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Bio concentrators have been proposed to concentrate and detect tiny amount of cells, DNAs, or proteins in a microfluidic
system. Concentrating processes have been experimentally studied and discussed as a result of concentration caused by

2 multiple electrokinetic phenomena. Here, we have investigated individual electrokinetic phenomenon in a DNA
concentrator to propose a design guide for a micro bio concentrator. Three dominant electrokinetic phenomena:
dielectrophoresis (DEP), electrophoresis (EP), and AC electroosmotic flow (AC-EOF) are experimentally and theoretically
evaluated. DNA mobility due to DEP was separately studied by utilizing quadrupole electrodes generating a uniform field
gradient, which enables us to derive a DEP force on the order of 10™ N acting on a single DNA molecule. Using the

» theoretical model the DEP force on the order of 102 N, close to the experimental result, was calculated. The EP force
estimated from the average charge per base pair of DNA molecule was on the order of 10”° N. Compared with these two
forces, AC-EOF generating a flow velocity of 100~200 um/s, globally dominates the manipulation of DNA molecules
throughout the concentrator. However, the three-dimensional observation of molecule distribution reveals that the EP force
has a significant role in holding the DNA molecules at the electrode centre. The results not only support the proposal that

2 the biomolecular concentrator should be designed to utilize AC-EOF and EP [1, 2], but also provide approximate estimates
for the DEP and EP forces, and the AC-EOF velocity which will allow us to design a concentrator with a given

experimental condition.
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Introduction

A detector for biomolecules is a key component to achieve practical micro total analysis
systems (uTAS). Biomolecules of nanometre scale cannot be easily manipulated by the same
scheme demonstrated at micrometre scales using dielectrophoretic force only. To achieve
highly sensitive biomolecule detection by manipulating target molecules, combination of
electrokinetic phenomena have been proposed by many researchers [1-4]. Dominant
phenomena are dielectrophoresis (DEP), electrophoresis (EP), and AC electroosmotic flow
(AC-EOF) [5, 6].

Dielectrophoretic force acting on a particle with an induced dipole moment is
generated by the inhomogeneous field [7]. The magnitude and direction of dielectrophoretic
force are defined by electrical properties of the particle and its surrounding medium. When
the particle is more polarizable than the medium, the force drives the particle to higher
electric field area (Positive DEP). On the contrary, when the relative polarizability is reversed,
the direction of moving particle is opposite, i.e. to the lower electric field (Negative DEP).
The time-averaged DEP force for a spherical particle is defined by

Fpgp = 2mrd ey Re[K (0)]V|Eppsl?, 1)
where 7, is the particle radius, &, the permittivity of the medium, Re[K (w)] the real part of
the Clausius-Mossoti factor, and E,.,,,; the root mean square electric field.

Dielectrophoretic manipulations of micrometre and submicrometre particles have been
initiated by Washizu and coworkers [8, 9], and demonstrated for numerous applications in
recent years [10, 11]. Most of their work involves cell handling and sorting. For example,
parallel cell manipulation was achieved by an array of electrodes [12], quadrupole electrodes
[13], and spiral electrodes [14]. As cell sorting applications, cells are separated into living or
dead [15], cancerous or healthy [16], and labeled with antibody or not [17, 18]. More recently,

dielectric parameters for particles were characterized and controlled for manipulations [19,
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20]. Particle size in such applications are in tens of micrometres in diameter, which provides
dielectrophoretic force in pN range. Such force is large enough to move each cell.

However, DEP force is proportional to the third power of a particle radius according to
eq. (1). The force decreases very rapidly with diameter, and can go below the threshold value
that cannot overcome Brownian motion. Therefore, it is necessary to introduce other strategy
to manipulate biomolecules in the nanometre range such as DNA molecules. A recent solution
is to utilize AC-EOF for driving the fluid including molecules and then to take advantage of
DEP/EP forces for handling them where the electric field is strong enough [1, 2, 21, 22].

