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ABSTRACT

We present experimental evidence that DNA can be concentrated due to an electrohydrodynamic coupling between a pressure-driven flow
and a parallel electric field. The effects of buffer properties on the process were measured in a microfluidic channel. The concentration rates
and the efficiency of trapping DNA were quantified as functions of the ion and polymer concentrations of the buffer solution. Buffers with
large ion concentrations hindered the ability to trap DNA, reducing the short-time efficiency of the concentration process from nearly 100%
to zero. Importantly, DNA was trapped in the microfluidic channel even when the buffer solution lacked any measurable viscoelastic
response. These observations indicate that electrohydrodynamic migration drives the concentration of DNA. We found no evidence of visco-
elastic migration in these experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110718

I. INTRODUCTION

Solutions of long polyelectrolyte molecules driven through a cap-
illary by a pressure gradient can be focused at the centerline or walls
by applying a counter or coaxial electric field, respectively.1–3 This
transverse migration can be exploited to concentrate, and even selec-
tively trap, DNA by applying suitable combinations of field strengths
within a microfluidic geometry similar to the one shown in Fig. 1(a).4,5

This microfluidic process has potential utility as a unit opera-
tion in the preprocessing of DNA samples in micrototal analysis
systems. Microfluidic processing of biological samples for the
purpose of extracting and purifying DNA would have many advan-
tages over traditional methods.6 Full automation of sample prepara-
tion within microfluidic devices would enable the collection of
smaller samples, reduce the required amount of labor, and increase
both the speed and reliability of the processing. Integrating DNA
preparation on a chip would be particularly useful for emerging
analysis methods that rely on small quantities, or even single mole-
cules, where high DNA integrity is required.7

Many methods of processing DNA on microfluidic platforms
have utilized immobilization or capture.8–10 General methods for con-
centrating analytes that utilize gradients in the buffers or fields11,12

have been used to preconcentrate DNA, including temperature gradi-
ent focusing,13 rheotaxis,14 and isotachophoresis.15 Electrokinetic
trapping of DNA using membranes16–19 and dielectrophoretic

trapping of DNA in a microfluidic channel equipped with an array of
electrodes have also been demonstrated.20

However, the microfluidic process shown in Fig. 1(a) relies on
different physics from those cited above. As illustrated in Fig. 1(b),
DNA enters the microchannel due to the convective flow and then
migrates toward the channel walls. Once near a wall, the convective
velocity vanishes and electrophoresis transports the DNA molecules
back to the inlet. The DNA then accumulates at the inlet to the
channel in a thin layer near the walls. The trapping critically
depends upon the migration of the DNA to the side walls after
entering the channel, as the mean convective velocity is more than
ten times larger than the opposing electrophoretic velocity. Spheres
of similar size and electrophoretic mobility as the DNA do not
migrate and, therefore, are not trapped.4

The transverse migration of long DNA strands has been previ-
ously attributed to an electrohydrodynamic interaction.21–25

Calculations of the electrophoretic motion of DNA, and other poly-
electrolytes, typically ignore the velocity disturbance caused by the
electric field acting on the charged polymer backbone and its sur-
rounding counterion cloud. However, calculations that incorporate
these hydrodynamic disturbances predict a deterministic motion
perpendicular to the electric field. For polymers elongated and
rotated by the shear flow in the channel, the theoretically predicted
direction of migration is consistent with observations.
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Few mechanisms other than electrohydrodynamic migration
can predict the qualitative motion of DNA under the combined
fields. Experimental observations1–3 indicate that DNA should
migrate to the bounding wall when the electric field causes the
DNA to lag the pressure-driven flow and to the center of the
channel when the DNA leads the flow. Inertial forces26,27 can cause
particle migration toward the center or toward the wall, depending
on the direction of the axial electric field with respect to the con-
vective flow. However, the direction of the migration is incorrect:
particles that lag the flow migrate toward the center,27 rather than
the wall.

