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Abstract: This paper introduces a dielectrophoretic system for the manipulation and
separation of microparticles. The system is composed of five layers and utilizes microarray
dot electrodes. We validated our system by conducting size-dependent manipulation and
separation experiments on 1, 5 and 15 pm polystyrene particles. Our findings confirm the
capability of the proposed device to rapidly and efficiently manipulate and separate
microparticles of various dimensions, utilizing positive and negative dielectrophoresis
(DEP) effects. Larger size particles were repelled and concentrated in the center of the dot
by negative DEP, while the smaller sizes were attracted and collected by the edge of the
dot by positive DEP.
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1. Introduction

Particle manipulation and separation techniques have been of interest to many research groups
worldwide for various biomedical applications, including cell concentration, separation, patterning,
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trapping and positioning [1]. These methods have facilitated the development of cost-effective
point-of-care (POC) devices that can rapidly collect, prepare and analyze human biological samples.

Diverse diagnostic approaches have been exploited to manipulate particles using lab-on-a-chip
(LOC) platforms; however, dielectrophoresis (DEP), as the sample preparation stage of a POC device,
presents unique features; including the differentiation between particles is based merely on the
particles’ dielectric properties (electrical conductivity and permittivity) determined by the phenotype
of the respective particles, and the high selectivity and efficacy of particles manipulation on micro and
nano levels [2].

DEP is a non-invasive method that describes the movement of polarizable particles when subjected
to a non-uniform electric field. The basis for generating the DEP force is the interaction between the
particle’s dipole and the spatial gradient of the electric field [3]. DEP has been extensively employed
as a potential technique to manipulate viruses [4], proteins [5], bacteria [6], DNA [7], spores [8], algae [9],
parasites [10] and nano-sized latex particles [11]. In addition, DEP has been used in research on cell
lysis [12] and to characterize a wide range of yeast cells [13] and mammalian cells, such as neurons [14],
leukemia cells [15], platelets [16], cancer cells [17], and sperm cells [18].

An electrode generates the non-uniform electric field that develops the DEP effects. Previous
electrode structures for early DEP studies were constructed from thin metal wires, needles or plates [19,20].
However, current DEP platforms utilize advanced microfabrication technologies to produce
microelectrode arrays that are capable of generating strong DEP forces with small applied
voltages [6,7,21].

Electrode structures can be generally classified into two categories: planar and three-dimensional
(3D) [22]. Planar electrodes are commonly fabricated on the bottom of a microchannel utilizing
lithography procedures, such as interdigitated [23], castellated [24], spiral [25], curved [26], oblique [27],
quadrupole [28] and matrix [29]. In contrast, 3D electrodes are patterned on the bottom, both the
bottom and the top or the sidewalls of the microchannel; however, these designs involve complex
fabrication processes. Examples of 3D electrodes include a grid pattern [30], microwells [31], DEP
wells [32], extruded patterns [33], a sidewall pattern [34] and a top-bottom pattern [35].

A wide range of different electrode designs has evolved for various research applications. For
instance, interdigitated electrodes were designed to separate certain populations of particles based on
their characteristic electrical properties, and grid electrodes were proposed to precisely control the
physical movements of single cells [36]. In addition, 3D electrodes were developed to conduct
characterization studies on large populations of particles. Hence, the objective of the investigation at
hand dictates the electrode structure to be used.

In this paper, we introduce a dielectrophoretic system that utilizes microarray dot electrodes for the
manipulation and separation of microparticles. The 4 x 4 microarray dot electrode geometry used in
the current study followed the Fatoyinbo et al., model, which used a similar electrode geometry to
conduct cell characterization experiments on homogenous populations [37]. We propose adapting this
electrode geometry to conduct separation experiments on a mixture of non-homogenous populations
using polystyrene particles. In order to avoid the overlapping between the electric fields produced by
neighbor dots, a ground plane was introduced in the electrode area between the dot apertures [38].

The dot electrode geometry possesses several advantages because it has a well-defined and confined
region of analysis, effective electric field penetration and an axisymmetrical electric field distribution
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as shown in electric field simulations in [38]. As another benefit of this radial electrode geometry,
neither field mapping nor image segmentation is required to measure the DEP force on the
microparticles. The DEP force quantification depends on the change shifts in light transmission
through the dot before and after electric potential application. In addition, the simple and rapid
fabrication processes of planar electrodes make microarray dot electrode a potential solution to be
utilized in research involving the development of cost-effective POC devices.

