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Differential transport of DNA by a rectified
Brownian motion device

An interdigitated electrode array (IDEA) device has been designed and used to trans-
port DNA based on a Brownian ratchet mechanism. This migration is produced by the
periodic formation of an asymmetric sawtooth electric field in the device. Oligonucleo-
tides of 25, 50, and 100 bases in length were tested using two different array geome-
tries. DNA transport as a function of DNA size, electric field frequency, and array
geometry is shown to be in qualitative agreement with theory. Such a device could pro-
vide for DNA separations over a broad size range, and can be readily scaled as a com-
ponent in a microfabricated DNA analysis system.
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1 Introduction

The Human Genome Project and similar efforts are
providing a wealth of genetic information that is spurring a
rapid growth in the number of nucleic acids-based diag-
nostic tests which can be performed on a routine basis in
hospitals or forensic laboratories [1, 2]. Much work in
recent years has shown the feasibility of using microfabri-
cation techniques to produce integrated “lab-on-a-chip”
devices for DNA separations, which offer the advantages
of higher throughput at lower costs [3—10]. Such microfab-
ricated devices have been demonstrated for capillary
electrophoresis, as well as performing chemical reactions,
including solid-phase chemistry, polymerase chain reac-
tion, immunoassays, and cell manipulations [3]. Another
key for improving such diagnostics using miniaturized
biochemical analysis systems will be their simplicity of
operation. DNA separations in microdevices to date have
been accomplished by means of standard electrophoretic
methods. This requires the use of a polymer solution as a
sieving matrix [11]. The use of such solutions can become
more complicated as channel dimensions decrease [4].
Experiments showing DNA separations in free solution
have been performed but required precisely controlled
modification of the DNA molecules [12]. It has also been
proposed that devices for specific DNA separations could
be created using a microfabricated array of posts for DNA
sieving [13]. Ideally, a microdevice would separate mole-
cules over a wide size range, with the specificity con-
trolled simply by adjustable instrumental parameters.

Directed motion by means of “Brownian ratchets” has
been discussed extensively [14-21], and used to describe
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the mechanism of molecular motors [22-25]. Brownian
motion is rectified when a time-dependent energy source
is applied in an anisotropic environment. Recently, the
sorting of macromolecules by a continuous flow through
an array of obstacles asymmetric in both x and y dimen-
sions has been suggested [26—29]. Experimentation
using Brownian ratchets has involved the migration of rel-
atively large objects using dielectrophoresis [30, 31] or
optical tweezers [32] to generate the periodic, asymmetric
potential energy field. Such energy fields have been too
weak for directed motion of smaller, less polarizable DNA
fragments.

Elsewhere, we have described the development and use
of a Brownian ratchet microdevice for the directed motion
of DNA molecules [33]. Figure 1 shows a schematic of
our operating device. The device uses charge-charge
interactions to create the anisotropic potential energy
field, which allows the trapping of smaller particles such
as DNA fragments. The device consists of two asymmet-
ric arrays of electrodes. The array geometry is defined by
the periodicity between anodes, /, and the minimum dis-
tance between anode and cathode, r. The design is such
that />> r. The anisotropic potential energy field is created
by applying voltage to the arrays for a period of time f,,
sufficient to localize the negatively charged DNA frag-
ments to a potential energy minimum. The voltage is sub-
sequently turned off for a period of time fy, permitting
Brownian diffusion of the DNA fragments about the for-
merly defined potential energy minimum. Modeled in one
dimension the probability distribution of DNA about this
point is Gaussian,

_exp(—x®/4Dt,,)

PXtor) = JanDr. M
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Figure 1. Example of Brownian ratchet operation. A peri-
odic potential is applied to the electrode array. Charged
particles with diffusion coefficient D focus to the potential
well minima during periodt,,. During period f a fraction
of the particles o diffuse beyond a distance r, which can
be quantified from the complementary error function of
the particle distribution. Subsequent cycling of the poten-
tial generates a net transport of the particles.

