0:88mm� 10:16mm (width,
length) were either empty (post-free), to measure the particle zeta
potential with PIV, or contained an array of insulating posts at the
channel center for particle separation. The post array consists of
cylindrical insulating posts (200 μm in diameter) in a square array
of 4� 14 posts with the “dove-tail” geometry at the inlet and outlet

[Fig. 3(b)]. The longitudinal and lateral spacing between the posts
is 20 μm. Cylindrical posts were chosen because they provide a
compromise between intensity and reach of DEP force.35 Two
1000 μL pipette tips serve as liquid reservoirs at the channel inlet
and outlet [schematic representation in Fig. 3(a) and the photo in
Fig. 3(c)]. They were cut to a length that the syringes (Terumo
U-40 1 ml) fit into them to fill and flush the channels with fluid.
To compensate pressure differences between both reservoirs, a sili-
cone tube with an inner diameter of 0.51mm was used to connect
the two reservoirs and balance their fluid level. The tube was glued
into holes that were melted (with a hot metal tube) into the reservoirs
(one hole per reservoir) to prevent leaking. The connection via the
tube can be closed with a clamp while rinsing the channel so that the
liquid must flow through the post array (for example, to remove par-
ticles that were attached to the channel surface after experiments).

FIG. 1. Gold coating process of fluorescent polystyrene particles (the figure
based on Ref. 34). Carboxylated polystyrene spheres are dispersed in a gold
colloid. Nanoparticles adsorb onto the surface and serve as nucleation sites for
reductive deposition of gold.

FIG. 2. (a) SEM image of a 4:5 μm particle after one day in gold colloid solu-
tion. Larger nanoparticle clusters attached on the surface are clearly visible and
indicated by an arrow. (b) SEM image of a 4:5 μm gold-coated particle after
complete coating procedure. An almost closed layer of about hundreds of nano-
meters is formed on the particle surface through which the fluorescence still can
be detected. Upper inset: illustration of particle size before coating in relation to
the size after coating (dashed line). Lower inset: close-up view of the gold
surface structure.
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C. Experimental setup

The electric field in the microchannels was applied with two
platinum wire electrodes (0.6 mm diameter) that were immersed in
the pipette tip reservoirs [Fig. 3(c)]. The electric potential was con-
trolled by a signal generator (DG-4062, Rigol Technologies Inc.) and
amplified by a power amplifier (PZD700A, Trek Inc.). Imaging of the
microchannel was done with an inverted microscope Eclipse Ts2R-FL
(Nikon Metrology Inc.) with a 4� or 10� lens, a 40,6-diamidino-
2-phenylindole/fluorescein isothiocyanate/tetramethylrhodamine
isothiocyanate (DAPI/FITC/TRITC) triple band pass filter (Semroc
Inc.), and a Grasshopper3 color camera (FLIR Systems Inc.).

D. Experimental procedure

Experiments divide into characterization and separation
experiments. Before we give in-depth description of the procedure
for these experiments, we first summarize the preconditioning of
channels and particles.

1. General information about channel and particle
handling

The channels were conditioned with vacuum-degassed
(to reduce gas bubbles in the channel) DI water for several hours
prior to experiments. This increased the hydrophilicity of the PDMS
surface and made it easier to remove all air from the channels when

they were filled with the suspension used for experiments. Prior to
experiments, we placed the particles for at least 12 h in the medium
that was used in the experiments later, thereby preventing that the
medium in which the particles were stored influences the experimen-
tal conditions. Directly before experiments, all particles were soni-
cated for at least 2 min to break aggregates.

2. Particle characterization

Particles were characterized regarding their zeta potential (via
PIV measurements31) and the minimum voltage that was required
to trap them in the post array. For consistency, all characterization
experiments were performed with the same suspending medium.
We used a 0.005% v/v Tween 20 solution. The conductivity was
adjusted to 18:8 μS cm�1 by adding KCl. The pH value remained
largely constant at pH 6.7.

a. Particle zeta potential by PIV measurements. The particle
zeta potential was determined by PIV measurements in an empty
channel design. The EK particle velocity ~vEK in an empty channel
(no electric field gradient) results from the superposition of the EO
motion that is exerted via drag by the fluid and EP motion of the
particle itself and is given by

~vEK ¼ μEK~E ¼ μEO~E þ μEP~E: (3)