Moreover, we have implemented a novel LOC design to be compatible with the microarray dot
electrode configuration. Most of the microarray electrodes often utilize horizontal DEP effect which is
typically produced by a parallel arrangement of planar electrodes on the same layer. However, the
nature of the LOC design in the current study, gold dot microarray electrode on the bottom layer while
Indium Tin Oxide (ITO) counter electrode at the top, implies the generation of a vertical DEP effect in
which the number of particles experiencing DEP force greatly increases.

As polystyrene microparticles have been widely used to evaluate the performance of DEP
systems [26,39—43], we employed 1, 5 and 15 pm polystyrene particles to validate the proposed DEP
method by conducting size-dependent manipulation and separation experiments on a mixtures of
different-size microparticles.

2. Theory

DEP is a phenomenon that describes the force acting on dielectric particles suspended in
non-uniform electric field. The magnitude of the particle movement and the direction of this movement
depend on the relative polarizabilities of the particles and the surrounding medium [22]. For a
spherical particle of radius 7, the DEP force is defined as:

(Fopp) =2mc,e, Re[K(w)VE? (1)

where ¢, and ¢, represent the permittivity values of the free space and the relative permittivity of the
surrounding medium, respectively; VE denotes the electric field gradient; and Re[K(w)] is the real part
of the Clausius-Mossotti factor. The Clausius-Mossotti factor is given by:

K(@) =t
®)=——-—
g, +2e, @)

e, and ¢ in Equation (2) are the complex permittivities of particles and the suspending medium,
respectively, where € =¢ — j—, & the permittivity, ¢ the conductivity, j = v—1 and ® the angular
®

frequency of the applied field.

Particles exhibit a positive or negative DEP (p-DEP or n-DEP) effect depending on the polarity of
the Re[K(w)] which value ranges between —0.5 and 1 for spherical particles. The Re[K(w)] is a
function of the applied frequency and the relative magnitudes of €, and €, [44]. By controlling these
factors, target particles migration can be directed according to their DEP properties, enabling particles

*

manipulation and separation. For example, when &, is higher than ¢ , the Re[K(w)] sign is positive,

m?

and the particles experience p-DEP and travel towards the higher electric field gradient region. On the
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contrary, when &), is lower than ¢, the Re[K(®)] sign is negative, and the particles travel towards the
low electric field gradient region, experiencing n-DEP effect [22].

3. Methodology
3.1. Device Design and Fabrication

The DEP device used in this work was first introduced in our recent review [22]. The device is
composed of five layers, as illustrated in Figure 1a. The 4 X 4 microarray dot electrode (Figure 1b) was
fabricated using standard photolithographic processes. Gold-coated glass slides (24K gold-coated
microscopic glass slides, Fisher Scientific, Shah Alam, Malaysia) were cut into two halves, generating
dimensions of 38 x 26 mm’. The microelectrode geometry was designed using AutoCAD software
(Autodesk Inc, San Rafael, CA, USA), and the photomask was produced by JD photo-tools (Oldham,
Lancashire, UK). The detailed fabrication processes have been previously described in [22].

Indium tin oxide (ITO)-coated glass slides (15-30 Q ITO-coated glass slide, SPI Supplies, West
Chester, PA, USA) serve as the ground electrodes and were cut to 45 x 15 mm®. Two 3-mm-diameter
holes were drilled to provide inlet and outlet ports for microfluidic injections and ejections.

The top and bottom device covers were made of 4 mm thick polymethyl methacrylate (PMMA)
plastic and were cut to 60 x 40 mm’ using a Computer Numerical Control (CNC) machine
(VISION 2525, Vision Engraving and Routing Systems, Phoenix, AZ, USA). Rectangular holes
(10 x 6 mm?) were introduced through the PMMA covers to allow monitoring the DEP events under
the microscope.