AC-EOF is a fluid flow phenomenon induced by AC voltage between coplanar
electrodes, where the frequencies must be below the charge relaxation frequency of the fluid.
The surface charges on the electrodes attract counterions and repel coions in the fluid to keep
local charge balance, yielding an electrical double layer (EDL). When an alternating potential
is applied to the electrodes, a nonuniform electric field is generated. The tangential
component of the field produces a force on the EDL, which is always in the direction toward
the electrode center. This is because the charge induced on the electrode is opposite, though
the tangential component of the field is in the same direction on the two electrodes. This
mobility of EDL produces a unidirectional vortical flow. Theoretical and experimental
approaches were summarized by many researchers [23-25]. Applications using AC-EOF were
reported for pumping [26, 27], mixing of chemicals [28], and cell positioning [29].

EP is an effective technique to handle charged particles. Since most biomolecules are
negatively charged, an electric field yields an EP force directed to the higher potential region.
For a molecule with charge g in a steady electric field E, the electrophoretic force is simply
determined by

Fgp = qE. (2)
Once the effective charge q is determined, one can easily estimate the force acting on a

molecule. However, the EDL and other parameters of biomolecule and media complicate



direct derivation of the EP force, so the EP mobility, uzp = vgp/E, of charged biomolecules
has been traditionally measured and the effective charge density then derived [30-32]. This is
because biomolecule separation by fractionating molecules according to molecular size is an
essential technique to purify target molecules. Even when the charge density was measured
using a nanopore, charge density fell in the similar range [33]. Therefore, EP force acting on a
DNA molecule can be estimated based on reported parameters. Details will follow in the
discussion section.

Due to the limited DEP effect on nanometre particles, uTAS researchers have recently
developed biomolecular concentrators by AC-EOF and EP [1, 2]. Especially DNA molecules
and E. coli cells are well concentrated on a circular electrode by applying an AC potential
with DC offset. From experimental results on a DNA concentrator, Wong and Bown recently
concluded that the DNA molecules flowed to the center electrode by AC-EOF, and remained
on the electrode surface by EP force.

Such DNA concentrators have been developed based on experimental trial and error to
achieve the effective increase of fluorescent intensity. Bown and coworkers computed, by
experimental results but also by theoretical and numerical approaches, DNA mobility on the
center electrode. This represents a significant advance to help understand the concentration
phenomena, because it is important for uTAS researchers to specify experimental parameters
from known material properties. For example, the concentrator dimensions, AC voltage,
frequency, media conductivity required must be specified to match the selected target
molecule. To contribute to such issues of design protocol, we separately measured DEP force
and AC-EOF velocity, and also calculated DEP and EP forces and AC-EOF velocity based on
simple theories. Such simple calculations make it possible to predict the mobility of given

biomolecules in a concentrator.



Material and methods

Device fabrication

Electrodes were fabricated on a glass coverslip (18 x 60 mm, No. 1: 0.12-0.17 mm in
thickness, Matsunami) by conventional photolithography processes. Indium Tin Oxide (ITO)
was spputtered to 50 nm thickness, and photoresist (S1818, Shipley) was spincoated (500 rpm
— 55,3000 rpm — 30 s). After photolithography, the ITO layer was etched by an etchant (HCI:
HNO3: H,0=5: 20: 75) for 70 s using the photoresist as an etching mask. Following resist
removal by acetone, the coverslip was thoroughly washed by ethanol and deionized water
(DIW).

For DEP experiments, quadrupole electrodes were patterned to have a 10 um gap
between opposing electrodes as shown in Fig. 1a. This electrode gap is 13-fold smaller than
that reported by Watarai and coworkers [34] to yield enough DEP force on DNA molecules.
For a DNA concentrator to measure AC-EOF velocity and to achieve DNA concentration,
electrodes consisted of a centre electrode and an outer electrode, following Wong [1] and
Bown [2] (Fig. 1b). However, our experiments require smaller electrodes to visualize each
DNA molecule and to cover the whole electrode in the field of view under a 100x objective
lens. We have downsized the diameter of the centre electrode, the gap between the electrodes,

and width of the outer electrode to 55 um, 10 um, and 10 pum, respectively.

