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Abstract

A review of conventional dielectrophoresis on a microchip platform is presented. The benefits of miniaturization, some device geometries
used to accomplish on-chip separations, and applications of these devices are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction waveform can be used in DEP to discriminate between dif-

ferent particles in a sample. By varying the frequency of the
Dielectrophoresis (DEP) is a separation method in which applied voltage, it is possible to induce a dipole moment in a
particles are segregated according to their susceptibility to particle and thereby cause the particle to experience a posi-
a non-uniform electric field. A non-uniform electric field is  tive dielectrophoretic moment or a negative dielectrophoretic
generated by applying voltage across electrodes of appropri-moment and cause the particle to move into a region of high
ate geometry or by placement of insulating posts between apotential or low potential, respectively. The first investigator
pair of electrodes. In both cases, the components are configof this phenomenon as a tool in separations was Pohl, with
ured to spatially distort the electric field. Unlike electrophore- hjs analysis of suspended particles in an organic megfljim
sis where only dc voltage is used, either dc voltage or an acFrom his observations in this initial study, Pohl coined the
term “dielectrophoresis” for the motion of particles within
* Corresponding author. Tel.: +1 541 737 8181; fax: +1 541 737 2062. @ medium arising from an induced dipole in a non-uniform
E-mail addressvincent.remcho@orst.edu (V.T. Remcho). electric field.
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Some initial devices used by Pohl to produce non-uniform ing the real component of:

electric fields were constructed by placing a wire in the center e _ g

of a glass tube in which another wire was wrapped along the K(w) = % 3)
inner wall of the glass tubg]. These devices required high e+ 2,

potentials and were limited to analysis of particlgsn in wheres; andey, are the complex permittivity of the particle

diameter or larger due to Joule heating effects, which led to and medium, respectively, aatl = ¢ — jo/w, whereg is the
Brownian movement that countered dielectrophoretic force permittivity, j is «/—1, o is the conductivity, andy is the

[3]. Benefits in decreasing the scale of dielectrophoretic de- angular frequency of the applied electric field.

vices, thereby increasing the dielectrophoretic force, were A useful solution for Ref(w)] which illustrates its de-
discussed by Bahaj and Bailg4j. From their study, the fol-  pendency on the applied frequency is the derivation found by

lowing scalar relation can be derived: Benguigui and Lir{16]:
Ep — Em 3(8m0p — Sp()'m)
V2 Re[K (w)] = —F
Foep o Vo @ = Y Taw(op — 20m2 + Py
Le (4)
whereFpep is the dielectric forcey is the applied voltage  whereryw is the Maxwell-Wagner charge relaxation time
andLe is the length between electrodes. From E, one given by tmw = (ep + 2em)/(op + 20m). This factor accounts

can see thaFpgp is inversely proportional to the cube of for the rate at which free charges distribute themselves along
the dimensions of the electrodes used, so by miniaturizationthe surface of a sphere.
of DEP devices the magnitude of the dielectrophoretic force  Eq. (2) is the first-order contribution to the dielec-
exerted on a particle is increased. Another finding was that trophoretic force. The first-order dielectrophoretic force
decreasing electrode size led to a reduction in Joule heatingaccounts for dipole contributions produced in a moderate
Inrecentyears, with the use of semiconductor manufactur- non-uniform electric field15,17—20] The real component
ing technologies such as lithography, electron beam writing, of the Clausius—Mossotti factor accounts for the polariza-
and laser ablation, a move towards device miniaturization hastion of a particle relative to the polarization of the sus-
been occurring. Benefits of device miniaturization include de- pending mediun{15,17,18] and it is this induced dipole
creased consumption of reagents and sample, reduced anathat will dictate the direction a polarized particle will move

ysis time, and the possibility of portable instrumentation. in a non-uniform field. Since the movement of a dielec-
Several different modes of microchip-based DEP exist. tric particle is mitigated by the complex permittivities of
These modes include focusing/trapping DIBR7], isomo- the particle and suspending medium, as indicated by the