where D is the diffusion coefficient for the DNA fragment.
The period of time f; is optimized to permit a fraction o of
the DNA to migrate a distance such that /-r > x > r. This
fraction o can be expressed by integrating the probability
distribution function from rto infinity:

a= -;— erfc(/r¥/4Dt.y) )

where erfc x is the error function complement. Voltage
cycling between t,, and t produces a net transport of
DNA fragments of «/ after each cycle. A migrating distri-
bution for each fragment size is therefore produced after
ncycles, with center position x (n),

x (n) = nlo (3)
and square width 6%(n),

o°(n) = nlPo(1-a) (4)
In this report, we perform a more detailed characterization

of the device by investigating a more complete set of
parameters. In particular, we transport oligonucleotides
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25-100 bases in length using two different device geome-
tries. The transport rates, as a function of oligonucleotide
size, further support our previous conclusions. These
results also show qualitative agreement between theoreti-
cal prediction and actual performance of the physical
device. We also use the dependence of the transport rate
on oligonucleotide size to predict the resolution that can
be obtained for DNA separations. Also, we use the data
from different device feature sizes to test the theoretical
prediction that the cycle time can be reduced with the
square of the feature size. This test is crucial because
reducing feature size is the most direct means to improve
performance and resolution.

2 Materials and methods

2.1 Device fabrication and preparation

The design of the interdigitated electrode array (IDEA)
device is shown in Fig. 2. The device consists of two
asymmetrically spaced electrode arrays extending from
platinum bondpads on opposite sides of the device. The
asymmetry is defined by the periodicity, /, and the spacing
between nearest electrodes, r, which also defines the
electrode width. Devices with two different geometries
were fabricated, one with rand /equalto 5 and 50 um, re-
spectively (5/50 device), the other with r and / equal to
2 um and 20 pum, respectively (2/20 device).

The IDEA device was produced at the UC Berkeley
Microfabrication Laboratory using conventional micro-
electronic fabrication techniques involving photolitho-
graphic patterning and etching of deposited or grown thin-
films [34—36]. The methods employed are characteristic
of those commonly used in the integrated circuit industry
and lend themselves to high-density, low-cost batch fabri-
cation. IDEA devices were fabricated on 100 mm di-
ameter silicon wafers, on which over 100 distinct devices
can be produced simultaneously. Fabrication begins with
a dielectric layer, formed by the thermal oxidation of the
silicon surface. An adhesion layer to bond the metal to
the substrate is then applied. This is followed by a 2000 A
layer of platinum, which was used for the device metal-
lurgy. This was deposited in an radio frequency (RF)-
magnetron sputtering system with an argon gas ambient.
Photolithography is then used to define the platinum elec-
trodes and bondpads. The photolithographic mask is
shown in Fig. 2a. Because of its highly inert nature, plati-
num is difficult to remove using conventional reactive ion
plasma techniques; argon ion milling was therefore used
to remove the exposed platinum. To limit DNA adsorption,
the devices were treated with an organosilane before use.
Devices were soaked in isopropanol followed by iso-
octane. The devices were then placed in a silanization
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Figure 2. (a) Photolithographic mask for the 5/50 IDEA
device. (b) Device schematic, showing connection of the
power supply and array dimensions / and r. For the 5/50
device/ = 50 um and r = 5 um. For the 2/20 device | =
20 um and r=2 um. The voltage waveform is at 25% duty
cycle. The initial voltage polarity transports DNA to the
center of the device, concentrating the DNA to the lone
anode in array 2. Reversal of the voltage polarity produ-
ces in both electrode arrays a band of DNA migrating
from the device center outwards.

bath consisting of 80 mL hexadecane, 20 mL chloroform,
and 80 mL of methacryloxypropyltrichlorosilane (Gelest,
Tullytown, PA). The devices were soaked in this silaniza-
tion bath for 20 min. The devices were then rinsed con-
secutively in iso-octane, isopropanol, and water, followed
by drying under nitrogen.