Particles,28 and DNA specifically,29 suspended in a viscoelastic
fluid can migrate transverse to pressure-driven flows in response to
axially directed forces. The direction of migration can be toward
the centerline or toward the bounding walls, and, in this case, the
directions of the applied fields and resulting motion of DNA match
the electrohydrodynamic migration.1–3 Andriamanampisoa et al.30

attributed the concentration of DNA within a microfluidic device
to viscoelastic migration.31 Their process used axial flow and
electric fields within a geometry similar in shape to that used by
Arca et al.4

Here, we distinguish migration due to an electrohydrody-
namic disturbance flow from viscoelastic migration by measuring
the effects of the buffer solution on the ability to trap DNA. Both
the ion concentration and the concentration of neutral polymer in
the buffer were varied, and the effects on the trapping of DNA
were measured as described in Sec. II. Since the trapping depends
on DNA molecules migrating from the channel cross section to
the bounding walls, quantifications of concentration rates are
proxies for evaluating the mechanisms that control transverse
migration. The results demonstrate that increasing the ionic
strength reduces the migration, and hence, trapping efficiency
(Sec. III A), consistent with the proposal that migration is caused
by electrohydrodynamic interactions. Likewise, experiments
(Sec. III B) indicate that trapping occurs even when the buffer
solution contains no neutral polymer and no measureable visco-
elastic response.

II. EXPERIMENTAL METHODS AND MATERIALS

A. DNA solutions

Experiments were performed with DNA suspended in the 21
different solutions listed in Table I. Tris-EDTA (TE) buffer was
used in most of the experiments. A solution of concentrated
(100�) TE buffer (Sigma) was diluted 100 times with nanopure
water to a standard 1� solution containing 10 mM Tris-HCl and

FIG. 1. (a) The microfluidic chip consisted of an 18 mm long channel of cross section 0:1� 0:1 mm2 connecting the inlet and outlet regions of length 10 mm and cross
section 1� 0:1 mm2. Images were collected at the inlet (red area) by focusing on the nearest wall where the DNA concentrates when the pressure-driven flow (blue
arrow) and opposing electrophoretic velocity (red arrow) are set appropriately. Images were also collected near the outlet (blue area), with the microscope focused approxi-
mately midway between the top and bottom bounding walls. (b) Two-dimensional illustration of DNA molecules (green) entering the microfluidic channel due to the large
convective flow (blue). The electric field applied along the channel axis induces an opposing electrophoretic velocity (red) that is one tenth or less of the mean convective
velocity. DNA molecules migrate toward the bounding walls of the channel in response to the simultaneous application of the two fields, as confirmed by experimental
observations. The DNA molecules return toward the inlet (blue-red arrows) once sufficiently near the wall where the electrophoretic velocity exceeds the fluid velocity.
Upon reaching the inlet region, the DNA molecules accumulate in a thin layer near the bounding walls.

TABLE I. The composition of the 21 solutions used in the experiments. The ionic
strength (IM ) and the estimated Debye length (λD) were calculated for the TE
buffers; calculations for IM and λD were not made for the TBE buffer solutions.

No. TE (X) TBE (X) NaCl (mM) PVP (wt. %) IM (mM) λD (nm)

1 0.025 . . . 0 0.5 0.275 18.33
2 0.1 . . . 0 0.5 1.1 9.17
3 0.1 . . . 2.5 0.5 3.6 5.07
4 0.1 . . . 5 0.5 6.1 3.89
5 0.1 . . . 20 0.5 21.1 2.09
6 0.1 . . . 50 0.5 51.1 1.34
7 0.25 . . . 0 0 2.75 5.80
8 0.25 . . . 0 0.5 2.75 5.80
9 0.25 . . . 0 2 2.75 5.80
10 0.25 . . . 2.5 0.5 5.25 4.20
11 0.25 . . . 20 0.5 22.75 2.02
12 0.25 . . . 50 0.5 52.75 1.32
13 0.5 . . . 0 0 5.5 4.10
14 0.5 . . . 0 0.5 5.5 4.10
15 0.5 . . . 0 1 5.5 4.10
16 0.5 . . . 0 2 5.5 4.10
17 1 . . . 0 0.5 11 2.90
18 1 . . . 5 0.5 16 2.40
19 1 . . . 20 0.5 31 1.73
20 . . . 2 0 0 . . . . . .
21 . . . 2 0 2 . . . . . .
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1 mM EDTA. Solutions of TE at concentrations as low as 0.025�
were also used in the experiments. All TE solutions were filtered
(0.22 μm), and the salinity of some of the solutions was increased
by adding sodium chloride (NaCl). To study the effect of polymer
concentration on the DNA migration and concentration, polyvinyl-
pyrrolidone (PVP) with a molecular weight of 40 kDa was added at
the indicated concentrations. This neutral polymer was included in
the buffer solution by Arca et al.4 to stabilize the channel coating
that eliminates electro-osmosis.