tive DEP[8], traveling wave DER9-11], and DEP field-  Clausius—Mossotti factor, it is possible to discriminate be-
flow fractionation[12,13] In this article, we will focus on tween particles based on their polarizability, and (unlike
“conventional” DEP in the microchip format: focusing and electrophoresis) separation of neutral particles is therefore
trapping of particles in devices that utilize parabolic elec- attainable. The Maxwell-Wagner charge relaxation time de-
trodes, castellated electrodes, electrode arrays, and arrays afcribes how charges will accumulate on the surface of a sus-
insulating posts as the geometries. pended particle based on the conductivity and permittivity
of the particle and suspending medium. These charges are
within the suspended particle and are located at the interface
2. Theory with the suspending medium.
Equations for higher orders of the dielectrophoretic force
A force will be experienced by a dielectric particle when have been derived and like the first-order dielectrophoretic
it is placed in a non-uniform electric field4,15] A non- force are frequency-dependd6,19-21] For this discus-
uniform electric field is necessary to create an imbalanced sion, we assume that the contributions of higher-order di-
force on the suspended particle in the field. This force varia- electrophoretic forces are negligible which is often the case.
tion can induce a dipole moment in the particle, and as long asOne instance where higher-order dielectrophoretic forces do
the electric field is non-homogeneous the force imbalance cancome into effect, however, is when trapping particles using
be used to move particles. For conventional dielectrophore-a quadrupole electrode geomefty], where the net dipole
sis, the dielectrophoretic force experienced by a particle in a moment experienced by a particle is near zero.
non-uniform electric field can be approximated[t$]:
Fpep = 21> Re[K ()] VE2 o (2) 3. Benefits of miniaturization
wherer is the radius of the particle; is the del vector oper- Through their experimentation utilizing a ring electrode
ator, andgys is the root mean square applied electric field. placed above a planar electrode, Bahaj and Bailey conducted
Re[K(w)] refers to the real component of the levitating DEP on divinyl benzene particles with diameters
Clausius—Mossotti factof15] which is found by tak- of 50pum[3]. Though they did not conduct separations using
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dielectrophoretic forces, they showed that by reduction of
electrode size they could harness DEP with electrical fields
produced using only a few volts.

Miniaturization of DEP devices has been beneficial in
improving the effectiveness of DEP. The use of microscale )
electrodes allows for production of devices with more pro-
nounced non-uniform fieldgl8]. Also, safety is improved
because high fields can be produced by use of low voltage
power supplies instead of high voltage power supplies as pre-
viously used. The sheer size of early DEP devices having ma-
chined electrodes produced appreciable heating, particularly
in aqueous solutions, due to the high voltages needed to ac- O Particle experiencing negative DEP
complish dielectrophores|8]. Heating effects are markedly
reduced when smaller systems are employed, which reducegio- 1. Par_ticle motion in a non-uqiform el'ectric'al field. _A particle_ Fhat is
the effects of thermal motion and thus allows DEP to be ap- more polarlgable than the ;uspendlng medium will experience po_smvg DEP,

. . . . while a particle less polarizable than the suspending medium will migrate
plied to particles smaller thanum which was not possible  4:ds the low potential region under negative DEP.
prior to the use of miniaturized devices. Also, the reductionin
heating attenuates the possibility of denaturation of thermo-

labile analytes. This is important particularly in the analysis AS such, by constructing a plot of the real component of
of biological macromolecules. the Clausius—Mossotti factor as a function of frequency, it is

possible to estimate the frequency ranges in which a particle
will exhibit positive DEP and negative DEPig. 2is a plot