2.2 Reagents and samples

Oligonucleotides of length 25 bases (5-GCA TCA CAG
TCA GTA GCA TCA GGT C-3'), 50 bases (5-TCG TCC
TGT CAG ACG AGA CTG CTG ACG ACA TCT ATC
ATC GGT ATC TGC CG-3'), and 100 bases (5-TCG TCC
TGT CAG ACG AGA CTG CTG ACG ACA TCT ATC
ATC GGT ATC TGC CGT CGT CCT GTC AGA CGA
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GAC TGC TGA CGA CAT CTA TCA TCG GTA TCT
GCC G-3'), labeled at the 5'-end with carboxy-X Rhod-
amine, were custom synthesized (Amitof, Allston, MA).
The base sequences were chosen to prevent hairpinning
and self-hybridization. MALDI-MS analysis of the oligonu-
cleotides showed no evidence of incomplete synthesis
products. These oligonucleotides were used at a concen-
tration of 0.1 pmol/uL.

2.3 Instrumentation

An epi-illumination microscope (Zeiss Axioskop, Jena,
Germany), using a 10X Fluar objective was used for
imaging. The device was illuminated by a 50 W mercury
lamp, using a 546 nm bandpass excitation filter and
590 nm longpass emission filter. Visualization of the DNA
dynamics was by means of an intensified video camera
(SIT camera Model VE-1000; Dage-MTI, Michigan City,
IN) attached to the microscope, with results recorded by
videotape. The standard video frame rate of 30 fps
allowed for sufficient sampling of the electric field frequen-
cies used in the experiments. A function generator (Model
DS345; Stanford Research Systems, Sunnyvale, CA) cre-
ated the electric field waveform, which was then applied
directly to the device by means of probe contacts to the
device bondpads. The electric field waveform used in the
experiments was a square wave with voltage amplitude
Vop = 1.6 V, 25% duty cycle (i = 3f,n), and 0.8 V offset.
Frequencies for the electric field ranged from 0.7 to 8 Hz,
with v=(tog+ton) .

2.4 Procedure

For the experiment 0.15 uL of DNA solution was applied
to the device, over which a 2 X 5 mm coverslip was
placed, creating a maximum solution depth of approxi-
mately 15 um. The coverslip edge was then sealed to the
device with grease to prevent bulk flow. Voltage was
applied to the two electrode arrays by probe contact with
the bondpads in such a manner that DNA migration for
each array was in opposing directions. The initial polarity
was set to drive DNA motion on each array towards the
center of the device, where it concentrated on the center
anode. After 2 min the polarity of the electric field for both
arrays is inverted, creating two concentrated bands of
DNA which migrate from the device center to the edges.
A total of 88 runs were analyzed for this report.

2.5 Analysis

Digitization of the videotape was by means of a PCl frame
grabber (Model DT3153; Data Translation, Marlboro, MA)
in a Pentium PC, operated via image processing software
(HLImage; Western Vision Software, Layton, UT). A
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region of interest 8 pixels wide and covering the length of
an array was captured at a frequency equal to that of the
electric field used, in phase with t,,. A total of 100 frames
were captured for each run. To remove background the
brightest 15% of the pixels were used to determine the
location of the DNA bands. DNA band migration, x(n),
was measured as the average position as weighted by
intensity. Values of o were calculated as the slope of x(n),
using frames 10 through 39.

3 Results and discussion

3.1 Typical run

In Fig. 3, we show results from a typical run. Here the
labeled 50-mer is transported on a 2/20 device. The elec-
tric field frequency is 0.7 Hz. The top panel shows images
of the device region of interest at 10-frame intervals. The
bright bands show DNA that has been attracted to the
array anodes, which are the potential well minima. After
each cycle of the electric field, a fraction « of DNA pro-
gresses to the next array anode. This produces an
advancing DNA band spread out over several anodes.
Visual inspection of the images shows the band migrating
approximately two anode positions, or 2/, every ten elec-
tric field cycles. This yields a value for o of 0.2. The migra-
tion and spread of the 50-mer band is plotted below the
images. When measured as the slope of x(n), the value of
a is 0.19. Also plotted is the band width, expressed as
o?(n). From Eq. (3), the slope of 6(n) is equal to a(1-a) =
0.15, or approximately equal to the slope for x(n). After 25
cycles 62(n) becomes linear with a slope equal to 0.15, in
agreement with theory. The goodness of fit, however, is
poor (RP=0.6), due to the high fluorescence background
in our device.