The spacer, where the DEP effect occurs, serves as the gasket chamber. The spacer is a
0.1-mm-thick polyethylene terephthalate (PET) polyester sheet that was cut to a size of 38 x 15 mm®
using a cutter plotter (PUMA 11, GCC, Xizhi District, New Taipei City, Taiwan). A 3 mm channel was
introduced at the middle of the spacer to create space for the fluid to flow.

Flexible wires were soldered to the gold and ITO electrodes via silver-loaded epoxy and were
connected to the function generator. Specific areas in the top and bottom PMMA covers were engraved
to provide a space for these connections.

3.2. Sample Preparation

Particles with diameters of 1, 5 and 15 pm (microparticles based on polystyrene, 10%,
Sigma-Aldrich, Munich, Germany) were used as the microparticles for manipulation by the proposed
device. The aqueous microparticle suspensions of 1, 5 and 15 um polystyrene particles were diluted
with deionized (DI) water in volume ratios of 1:60, 1:40 and 1:20, respectively. The three suspensions
were then ultrasonicated for 15 min to generate homogenous microparticle distributions. In each
experiment, ten microliter of the particles suspension was pipetted into the spacer channel through the
input port.

3.3. Experimental Setup

A function generator (GFG-8255A, Good Will Instrument, New Taipei City, Taiwan) was used to
supply the microelectrodes with Alternating Current (AC) signal. The dynamic behaviors of the
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polystyrene microparticles in response to the DEP force were observed using an inverted microscope
(BX51, Olympus, Shinjuku, Tokyo, Japan) with a CCD camera (UC30, Olympus) mounted on the top
of the microscope. The images were captured and stored on a personal computer (PC).

Figure 1. The LOC device design. (a) A schematic illustration of the proposed
Lab-on-a-Chip device; (b) A high-resolution view of the proposed 4 x 4 microarray dot
electrode. Sixteen individual inputs can be supplied simultaneously. Figure la reproduced
with permission from [22].
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4. Results and Discussion

During each DEP experiment, particle movements were observed in the microelectrode dot aperture
area. Signals with different frequencies can be applied to individual dots simultaneously in order to
achieve multiple microparticles separations concurrently; however, each figure presented in our results
focuses on a single dot aperture to closely study the response of the particles to the DEP field inside
the dot aperture.

In the case of a p-DEP response, particles travelled towards the high electric field gradient region
(the dot edge) and away from the dot center, as shown in Figure 2. In contrast, in an n-DEP response,
particles travelled away from the high electric field gradient region and collected at the dot center. This
particle response to the DEP effect is aligned with DEP theory, microarray dot electrode simulations
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and previous DEP systems, in which particles are attracted to the electrode edge in p-DEP and repelled
away from the electrode in n-DEP [26,38,39,45-47].

Furthermore, while observing particle migration in n-DEP, some of the microparticles were repelled
from the electrode dots and collected between the dots. However, we focused only on dot centers
because this is the confined area where cell characterization can be conducted by studying the change
in light intensity inside the dot aperture.

First, we conducted our experiments using a 10 Vp-p sinusoidal signal; however, we observed that
this signal amplitude was not sufficient to generate a rapid DEP response. We then increased the
applied voltage to 20 Vp-p and observed a faster microparticle response (final particles position was
reached in less than 5 s). Therefore, we used a 20 Vp-p sinusoidal signal for the rest of our experiments.

Figure 2. Schematic illustration for positive and negative DEP responses in the dot electrode.

Dispersed State n-DEP

4.1. DEP Responses of 1, 5 and 15 um Particles

We experimentally measured the crossover frequencies (the transition from p-DEP to n-DEP) of
polystyrene microparticles in deionized (DI) water. The measurements were performed by increasing
the frequency of the applied signal in small steps from a low value, at which all the microparticles of
the same size clearly exhibited p-DEP, until the microparticles demonstrated an n-DEP response and
were repelled to the dot centers. The crossover frequencies were 1100 + 70 kHz and 180 + 25 kHz for
the 1 and 5 um microparticles, respectively. However, the 15 um particles exhibited an n-DEP in the
frequency range of 1 kHz to 5 MHz. The obtained crossover values are in good agreement with the
results reported by Khoshmanesh et al. [39].