The Debye screening length of the TE buffer solutions, λD,
was calculated from the molar ionic strength of the solution, IM
(Table I). EDTA at a pH of 8 exists mainly as the �3 anion with an
ionic strength for the 1� buffer of 45 mM, as calculated by
PHREEQC.32,33 The concentration of the conjugate Tris acid
(pKb ¼ 5:9) can be found from the [OH�] concentration of 10�6M,
and the concentration of added Tris (10�2M); it adds an additional
12.6 mM to the ionic strength of the 1� buffer. Since the solutions
are close to ideal, it suffices to determine the ionic strength of the
1� buffer solution and then scale it by the dilution factor of the
other buffers. In addition, we must then add the ionic strength of
the salt (assuming complete dissociation) to determine the total
ionic strength for the solution. The Debye length in nanometers can
be found from the formula λD ¼ 9:61=

ffiffiffiffiffi
IM

p
, with IM in mmol/l.

Buffer solutions of Tris-borate-EDTA were also used (solutions
20 and 21 in Table I). A concentrated 10� solution (Corning) was
diluted with nanopure water to a concentration of 2� (89mM Tris,
89 mM borate, and 2mM EDTA) and then filtered (0.22 μm).
No NaCl was added to the Tris-borate-EDTA (TBE) solutions, but
2 wt. % of PVP (40 kDA) was added to one of the solutions.

All experiments utilized λ-DNA molecules (New England
Biolabs Inc., 48.5 kbp) that were added at a concentration of
C0 ¼ 21 fM, no matter the buffer composition. To enable imaging,
the DNA was labeled with fluorescent dye (YOYO-1, Molecular
Probes) at a ratio of four base pairs to one dye molecule.

B. Microfluidic chip and fields

The constriction-expansion microchannels illustrated in Fig. 1(a)
were manufactured (Translume, Inc.) by laser etching silica to a cons-
tant depth of 100 μm. A square channel with a cross section of
0:1� 0:1mm2 and the length of 18mm connects two regions (inlet
and outlet, as defined by the direction of fluid flow), which are ten
times wider than the channel. Luer connectors, to which the tubing
was attached, were affixed to the chip above the access ports indi-
cated in Fig. 1(a). Each time a different buffer solution was used in
an experiment, the channels were cleaned by flushing, in sequence,
a solution of 1M HCl, nanopure water, a solution of 0.5M NaOH,
and then more nanopure water through the device.

As a final step, the channel was coated with PVP by circulat-
ing an aqueous solution with a concentration of 1 wt. % PVP
(40 kDa) through the channel for at least 14 h. Coatings of PVP
can prevent electro-osmosis,34 and previous studies4 confirmed that
the coating suppresses electro-osmosis for solutions similar to
those used here. We note that electro-osmosis does not affect the
migration. However, electro-osmosis opposes the electrophoretic
velocity and can reduce, or even eliminate, the rate of concentration
if it is not suppressed sufficiently.

Two reservoirs were attached with tubing to the ports via Luer
connectors. The reservoir attached to the inlet region contained the
DNA and buffer solution, while the reservoir attached to the outlet
region contained only the buffer solution. The rate of the pressure-
driven flow was governed by adjusting the relative height, ΔH, of
the reservoirs using a translation stage attached to a stepper motor.
Electrodes placed in each of the reservoirs were connected to a DC
voltage source that generated a potential difference of up to 400 V.
The potential drop occurs almost entirely across the 18 mm length
of the channel, due to its small cross section relative to the other
portions of the microchip and the tubing.4,5

For each setting of ΔH, the rate of concentration was maxi-
mized at a potential field of f ¼ fm as listed in Table II for the
0.25� TE solution with 0.5 wt. % PVP (solution 8). The measure-
ments agree with previous experiments that utilized the same
buffer solution.4,5 Table II also lists the velocity at the centerline,
v0, due to the pressure-driven flow and the electrophoretic velocity,
vE , for each set of conditions. These velocities were calculated from
measurements of the DNA motion within the channel in response
to independently applied fields.