3.2 Dependence of o on electric field frequency
and diffusion distance

Figure 4 shows experimental results of o for the labeled
50-mer as a function of frequency, using both the 5/50
and 2/20 device geometry. It can be seen that o increases
as near electrode spacing r decreases, as predicted by
theory. The steady-state flux of particles through the
device can be expressed as

flux = av (5)

* Experiments for the 50-mer using the 5/50 device were per-
formed at several other frequencies. However, the device prep-
aration was different. Therefore, these data are not included in
Fig. 4.
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From visual observation, frequencies yielding maximum
flux for the two different devices were 0.7 Hz and 2 Hz, re-
spectively*. To determine if the data qualitatively follows
the theoretical functional form, the function for the flux
was optimized to have a maximum at the stated frequen-
cies. One manner in which the experimental data could
deviate from theoretical is in the values for r. The simpli-
fied one-dimensional model does not account for the elec-
trode width. The actual distance necessary for the DNA to
diffuse across to the next potential well may be better
approximated by the center-to-center distance between
near electrodes,

r=2rnys (6)

or from the near-edge-to-far-edge distance between near
electrodes.

r=3lphsy (7)
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Figure 3. Top: images of 50-mer migration on 2/20
device, in 10 cycle intervals. Voltage waveform as in
Fig. 2, with v=0.7 Hz. Bottom: band migration x and band
width as o2, plotted relative to the number of cycles, n.
The value for « is calculated as dx;/dn. The function ¢°
becomes linear after n=25, and do®/dn=~a(a-1), as pre-
dicted by theory.
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Figure 4. Dependence of o on electric field frequency,
measured for both 2/20 and 5/50 devices. Theoretical
curves include correction factors s,/0¢ and ss/50, based on
the frequency of maximum DNA flux. The error bars indi-
cate 1c.

The function for the flux was therefore optimized by
means of including a correction factor sto r:

I'= Slohys (8)

The diffusion coefficient D was determined assuming that
the oligonucleotide behaves as a self-avoiding Gaussian
chain, that is:

D~ 796 (9)

where L is the chain length in bases. Previous work has
shown that values for the diffusion coefficient decrease in
micron-sized environments [37]. Xu and Yeung, by
means of single molecule detection, calculated a diffusion
coefficient of 2.5 X 107" c¢cm?/s for dye-labeled 30-mer.
This is a factor of 2.6 less than the value based on the
Stokes-Einstein equation. Using the scaling from Eq. (8)
relative to this value, the diffusion coefficient for a 50-mer
would be 1.8 X 10~ cm?/s. For the 25% duty cycle square
wave, i can be expressed as

Lot = 0.75/v (10)

Substitution into Eq. (1) then yields

a= % erfc(ys?r2v/3D) (11)
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A value for s that optimized DNA flux for the above fre-
quencies was determined. The correction factor s was dif-
ferent for each device, however both are close to the
range limit we expected, being sy/20 = 3.6 and Ss/50 = 2.2.
The functions op00(v) and as/50(v) using these correction
factors are overlaid on the experimental data. The data
show good agreement with these functions.

Runs were also performed on both the 2/20 and 5/50
devices using labeled 25-mer and 100-mer oligonucleo-
tides. These data points can be added to the 50-mer data
if we scale the data sets to account for the oligonucleotide
size. Using the scaling for the diffusion coefficient
expressed in Eq. (8), values for the other oligonucleotides
were determined as follows:

50\
Dohgo = DSOmer(““‘)

i (12)

Data for all three oligonucleotides were combined, and o
was plotted as a function of v/Dyjigo. This is shown in
Fig. 5, overlaid with the theoretical curves. The data gen-
erally follow the functional form. However, values of o for
the 25-mer and 100-mer tend to show greater deviation.
This could be an expression of how the DNA size range
used less accurately reflects a self-avoiding random walk
model. No account is made for the intrinsic chain stiff-
ness. This is often expressed in terms of statistical seg-
ment length, or Kuhn length, bx. A Gaussian chain accur-
ately models a DNA molecule when L >> by [38]. For
ss-DNA, the Kuhn length is approximately 4 nm [39]. Val-
ues of L/bk for the oligonucleotides used therefore range
from 2-8. The diffusion coefficient for such semiflexible,
shorter chains is more dependent on the chain length L