The DI water had a conductivity and relative permittivity of 2 x 10* S/m and 78, respectively. The
relative permittivity of the polystyrene particles was 2.5 [39]. Using these data and the measured
crossover frequencies, we calculated the overall conductivity of the particles using Equation (2)
(provided that Re[K(w)] = 0, since the crossover frequency occurs when the Re[K(w)] changes its
sign). The calculated overall conductivities of 1, 5 and 15 pm polystyrene particles equal to
46 x 107 S/m, 7.8 x 10" S/m and 2 x 10* S/m, respectively. Then, we applied these data in
Equation (2) for a frequency range of 1 kHz to 10 MHz to obtain the Re[K(w)] spectra
(Figure 3).



Sensors 2014, 14 6362

Figure 3. Re[K(w)] versus frequency for 1, 5 and 15 pm polystyrene particles.
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4.2. Manipulation of 1 um Particles

Figure 4 illustrates the 1 um particle response when subjected to a DEP field. Before activating the
device, the microparticles were homogenously distributed over the dot aperture, as shown in Figure 4a.
A 5 MHz signal was then supplied to one dot; the result is depicted in Figure 4b. The microparticles
were repelled towards the dot center. This microparticle behavior was in response to the n-DEP effect,
in which the microparticles travelled away from the high electric field gradient region.

Furthermore, a 100 kHz signal was supplied to a different dot; the result is depicted in Figure 4c. In
this case, the microparticles were cleared from the dot aperture and were attracted to the dot edge
marked by the arrows (the attracted microparticles were unseen in the electrode black zone). This
microparticle behavior was in response to the p-DEP effect, in which microparticles migrated towards
the high electric field gradient region.

Clearly, the microparticle populations form a cloud at the dot center in the case of n-DEP. This
cloud of microparticles can be used to quantify the DEP force applied on the microparticles by
assessing the light intensity change in the dot aperture before and after applying the electric potential.
In p-DEP, we do not expect to observe a change in the light intensity passing through the dot aperture
after applying the electric signal, as no microparticles are obstructing light at the dot center.

4.3. Manipulation of 5 and 15 um Particles

Moreover, the developed device was used to manipulate 5 and 15 pum particles. Equal volumes of 5
and 15 pm particle solutions, prepared as described in Section 3.2, were mixed and ultrasonicated for
15 minutes, to make a homogenous mixture of the microparticles.

Figure 5a demonstrates that both microparticle populations were homogenously mixed and
uniformly distributed before applying the signal. Then, 500 kHz was applied to induce an n-DEP
response from both microparticle sizes according to their DEP responses as plotted in Figure 2. Figure 5b
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exhibits the 5 and 15 um particle n-DEP responses. Both microparticle populations were repelled from
the electrode edges and collected at the dot center.

Furthermore, we observed that the 15 pum particles experienced a stronger DEP force than the 5 um
particles. This result was visible because the 5 pm particles surrounded the 15 pum particles which
occupied the dot center. This phenomenon agrees with the particles” DEP responses shown in Figure 3;
the 15 um particles had a higher Re[K(w)] value at 500 kHz compared with the 5 um particles.

Figure 4. The manipulation of 1 pm particles under DEP field. The microparticles
demonstrated p-DEP and n-DEP depending on the applied frequency. Microparticles (a)

before applying a non-uniform electric field (homogenously distributed over the dot
aperture); (b) after applying 5 MHz signal (n-DEP) and (c) after applying 100 kHz
signal (p-DEP).

Figure 5. The manipulation of 5 and 15 pum particles under DEP field. The figure shows
5 um particles (seen as the black points) and 15 um particles (seen as the white circles)
(a) before applying a non-uniform electric field (both sizes of microparticles were
homogenously mixed and uniformly distributed) and (b) after applying 500 kHz signal
(n-DEP on both microparticles).

4.4. Separation of 1 and 5 um Particles

In addition to particle manipulation, our proposed system was employed to separate microparticles
with different sizes. First, 1 and 5 pm particles were separated using the DEP effect at a frequency of
450 kHz. A mixture of the two microparticle populations was prepared similar to that described in
Section 4.3. Figure 6a depicts the mixture of 1 and 5 pm particles, in which the 1 pm particles were
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distributed over the entire electrode, and the 5 pum particles were seen as the black points. After
applying the signal, we observed the 1 pm particle population to be repelled from the dot center and
collected at the dot edge. In contrast, the 5 um particles were repelled towards the dot center Figure 6b.
These behaviors were expected and corresponded to the DEP responses of the microparticles (Figure 3).
At 450 kHz, the 1 um particles undergo p-DEP; conversely, the 5 um particles exhibit n-DEP.