Sample preparation

A blocking reagent was prepared by dissolving bovine serum albumin (BSA, A7906, Sigma)
powder in DIW. A DNA solution was prepared by mixing ADNA (3010, Takara Bio Inc.,
Japan) and YOYO-1 (Y3610, Invitrogen Corp., USA). Their final concentrations were 3.8
pg/uL for ADNA and 0.6 nM for YOYO-1 in DEP and AC-EOF measurements, and 0.38

ng/uL and 60 nM in the visualization of three dimensional DNA molecule distributions. In all



experiments, the buffer solution used was phosphate buffered saline (PBS) with 0.1% Tween

20, which was diluted to a conductivity of 2 mS/m.

Experimental setup

All coverslips with electrodes were coated with 1 mg/mL BSA solution before starting
experiments to prevent nonspecific adhesion of DNA molecules. DNA solutions were
confined above the electrodes by using a PDMS spacer and coverslip, providing a cylindrical
chamber 2 mm in diameter and 50 wm in height. The device was placed on the stage of an
inverted microscope equipped with an oil immersion objective lens (IX71, UPLFLN 100x oil
objective, Olympus Corp., Japan). Compared with other DNA concentrators, the transparent
ITO electrodes enable us to focus on DNA molecules close to the electrode surface. In this
experimental setup we could distinguish each ADNA molecule for particle tracking
velocimetry (PTV).

An AC potential was applied by a function generator (WF1943B, NF Corp., Japan)
and monitored by an oscilloscope (DPO4104, Tektronix Inc., Japan). The voltage applied was
always set to 5 Vy, between 10-pm gap in both quadrupole electrodes and DNA concentrators,
resulting in a maximum field intensity of 2.5 kV/cm. Mobility of DNA molecules was
captured by an EM-CCD camera (iXon EM+ DU-897, Andor Technology PLC, Ireland).
Sequential images were analyzed with two PC-based softwares: Move-tr/2D (Library Co.,
Ltd., Japan) for tracking DNA molecules and Andor iQ (Andor Technology PLC, Ireland) for
fluorescent intensity analysis. In the fluorescent intensity measurement, data were obtained as
the average fluorescent intensity in a circular area (39 pixel=6.1 um?), where the highest
average fluorescent intensity was measured. In addition to such conventional fluorescent
imaging techniques, three dimensional distributions of DNA molecules on the center
electrode was also obtained by a confocal laser scanning system (CSU-X1, Yokogawa

Electric Corp., Japan).



Results and discussion

DEP in quadrupole electrodes

As proposed by Huang and Pethig [35], spatial variation of the field |E| and DEP force factor
V|E,ms|? are derived for various electrodes. For the quadrupole electrode case, the DEP force

factor is defined as

2RU#ms
d4

V|Erms|? = @)
where R is the radial distance from the electrode centre, U.,.,,,s applied voltage (root mean
square), and d the distance from the electrode centre (d=0~5 pm in our quadrupole electrodes
shown in Fig. 1a) [34]. Polystyrene particles [36, 37], virus [38], and DNA [39] have been
handled for fundamental DEP study in the quadrupole electrodes. Assuming that the DEP
force and the Stokes drag force,

Fy = 6minr,v, 4)

are balanced in the quadrupole electrodes, the mobility coefficient, «, is derived as [36]

_ 212 emUZmsRe[K(w)]

a = . 5)

3nd*

Here n and v are the fluid viscosity and the particle velocity, respectively. Therefore, the
velocity is found to be proportional to the particle position with proportionality constant «, i.e.
v = aR. The DNA velocity from experimental results are plotted against the particle position
in Fig. 2 depending on applied frequencies. From these values of «, the time-averaged DEP
force can be obtained

Fpgp = 6mnr.aR (6)
which is derived by egs. (1), (4) and (5). Experimentally obtained Fpgp for R = 2,3, 4 um are
plotted in Fig. 3. The force has the range of 5.8x10™*~ 1.2x10™* N and -1.4x10™**~ 4.4x10™*

N for positive and negative DEP, respectively.