4. Particle movement in non-uniform electric fields of the real component of the Clausius-Mossotti og®e
in water.

When a polarizable particle is subjected to an electrical ~ When an appropriate frequency is applied across the elec-
field, a dipole moment will be induced in the particle regard- trodes in a dielectrophoretic device, a dipole moment is in-
less of whether it is charged or neutja#,15] If the electric ~ duced in particles in suspensifid, 15} If the frequency of
field is uniform, a particle with an induced dipole moment the applied potential closely correlates to the relaxation time
will not move because the force experienced on the oppo- of the particle, defined as the time required for the induced
site sides of the particle will be identical. Charged particles dipole to react to the applied field, then the direction of the
too will experience a dipole and will move to their respective dipole moment experienced by the particle will reverse along
pole ifthe frequency of the applied potential is at or near zero, With the oscillation of the ac voltage. When the frequency
but will otherwise oscillate along with the applied frequency ©f the ac voltage does not correspond to the relaxation time
[22]. If the electric field is made non-uniform, the forces ex- ©Of the particle, an induced dipole can still occur but the in-
perienced on either side of the particle will be unequal. As duced dipole will not be as great because the charge density
a result, the particle will move in accordance with its polar- Within the particle will not have enough time to properly
izability relative to the polarizability of the medium and the accumulate[14]. The influence of directionality of the ap-
angular frequency of the applied potential in accordance with Plied field on the movement of a particle is not important
Eq. (2) [14,15] If the polarizability of the particle is greater because if the applied field is reversed then the direction
than the polarizability of the medium, the particle will move ©f the induced dipole moment on a particle will too be re-
towards a region of higher potential, and thereby experience versed[14,23] A schematic of this phenomenon is shown
a positive dielectrophoretic moment. In the case of a parti- in Fig. 3.
cle being less polarizable than the medium, the particle will
migrate towards the lower potential region and experience a

E—‘-—--vl *)

. Particle experiencing positive DEP

. . . . . 1.0 i
negative dielectrophoretic moment due to being displaced by 08I I
the suspending medium towards the low-field redibfi. A 06T T
visual representation of particles experiencing positive and g 3‘2‘ 1 1
negative dielectrophoretic moments is showirig. 1 % 0.0

Determination of the type of dielectrophoretic momenta # -gi T \ T
particle will experience can be accomplished by calculating 061 I
Re[K(w)] using Eq.(4). As previously stated, the real por- 0.8 1 T
tion of the Clausius—Mossotti factor will dictate whether the 10 * T gl

10 10 10 10 10”10 10° 10 107

dielectrophoretic force on a particle will be positive or neg-
ative. The Clausius—Mossotti factor is frequency-dependent
because itis determined from the frequency-dependent com—ig. 2. piot of Rek(w)] vs. frequency which illustrates the frequency de-
plex permittivities of the particle and the medilit®,16,18] pendence on the polarization of & in 5.62x 10-2 uS cn ! water.

Frequency (Hz)
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the suspending medium and is not dependent on the surface
area or volume of the suspended particle. The close proximity
of the double layer to the surface of a particle will contribute
to a particles response to an oscillating electric field through
electrokinetic effect§l4,17] Therefore, it stands to reason
that double layer effects on the movement of a dielectric par-
ticle will be more pronounced for small particles in a low
ionic strength medium.

As just stated, the DEP effects experienced by a parti-
cle will be affected by the presence of a double layer, but
these added effects are especially noticed when analyzing
submicron particles and macromolecules. This relation can
be better understood by close examination of @y. From

Eq. (2), the DEP force experienced by a patrticle is related
‘§ I to the cube of the particle radius. When dealing with par-
A —— (_)

(-) ——

)

®) ticles where the size is submicrometer, the contribution of

the double layer thickness will have a more profound impact

on the DEP force exerted on a patrticle than for particles of

micron and larger sizes having similar dielectric properties

because of the relative contribution of the ionic double layer

Fig. 3. Visual depiction showing that particle movement in DEP is not de- [26’2_7]' The effects of conductivity of the medium have been

pendent on the direction of the applied electrical field, as shown for a particle Studied by several research¢24—-31] Green and Morgan

experiencing positive DEP. For an ac applied waveform, the figure depicts Observed these behaviors for the study of latex sptjards

an applied potential at a given point in time. Huang and Pethig showed that by altering the conductivity

of the solution and maintaining other conditions constant, it

It is possible to dictate the type of DEP experienced by a was possible to cause a change in the DEP behavior of yeast

particle through proper selection of the frequency. Some par-cells[25].