FIG. 3. (a) Schematic representation (side view, not to scale) of a microchannel with post array (figure based on Ref. 16). Two pipette tips were inserted into holes that
were previously punched into the PDMS to serve as fluid reservoirs. The reservoirs were connected to each other by a tube in order to balance the static pressure that
builds up in the reservoirs during experiments. An electric field is applied across the channel length by introducing two platinum wires into the reservoirs. (b) Schematic
sketch of the channel (top view, not to scale). The used post array consists of cylindrical isolating posts in a square array of 4� 14 posts with “dove-tail” geometry at the
inlet and outlet. (c) Photo of the microchannel with reservoir connection tube and electrodes.
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The EO motion is the fluid flow that arises from the motion of
electric charges in the electric double layer at the interface between
the channel wall and fluid. It depends on the EO mobility μEO,

μEO ¼ �ζwall
ϵm
η
, (4)

with the zeta potential of the wall ζwall and the viscosity of the
suspension η. The EP motion arises from the motion of charges in
the electric double layer of the particle and depends on the EP
mobility μEP,

μEP ¼ ζp
ϵm
η
, (5)

with the zeta potential of the particle ζp. Combining Eqs. (3)–(5),
the electrokinetic mobility is

μEK ¼ (ζp � ζwall)
ϵm
η
: (6)

For PIV measurements, the channel was filled with the characteri-
zation suspension, and about 5 μL of particle suspension (particle
concentration 1� 106 ml�1) was added with a 10 μL pipette into a
reservoir directly at the channel inlet. The electrodes were
immersed in both reservoirs, and it was made sure that the particles
were entering the channel due to an initial static pressure.
Subsequently, the bypass tubing was opened to let the static pres-
sure in both reservoirs equalize and all particles come to a stop. For
measurement, we applied a voltage and captured a video for 15 s.
Three to four different voltages between 25 and 150 V were applied
for each of the four particles used in this study, and experiments
were repeated at least three times per data point. The average EK
velocity of the particles was determined from the recorded videos
by using the ImageJ plugin TrackMate (Fiji) with the “Linear
Motion” tracking algorithm. More information on this and the
parameters we used can be found in Sec. II of the supplementary
material. To determine the zeta potential of the channel wall, the
zeta potential of the 2:4 μm PS COOH particles was measured by
electrophoretic light scattering (ELS) with a Delsa Nano C Particle
Analyser (Beckman Coulter) in the characterization suspension.
With the ELS measured zeta potential of the 2:4 μm PS COOH par-
ticles, ζPS 2:4 μm ¼ (�32:86+ 3:45)mV, and their PIV determined
EK mobility, the wall zeta potential was calculated using Eq. (6),
ζwall ¼ (�73:1+ 3:5)mV. All further particle zeta potentials were
calculated by using Eq. (6) and ζwall. This method was chosen
because the determination of the zeta potential using ELS is not
suitable for high-density particles such as gold-coated particles, and
this approach allows particle characterization in the same condi-
tions in which they will be separated.31

b. Minimum voltage required for particle trapping. We deter-
mined the minimum voltage that was required to retain the first
particles by nDEP. This voltage provides information when the
DEP force matches the EK force so that particles are trapped in the
iDEP device. It is an important measure to assess if particles can
be separated. If the minimum voltage required for trapping for two
particles is similar, it is difficult to separate them. Characterization

was done in the channel design with the post array. Fluid and par-
ticles were injected into the channel in the same way as for the zeta
potential measurements and the static pressure equalized by
opening the tube. Voltage was applied and stepwise increased until
first particle trapping was observed. For all particles, we did three
observations and determined the average value.

3. Particle separation

Separation experiments were done in the characterization sus-
pension and in addition in a second adjusted medium to improve
separation results. For this, a 0.05% v/v Tween 20 solution was
adjusted to a conductivity of 29:5 μS cm�1 and a pH of 7.05 for
2:4 μm particles and a pH of 7.2 for 4:5 μm particles by adding
KOH. Particle mixtures were prepared prior to each experiment.
1 μL of suspension (particle concentration 4� 106 ml�1) was
injected into a reservoir. In the first step, a high voltage was applied
(above the minimum voltages required for trapping for both parti-
cle types) until all particles in the system were retained at the first
column of the post array. Then, the voltage was reduced in time
steps of at least 30 s (to give particles enough time to penetrate the
channel) so that first, all PS particles and then at a lower voltage
also the gold-coated particles were released. The fluorescence-
intensity signal was recorded at the channel outlet to detect particle
release when the voltage is decreased. The videos were then seg-
mented according to the different fluorescent colors using a Matlab
(MathWorks Inc.) routine, and the fluorescence intensity was
determined by integrating the gray values of each frame. Before
that, a rolling ball algorithm (Fiji) was used to reduce an offset by
artifacts in the background or uneven illumination. Additionally,
the gray value of the background of the first frames without parti-
cles was determined and subtracted. As a quantification of the
selectivity for one of the species a or b, the parameter separation
purity SP will be considered,