At the same time, we numerically estimated Fpgp from egs. (1), (3), with Re[K (w)]

defined by:

Re[K ()] = 25 4 —Emop-epim) g

7
ept2em  t(op+20m) (1+w?T?)

Ept2em

=2 ®)

Op+20m

where &, is the permittivity of the particle, o,, the conductivity of the particle and o, the
conductivity of the medium. Reported values for the constants in these equations for particle
(DNA) and media (diluted PBS) range widely depending on experimental conditions.
However, we tried to directly measure or estimate all constants necessary for the calculation
as follows. Constants for the diluted PBS, ¢,, and a,,,, were measured to be 151¢, and 2 mS/m,
respectively, where &, is the vacuum permittivity (8.85x10*? F/m). Compared to these
constants for continuous media, &, and a,, for a DNA molecule are hard to define due to their
dependency on the EDL formation on the molecule surface. In early work, researchers studied
conductivities of a DNA strand in dry conditions, and obtained the very wide range of 10°
4~10° S/m [40-42]. More recently, the behavior of a DNA molecule in wet conditions, i.e.
with water molecules, was investigated [43, 44]. For uTAS researchers, it is more appropriate
to adopt permittivity and conductivity as measured in solution to predict their mobility in
response to an AC potential. Accordingly, we used experimentally obtained values of 10
S/m and 80¢, for &, and a,,, respectively [40]. Other parameters used in our calculation are:
Upms=1.77V (5 Vpp), d=5 um, and r,=0.38 um. Here, r, was calculated from the Stokes-

Einstein equation:

KT
T'e - 6TIDM (9)
__ (4d)?

(10)

4t

where k is the Boltzmann constant, T the temperature, D the diffusion coefficient and 4d the

mean square displacement within time duration t. The data set for Ad and ¢ were obtained



from 10 ADNA molecules over 10 s observation, and successive frames were analyzed to
avoid mistracking the moving DNA molecules.

Using all parameters mentioned above, we estimated Fpgp; these values plotted as
solid lines for R = 2, 3,4 um in Fig. 3. The graph shows the DEP forces obtained from
experimental and numerical calculation together. For both positive and negative DEP, the
force range calculated from parameters is about one order of magnitude larger than that of the
experimental results from quadrupole electrodes. Similar values for the measured force have
also been reported in other experimental conditions [45]. On the other hand, the crossover
frequency calculated to be 880 kHz was consistent with the experimental value. Such
discrepancy in the force magnitude is mainly caused by the difference in field strength; which
is usually much weaker in the experiments than that used in the calculation. However, it is
shown that the DEP force of 10"~ 10" N and the crossover frequency can be estimated by

assuming appropriate parameters.

AC-EOF in a DNA concentrator

To compare with other electrokinetic phenomena, AC-EOF velocity has been measured and
calculated numerically for a large electrode [2]. For our DNA concentrator, we measured AC-
EOF velocity by tracking DNA molecules by PTV. Velocities versus frequency is plotted in
Fig. 4. Since the velocities depend on the distance from the electrode centre, we tracked
molecules at three different positions: r=>5, 10, 15 um (r=0 um is the electrode centre). Each
plot was obtained by averaging velocities of over 10 molecules moving on the electrode
surface. The velocities were always maximal at 1 kHz for any given electrode position. At the
limits of both low and high frequency, velocities reached zero.