ticles will exhibit positive dielectrophoresis through a certain

frequency range and negative dielectrophoresis in another

frequency range. As shown Fig. 2, Fe;O4 particles would 5. Dielectrophoresis geometries

be expected to experience positive DEP in the frequency do-

main up to 1x 101 Hz and would be under negative DEP 5.1, Parabolic electrodes

beyond 1x 10'3Hz. The frequency at which the direction

of DEP experienced by a particle changes is known as the  Typical devices utilizing parabolic electrodes employ four

crossover frequency. At the crossover frequency, the particleelectrodes to produce a quadrupole geometry where the elec-

will experience no net forcg 8]. trodes are offset by 90as shown inFig. 4a. Voltage ap-
Careful selection of the suspending medium (and more plication is accomplished by wiring electrodes diagonally

specifically its conductivity) can be used to increase the se- opposite one another identically,34—-37] Once voltage is

lectivity in discriminating between differentanalytes as stated applied after sample introduction, particles will begin to col-

in the Clausius—Mossotti fact¢i7,18,22,24-31]The con- lect in regions of high or low potential depending on the

ductivity of the medium can be altered by addition of salts. dielectrophoretic moment experienced. In parabolic geome-

lons present in an aqueous solution create a double layer surtries, the potential gradient expands radially from the center

rounding a particle and as mentioned by PdHl will have of the device towards the electrode surffi33,34,38-41]

electrokinetic interactions with the particle. The thickness of

the double layer can be estimated using the Debyekel 5.2. Castellated electrodes

screening length equatigh7,32]:

12 As shown inFig. 4b, castellated electrodes can be config-

emkT ured in two manners: directly opposite or offset. With either
d= (W) ®) case, the device is wired so that every other electrode has

the same voltage inpy5,40,42,43] In the case of castel-

wherespy is the permittivity of the mediunkis the Boltzmann lated electrodes that are directly opposite each other, posi-
constant[T is the absolute temperaturg, is the ion concen-  tive and negative dielectrophoresis regions will be found as

tration in the bulk of the suspending mediunis the valency follows [40]: particles focused in the positive dielectrophore-
of the suspending medium, aeglis the charge of an elec-  sis region will be found between the faces of the electrodes
tron. As shown in Eq(5), the thickness of the double layeris located across from each other. Negative dielectrophoresis
inversely proportional to the concentration of ions presentin will congregate particles in the rectangular areas between
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Fig. 4. Typical device geometry and regions where positive dielectrophoresis (+DEP) and negative dielectrophiDieR)safe located: (a) polynomial
electrode geometry; (b) castellated electrode geometry showing both non-offset and offset castellated electrodes; (c) an array of ciocldsy @gctr
electrodeless geometry where regions of high and low field strength are produced by the compression of the electric field between the arrag.of insulator

the castellations in the electrode. Positive and negative di-tions, devices constructed with an array of insulating posts do
electrophoresis regions for offset castellated electrodes will produce an inhomogeneous electrical field with electrodes.
be found as follow$40,44] positive dielectrophoretic parti-  The non-uniform electrical field is produced by compressing
cle collection again occurs in the region between castellatedthe electrical field, applied by the electrodes adjacent to the
electrodes located across from each other, the difference beinsulating post, through the gaps between the insulating posts
ing that the positive region is now found between the corners [7,47,48] From the preceding description, it should be evi-
of the electrode faces. The low potential region for offset dent that the high potential regions will be located between
castellated electrodes is identical to that for parallel castel- the insulators where the electrical field is being compressed,
lated electrodes (electrodes aligned directly across from eachas highlighted in the figure. The low potential regions are
other) and therefore the negative dielectrophoresis region isfound along the axis where the applied voltage is being com-
located in the rectangular “wells” between electrodes. pressed7,47-49]

5.3. Electrode arrays

: 6. Applications
Fig. 4c shows a common electrode array geometry. In de- PP

vices containing electrode arrays, VO“?QE’ applications tothe \yiniatrized DEP devices have successfully been used for
electrodes vary45,46] One approacr_\ IS to use a chgcker— analysis of several types of samples. These include particles
board pattern where electrodes having voltage applied and 24.33,35,36,38,41,50-57] cells [6,7,25,36,37,40,42—46
thohse that: are gl]rounded are alternated. Another pozs'b'lr'lty '48,49,57-62] and macromolecules/subcellular biological
to have the voltage vary in concentric squares and to ave,aivtes5,34,36,39,47,63-65Prior to listing examples, it

the voltage vary between ground and applied VOItag_e with is important to mention some potential pitfalls that may be
each concentric square. With electrode array geometries, the