SPa ¼ ca
ca þ cb

¼ Ia
Ia þ Ib

, (7)

assuming that fluorescence intensity I is proportional to particle
concentration c.

III. RESULTS AND DISCUSSION

In the following, the results of the particle characterization
and selective separation will be presented and discussed. In this
context, we introduce a way to prevent the build-up of static back-
pressure during iDEP separation and show how particle agglomera-
tion can be reduced by using DC-biased AC voltages or adjusting
the pH value and conductivity of the suspension. Finally, we will
discuss the results of the material selectivity of the presented
technique.

A. Particle characterization

1. Determination of the particle zeta potential

Based on the PIV measurements and Eq. (3), EK mobilities
were determined for the uncoated PS particles (abbreviated as “PS”)
as 3:14� 10�8 m2 (s V)�1 (2:4 μm) and 3:96� 10�8 m2 (s V)�1
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(4:5 μm). For the gold-coated particles (abbreviated as “Au”),
lower mobilities of 2:25 � 10�8 m2 (s V)�1 (2:4 μm) and
2:15 � 10�8 m2 (s V)�1 (4:5 μm) were obtained. Coefficients of
determination (R2) of almost one for all cases imply nearly perfect
agreement between measurements and linear fitting. Details of the
PIV data can be found in Sec. IV of the supplementary material.
The particle size seems to have hardly any effect on the gold-
coated particles, whereas the EK mobility of the pure polystyrene
particles increases with the size from 2:4 μm to 4:5 μm. As
described in Ref. 31, this can probably be attributed to the surface
charge density to mass ratio, which was not kept constant for the
pure PS particles due to manufacturing. Smaller particles have a
larger surface charge to mass ratio, which leads to higher zeta
potentials and thus lower EK mobilities. The zeta potential of the
particles was calculated with Eq. (6), the determined EK mobility,
and the zeta potential of the microchannel wall. The zeta potential
of the wall was calculated to be ζwall ¼ (�73:1+ 3:5)mV, using
the ELS measured zeta potential of the 2:4 μm PS COOH particles
of ζPS 2:4 μm ¼ (�32:86+ 3:45)mV. The resulting zeta potentials
for the different particles are �22:26mV (4:5 μm PS), �44:25mV
(2:4 μm Au), and �45:45mV (4:5 μm Au) (Fig. 4). All particles
have a less negative zeta potential than the channel wall. Since,
at equal sign, EK and EO point in opposing directions, the
observed EK velocity increases with increasing zeta potential
difference between particles and the channel wall. The gold
coating increases the magnitude of the negative zeta potential
of the particles and thus decreases the difference to the zeta
potential of the channel wall. In addition to the material, the
roughness of the surface also influences the zeta potential of a
particle.36 Thus, it cannot be determined if the more negative
zeta potential of the gold-coated particles is caused by the

material gold itself or by an increase of the surface roughness
due to the coating process.

2. Determination of the minimum trapping voltage

The minimum voltage for the iDEP trapping of the particles
shows large differences for gold-coated and uncoated particles of
the same size (Fig. 5), which is attributed to their zeta potential
difference. As expected, the minimum voltage for iDEP trapping
increases with decreasing particle diameter when the material is
the same [because the DEP force, Eq. (1), is proportional to the
volume of the particle, while the counteracting drag force exerted
by the fluid EO and the EP force are proportional to the hydrody-
namic radius for laminar flows].17,37 The smallest difference of the
minimum required trapping voltage occurs between the 2:4 μm
coated particles and the 4:5 μm uncoated particles.