We estimated the time-averaged AC-EOF velocity by applying the following model

using a linear double-layer approximation, proposed by Green et al. [23],

1 gqnVEn?

8 nz(1+02)2 (11)

(Veor) =



where (2 is the nondimensional frequency:

0 =wI. (12)

om 2
For other variables, V, is the amplitude of the AC potential. The distance from the centre of
electrode gap, z, is regarded as z=32.5-r (um) in our experimental setup. The reciprocal
Debye length, k, is hard to define, since it depends on concentrations of ion spieces and
degree of their ionization. Following other references for dilute solutions with low
conductivity, Debye length of 100 nm was used in our calculation [46, 47]. The derived
velocities corresponding to each position (ry=5, 10, 15 um) where experimental results were
obtained are shown as solid curves in Fig. 4. The computed values were much larger than the
experimental results. Therefore, in Fig. 4 computed values were matched to experimental
results by dividing by 72, which was determined by focusing on the maximum computed
velocity of 17 mm/s for r=15 um. This discrepancy can be mainly explained by the difference
of the electric field distribution in the model and experiments. The discussion was also
reported and the computed velocity was larger by about two orders of magnitude in references
[2, 23]. Not only in the DNA concentrator but also in conventional AC-EOF measurements,
the velocity range is of the order of 10 mm/s for calculated results and 100 pum/s for
experimental results [23]. In view of this discrepancy, it seems reasonable to estimate the
velocity of a few hundred um/s for our DNA concentrator.

Compared to the large discrepancy for the magnitude of velocity, the frequency
dependencies agreed very well. The maximum AC-EOF velocities were computed in the
frequency range of 0.5-1 kHz, which agrees with the peak experimental velocities at 1 kHz.
Therefore, the model proposed by Green et al. [23] appears valid to predict the dependency on

applied frequency for AC-EOF.
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EP as bias voltage applied in a DNA concentrator

AC-EOF is a very powerful way to manipulate submicrometre particles which cannot be
handled by other forces directly acting on a particle. However, the phenomenon drives the
flow not the particles themselves. Accordingly, the DNA concentrator necessitates a force to
hold the moving molecules at a certain area for detection. Researchers have proposed a
combination of AC-EOF and EP, so-called biased AC-EOF, in which the bias DC voltage of
about 1 V was superimposed on AC voltage [1, 29]. Such a technigue enhances the
accumulation of molecules in a designated area on the electrode after flowing them by AC-
EOF over the concentrator. In addition to the increase in conentrating power manifesting by
an increase in fluorescetn intensity, we have found that the bias voltage affects the duration of
molecular residence on the electrode centre.

We monitored the fluorescent intensity for two minutes since the voltage was applied,
and the time dependency of fluorescent intensity, I, was fitted by:

I=A(1-e77) (13)

for t=0~40 s since the fluorescent intensity saturates at about t=50 s. After t=60 s the
fluorescent intensity decreased with time. For comparison, fluorescent intensity I for four
conditions with different bias voltages of 0, 1, 2 and 2.5 V was normalized with the amplitude
A and plotted in Fig. 5. It shows the time dependency of I/A, which reveals the decay of I
from the maximum value. When no bias voltage was applied, I decreased about 35% . On the
contrary, when a bias voltage of 2.5 V was superimposed, the decrease was less than 5%. We
observed electrolysis when over 3 V was applied. The results show that the bias voltage
resulting in the EP force is effective not only to attract molecules to the electrode centre but
also to retain them longer at the same position.

