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ABSTRACT We have fabricated a micron-scale device capable
of transporting DNA oligomers using Brownian ratchets. The
ratchet potential is generated by applying a voltage difference to
interdigitated electrodes. Cycling between the charged state and
a discharged, free-diffusion state rectifies the Brownian motion
of charged particles. The observed macroscopic transport prop-
erties agree with the transport rate predicted from microscopic
parameters including the DNA diffusivity, the dimensions of the
ratchet potential, and the cycling time. Applications to human
genetics, primarily genotyping of single-nucleotide polymor-
phisms (SNPs), are discussed.

PACS 87.10+e; 87.80-Mj; 05.40.-a

1 Introduction

One of the keys to understanding the function of
each human gene is to characterize the effect of genetic vari-
ations; of greatest medical interest are the genetic factors
that predispose individuals to complex diseases including
metabolic, cardiovascular, autoimmune, and psychiatric dis-
orders. These functional variants are likely to occur in the cod-
ing sequences of genes and include single-nucleotide poly-
morphisms (SNPs) that result in amino acid changes or frame-
shift mutations. Rapidly assessing which allele an individual
has inherited on each chromosome is a prerequisite for con-
ducting genetic studies, and developing technology that can
accomplish this goal rapidly, accurately, and inexpensively is
crucial to advancing medical knowledge.

Here we review our design and testing of a micro-
machined DNA transport device that could serve as a building
block for a highly automated and massively parallel lab-on-
a-chip for SNP genotyping [1, 2]. A distinguishing feature of
our device is that an electric potential gradient generates a pe-
riodic, asymmetric ratchet potential that is sufficiently strong
to trap DNA 20-mers to 50-mers, the requisite size range for
SNP genotyping. Others have described ratchet potentials
formed using electric potential gradients, optical tweezers,
and entropic squeezing [3–10], which are sufficiently strong
to capture meso-scale particles (kilobases of DNA) but may
not be effective for trapping smaller oligomers.
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The pertinent details of the device are summarized in
Sect. 2, and the macroscopic transport rate is related to mi-
croscopic properties. Results are presented in Sect. 3, and
a discussion of possible applications is provided in Sect. 4.

2 Methods

Traps for charged particles were generated by de-
positing two sets of interdigitated platinum electrodes on
a silicon surface (Fig. 1). When a solution containing DNA
molecules is applied to the device, with a cover slip to prevent
evaporation, and a potential difference V is applied to the elec-
trodes, the negatively charged DNA molecules are attracted to
the electrodes with positive bias. As shown in the schematic,
the positively charged and negatively charged electrode ar-
rays are each periodic over length L, and the two arrays are
offset by distance R, defined as the closer edge-to-edge dis-
tance, to generate an asymmetric sawtooth-shaped ratchet po-
tential. We fabricated devices with (L, R) = (50 µm, 5 µm)

and (20 µm, 2 µm), with electrode widths 5 µm and 2 µm, re-
spectively. For greater detail regarding the fabrication, see [1]
and [2].

When the potential bias is removed, the DNA molecules
undergo free diffusion. After time t, the potential bias is reap-
plied, and the particles that have diffused further than R are
transported at least one well. This fraction is denoted α. As-
suming a normal density profile characteristic of Brownian
motion,

α = 1 −Φ
(

R
/√

2Dt
)

, (1)

where Φ(z) is the cumulative standard normal probability and
D is the DNA diffusion constant. With sufficient asymmetry,
L − R > R, and sufficiently short time t, back-diffusion may
be ignored and particles move at most one well per cycle.

The minimum time τ required for re-trapping is calculated
by assuming over-damped motion. The terminal velocity for
over-damped motion is the ratio of the force QV/(L − R),
where Q is the particle charge, to the mass times the friction
constant, equal to kBT/D where kBT is the thermal energy.
This yields

τ = (L − R)2kBT

QVD
(2)
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FIGURE 1 Top: This mask was used to fabricate devices with L =
50 µm periodicity and R = 5 µm spacing between near electrodes. Bottom:
A schematic illustrates transport over a cycle of operation. Particles begin
trapped in a single well. The potential is turned off for time t, and the particle
distribution has a normal density profile with width (2Dt)1/2. The potential
is re-applied, and after a relaxation time τ the particles are again trapped.
A fraction α of the particles have been transported to the next well

for the re-trapping time. In our experiments, the voltage differ-
ence was V = 1.6 V, the thermal energy 26 meV, QV = 80 eV
for a 50-mer, and D ≈ 1.8 ×10−7 cm2/s (extrapolated from
2.4 ×10−7 cm2/s for a 30-mer near a surface [11]), yielding
τ = 0.006 s for the L = 20 µm device.