0.3
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025 \ s Olsomer2/20
e Ol1oomer2/20
02 [ k ¢ Ol2smers/s0
’ I & Olsomers/50
1 e Ol100mers/50
a 0.15 T T

B —— Oltheo2/20
{ I Qltheos/50
01 +——— 3
0.05 - x
0 0.5 1 1.5 2 25 3
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Figure 5. Dependence of o on the diffusion distance r,
independent of oligonucleotide size. Theoretical curves
include the appropriate correction factor, Syog Or Sss0-
The error bars indicate 1c.
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The theoretical curves include the appropriate correction
factor, s,/00 Or S5/50. The error bars indicate 1o.

than expressed by the self-avoding random walk model
[40]. An optimization based on data for the 50-mer could
therefore be less accurate for the other oligonucleotides.
Data from all oligonucleotides are shown together in
Fig. 6. Here « is plotted as a function of r?/4Dty. All data
should follow one functional form. This curve is overlaid
on the data, one using S,/20, the other using Ss/s0. This is
reasonable since two-thirds of the data points were ob-
tained using the 2/20 device.

3.3 Sample interaction with electrode array

Another factor contributing to deviation from theory
comes from the interaction of the samples with the elec-
trode array. In our experiments the DNA solution is in
direct contact with the platinum electrodes. Specific
adsorption of analytes and other solution constituents
onto solid electrodes is a general phenomena [41, 42].
The resultant electrode fouling diminishes the effective
electric field in the device. DNA, particularly single-
stranded, has been shown to be adsorbed onto gold and
carbon electrodes [43—45]. The degree of adsorption in-
creases with shorter DNA size, as these shorter chains
can more readily follow the contours of the electrode sur-
face [43]. The guanine and adenine bases are also sus-
ceptible to oxidation over the potential range used in our
experiments [46—49]. Adsorption of the DNA with resul-
tant weakening of the electric field was observed during
the operation of the device. With extended operation,
the background fluorescence on the electrodes would
increase, producing DNA bands of decreasing signal/
noise. After 8 min of operation, the combination of high
background and diminished electric field prevented fur-
ther observation of DNA migration.
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3.4 Dependence of o on oligonucleotide size

Figure 7 shows the dependence of o on oligonucleotide
size for both the 2/20 and 5/50 device. While there is a
clear decrease in o with size between the 50-mer and
100-mer, values of o for the 25-mer were lower than pre-
dicted, and in fact often lower than for the 50-mer. This
again could be attributable to a greater degree of adsorp-
tion for the 25-mer relative to the 50-mer and 100-mer.

4 Concluding remarks

These preliminary results show the utility of using a
Brownian ratchet mechanism for the transport of DNA.
This Brownian ratchet device provides some attractive
advantages over electrophoresis for DNA separations. It
does not require the use of polymer solutions to effect
separation. Since the separation window is dependent on
the electric field frequency, the same device could be
used to separate a wide range of sizes, providing great
flexibility. The device is capable of being readily included
into present techniques used to develop integrated micro-
devices. The electrode dimensions for this device could
be decreased and greatly improve resolution. With the
present technology used in the microelectronics industry,
device features of 0.25 um are routinely achieved [50].
The experiments, reproduced for multiple oligonucleotide
sizes under varying operational parameters, are in quali-
tative agreement with theory. Our use of correction fac-
tors, however, shows that a more refined model for the
transport is necessary. A two-dimensional model that
takes into account the finite electrode width will allow for a
more accurate determination of the potential well parame-

0.25 —_— —
—— Oo7Hz,  2/20 |
—#— Ol2Hz, 2/20
0.2 - ]. —— Oo7Hz,  5/50
// —=— OloHz, 5/50 |
0.15 — e
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0.05 | —
0+

0 20 40 60 80 100 120
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Figure 7. Dependence of o on oligonucleotide size. The
theoretical curves include the appropriate correction fac-
tor, s5/00 OF Ss5/50. The error bars indicate 1c.
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ters. What will also be necessary is a treatment of the
electrode arrays to prevent adsorption of the DNA and
other contributions to electrode fouling. With these
improvements this device could provide a feasible alter-
native to electrophoresis for nucleic acid separations.
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