Based on these experimental results, we are able to explain the efficiency of the EP

effect. Deriving the EP force provides further insights into the comparison with DEP and AC-
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EOF effects. The calculation can be simply achieved by applying reported characteristic
parameters for DNA molecules to eq. (2), which can be also expressed as:
Fgp = Qe NpnaE. (14)

where q. 5 is the effective charge per base pair, and Npy,4 is the number of base pairs of the
DNA molecule [48]. In contrast to conductivity and permittivity of DNA in buffer solutions,
electric charge for DNA molecules have been estimated from mobility measurements in
capillary electrophoresis, e.g. 0.12 e’/bp for 66 kbp plasmid [30], or 0.20~0.28 e’/bp for 20 bp
double strand DNA [31]. These values derived from mobilities depend on the environment of
DNA molecule: in gel fiber structure, known as capillary gel electrophoresis, the effective
charge of DNA molecule tends to increase because the anchor force acting on the DNA
increases. It is caused by the lower mobility of the free counterions on the DNA which
decrease the drag force. On the other hand, in gel-free solution the effective charge tends to be
smaller than that measured in gel, e.g. Gurrieri and coworkers report 0.08 e’ /bp in a buffer
solution and 0.32 e’/bp in 1.2% agarose gel [32].

In our experimental setup, the highest electric field is provided when the bias voltage
of 2.5V is applied between 10-um gap ITO electrodes. Now we are able to calculate Fp for a
single ADNA molecule to be (0.16~1.2)x10° N using 48.5 kbp of .DNA for n and 0.08~0.63
e /bp for q [30-33, 49]. This EP force is four orders of magnitude larger than the DEP force, as
measured and calculated in the previous section. Such a comparison of DEP and EP force
reveals that the behavior of DNA molecules is mainly dominated by EP rather than DEP in a
high electric field, i.e. on the electrode edge and surface. The results imply that the DNA
concentrator attracts molecules to the electrode centre by EP as discussed in references [1, 2].
Therefore, one is able to design a similar DNA concentrator to ours to utilize AC-EOF and EP.
Moreover, for a different experimental setup, one can estimate DEP and EP forces and
compare them to determine a more dominant force between them near the electrode surface.

The dominant force works as a trapping force and AC-EOF defines a flow pattern. Therefore,

12



combining these two phenomena allows us to design a high concentration area in a DNA
concentrator. We note that the expected concentration procedure might be disturbed by a
repulsive force on molecules, because charge distribution on accumulated molecules or
electrode surfaces change after the concentration. However, we could not see a large

fluorescent intensity drop for a relatively short concentration duration, up to a few minutes.

Three dimensional DNA molecule distributions

Mobility of DNA molecules in our DNA concentrator has been discussed above; molecules
are attracted by the EP force when they approach the electrode centre by the fluid flow
induced by AC-EQOF. Such concentration processes were investigated two dimensionally, and
only AC-EOF on a pair of coplanar electrodes was visualized three dimensionally. The three
dimensional distribution of molecules in the DNA concentrator has not been considered yet.

Here, we first monitored three dimensional DNA distributions on the electrode as
shown in Fig. 6. Images were captured by scanning confocally from the electrode surface
(z=0 pm) into the bulk solution region where no AC-EOF was observed (z=30 pum) with 1-
um step. Scanning was started after a 2 min concentration process and ended in 30 s, resulting
in 30 image frames. Only five images for z=0, 1, 2, 4 and 6 um are shown in Fig. 6; The
experiment was performed with no bias and 1-V bias voltage, as shown in (a) and (b),
respectively.

The effect of EP force is clearly seen in the two experimental conditions. At z=0 pum,
more DNA molecules were attracted to the electrode surface when the bias voltage was
applied. Even in the upper location of the electrode, 1-V bias voltage yielded brighter and
larger fluorescent area than with no bias voltage applied up to z=6 um. It is probable that
fluorescence from molecules out of the focal plane may increase the fluorescent intensity at
each scanned position. Taking such phenomena into consideration, we are still able to

conclude the DNA molecules are attracted not only the electrode surface but also above the
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electrode. Three dimensional accumulation of the DNA molecules at the electrode centre is
advantageous to obtain higher fluorescent detection intensity by epi-fluorescent illumination
in the depth direction. These DNA distributions have a good agreement with flow patterns
estimated by several numerical and experimental methods, though some of them have
different electrode patterns [2, 24, 29, 50]. Especially, our result shows the mobility of each
DNA molecule corresponding to the flow pattern and some molecules are stretched along the
electric field. It is achieved by our transparent ITO electrodes much smaller than other studies

to utilize the inverted microscope with a 100x objective.