The flux of particles is α/(t + τ) ≈ (D/πRt)1/2 exp(−R2/

4Dt), the approximation being valid when τ < t ≤ R2/2D.
The exponential term arises from the asymptotic expan-
sion for Φ(z) for large z, 1 −Φ(z) ∼ (2πz2)−1/2 exp(−z2/2).
Using this approximation, the flux is maximized for t ≈
R2/2D, the time for free diffusion over distance R. An ex-
act numerical solution shows that the true maximum of α/t
occurs at t = 0.35R2/D.

The macroscopic transport rate was measured experimen-
tally by cycling the device to transport fluorescently labeled
DNA particles to the center, then reversing the polarity of the
electrodes to pump the DNA from the center to the ends of
the device. Video images recorded the fluorescence intensity
over the electrodes during the trapping phase of the cycle, and
the images were digitized to extract the DNA concentration at
each electrode. Each complete cycle was a square wave with
t = 2τ; the frequency of modulation was (1.5t)−1.

After n cycles, the mean xn and variance σ2
n of the DNA

distribution are given by a binomial distribution with param-
eter α,

xn = nαL

σ2
n = nα (1 −α) L2 . (3)

For each experiment, we ascertained that the mean and vari-
ance of the DNA distribution grew linearly with cycle number
n (see Fig. 2), then obtained α as the slope parameter from
a least-squares fit to xn . The slope of σn2 yields a second
estimate for α, which we checked for consistency with the typ-
ically more accurate estimate from xn.

3 Results

The transport properties for single-stranded DNA
50-mers on a device with (R, L) = (2 µm, 20 µm) are shown
in Fig. 3. Each point is the value of α extracted from the slope
of xn from an independent experiment, and the line is a fit to
the anticipated functional form.

The single parameter of the fit is the quantity (R2/2D)1/2,
which is found to be 0.52 ±0.03. From the residuals of the fit,
the standard error for the value of α from each experimental
point is 0.04. This agrees well with the mean standard error of
0.05 provided by the least-squares estimator for α.

The corresponding estimate for D is (3.8 ± 0.2)×
10−8 cm2/s, which is 4.7 times larger than the expected value
of 1.8 ×10−7 cm/s (see Sect. 2). A possible explanation is
that DNA molecules are distributed over the entire surface
of the electrodes during the trapping phase and, during the
free diffusion phase, must travel the center-to-center distance
rather than the center-to-edge distance to be transported to
the next well. This suggests using 2R = 4 µm rather than
R = 2 µm in the expression for α and implies a diffusion
constant (1.5 ±0.1)×10−7 cm2/s, not significantly different
from the expected value.

The transport parameter α is shown as a function of DNA
oligomer length in Fig. 4 with results for a 25-mer, a 50-mer,
and a 100-mer. Experimental measurements are from devices
with (R, L) = (2 µm, 20 µm) and (5 µm, 50 µm) using free-
diffusion time t = 0.333 s and trapping time τ = 0.167 s. The
experimental measurements have been fit to the functional
form α = 1 −Φ[(R2/2DNt)1/2], where DN = D50(N/50)λ is
the diffusion constant of an oligomer with N nucleotides, λ is
a scaling constant, and D50 is the reference diffusion constant
for a 50-mer.

The fit value of λ is −0.14 ± 0.06. The corresponding
exponent for a three-dimensional self-avoiding walk is λ =
−0.6. The smaller value we find for λ suggests that the
oligomers have not yet entered the scaling regime, either
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FIGURE 2 Video images captured
from transport of a DNA 50-mer on
a device with (R, L) = (2 µm, 20 µm)

are shown every 10 cycles (t = 0.95 s,
τ = 0.48 s, freq = 0.7 Hz). Superim-
posed on the images are the mean xn
and the width σn of the DNA distri-
bution after n cycles. The transport
parameter α is approximately 0.19, and
σn = 0.39n1/2

FIGURE 3 The transport parameter α was measured for a DNA 50-mer on
a device with (R, L) = (2 µm, 20 µm) and fit to the functional form α = 1−
Φ[(R2/2Dt)1/2], yielding R2/2D = 0.52±0.03 s

due to the contribution of the dye or because the contour
length of the oligomer is not much larger than the persistence
length. Experimental measurements of single-stranded DNA
at high salt concentration (10 mM phosphate buffer, 5 mM
MgCl2) have recently been interpreted to indicate a persis-
tence length of 1.92 nm, corresponding to 2.74 nucleotides
with a monomer length of 0.7 nm [12]. Excluding the effects
of the dye, the contour lengths of the 25-mer, 50-mer, and
100-mer are 18 nm, 35 nm, and 70 nm, a range of 10–40 times