Most of the measurements reported here utilized the height and
electric potentials listed in Table II. The pattern of the concentration
buildup at the inlet [region in Fig. 1(a)] is shown in Fig. 2(a) for one
set of conditions. For some buffer solutions, combinations of
height and electric potentials different from those in Table II were
used to maximize the rate of concentration. In those cases, the
pattern of the concentration was qualitatively similar to the
pattern shown in Fig. 2(a).

C. Imaging and measurement protocols

The microfluidic chip was mounted on the stage of an
inverted epifluorescent microscope (Nikon Diaphot 200) to image
the fluorescent DNA. A Leitz Wetzlar EF 63�/0.85 objective was
used, and the images were recorded with a QImaging Retiga SRV
CCD camera with an exposure time of 200 ms for each image.
The experimental setup was fully automated, enabling control over
the flow, voltage, sample illumination, and image collection. Images
were collected at predetermined time intervals at the two locations
indicated in Fig. 1(a) to measure the rate of concentration and the
efficiency of the trapping, respectively.

Rates of concentration were measured at the inlet [red region
in Fig. 1(a)] of the channel, with the microscope objective focused
near the bottom bounding wall of the microfluidic chip. Prior to
beginning each new experiment, the channel was flushed using a
convective flow to remove any excess DNA trapped in previous

TABLE II. The electric potential, f ¼ fm, that maximized the rate of concentration
at each setting of the height differential, ΔH, when using the 0.25� TE solution with
0.5 wt. % PVP and no added NaCl (solution 8 in Table I). The corresponding
convective flow and electrophoretic velocities, ν0 and νE , are given for each condition.

ΔH (in.) v0 (μm=s) fm (V) vE (μm=s)

0.1 800 50 41.7
0.15 1200 60 50
0.2 1600 70 58.3
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experiments. After initiating the concentration process by applying
a voltage drop, four sets of images were collected at uniform inter-
vals over a total time period of 8–240 min. The computer con-
trolled shutter limited illumination of the sample to a total of 4 s
over the course of any one experiment, reducing the effect of pho-
tobleaching on the measured intensities to less than 10%.5 Example
images showing the increase in DNA concentration with time are
shown in Fig. 2(a). Multiple experiments were performed for each
set of conditions.

The mean value of the fluorescence intensity as a function of
time t,

hI(t)i ¼
P

Ii(t)
N

, (1)

was calculated from each image by summing over the intensity Ii(t)
of each pixel i of N pixels in the inlet region. Figure 2(b) shows an
example of the mean intensity as a function of time. The concen-
tration was determined from the mean intensities,

hC(t)i ¼ β[hI(t)i � I0], (2)

where I0 was the fluorescence intensity measured in the absence of
DNA trapping (no electric field). The calibration parameter β was
determined by relating known concentrations and intensities, and
the calibration was repeated each time the imaging conditions
changed. The rates of concentration are reported at short times,

R ¼ 1
C0

dhC(t)i
dt

����
t!0

, (3)

over which the concentration increase is linear. Note that the rate
of concentration declines at sufficiently long times,5 as represented

in Fig. 2(b) by the deviation of the mean intensity from the linear
increase in time at approximately 30 min.

Assessment of the trapping efficiency relied on images collected
near the outlet of the channel [blue region of Fig. 1(a)] with the
microscope focused approximately midway between the bounding
walls. First, DNA was trapped at the inlet for elapsed times (Δt)
between 5 and 30min. Then, the trapped DNA was released by
turning the electric field off, allowing the pressure-driven flow to
convect the DNA through the channel toward the outlet region.
Images were collected continuously at the outlet to record the fluor-
escent intensity of the passing DNA molecules. Example images
after the release of the DNA are shown in Fig. 3. The mean fluores-
cence intensity [Eq. (1)] grew rapidly as DNA passed by the viewing
window, then declined until returning to the background level that
corresponds to the DNA concentration in the inlet reservoir.