Conclusions

We have investigated three major electrokinetic phenomena, DEP, EP and AC-EOF, ina
DNA concentrator focusing on the mobility of ADNA molecules. The DEP force, Fpgp, for a
ADNA molecule is found to have a magnitude of 10™** N range in both positive and negative
DEP from the velocity measurement using quadrupole electrodes. Based on the fundamental
DEP force formula, Fpp is estimated to be 10™? N, which is one order of magnitude larger
than the experimental result. However, the crossover frequency of 880 Hz is consistent with
the experimental result. AC-EOF velocity measurements show a large discrepancy from the
magnitude of results computed by a theoretical model, roughly a factor of 1/72. However, the
frequency dependency of the flow velocity agree well; We find a maximum velocity at 1 kHz
and decrease at lower and higher frequency range. The resulting maximum velocity in our
concentrator was in the order of 100~200 um/s. A DC bias voltage superimposed on AC
voltage helps to retain DNA molecules. This is explained by estimating the EP force, Fgp,
acting on the molecule; The resulting value of (0.16~1.2)x10 N is three to four orders of
magnitude larger than Fyzp. Confocal laser scanning microscopy reveals that the bias voltage
attracts more molecules three dimensionally and increase fluorescent intensity at the electrode

centre.
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Most studies reported on the DNA concentrator were mainly based on trial-and-error
optimization of these phenomena. However, our experimental and theoretical approach to
understand the DNA concentrator show that AC-EOF is totally dominant for bulk transport of
molecules. Comparing the two forces acting on a DNA molecule, the EP force works much
better than the DEP force for trapping molecules on the electrode in our experimental setup.
Moreover, several important parameters such as Fpgp, Fgp and (vgor) can be simply
calculated for the purpose of designing a concentrator. Threfore, a similar concentrator can be
designed based on our and reported results . When a designe parameter is modified, we are
still able to calculate DEP and EP forces to determine a dominant force. It will allow us to
expect a concentration area on a concentrator by the integration of the dominant force along
with an electroosmosis flow pattern. This methodology should help to understand how the

designed molecular concentrator works in uTAS.
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Figure captions

Fig. 1 (a) Quadrupole ITO electrodes for DEP measurements. (b) Circular ITO electrodes for the DNA

concentrator. The centre electrode was always positive when the DC bias voltage was applied.

Fig. 2 Measured DEP velocity for ADNA molecules depending on the radial distance from the electrode centre,

R.

Fig. 3 Comparison of the DEP forces, Fpgp. Symbols referring to the left y-axis show Fpgp obtained by the

quadrupole experiments. Solid lines referring to the right y-axis indicate Fpgp calculated numerically.

Fig. 4 AC-EOF velocity on the DNA concentrator. Symbols with error bars connected by dotted line show the
measured velocity depending on the position on the centre electrode. Solid lines are (vg,r) derived numerically

and multiplied by a correction factor of 1/72.

Fig. 5 Normalized fluorescent intensity (FI) at the electrode centre. It was monitored with different bias voltages
0, 1,2 and 2.5V, and reached the maximum in 40 s in any condition. However, after 120 s the intensity decayed

35% when no voltage applied, but just 5% with a bias voltage of 2.5 V.

Fig. 6 DNA distribution in the depth direction on the electrode centre. (a) When no bias voltage was applied,
molecules are attracted near the electrode surface only: two dimensional concentration. (b) More molecules are
attracted three dimensionally with a bias voltage of 1 V. Centre electrodes are indicated by white circles

corresponding to the schematic illustration shown in Fig. 1b.
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