. : A encountered when conducting DEP separations on the mi-
high potential region is located on the electrode surface and

heref ic| R itive diel horeti crochip platform.
therefore particles experiencing a positive dielectrophoretic  rpe firgt of these pitfalls deals with fluid motion that can

moment will gather on the electrode surface. Particles with be mistaken for DEP. Fluid motion around electrodes can

a negz_itive O!ielectropho_retic moment aggregate in the low be caused by electroosmotic fordég,33,50,66—68]in an
potential region located in the areas surrounded by fourelec'electrolytic solution typically below 500 KHE50], the in-
trodes that form a squafés,46} teraction between the double layer located on an electrode
surface and the electrical field will create a phenomenon
5.4. Electrodeless/insulator-based devices known as electrode polarization. Electrode polarization oc-
curs when a portion of the potential is lost across the double
Fig. 4d is a representation of a dielectrophoretic device layer as the field travels from the surface of the electrode into
utilizing an array of insulating posts, in this case circu- the bulk solution. This potential decrease thereby induces a
lar insulators. Unlike the previously mentioned methods of force on the ions in the double layer and creates fluid mo-
achieving focusing/trapping mode dielectrophoretic separa-tion. Heating is also responsible for fluid movement through
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electrothermal effec{83,50,69] Electrothermal effects cre-

ate a temperature gradient and are usually experienced when
applying a high frequency electric field across a high con-
ductivity medium. This temperature gradient will also create

a density gradient. This established density gradient will cre-
ate convection as denser fluids begin to displace fluids with
lower densities. Both electroosmotic forces and electrother-
mal effects have the potential to create fluid motion that may
overcome the dielectrophoretic forces being exerted on an
analyte.

Care must be taken when selecting the conductivity of a
medium when studying biological samples. First, if the con-
ductivity of the medium is too high, the temperature increase
may be sufficient to degrade biological analytes. Also, when
dealing with cells care must be taken to make sure an iso-
osmotic environment is established as to not affect the cell
wall/membrand18].

An additional caveat is the production of free radicals Fig.5. A video-image capture showing 216 and 557 nm diameter latex par-
through electrochemical processgs,70-72] Free radi- ticles separating on a 30n castellated electrode. The red 216 nm spheres

cals have been shown to broduce chanaes in bH in dielec_experience positive DEP and form pearl chains between opposing electrode
p 9 P tips, while simultaneously the green 557 nm particles experience negative

trophoretic device$71], and these pH changes may disrupt pep and become trapped in triangular patterns in the interelectrode bays.
the function of biological analytes.4®, has been formed  The applied potential was 10V peak-to-peak at a frequency of 2 MHz, and
in sugar containing solutions, and the free radicals are cre-the medium conductivity was 2455 cnm*. Reprinted with permission from
ated from the HHO, decomposition. Catalase has also been 51

shown to increase the rate of decomposition gOpland in

most cases eliminateJ®, from the systenj72]. Free radi-

cals have too been shown to react directly with analytes and  Separation of carboxylate-modified latex spheres on both

degrade biological sampl§s3,74] non-offset and offset castellated electrodes is showB]in
The first two examples presented are the works conductedElectrode distances used wereuld. Fluorescently labeled
by Green and Morgafb2], and Watarai et a[38] and their latex spheres of 216 and 557 nm diameters were suspended in

investigations on the effects on the motion of submicron latex an aqueous KCl solution with a conductivity of 245 cnt L.
spheres in a non-uniform electric field. Though these studies Separation was accomplished using a voltage of 10V peak-
do not directly demonstrate separations, we feel they must beto-peak at a frequency of 2 MHz. Upon voltage applica-
mentioned because they are to our knowledge the first exam-ion, the 216 nm particles collected in the high potential
ples of the use of DEP forces on submicron particles. Mor- region located between electrode faces and electrode tips for
gan and Green used castellated electrodes with castellationson-offset and offset electrodes, respectively. The 557 nm
spaced at f@m and gaps between electrodes measurinm4 diameter particles collected in the interelectrode gaps un-
to study 93.m diameter carboxylate-modified latex spheres. der negative DERFig. 5is a photograph of the above men-
The applied voltage used was 1V peak-to-peak which pro- tioned separation of 216 and 557 nm carboxylate-modified
duced a field strength of 2:6108 V mm~1. The suspending  latex spheres using a castellated electrode DEP device.
medium was pH 7.1 phosphate buffer with a concentrationof  Huang and Pethif5] used parabolic electrodes to study