Figure 6. The separation of 1 and 5 pum particles under DEP field. (a) A uniform mixture
distribution of 1 and 5 pum particles is depicted (1 pum particles were distributed over the
entire electrode; the 5 um particles were seen as the black points); (b) After applying
450 kHz, the 1 um particles were attracted to the dot edge (p-DEP), whereas the 5 um
particles were repelled to the dot center (n-DEP).

(a) (b)

200 pm

4.5. Separation of 5 and 15 um Particles

Our developed DEP system successfully demonstrated the separation of 5 and 15 pum particles. The
samples were prepared similarly to those described in Sections 4.3 and 4.4. Figure 7a illustrates the
mixture of 5 and 15 um particles distributed over our dot electrode at the beginning of the experiment.
The electrode dot was then energized with 12 kHz signal. The 5 um particles were attracted to the
electrode edge, leaving the dot aperture zone, while the 15 pum particles were repelled to the dot center
(Figure 7b).

These microparticle migration behaviors are in agreement with their corresponding DEP responses,
as shown in Figure 3. At 12 kHz, the 5 um particles demonstrated p-DEP, while the 15 pm particles
exhibited n-DEP.

We conclude from the previous results that our device successfully separated different size
polystyrene particles (1 micron mixed with 5 micron, and 5 micron mixed with 15 micron) by using
p-DEP and n-DEP effects. In principle, the larger size particle will be repelled and concentrated in the
center of the dot electrode by n-DEP; however, the smaller sizes will be attracted and collected by the
edge of the dot electrode by p-DEP. Hence, the different sizes could be successfully separated by a
suitable frequency that needs simultaneously exhibited p-DEP or n-DEP for the different sizes. Even
though, two different size particles can be individually separated by using the proposed dot electrode,
such electrode geometry will not be able to separate three sizes individually in three separated regions.
However, this device can be used to separate one size of particles from a mixture of different size
particles provided that the target particles undergoes n-DEP and concentrated in the center of the dot
electrode, while other populations simultaneously exhibit p-DEP and collected by the electrode edge.
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Figure 7. The separation of 5 and 15 um particles under DEP field. (a) A uniform mixture

distribution of 5 and 15 um particles is shown. (b) After applying 12 kHz signal, the 5 um
particles were attracted to the dot edge (p-DEP), while the 15 um particles were repelled to

the dot center (n-DEP).
D
. (b) #

200 pm

The time needed to conduct microparticles manipulation and separation experiments were reduced
significantly in the current project (5 s); compared to previous works, which used similar electrode
geometries (4 min [48] and 1 min [29]). This is a result of the improvement in the electrode geometry
and the LOC design.

Despite the fact that DEP experiments often require skillful personnel to perform, our proposed
device can be used to measure experimentally the frequency-dependent dielectric properties of specific
cells of interest, after separating them from a heterogeneous mixture of biological particles, without the
need to take visual measurements by a skillful operator. This is feasible since the polarizability of the
cells within the dot region can be directly related to change shifts in light transmission through the dot
aperture, and quantified from analysis of digital images without the need for field mapping or image
segmentation. Such on-chip parallel DEP experiments show great potential in the development of
integrated DEP analysis systems where cells are manipulated, separated and characterized
automatically without the need for highly technical human intervention.

5. Conclusions

A DEP system was developed, based on the work of Fatoyinbo et al. [37], to manipulate and
separate microparticles using microarray dot electrodes. The dot electrode geometry features a
well-defined and enclosed region of analysis, effective electric field penetration and an axisymmetrical
electric field distribution. Our device showed a potential in manipulating and separating microparticles
of different populations rapidly and efficiently. Microparticles migration was controlled merely by
adjusting the applied frequency to induce p-DEP or n-DEP response on the target population in a
mixture of various populations. In addition, the simple and rapid fabrication processes of planar
electrodes make microarray dot electrode a potential solution to be utilized in research involving the
development of cost-effective POC devices. In the future, such electrode geometries will be significant
in developing DEP-based devices for rapid cells separation and characterization by implementing
on-chip parallelization of DEP experiments.