The mean intensity hI(t)i from each image was converted to a
concentration using Eq. (2), but with the calibration factor β and
the background intensity I0 determined from independent mea-
surements made at the same region where the images were col-
lected. We note that all of the DNA passing through the channel
during an image was recorded, as the light emitted by the stimu-
lated YOYO dye molecules is collected automatically from the
entire depth of the channel.4 The total amount of DNA trapped in
a time Δt within the microfluidic device is given by

M(Δt) ¼ Q
ð1
0
hC(t)idt, (4)

where Q is the volumetric flow rate of the DNA solution through the
microchannel. The limits imply that the integral is evaluated over the
whole pulse of DNA; in Fig. 3(b), this would be from 0 to approxi-
mately 120 s. The efficiency η of the trapping mechanism is the ratio

FIG. 3. (a) Example images showing fluorescent DNA passing through the
outlet [blue region in Fig. 1(a)] of the channel after having been trapped for a
total time of Δt ¼ 180min. The DNA was suspended in buffer solution 8 and
was trapped using ΔH ¼ 0:15 in. and fm ¼ 60 V (ν0 ¼ 1200 μm=s and
νE ¼ 50 μm=s). (b) The mean intensity hIi(t) calculated from each image
following the release of the trap at t ¼ 0. The blue circles correspond to the
mean intensities from the images in (a). The subplot compares the total moles
of DNA trapped (symbols) with the theoretical maximum (line) as a function of
the elapsed time of trapping, Δt.

FIG. 2. (a) Microscopy images showing the buildup of DNA at the inlet to the
channel at three different times for ΔH ¼ 0:15 in. (v0 ¼ 1200 μm=s and
vE ¼ 50 μm=s) and solution 8. The images were collected at the inlet of the
channel [red area in Fig. 1(a)]. (b) Mean intensity as a function of time at the
inlet for the same conditions as the images. The red circles correspond to the
mean intensities from the images in (a).
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of M(Δt) to QC0Δt, the amount of DNA that entered the microfluidic
device. Figure 3(b) (inset) compares the actual and maximum amount
of DNA trapped as a function of Δt for one set of conditions.

III. RESULTS AND DISCUSSION

The concentration rate and the trapping efficiency were
measured for the buffer solutions listed in Table I. The combina-
tions of flow (ΔH) and electric potential (f) given in Table II were
used, unless otherwise noted. Section III A describes the effects of
altering the ionic strength of the solutions while holding the PVP
concentration constant at 0.5 wt. %. The effects of varying the PVP
concentration are described in Sec. III B.

A. Effect of ionic strength

Figure 4(a) shows the rates of concentration (R) for DNA
suspended in TE buffers with no added NaCl and a PVP concen-
tration of 0.5 wt. %. The rate R of nearly 60min�1 measured for
DNA in the 0.25� TE buffer (solution 8 in Table I) is similar to
the rate measured previously (50min�1).4 The rate of 60min�1 was
the largest observed for the different TE concentrations. For lower

strength buffers, the concentration rate declined until no measure-
able amount of DNA was trapped within the microfluidic device
(0.025� TE). The concentration rate declined at buffer strengths
higher than 0.25�, but R was still measureable at 1�.

The height difference ΔH and potential f ¼ fm were held
constant for the data represented by solid symbols in Fig. 4. The
centerline velocity (v0) was independent of the ionic concentration
at the same height difference. Also, the velocity of DNA in response
to the electric field alone was found to be approximately constant
at 50 μm=s for TE buffers of 0.25� and higher, implying a constant
electrophoretic mobility of 0:9 μm2=V s.

At the lowest buffer strength of 0.025�, the velocity of the
DNA in response to the electric field was lower (21 μm=s).
Increasing the potential drop from fm to 3fm increased the veloc-
ity to a value comparable to experiments with buffer strengths of
0.25� and higher. With this larger electric potential, the concentra-
tion rate was measurable [open symbol, Fig. 4(a)], but was only
one-sixth of the maximum rate of 60min�1. The result in the
0.025� buffer is anomalous in that a lower ionic strength in
general leads to stronger electrohydrodynamic migration. We spec-
ulate that the increased acidity of the solution (pH 6.8) causes