1 mM and conductivity of 18.ScnT . Morgan and Green  the effects of varying the conductivity of the aqueous sus-
found that for the frequency range of 1 kHz—1 MHz, the par- pending medium on the type of dielectrophoretic force on
ticles exhibited positive DEP and migrated to the electrode yeast cells. The electrodes were produced from gold and
tips. The particles experienced negative DEP for frequencieshad a thickness of 70nm. The 70 nm gold electrodes were
greater than 20 MHz and collected in the wells in the elec- laid on a 5nm thick chromium seed layer. The final spac-
trodes. Watarai et al. too used microparticles composed ofing of the electrodes was @n radial opening to the elec-
carboxylated polystyrene latex to study the mobility of these trode tips. Suspensions were prepared under two different
particles due dielectrophoretic force. They used a parabolic sets of conditions for the suspending medium, the first being
electrode device with a quadrupole geometry with a central a suspending medium composed of 280 mM mannitol with a
region of 65.m. Aqueous suspensions were made contain- conductivity of 3.67u.S cnm 1, and the second prepared with
ing 0-5.0x 10-3M KCl and 2.6x 10~ M rhodamine B to 280 mM mannitol and 1.4 mM KCI and having a conductiv-
fluorescently label the spheres. The pH of the solutions wereity of 170.S cnm 1. The applied voltage was held constant at
in the range of 6.08—6.80, and the conductivity of the aqueous 10 V peak-to-peak and 10 kHz. The investigators found that
solutions were in the range of 3.11-70% cnT ! and were yeast cells suspended in 280 mM mannitol experienced posi-
adjusted by addition of KCI. tive DEP, and yeast cells suspended in 280 mM mannitol and
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1.4 mM KCI were focused in the central region between the To further purify the breast cancer cells, the frequency was
electrodes. swept between 80 and 20 kHz at a rate of two times per sec-
Dielectrophoresis utilizing a castellated geometry has ond for 20 min to free any blood cells that have been trapped
been shown to be a suitable extraction method for remov- on the electrodes by the cancer cells. At the end of the 20 min
ing cancer cells from bloofb8]. Non-offset castellated gold  sweeping cycle, cell fractions were found to be >95% pure
electrodes with 8Qum electrode spacing were used. A mix- after the cell fractions were examined using Liu’s modified
ture of MDA 231 breast cancer cells and bovine serum was Wright staining.
suspended in an aqueous solution consisting of 8.5% (w/v) In 1998, another example of separation of cancer cells
sucrose and 0.3% (w/v) dextrose. Hemisodium EDTA was from blood was demonstrated using DEP on a % ar-
used to adjust the conductivity of the aqueous solution to ray of electrode$45]. The array consisted of circular elec-
100uScnt . Upon sample introduction, a voltage of 5V  trodes composed of a 100 nm Ti-W seed layer covered with
peak-to-peak at 200 kHz was applied to trap all cells under a 300 nm thick platinum layer. The electrode diameters were
positive DEP. A flow of the suspending medium was then 80um and were spaced 2@0n on center. The sample ana-
started at L min—1. The frequency was lowered to 80kHz lyzed consisted of epithelial carcinoma cell line (HeLa) de-
to reduce the number of blood cells trapped on the electrodesrived from a human cervical tumor and EDTA-anticoagulated

Fig. 6. (A) DEP separation of U937 and PBMC, HTB and SH-SY5Y, and Ind-2 and PBMC in a medium with conductivity gi3260? at 500, 400, and