Sensors 2014, 14 6366

Acknowledgments

This research is supported by University of Malaya High Impact Research Grant UM-MOHE

UM.C/625/1/HIR/MOHE/05 from the Ministry of Higher Education Malaysia and University of
Malaya Research Grant (UMRG: RPO09A-13AET).

Author Contributions

In this paper, Bashar Yafouz conducted the experiments and analysis, and prepared the draft

manuscript. Nahrizul Adib Kadri conducted the analysis and proofed the manuscript. Fatimah Ibrahim

secured the financial support for conducting the research, provided alternative insights on the analysis,

and proofed the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

10.

Khoshmanesh, K.; Nahavandi, S.; Baratchi, S.; Mitchell, A.; Kalantar-Zadeh, K.
Dielectrophoretic platforms for bio-microfluidic systems. Biosens. Bioelectron. 2011, 26,
1800-1814.

Bousse, L.; Cohen, C.; Nikiforov, T.; Chow, A.; Kopf-Sill, A.R.; Dubrow, R.; Parce, J.W.
Electrokinetically controlled microfluidic analysis systems. Annu. Rev. Biophys. Biomol. Struct.
2000, 29, 155-181.

Pohl, H.A. The motion and precipitation of suspensoids in divergent electric fields. J Appl. Phys.
1951, 22, 869-871.

Hughes, M.P.; Morgan, H.; Rixon, F.J.; Burt, J.P.; Pethig, R. Manipulation of herpes simplex
virus type 1 by dielectrophoresis. Biochim. Biophys. Acta 1998, 1425, 119-126.

Nakano, A.; Ros, A. Protein dielectrophoresis: Advances, challenges and applications.
Electrophoresis 2013, 34, 1085—-1096.

Hamada, R.; Takayama, H.; Shonishi, Y.; Mao, L.; Nakano, M.; Suehiro, J. A rapid bacteria
detection technique utilizing impedance measurement combined with positive and negative
dielectrophoresis. Sens. Actuators B Chem. 2013, 181, 439-445.

Martinez-Duarte, R.; Camacho-Alanis, F.; Renaud, P.; Ros, A. Dielectrophoresis of lambda-DNA
using 3D carbon electrodes. Electrophoresis 2013, 34, 1113—-1122.

Koklu, M.; Park, S.; Pillai, S.D.; Beskok, A. Negative dielectrophoretic capture of bacterial spores
in food matrices. Biomicrofluidics 2010, 4, doi:10.1063/1.3479998.

Song, Y.; Yang, J.; Shi, X.; Jiang, H.; Wu, Y.; Peng, R.; Wang, Q.; Gong, N.; Pan, X.; Sun, Y.
DC dielectrophoresis separation of marine algae and particles in a microfluidic chip. Sci. China
Chem. 2012, 55, 1-7.

Menachery, A.; Kremer, C.; Wong, P.E.; Carlsson, A.; Neale, S.L.; Barrett, M.P.; Cooper, J.M.
Counterflow dielectrophoresis for trypanosome enrichment and detection in blood. Sci. Rep. 2012,
2, doi:10.1038/srep00775.



Sensors 2014, 14 6367

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Yunus, N.A.M.; Nili, H.; Green, N.G. Continuous separation of colloidal particles using
dielectrophoresis. Electrophoresis 2013, 34, 969-978.

Young, C.-W.; Hsieh, J.-L.; Ay, C. Development of an Integrated Chip for Automatic Tracking
and Positioning Manipulation for Single Cell Lysis. Sensors 2012, 12, 2400-2413.

Patel, S.; Showers, D.; Vedantam, P.; Tzeng, T.-R.; Qian, S.; Xuan, X. Microfluidic separation of
live and dead yeast cells using reservoir-based dielectrophoresis. Biomicrofluidics 2012, 6,
doi:10.1063/1.4732800.

Jaber, F.T.; Labeed, F.H.; Hughes, M.P. Action potential recording from dielectrophoretically
positioned neurons inside micro-wells of a planar microelectrode array. J. Neurosci. Methods
2009, 182, 225-235.

