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Preface

Microfluidics and nanofluidics are among the most rapidly growing fields of scientific research and technology develop-
ment. Over the past 15 years, the research activities in these fields have been increasing exponentially as evidenced by
the number of published papers in the literature. Microfluidics and nanofluidics not only bring exciting opportunities to
study the new phenomena unique to these small scales, but also enable the development of many new and high-impact
technologies from handheld biomedical laboratory (Lab-on-a-Chip) to detection and manipulation of single molecules.
While these exciting and inter-disciplinary research fields attract more and more researchers, one major challenge is
the lack of a single reference resource providing up-to-date reviews and overviews of various directions in the field
of microfluidics and nanofluidics. This is the motivation behind the development of the Encyclopedia of Microfluidics
and Nanofluidics. As a comprehensive resource, no single review paper or several books focused on specific topics can
replace the role of an Encyclopedia.

This is the first Encyclopedia of Microfluidics and Nanofluidics for the scientific community. It covers the fundamentals,
latest developments and cutting-edge experimental techniques, including electrical double-layers; optofluidics; DNA
lab-on-a-chip; nanosensors; and much more. The high technical quality of the Encyclopedia has been ensured by our
International Editorial Board consisting of leading scientists in these fields, and the over 250 experts in microfluidics
and nanofluidics. The carefully selected entries deliver relevant and comprehensive information, and are fully illustrated
with thousands of diagrams, photos, line art, many in full color.

The Encyclopedia provides basic information on all fundamental and applied aspects of microfluidics and nanofluidics
by covering two decades of research. It is the only scientific work of its kind in the field of microfluidics and nanofluidics
bringing together core knowledge and the very latest advances. Written for a wide audience with different levels of
experience, it provides valuable information to graduate students and scientists who may be new to these fields of
microfluidics and nanofluidics while providing up-to-date information to active scientists and experts in the field. This
outstanding encyclopedia is an indispensable source for research professionals, technology investors and developers
seeking the most up-to-date information on microfluidics and nanofluidics among a wide range of disciplines from
science to engineering to medicine.

It takes two years of hard work of many people for this Encyclopedia to come to live. I would like to give my sincere
thanks the Editorial Board members and many specially invited experts for helping me to review so many manuscripts
to ensure the highest quality. I would like to thank and congratulate all contributing authors. This is your Encyclopedia
and you made the great contribution to these fields. Finally, my heartfelt appreciation goes to the colleagues at Springer,
Steven Elliot, Oona Schmid, Sylvia Blago, and Simone Giesler-Giillich; without their persistent efforts and hard work
everyday, it is not possible to complete this Encyclopedia.

Dongqing Li Nashville, March 2008
(Editor-in-Chief)
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Synonyms

Dielectrophoretic force; DEP

Definition

Dielectrophoresis is the translational motion of a neutral
particle by induced polarization in a nonuniform electric
field. The magnitude and direction of the induced dielec-
trophoretic force are dependent on the characteristics of
the applied electric field as well as the dielectric properties
of the surrounding medium and of the particle itself.

Overview

Herbert Pohl was one of the first to study particle elec-
trokinetics in the 1950s, particularly the manipulation of
polarizable particles with nonuniform fields. He coined
the term P dielectrophoresis, and details of his investiga-
tions can be found in his classic text [1]. The advance-
ment of microfabrication techniques and the demand of
Lab-on-a-Chip technologies have led to the development

of dielectrophoresis techniques for particulate, biolog-
ical and pharmaceutical applications. Dielectrophoresis
was initially used to manipulate particles and cells in
the micrometer range (1 wm to 1 mm). Since the early
1990s, nanotechnology has incorporated dielectrophoresis
for the manipulation of viruses, DNA, protein molecules
and other nanoparticles (diameters of 1 nm to 1 wm). This
article provides a brief background of dielectrophore-
sis followed by its basic manipulation of particles using
translation, rotation (electrorotation), orientation (electro-
orientation) and traveling wave dielectrophoresis. This
article approaches design considerations and modeling
techniques for the micrometer length scale; it does not
specifically address all dielectrophoresis complexities at
the nanometer scale. The majority of this article deals with
popular applications of dielectrophoresis including novel
techniques to induce these forces; by no means does it
cover all of the existing applications. For a more extensive
explanation of dielectrophoresis the reader is referred to
texts by Jones [2], Morgan and Green [3], and Hughes [4],
the latter of which addresses techniques for nanometer-
sized particles.