600 kHz, respectively. (B) The procedure of DEP separation for U937 and PBMC mixture. B1: Mixture is introduced to the array. B2: U937 cells atk separat
from PBMC on array by dielectrophoresis 5 min after an ac voltage of 500 kHz, 7V peak-to-peak is applied. U937 cells are collected on the electrodes and
PBMC are accumulated at the space between the electrodes. B3: Buffer is introduced from reservoir to the array by fluid flbwnai zbwhile the voltage

is kept on. PBMC are carried away with the fluid stream. B4: PBMC are washed off from the array and U937 cells are retained on the electrodes after 10 min
of washing. Reprinted with permission frdij.
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human blood cells. The separation buffer was composed of SH-SY5Y, U937 and PBMC, and Ind-2 and PBMC mixtures
225 nM Tris, 225 nM boric acid,and 5nM EDTA, pH8.2,and are shown irFig. 6A, and the separation procedure for the
250 mM sucrose. The conductivity of the separation buffer U937 and PBMC mixture is illustrated Ifig. 6B.
was measured to be 1 cnm L. The separation voltage was Separation of tobacco mosaic virus (TMV) from herpes
6 V peak-to-peak and the frequency was determined empiri- simplex virus type 1 (HSV) was demonstrated by Morgan et
cally. It was discovered that at 30 kHz, the HeLa cells experi- al. on a polynomial electrode devi§g]. Electrode spacing
enced positive DEP and separated from the peripheral humarwas 2um for interelectrode and om in cross-center dis-
blood cells which were under a negative dielectrophoretic tance. The suspending medium was DI water adjusted to a
moment. conductivity of 10Q.S cn ! using KCI. An applied voltage
Another dielectrophoretic separation of different cells of 5V peak-to-peak at a frequency of 6 MHz was used to sep-
lines was conducted using an array of circular electrodes arate TMV from HSV. Under these conditions, TMV expe-
[6]. Twenty-five circular platinum electrodes with diameters rienced positive DEP and collected in the high-field regions,
of 80um spaced at 20@m center to center were arranged and HSV with a negative dielectrophoretic moment aggre-
in a 5x 5 geometry. The electrodes were manufactured asgated in the low potential region. A drawing and photograph
in the previous example and were composed of a 100 nmof this separation are shownkfg. 7a and b, respectively.
Ti—W seed layer covered with a 300 nm thick platinum layer.  An insulator-based DEP system was used to separate and
Mixtures of human glioma cell line (HTB) cells with human concentrate live and dedfl. coli [7]. The insulators were
neuroblastoma cell line SH-SY5Y (SH-SY5Y), monocytic produced in glass and had a height ofudfl, diameter of
cells (U937) with human peripheral blood mononuclear cells 200,.m, and were spaced 2p0n on centers. The cells were
(PBMC), and tax-transformed cells (Ind-2) with PBMC were suspended in DI water with a conductivity of 22.5 cnt L.
studied. DEP buffer was 250 mM sucrose/RPMI 1640, and Direct current voltage at different voltage levels and it was
the final conductivity of the DEP buffer was 1208 cni L. found that at 16 V mm? only live E. colicells were trapped.
\oltage was applied in a checkerboard pattern at 7V peak- At a potential gradient of 40 and 60 V mrh, it was noticed
to-peak and the field frequency varied depending on the cellthat both live and deaé. coli cells were both trapped but
mixture being analyzed. Separations occurred in 3-5 min af- formed distinct bands. The separation of live and deaxbli
ter the voltage was applied. Then cells experiencing nega-at 16,40, and 60 V mmt are shown ifFig. 8a—c, respectively.

tive DEP were flushed from the device at40min—1 for Another example from the researchers at Sandia National
10 min. The voltage was then turned off the and the remain- Laboratories using insulator-based DEP is their work on sep-
der of cells were evacuated with DEP buffer at #Q0min—1 arating live bacteria from water using dc volta@é]. The

for 20 s. The frequency of the applied fields were 400, 500, separation device was again constructed of glass with cir-
and 600 kHz for HTB and SH-SY5Y, U937 and PBMC, and cular insulators with heights of 10 and 1ath diameters,
Ind-2 and PBMC mixtures, respectively. Cell lines experi- and distanced 200m on centers. The suspending medium
encing positive DEP were HTB, U937, and Ind-2 and were was DI water adjusted to pH 8 with 0.01M NaOH and a
collected on the electrode surfaces, as showsidn6A. SH- conductivity of either 2.S cnm ! with 0.01 M KCI. Results
SY5Y and PBMC were collected under negative DEP, also for a total of six cell mixtures were presented. These cell
shown inFig. 6A. Photographs of the separation of HTB and mixtures wereE. coli (BL21) andBacillus subtilis(ATCC