B. Selective separation of mixed particle systems

1. Preventing the build-up of a backpressure

A problem that we faced in iDEP separation experiments was
that the particles were retained even under the minimum trapping
voltage when an electric field was applied for a long time. This is
due to a backpressure that builds up over time when the fluid
is pumped to one side of the channel by EO and changes the
reservoir filling level of the inlet and outlet (see Sec. III of the
supplementary material). The backpressure build-up gradually
reduces the required trapping voltage since the flow through the
channel reduces. This behavior makes reliable reproducible iDEP
trapping difficult. Therefore, we added a tube that connects the two
reservoirs (see Fig. 3). The tube’s cross section was chosen to be

FIG. 5. Experimentally determined minimum voltage for iDEP trapping depen-
dent on the particle type. The gold-coated particles require a lower voltage than
the PS particles to be retained. The highest voltage is required for the 2:4 μm
PS particles.

FIG. 4. Zeta potentials of the particles and the PDMS microchannel calculated
according to Eq. (6). For the PS COOH 2:4 μm particles, the ELS measured
value and the associated standard deviation are given.
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much bigger than the channel cross section to act as a quick com-
pensation of the reservoir fluid levels. When a voltage is applied at
the electrodes, an electric current flows also via this connection
(the longer this connection is, the smaller this undesired current
becomes). The potential at the iDEP channel, however, which is
determined for iDEP separation, remains unchanged because both
channels are in parallel. An influence of the bypass on the potential
difference was excluded by measuring the output voltage during
each experiment with and without reservoir connection [see the
standard case in Fig. 2(a) and the equivalent circuit diagram in
Fig. 2(b) of the supplementary material]. The measured output
voltage remained the same and was unaffected by the changed
load. We assume that EO pumping in the tube is negligible because
the tube diameter is big enough so that the backflow dominates the
fluid flow. With an increasing cross section, the influence of the
flow due to the static backpressure increases.29

2. Material-selective separation with DC-biased
AC fields

When we applied a high voltage over a long period of time,
particles tended to agglomerate. These agglomerates did not
dissolve completely when the voltage was switched off and
influenced the separation results by reducing the amount of parti-
cles that were detected at the outlet as well as by blocking the
gaps between the posts, sometimes irreversibly (see Fig. 4 of the
supplementary material). The increasing aggregation formation of
DNA and proteins with increasing applied voltage is also
described in the literature.23,24 We found that, by combining a
low DC electric field to transport the particles through the
channel and superimposing an AC field to retain the particles (by
DEP forces in the post array), this agglomeration problem could
be solved. By this means, it is possible to use higher particle con-
centrations and apply voltages over a longer time period with less
particle agglomeration. The 2:4 μm particles show nDEP at the

AC voltage we used (a sinusoidal frequency of 10 kHz, a medium
conductivity 18:8 μS cm�1). This behavior can change with
higher frequency to pDEP (the crossover from nDEP to pDEP
with the increase of frequency is discussed in Ref. 34). We
assume that the particle agglomeration is caused by collisions
between particles already retained in the trapping zone of the
post array and particles transported at a high speed toward this
trapping zones. The higher the applied DC voltage that is
required for trapping, the higher is the fluid velocity and the
stronger is the compressing force that pushes the particles
against each other. By using only a low DC voltage, a slow fluid
velocity (particle transport speed) and thus a low particle-
particle collision force are achieved. A second possible explana-
tion could be a change in the pH value within the channel due to
electrolysis products that are increasingly flushed into the
channel with time and height of the applied voltage.38 By reduc-
ing the DC voltage applied, pH changes due to electrolysis and
thus changes in the zeta potentials of the particles, which could
promote agglomeration, can be minimized.

Figure 6 illustrates a “dielectropherogram” (taken directly at the
outlet of the post array; observation window 3060 μm� 2560 μm; in
characterization suspension pH 6.7) of the 2:4 μm particles that were
separated according to this method. It shows the normalized fluores-
cence intensity for PS (green) and gold-coated particles (orange) as a
function of time. The AC voltage (10 kHz) is reduced in multiple
steps in this experiment. With decreasing voltage, first, the PS parti-
cles are released in multiple clear peaks according to the voltage
reduction steps. When the voltage is reduced to 1:2 kVpp, the first
gold-coated particles occasionally pass through the channel. A first
clear gold-particle peak appears at 600Vpp. We observed that the
occurrence of several peaks was a result of some level of particle
agglomeration that occurred despite agglomeration was already
significantly reduced by applying our method. Depending on the
number of coherent particles, different particle retention can be
assumed due to the aggregate size and perhaps due to some