Imasato, H.; Yamakawa, T. Separation of leukemia cells from blood by employing
dielectrophoresis. In Proceedings of the World Automation Congress (WAC), Kobe, Japan,
19-23 September 2010.

Piacentini, N.; Mernier, G.; Tornay, R.; Renaud, P. Separation of platelets from other blood cells
in continuous-flow by dielectrophoresis field-flow-fractionation. Biomicrofluidics 2011, 35,
doi:10.1063/1.3640045.

Chuang, C.-H.; Huang, Y.-W.; Wu, Y.-T. System-level biochip for impedance sensing and
programmable manipulation of bladder cancer cells. Sensors 2011, 71, 11021-11035.
Rosales-Cruzaley, E.; Cota-Elizondo, P.; Sanchez, D.; Lapizco-Encinas, B.H. Sperm cells
manipulation employing dielectrophoresis. Bioprocess Biosyst. Eng. 2013, 36, 1353—-1362.

Pohl, H.; Pethig, R. Dielectric measurements using non-uniform electric field (dielectrophoretic)
effects. J. Phys. E Sci. Instrum. 1977, 10, doi:10.1088/0022-3735/10/2/022.

Jones, T.; Kraybill, J. Active feedback-controlled dielectrophoretic levitation. J. Appl. Phys. 1986,
60, 1247-1252.

Shim, S.; Stemke-Hale, K.; Noshari, J.; Becker, F.F.; Gascoyne, P.R. Dielectrophoresis has broad
applicability to marker-free isolation of tumor cells from blood by microfluidic systems.
Biomicrofluidics 2013, 7, doi:10.1063/1.4774307.

Yafouz, B.; Kadri, N.; Ibrahim, F. Microarray Dot Electrodes Utilizing Dielectrophoresis for Cell
Characterization. Sensors 2013, 13, 9029-9046.

Liu, L.; Ye, X.; Wu, K.; Han, R.; Zhou, Z.; Cui, T. Humidity sensitivity of multi-walled carbon
nanotube networks deposited by dielectrophoresis. Sensors 2009, 9, 1714—1721.

Becker, F.F.; Wang, X.B.; Huang, Y.; Pethig, R.; Vykoukal, J.; Gascoyne, P. Separation of human
breast cancer cells from blood by differential dielectric affinity. Proc. Natl. Acad. Sci. 1995, 92,
860-864.

Wang, X.B.; Huang, Y.; Wang, X.; Becker, F.F.; Gascoyne, P. Dielectrophoretic manipulation of
cells with spiral electrodes. Biophys. J. 1997, 72, 1887—1899.

Khoshmanesh, K.; Zhang, C.; Tovar-Lopez, F.J.; Nahavandi, S.; Baratchi, S.; Kalantar-Zadeh, K.;
Mitchell, A. Dielectrophoretic manipulation and separation of microparticles using curved
microelectrodes. Electrophoresis 2009, 30, 3707-3717.

Pommer, M.S.; Zhang, Y.; Keerthi, N.; Chen, D.; Thomson, J.A.; Meinhart, C.D.; Soh, H.T.
Dielectrophoretic separation of platelets from diluted whole blood in microfluidic channels.
Electrophoresis 2008, 29, 1213-1218.



Sensors 2014, 14 6368

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jang, L.S.; Huang, P.H.; Lan, K.C. Single-cell trapping utilizing negative dielectrophoretic
quadrupole and microwell electrodes. Biosens. Bioelectron. 2009, 24, 3637-3644.

Fatoyinbo, H.O.; Hoettges, K.F.; Hughes, M.P. Rapid-on-chip determination of dielectric
properties of biological cells using imaging techniques in a dielectrophoresis dot microsystem.
Electrophoresis 2008, 29, 3—10.

Suehiro, J.; Pethig, R. The dielectrophoretic movement and positioning of a biological cell using a
three-dimensional grid electrode system. J. Phys. D Appl. Phys. 1998, 31, 3298-3305.

Thomas, R.S.; Morgan, H.; Green, N.G. Negative DEP traps for single cell immobilisation. Lab
Chip 20009, 9, 1534-1540.

Hoettges, K.F.; Hiibner, Y.; Broche, L.M.; Ogin, S.L.; Kass, G.E.N.; Hughes, M.P.
Dielectrophoresis-activated multiwell plate for label-free high-throughput drug assessment. Anal.
Chem. 2008, 80, 2063-2068.