FIG. 4. Experiments with ΔH ¼ 0:15
in. (ν0 ¼ 1200 μm=s) and electrical
potentials of f ¼ fm ¼ 60 V (solid
symbols) and 3fm ¼ 180 V (open
symbol). All solutions contained
0.5 wt. % PVP, and the error bars
indicate the standard error. (a)
Concentration rates R as a function of
TE buffer strength, with no added
NaCl. (b) Concentration rates R as a
function of added NaCl and (c) as a
function of the Debye length, λD . (d)
Measurements showing the trapping
efficiency η as a function of Debye
length for an elapsed time of
Δt ¼ 30min.
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some protons to condense onto the DNA backbone, thereby reduc-
ing its total charge. This could explain both the reduced electro-
phoretic mobility and the severely weakened electrohydrodynamic
concentration rate. The change in the buffer pH may also have
reduced the effectiveness of the coating that suppresses the electro-
osmotic flow,34 which would also reduce the concentration rate.

The optimum buffer strength to maximize the rate of concen-
tration of DNA was around 0.25�. Adding NaCl to this buffer
reduced the rate of DNA concentration, as shown in Fig. 4(b). The
electrophoretic mobility was not noticeably altered by added NaCl,
but the ability to concentrate DNA vanished with the addition of
sufficient NaCl. No measurable concentration rate was observed
even with higher flow rates and voltages. Similarly, Fig. 4(b) shows
that adding NaCl to the other buffer solutions decreased the rate of
concentration.

The higher TE buffer strengths and addition of NaCl increases
the ionic strength of the buffer solution and compresses the thickness
of the layer of counterions that surround the DNA backbone, as
quantified by the Debye length (λD) given in Table I. Experimental
results [Fig. 4(c)] show a strong correlation between the concentra-
tion rate R and the Debye length λD, with the rate disappearing as
the double layer thickness goes to zero. These lower rates of DNA
concentration are consistent with the theory that transverse migra-
tion of DNA is caused by velocity disturbances induced by the elec-
tric field acting on the distorted DNA.21–25 For sufficiently small
Debye lengths, the velocity disturbances caused by the electric field
are screened and electrohydrodynamic migration disappears. For
example, calculations3,22 of DNA dynamics that include this electro-
hydrodynamic interaction predict that the transverse velocity scales
as λ2D in the limit of weak shearing flows and electric fields. As a
result of eliminating the electrohydrodynamic migration, the micro-
fluidic process fails to trap and concentrate DNA.

The efficiency η of DNA trapping in the microfluidic device
was measured for some of the TE buffer solutions from Table I.
The results, shown in Fig. 4(d), are plotted as a function of Debye
length. Note that η ¼ 1 corresponds to complete trapping of DNA
within the device, with no loss of DNA from the exit. For a Debye
length greater than 2 nm, regardless of the buffer components, the

migration velocity was sufficient to drive most of the DNA to
migrate toward the walls and to obtain a device efficiency exceeding
80%. For smaller Debye lengths (more salt), the efficiency dropped
rapidly, indicating that the migration was suppressed, in agreement
with our hypothesis that migration is driven by an electrohydrody-
namic velocity disturbance. A residual trapping of DNA (,20%) was
observed even at the highest ionic concentration (λD ¼ 1:32 nm).

B. Effect of PVP concentration

Buffer solutions tested in Sec. III A and in previous studies4,5

contained PVP at a concentration of 0.5 wt. %. The PVP was added
to the solutions to increase the stability of the PVP coating that was
applied to the channel walls to eliminate electro-osmosis, which
disrupts the ability to trap the DNA. The presence of the PVP in
the solutions potentially provides an alternate explanation for the
migration and concentration, since viscoelasticity of the buffer solu-
tions can induce a transverse motion of DNA.31,35 However, the
inability to trap DNA in the high salt solutions (Fig. 4) indicates
that electrohydrodynamic interactions cause DNA migration to the
walls of the microchannel. If viscoelasticity were responsible, migra-
tion and concentration would likely still occur regardless of the
ionic concentration.