Oligo length / nt

FIGURE 4 Experimental measurements of the transport parameter α as
a function of DNA oligomer length are shown for devices with (R, L) =
(2 µm, 20 µm) and (5 µm, 50 µm), free-diffusion time t = 0.333 s, and trap-
ping time τ = 0.167 s. Fits to the functional form α = 1−Φ[(R2/2Dt)1/2]
are shown as dashed and solid lines

the persistence length; the radii of gyration, assuming self-
avoiding-walk scaling, are 7.2 nm, 11 nm, and 17 nm, re-
spectively. Our experiments were run in zwitterionic 50 mM
L-histidine at pH 7.65. The conductivity of this buffer was less
than 60 µS/cm, indicating low ionic strength and suggesting
a longer persistence length than in the aforementioned high-
salt experiment.
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Using the anticipated functional form, adequate fits could
be achieved only by allowing D50 to depend on the fea-
ture size. For the (2 µm, 20 µm) device, D50 = (3.8 ±0.5)×
10−8 cm2/s, whereas for the (5 µm, 50 µm) device, D50 =
(9.3±1.2)×10−8 cm2/s. The need for different values of D50

may result from the simplified one-dimensional treatment of
the periodic potential.

In Figs. 3 and 4, the measured values of α have a large
spread. While our experiments did not permit a definitive ex-
planation of the sources of variation, two contributing factors
may have been run-to-run variations in temperature and in
the electrode surface. Temperature variations affect the dif-
fusivity of DNA in aqueous solution: the viscosity of wa-
ter decreases approximately 2% per Celsius degree at am-
bient temperature. The DNA molecules adopt a more glob-
ular conformation as temperate increases, which may also
affect diffusivity. Electrode surface changes may occur due
to electrochemical reactions or due to adsorption of DNA or
contaminants.

4 Discussion

We have demonstrated that Brownian ratchets can
be designed to transport DNA oligomers. The transport rate
depends primarily on the diffusion constant of the particles,
and a simplified one-dimensional model provides the con-
nection between the microscopic diffusion constant and the
macroscopic transport. The diffusion constant implied by the
one-dimensional data for transport observed using the device
matches known experimental values when the ratchet distance
corresponds to the center-to-center distance between trapping
electrodes (rather than the edge-to-edge distance). We ob-
serve a diffusion constant that scales for DNA of length N
nucleotides as N−0.14, rather than N−0.6, possibly because the
25-mers to 100-mers studied are not yet in the scaling regime.
One shortcoming of the one-dimensional model may be that
the effective diffusion constant depends on the electrode spac-
ing and the feature size.

A possible application of the device could be DNA geno-
typing. Since the transport rate of particles depends on their
diffusion constant in free solution, the device could be used
for size-dependent DNA separations in aqueous buffer. Aque-
ous buffer provides an advantage over electrophoretic separa-
tions that require special media to achieve differential trans-
port rates.

Probing a polymorphic site using a ratchet device could
be performed using a pair of genotyping primers flanking
the variation. In common genotyping techniques, a 400–500-
nucleotide fragment is amplified from genomic DNA prior
to genotyping, and a pair of 12 nucleotide primers would be

sufficient to uniquely identify the polymorphic site. An as-
say could be designed by making the 3′ terminal base of one
primer overlap with the polymorphic site and using enzymatic
specificity to ligate the two primers only when the terminal
base is complementary. The assay results could be determined
by separating the 12 nucleotide and 24 nucleotide products,
using either fluorescently labeled primers or separate reac-
tions to quantify the concentration of each allele.

With the ratchet device, a suitable separation would be
achieved when the distance between the 12-mer and 24-mer
is equal to the width of the DNA distributions across the elec-
trodes, |xn − x ′

n| = σn , where primed quantities refer to the
longer oligomer. Using the expressions for xn and σn provided
by (3) and solving for n yields the number of cycles required
for a separation,

n = α (1 −α)

(α−α′)2 . (4)

Assuming that a device with (R, L) = (0.1 µm, 1 µm) could
be fabricated, the minimum number of cycles required for
a separation is 930, using t = 1 ×10−3 s (α = 0.150 and 0.138
for the two oligomers). The trapping time τ should be no
longer than 1 ×10−3 s, which may be achieved using a 0.1 V
potential difference. The total separation time under these as-
sumptions is 2 s. The 12-mer will have traveled 140 wells in
this time, and the separation length would be 140 µm.
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