Fig. 7. A diagram and photograph illustrating the separation of TMV and HSV in a parabolic electrode. The HSV is trapped under negative DEP forces at the
field minimum in the center of the electrode array, while simultaneously TMV experiences positive DEP and collects at the high-field regionstaidee elec
edges, resulting in the physical separation of the two particle types. This is illustrated schematically in (a); the photograph appears in ()(|dhelddv

with rhodamine B) can be seen as a red glow in the arms of the electrodes, and the green/yellow HSV (labeled with NBD-dihexadecylamine) is visible in
the center of the electrode. Both viruses were suspended in an electrolyte of conductiyit$ A®0!, and the applied potential was 5V peak-to-peak at a
frequency of 6 MHz. Reprinted with permission frg5j.
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Fig. 8. Simultaneous concentration and separation of live (green) and deal.(cedipy using iDEP. Conductivity of the DI water was 2.5 cnt L. Live E.

coli cells were at a concentration 086107 cells mL~1 and were labeled green (Syto 9, Molecular Probes, Eugene, OR). Dead cells were at a concentration of
6 x 107 cellsmL~1 and labeled red with propidium iodide (red dye, Molecular Probes, Eugene, OR). The circular posts in the arraysraded, 20gum

in diameter, on 25Q.m centers, atOoffset in (a) and (c), and 2Mffset in (b). The electric fields applied are: (a) 16 V mimonly live cells are trapped; (b)

40V mm1, differential banding on live and dead cells is observed; (c) 60 VVmdifferential trapping of live and dead cells is shown by two separate bands

of different color. Live cells (green) are trapped at the wider regions between the circular posts (negative DEP), and dead cells (red) exttivéeBERe

since they are trapped at the narrower regions between the circular posts. Reprinted with permisgion from

Table 1
References for each particle type analyzed and the device geometry utilized
Particle type Electrode geometry

Parabolic Castellated Electrode arrays Electrodeless
Latex spheres 24, 33, 35, 36, 38, 39, 41, 50, 54, 56 5, 33, 50-53, 57 55
Cells 25, 36, 37, 40, 61 40, 42—-44, 57-60 6, 45, 46, 62 7,48, 49
Macromolecules/subcellular analytes 5, 34, 36, 39 40, 65 63 47,49, 64

no. 6633),E. coli (BL21) andBacillus cereugATCC no. 7. Conclusions

14579),E. coli (BL21) andBacillus megateriunfATCC no.

10778),B. cereugATCC no. 14579) an@. subtilis(ATCC Recent advancements in manufacturing have allowed re-
no. 6633),B. megaterium(ATCC no. 10778) and. sub- searchers to produce more effective dielectrophoresis devices
tilis (ATCC no. 6633), and@. cereugATCC no. 14579) and  than were possible in past years. Miniaturization has made
B. megaterium{ATCC no. 10778). For the mixture contain- it possible to conduct separations by applying potentials of
ing E. coli andB. subtilis it was found that with a field of  only a few volts. Also, due to the reduction in Joule heating,
50V mm* only E. coli was trapped in the high potential it is possible to separate particles in the submicron range,
region, and at 75V mmt both E. coli andB. subtiliswere which extends the utility of DEP to biological samples. Cur-
trapped in the higher field regioB. coliandB. cereustudied rent dielectrophoretic devices have been used successfully
at field strengths of 50 and 75V mrhand in both of these  for separation of various types of analytes, but depending
conditions were not separated. The mixtureEofcoli and on the requirements of the analysis being conducted some
B. megateriunwas studied at 50 V mmt and it was found geometries will be of greater use than others. Both conven-
that only E. coli was trapped and when the field strength tional dielectrophoresis and unconventional modes of dielec-
was raised to 90V mmt both E. coli and B. megaterium  trophoresis have been gaining popularity as separation tools
were trapped. At a field of 25V mmi, the fourth mixture, in the laboratory and commercially.

B. cereusandB. subtilis only B. subtiliswas trapped, and
at a field of 75V mm? both analytes were retained in the
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