To provide additional evidence that viscoelasticity is not respon-
sible for the migration and concentration of DNA, experiments were
performed in which the PVP concentration was altered indepen-
dently of the ionic concentration of the buffer. Figure 5(a) shows the
concentration rates R as a function of added PVP in buffer solutions
with no NaCl. The concentration rate was independent of the
amount of PVP up to at least 0.5 wt. % in the 0.25� buffer and up to
1 wt. % in the 0.5� TE buffer. Even in the absence of PVP (0 wt. %),
DNA was trapped and concentrated at the inlet of the channel.

The concentration rate declined once the PVP concentration
exceeded 1 wt. % as shown in Fig. 5(a). This was due in part to the
increased viscosity of the solution at 2 wt. % PVP (see the
Appendix), which reduced the centerline velocity by approximately
one-third. To compensate for the reduced flow rate, experiments
were performed with 2 wt. % PVP and increased pressure heads

FIG. 5. (a) Rates of concentration as a
function of the PVP concentration for
TE and TBE buffers with no added
NaCl. Experiments were performed
using ΔH ¼ 0:15 in. and a potential of
fm ¼ 60 V for the TE buffers; larger
potentials of f ¼ 150 V and 400 V
were utilized for the TBE buffers con-
taining 0 and 2 wt. % PVP, respectively.
(b) Concentration experiments using
the 0.25� TE buffer (no added NaCl,
2 wt. % PVP) as a function of the
centerline velocity; experiments were
performed with potentials of fm and
1:5fm (see Table II).
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(ΔH). The rate of concentration R increased linearly [Fig. 5(b)],
but remained an order of magnitude lower than the rates for the
0.5 wt. % PVP solutions. Since the electrophoretic mobility scales
inversely with the viscosity, the potential was increased by 50% in
some of the experiments. Figure 5(b) shows that the concentration
rate improved again, but still remained nearly one order of magni-
tude lower than those measured at smaller PVP concentrations.

Measurements of trapping efficiency as a function of trapping
time Δt are shown in Fig. 6 for different concentrations of PVP.
Efficiencies of 80% and higher were measured for the 0 and 0.5 wt. %
PVP solutions. For 2 wt. % PVP, the efficiency was significantly
reduced. The values of η � 0:35 indicate that the majority of the
DNA was not trapped, suggesting that most of the DNA molecules
failed to reach the bounding walls before exiting the device.

Andriamanampisoa et al.30 concentrated shorter DNA strands
[5 kbp, see their Fig. 1(B)] at the junction between circular capillaries
of diameter 100 and 20 μm using parallel flow and electric fields.
The concentration was attributed to a migration of the DNA to walls
of the smaller capillary, as in Arca et al.,4 Montes et al.,5 and here.
However, the migration was claimed to be due to viscoelasticity,31

which cannot explain the observations presented in this paper.
Their experiments used a TBE buffer solution, and measure-

ments of the concentration rates R were also done with TBE solutions
(see solutions 20 and 21, Table I) as an additional test; the results are
shown in Fig. 5(a). In the absence of PVP, the value of R was similar
to that of the 0.5� TE buffer solution. With 2 wt. % added PVP, the
rate declined to less than 5min�1, similar to the TE buffers. We note
that the potential f required to maximize the rates in the experi-
ments with TBE was much higher than that required in the TE solu-
tions. For example, the 0 wt. % PVP solution required a potential of
150 V to provide the maximum concentration rate at the inlet.

The key finding that PVP is not required for the migration is
evidence that an additional mechanism besides viscoelastic stresses
can cause migration. Viscoelastic migration depends upon the pres-
ence of non-Newtonian normal stresses, which are found in viscoelas-
tic polymer solutions. Rheological measurements (see the Appendix)
indicate that the solutions used here (PVP concentrations �2wt:%)
are Newtonian, with no measurable elasticity over the range of fre-
quencies tested. Hence, no migration due to viscoelasticity would be
expected in the current experiments. In contrast, the buffers used by
Andriamanampisoa et al.30 were clearly viscoelastic, as they contained
PVP of a higher molecular weight (360 kDa vs 40 kDa) and concen-
tration (5 wt. % vs up to 2 wt. %). Tests of their microfluidic device, in
the absence of PVP or with a higher ionic concentration, would help
to clarify the relative roles of viscoelastic and electrohydrodynamic
migration in the concentration of DNA.