FIG. 6. (a) Dielectropherogram of 2:4 μm particles retained by an applied AC voltage (10 kHz) and transported by a DC voltage of 100 VDC in characterization suspension
(pH 6.7). (b) Corresponding cumulative sum curve.
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particle-particle interactions.39 The cumulative sum of the intensity
in Fig. 6(b) shows that up to a voltage of 2 kVpp, a complete reten-
tion of the gold-coated particles was achieved, while 50% of the PS
particles were already released. The figure also illustrates the trade-off
between separation purity and particle yield that is typical for separa-
tion techniques: particle yield improves at the sacrifice of the purity
and vice versa. For the gold-coated particles, a purity of 75% was
achieved, if the particles are removed at the outlet after the voltage

reduction to 600Vpp, while 87% of the gold-coated particles that
pass the filter in total are recovered in this section.

3. Material-selective separation of DC-iDEP with
adjusted medium properties

The above presented approach proves to be successful in
sorting particles by their material. However, the inherent simplicity

FIG. 7. Microscopy images of the fluorescent particles in the microchannel. The post outline has been redrawn for better visibility. (a) Retention of both particle types with
a diameter of 2:4 μm in front of the first rows of the post array at 1000 VDC. (b) Selective trapping of gold-coated particles (orange) at 200 VDC (at the inlet of the post
array). (c) Selective release of PS particles (green) at the post array outlet at 200 VDC. (d) Release of gold-coated particles at 50 VDC (at the outlet of the post array).
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of conventional DC-iDEP processes is lost. Thus, we were searching
for an option to apply DC voltage alone. The way we found was to
reduce particle agglomeration by modifying the characteristics of
the suspending medium (see details of medium adjustment in
Sec. II D 3) so that separation with a pure DC potential is possible.
Changing the pH value of the solution changes the agglomeration
behavior of the particles by modifying their zeta potential and thus
the rejecting forces between the particles. Under normal conditions
(no artificial external forces that push particles together), a dispersion
is assumed to be stable at zeta potentials outside of +40mV.40 In
our experiments, employing pH values around 7 mostly prevents
retained PS particles from agglomeration. Compared to the zeta
potential in Fig. 4 measured at pH 6.7, an increase in the pH value
enhances the zeta potential of the particles, meaning they repel each
other stronger. Therefore, a slight increase (in the range of 0.5 pH)
of the pH value prevented the PS particles from agglomeration.

A changed pH value has further effects on iDEP separation. In accor-
dance with the literature,41 increasing the pH value increases the
observed electroosmotic flow. Native PDMS has a negative zeta
potential42,43 and the reason for this is not fully understood.44,45 It is
assumed to be caused by adhering surfactants like Tween 2046,47 or
silanol groups at its surface due to the silica filler46,48 that gets depro-
tonated with an increasing pH.41 The associated increase in
the required trapping voltage is partially compensated by an increase
in the medium conductivity, resulting in increased trapping
by increasing the absolute value of the real part of the Clausius-
Mossotti factor [Eq. (2)].41

The nDEP trapping of the 2:4 μm particles at two different
applied voltages in the adapted suspension is shown in
Figs. 7(a) and 7(b). At 1000VDC, both particle types are retained
by the nDEP force and accumulate in front of the first post rows.
In agreement with the literature,22,49 the retained particles form

FIG. 8. (a) and (c) Dielectropherogram of 2:4 μm=4:5 μm particles in adapted suspension (pH 7.05/pH 7.2). Fluorescence intensity at the channel outlet over the test
period. Before recording, the particles were trapped for 60 s–70 s at the inlet at highest voltage. With voltage reduction, the PS particles are released, followed by smaller
PS agglomerates and then gold-coated particles. (b) and (d) Corresponding cumulative sum curves of the intensity normalized to the maximum intensity.
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curved trapping bands; at moderate to high voltages, the coated
(orange) and uncoated (green) particles trap in two separate
bands due to their difference in electrokinetic mobility [Fig. 7(a)].
Decreasing the voltage to 200VDC, only the gold-coated particles are
retained, and the pure PS particles can move through the post array
[Fig. 7(b)]. The release at the outlet is shown in Fig. 7(c). A further
reduction of the voltage to 50VDC finally lets the gold-coated parti-
cles pass the post array [Fig. 7(d)]. Only small agglomerates of a few
particles are visible, but these are small enough to pass through the
post array.