Iliescu, C.; Yu, L.; Tay, F.E.H.; Chen, B. Bidirectional field-flow particle separation method in a
dielectrophoretic chip with 3D electrodes. Sens. Actuators B Chem. 2008, 129, 491-496.

Wang, L.; Lu, J.; Marchenko, S.A.; Monuki, E.S.; Flanagan, L.A.; Lee, A.P. Dual frequency
dielectrophoresis with interdigitated sidewall electrodes for microfluidic flow-through separation
of beads and cells. Electrophoresis 2009, 30, 782—791.

Diirr, M.; Kentsch, J.; Miiller, T.; Schnelle, T.; Stelzle, M. Microdevices for manipulation and
accumulation of micro- and nanoparticles by dielectrophoresis. Electrophoresis 2003, 24,
722-731.

Kadri, N.A. Development of Near Real-Time Assessment System for Cancer Cells. Ph.D. Thesis,
University of Surrey: Surrey, UK, December, 2010.

Fatoyinbo, H.O.; Kadri, N.A.; Gould, D.H.; Hoettges, K.F.; Labeed, F.H. Real-time
cell electrophysiology wusing a multi-channel dielectrophoretic-dot microelectrode array.
Electrophoresis 2011, 32, 2541-2549.

Yafouz, B.; Kadri, N.A.; Ibrahim, F. The Design and Simulation of a Planar Microarray Dot
Electrode for a Dielectrophoretic Lab-on-Chip Device. Int. J. Electrochem. Sci. 2012, 7,
12054-12063.

Khoshmanesh, K.; Zhang, C.; Nahavandi, S.; Tovar-Lopez, F.J.; Baratchi, S.; Mitchell, A.;
Kalantar-Zadeh, K. Size based separation of microparticles using a dielectrophoretic activated
system. J. Appl. Phys. 2010, 108, doi:10.1063/1.3457226.

Cetin, B.; Kang, Y., Wu, Z.; Li, D. Continuous particle separation by size via
AC-dielectrophoresis using a lab-on-a-chip device with 3-D electrodes. Electrophoresis 2009, 30,
766-772.

Morgan, H.; Hughes, M.P.; Green, N.G. Separation of Submicron Bioparticles by
Dielectrophoresis. Biophys. J. 1999, 77, 516-525.

Choi, S.; Park, J.-K. Microfluidic system for dielectrophoretic separation based on a trapezoidal
electrode array. Lab Chip 2005, 5, 1161-1167.

Chiou, C.-H.; Pan, J.-C.; Chien, L.-J.; Lin, Y.-Y.; Lin, J.-L. Characterization of Microparticle
Separation Utilizing Electrokinesis within an Electrodeless Dielectrophoresis Chip. Sensors 2013,
13,2763-2776.



Sensors 2014, 14 6369

44,

45.

46.

47.

48.

Hughes, M.P.; Morgan, H.; Rixon, F.J. Measuring the dielectric properties of herpes simplex virus
type 1 virions with dielectrophoresis. Biochim. Biophys. Acta 2002, 1571, 1-8.

Hughes, M.P.; Morgan, H. Dielectrophoretic trapping of single sub-micrometre scale bioparticles.
J. Phys. D Appl. Phys. 1999, 31, doi:10.1088/0022-3727/31/17/020.

Mulhall, H.; Labeed, F.; Kazmi, B.; Costea, D.; Hughes, M.; Lewis, M. Cancer, pre-cancer and
normal oral cells distinguished by dielectrophoresis. Anal. Bioanal. Chem. 2011, 401, 2455-2463.
Markx, G.H.; Huang, Y.; Zhou, X.-F.; Pethig, R. Dielectrophoretic characterization and
separation of micro-organisms. Microbiology 1994, 140, 585-591.

Cheng, J.; Sheldon, E.L.; Wu, L.; Uribe, A.; Gerrue, L.O.; Carrino, J.; Heller, M.J;
O’Connell, J.P. Preparation and hybridization analysis of DNA/RNA from E. coli on
microfabricated bioelectronic chips. Nat. Biotechnol. 1998, 16, 541-546.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