IV. CONCLUSIONS

Experimental evidence presented in this paper supports the
hypothesis that electrohydrodynamic interaction drives migration
and subsequent concentration of DNA within the microfluidic
device shown in Fig. 1(a). Increasing the ionic strength of the
buffer solution was shown to significantly degrade the rate of con-
centration and the efficiency of trapping of DNA. Increasing ionic
strength reduced the transverse velocity by reducing the Debye
length, which theories for electrohydrodynamic migration21–25

indicate should be larger than the diameter of the DNA backbone
(�2 nm). Trapping efficiency [Fig. 4(d)] was found to decline for
Debye lengths smaller than 2 nm.

Fluid viscoelasticity has been shown to be unnecessary for
trapping DNA. Experiments with PVP-free buffer solutions gave
similar rates and efficiencies of trapping as the solutions with
0.5 wt. % PVP as seen in Figs. 5 and 6. This does not contradict the
idea that viscoelastic stresses can also cause a similar transverse
migration and concentration, although at higher concentrations of
PVP and higher shear rates than employed here.

Electrohydrodynamic migration has potential applications
for the preprocessing of DNA samples in lab-on-a-chip systems. In
addition to preconcentration of DNA, the process described here
could be useful for separating DNA from a cell lysate. An advan-
tage of electrohydrodynamic migration and trapping is that it is
sensitive to the length and flexibility of the molecule. Shorter DNA
strands migrate less than longer ones, and rigid charged particles
migrate weakly, or not at all if spherical.4 On the other hand, even
rigid charged spheres will migrate in a viscoelastic fluid. Thus, the
electrohydrodynamic mechanism has greater potential for separating
DNA from proteins and other debris in the lysate.
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APPENDIX: RHEOLOGY

Measurements of the rheology of the 0.25� TE buffer with
added PVP are shown in Fig. 7. Measurements of the steady shear

FIG. 6. Measurements of the trapping efficiency η as a function of Δt (elapsed
time) and PVP concentration for 0.25� TE buffer solution with no added NaCl.
All measurements were at the same centerline velocity of ν0 ¼ 1200 μm=s; a
potential of fm ¼ 60 V was used for the 0.0 wt. % and 0.5 wt. % PVP solutions,
and a potential of 105 V was used for the 2.0 wt. % PVP solution.
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viscosity and the small amplitude oscillatory shear (SAOS) were made
using an Anton Paar MCR 302 rheometer. A cone and plate geome-
try with a diameter of 60mm and a cone angle of 1� was used for the
measurements, all performed at a controlled temperature of 25 �C.

The viscosity reported in Fig. 7(a) shows a linear scaling with
PVP concentration and is independent of the shear rate through at
least 100 s�1. The intrinsic viscosity, μ½ � ¼ limc!0 μ� μsð Þ=cμs½ �,
was calculated to be approximately 0.19 dl/g, where μs is the viscos-
ity of the suspending fluid and c is the PVP concentration. This
result is consistent with data available for solutions of PVP with
similar molecular weights. For example, the intrinsic viscosity for
Kollidon 30 (PVP MW of 44 kDa–54 kDa) is reported to range
from 0.19 to 0.25 dl/g in water and that of Kollidon 25 (PVP MW
of 28 kDa–34 kDa) from 0.15 to 0.19 dl/g.36 A linear dependence of
viscosity on concentration is a characteristic of dilute polymer solu-
tions, and the critical concentration at which the PVP molecules
overlap can be estimated37,38 as μ½ ��1¼ 5:3 g=dl, or 5.3 wt. %. So,
our experiments (�2wt:% PVP) are clearly in the dilute regime.

Figure 7(b) shows the loss (G00) and storage (G0) moduli mea-
sured for the 2 and 10 wt. % PVP solution. Elastic components (G0)
were not measureable at the largest frequency tested (400 rad/s). At
400 rad/s, the peak shear rate was 20 s�1 in the rheological testing,
whereas the maximum rate of shear in the experiments ranged
from 36 s�1 at v0 ¼ 800 μm=s up to 72 s�1 at v0 ¼ 1600 μm=s. To
check the sensitivity of the rheological measurements, we also used
a 10 wt. % PVP solution. In this case, a strong elastic response was
measured [Fig. 7(b)].
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