The fluorescence intensity measured at the outlet of the
channel and a corresponding cumulative sum curve for both parti-
cle sizes are shown in Fig. 8. At the highest voltage, no fluores-
cence is detected at the outlet in either case, which means
complete retention. The following two-step voltage reduction
results mainly in two narrow and clearly separated peaks for the
uncoated and coated particles. Smaller peaks in the PS particle
curve (green) after the second voltage reduction are due to
smaller agglomerates of the PS particles, which are more easily
retained due to their size and thus released at lower voltage. The
reason for the wider size of the gold-coated particles’ peak is the
reduced EK motion that transports them through the channel.
Consequently, the particles reach the field of observation delayed
and remain in it longer.

Based on the resulting cumulative sum curve [Figs. 8(b)
and 8(d)], a separation purity of the 2:4 μm PS particles of 100%
is achieved when extracting the particles from the outlet at
300VDC. For the 4:5 μm particles, the highest purity of PS particles
is 92.13% at 200VDC. However, the purity of the gold-coated parti-
cles does not reach its maximum at this point due to the agglomer-
ates. Depending on the separation aim, a different time to separate
the particles into fractions can be beneficial. The high purity and
well-defined peaks show that material-dependent separation is pos-
sible. For a further increase in purity, a reduction of the array
length is expected to have a positive effect by increasing the electric
field gradient at each postline as it was shown in Ref. 50. This
would lead to lower required trapping voltages and thus reduce the
probability of particle agglomeration further.

IV. CONCLUSION

Two methods were demonstrated for material-selective separa-
tion of microparticles at high concentrations in insulator-based
dielectrophoresis devices. Particle agglomeration can be signifi-
cantly reduced by adjusting the pH and conductivity of the
suspending medium and by using a combination of AC and DC
potentials. Material-selective separation was achieved with both
approaches; however, the charming simplicity of the technique to
use DC voltage alone gets lost in the latter case. In order to extend
the experiment duration, a possibility has been developed to
prevent a static backpressure that builds up in classical approaches.
The classic design was extended by a reservoir connection, which
balances out the reservoir levels for this purpose. Furthermore, a
process for a simple production of fluorescent gold-coated micro-
particles was presented in this work to enable the investigation of
material selectivity without a great influence of the shape or size of
the particles.

The adaptations we have made led to fractions with purity
above 90% for polystyrene particles and above 80% for gold-coated
particles, showing that iDEP is an option for material-selective
separation of micron-sized particles. Perspectively, the technique can
also be used for a multidimensional separation; e.g., polystyrene par-
ticles of different sizes could be separated from gold particles, and at
the same time, a size fractionation of these could be carried out.

An absolute purity was not achieved because of minimum
residual particle agglomeration. We assume that this agglomeration
is due to the discontinuous approach that we use here. For reasons
of quantification, we first retained the whole particle batch and thus
retained all particles in front of the post array where they inevitably
interact. We expect that when iDEP is run as a continuous process
and the voltage is set so that polystyrene particles are not retained
but gold-coated particles are, the probability of particles to agglomer-
ate is less and separation purity is expected to be even higher. The
experiments in iDEP devices also provide general insights into
particle-particle interactions and DEP behavior of all kinds of parti-
cles that are helpful for higher throughput applications like continu-
ous separation with a pressure-driven flow in microchannels or
porous filter structures.8 Such non-reservoir-based pressure-driven
approaches can solve one major limitation of microchannel-based
devices, which is the restricted density of particles. Above a certain
density, the particles settle so quickly that they can no longer be
moved in the channel. The use of solid metal particles in microchan-
nels is, therefore, very difficult to handle. A great advantage of
non-reservoir-based devices is that they can be vertically mounted,
and in this way, the unintentional separation of particles by sedimen-
tation can be prevented. Results on material-selective separation in
such setups are on the way. With the results presented here, we hope
to take another step toward solving technically relevant problems
such as the recovery of valuable materials from electroscrap dust
through dielectrophoresis, while at the same time we are certain that
the presented methods and concepts help in the development of
iDEP devices for biological or biomedical application.

SUPPLEMENTARY MATERIAL

The supplementary material accompanying this article
contains a video showing the selective separation of 2:4 μm PS from
gold-coated PS particles as well as details on the microfluidic device
fabrication, evaluation of PIV data, and further experimental results.
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