For most dielectrophoresis cases, the applied electric field
is an alternating current (AC) signal, created with a com-
mon frequency generator. In typical experimentation, fre-
quencies are generally greater than 100 kHz with magni-
tudes below 20 V peak-to-peak. The shape of the signal is
typically sinusoidal, but pulse signals have also been used
in dielectrophoresis applications. This signal is applied
to electrode geometries, the micrometer-sized features of
which can be created using simple microfabrication tech-
niques. Electrodes are typically fabricated on the surface
of silicon wafers or glass substrates, including microscope
slides. For most biological applications it is recommended
that the species of interest be visually observed by optical
means, which leaves glass or other transparent materials
as favorable substrates. In the case where the electrodes
themselves hinder visual observation they are patterned
out of indium tin oxide (ITO), a transparent conducting
material. Microfluidic channels and other fabricated fea-
tures can easily be incorporated into the system. It is pos-



2 AC Dielectrophoresis Lab-on-Chip Devices

sible to manipulate, separate or group targeted cells with
novel electrode geometry design and fabrication. Due to
its simplicity in fabrication and its susceptibility to visual
observation and analysis, dielectrophoresis is a favorable
technique for biological experimentation.
Dielectrophoretic forces, though, can be induced by means
other than an applied electric signal through electrodes.
Optical tools can be implemented to modify an applied
electric field, making these methods more susceptible for
dynamic as opposed to static manipulation of electric
fields with surface electrodes. Dielectrophoresis applica-
tions are not limited to particulate manipulation either.
With properly configured surface-electrode geometry, it is
possible to induce fluid motion and create nanoliter-sized
droplets. Additionally, dielectrophoretic forces can be uti-
lized to manipulate particles to build micro- and nano-
structures such as wires.

Basic Methodology

Before we can incorporate dielectrophoresis into Lab-
on-a-Chip systems it is important to have a grasp of
the theory behind dielectrophoresis. Basic theory, com-
mon experimental parameters, typical dielectrophoretic
manipulation techniques, particle modeling considerations
and dielectrophoresis-induced effects are discussed below.

Dielectrophoresis

Dielectrophoresis is the translational motion of a parti-
cle by induced polarization in a nonuniform electric field.
When conductive, uncharged particles are exposed to an
electric field they will polarize, inducing a dipole on the
particle. The magnitude and charge orientation of the
induced dipole are dependent on the permittivities and
conductivities of the medium and of the particle. If the
electric field is uniform the induced charges on both sides
of the particle are equal, creating no net force on the parti-
cle. However, if the electric field is nonuniform (Fig. 1)
there will be a net force greater than zero. The general
expression for the dielectrophoretic force of a homoge-
neous sphere is expressed as

FpEp = 27t808mr3Re[K(a))]VE2 (1

where ¢ is the permittivity of free space, e, is the relative
permittivity of the medium, r is the radius of the particle,
Re[K(w)] is the real part of the Clausius—Mossotti factor
and VE? is the gradient of the magnitude of the electric
field squared. This equation assumes that the there is no
applied phase gradients to the electric field. The Clausius—
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particle in a nonuniform electric field
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Mossotti factor is defined as
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where subscripts p and m are assigned to the particle and
medium, respectively, and £* is called the complex permit-
tivity. The complex permittivity is
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where j is «/—1, & is the material’s relative permittiv-
ity, o is the material’s conductivity and w = 2xf (where
f is the applied frequency). The Clausius—Mossotti factor
is a function of frequency and, depending on the dielec-
tric properties of the medium and particle, this factor can
be either positive or negative with a possible range of
+1.0 to —0.5. If Re [K(w)] is negative, the particle expe-
riences negative dielectrophoresis (nDEP) and is repelled
from gradients in the nonuniform electric field (Fig. 1).
For a positive value of Re [K(w)], the particle is attracted
to high electric field gra