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Novel electrophoresis mechanism based on
synchronous alternating drag perturbation

We present a novel means of transporting molecules in solution by applying a zero-
time-average alternating motive force to the molecules, and perturbing the molecular
drag coefficient synchronously with the applied force, thus causing a net drift in a
direction determined by the phase of the alternating drag perturbation relative to the
alternating force. We apply an electrophoretic form of the method to transport and
concentrate DNA in a gel, such that all molecules migrate on average away from the
nearest electrode and toward a central region. Since an electrode does not occupy this
central region, this method presents the possibility of transporting and focusing DNA
and other charged molecules in regions free from electrodes and the associated elec-
trochemistry.
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1 Introduction

1.1 General aspects

Electrophoretic particle transport is typically performed in
one dimension by applying a direct current (DC) electric
field and is therefore limited to transport of particles to-
ward one of the electrodes. Though this is desirable in
most applications, in some it would be beneficial to have
a more versatile form of electrophoretic transport. For
example, it may be advantageous to transport and con-
centrate particles in a region that is free of electrodes to
avoid electrochemical interactions between the elec-
trodes and the particles. Concentration and purification of
nucleic acids is one such case – electrochemistry of DNA
at the electrophoresis electrodes results in DNA damage
[1, 2] and complicates the use of electrophoresis for con-
centration applications. Laborious and/or expensive pu-
rification methods [3–5] must often be employed to pre-
pare nucleic acid samples for many biochemical assays.
Though interaction of DNA with electrodes has been cir-
cumvented in some applications [6], it remains desirable
to devise a completely electrophoretic method for con-
centration and manipulation of charged polymers in a
uniform medium, such that molecules can be transported
and concentrated in regions free of electrodes. Such a
method could be an inexpensive alternative to poly-

merase chain reaction (PCR) for creating large con-
centrations of DNA. This is particularly true for large
volumes where PCR becomes prohibitively expensive.
Detailed discussion of possible applications is beyond
the scope of this manuscript, which presents the basic
concept of charged molecule transport and concentration
by synchronous mobility or drag perturbation.

Alternate forms of electrophoresis (reviewed in [7])
employing time varying or spatially varying fields have
already been used to separate and manipulate charged
polymers including DNA. For example, it has been shown
that an asymmetric alternating current (AC) waveform can
cause net drift of electrophoretic particles due to non-
linearity of the dependence of speed on electric field [7–
14] and that this effect can be used to focus particles in
one dimension [15–17]. Dielectrophoresis [18] has been
demonstrated capable of concentrating DNA in two or
more dimensions [19, 20], but requires high electric field
gradients to generate a significant effect.

In this paper, we propose a novel, general principle for
achieving multidimensional electrophoresis in alternating
electric fields, based on temporal alteration of the coeffi-
cient of drag in synchronization with the AC field. For
brevity, we will use the acronym SCODA (synchronous
coefficient of drag alteration) for this principle. We note
that such an approach can concentrate and transport
charged particles in one, two, or three dimensions, elim-
inate electrochemistry problems at electrodes, and may
enable new separation techniques. We illustrate the the-
oretical basis for this effect, discuss possible imple-
mentations, and demonstrate it with one specific method
involving a combination of rotating and oscillating electric
fields to concentrate DNA in solution.
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1.2 The SCODA principle

Consider an electrophoretic particle that has an electro-
phoretic mobility, m in an electric field E = ÊE0cosðotÞ. By
definition, the particle will move with a velocity given by:

v
* tð Þ ¼ m cos otð ÞÊE0 (1)

The time average of v
* tð Þ is 0.

Suppose, however, that m is not constant; it is a function
of time. If the Fourier transform of m has a component
proportional to cosðotÞ the time average of the v

*(t) need
not be zero. As a simple example, consider the following
time dependency:

m(t) = mo 1 m1 cosðotÞ (2)

Substituting Eq. (2) in (1), and computing the time aver-
age, �~v, we obtain:

�~v ¼ 1
2
m1ÊE0 (3)

Thus, it is possible to have a non-zero time average ve-
locity, in other words, a net electrophoretic drift, even if
the time average of the applied electric field is zero. To
achieve this, the effective electrophoretic mobility must
have a time dependence that contains an oscillatory
component that is synchronized with the field oscillations.
There are potentially many ways to achieve such a time
dependence of the effective electrophoretic mobility.

One approach is to apply sinusoidal temperature fluctua-
tions, which modulate a solution’s viscosity and hence the
electrophoretic mobility of its constituent ions. This has
been demonstrated (data not shown) to lead to the time-
averaged drift velocity described in Eq. (3). This effect can
equivalently be interpreted as arising from the tempera-
ture dependence of the solution’s conductivity.

Optically induced changes in the electrophoretic mobility
of a molecule may also be possible; this would enable a
very useful form of SCODA. Certain classes of com-
pounds, such as azo-benzene or spiro-pyrans, undergo
light induced reversible conformational changes [21].
Azo-benzene can isomerize from the trans- to cis-form
upon exposure to UV light (300 – 400 nm). The conversion
back to the trans-form occurs once exposed to light with
a wavelength greater than 400 nm. This photoisomeriza-
tion process has recently been used in the creation and
dissociation of DNA triplex [22]. Exposure of the ‘closed’
form of spiro-pyrans to UV light induces isomerization
producing an ‘open’ colored merocyanine species.
Reverting to the ‘closed’ form can be accomplished sim-
ply through exposure to visible radiation. The transition
between these two forms is accompanied by changes in
the polar nature of the molecule. This effect has recently

been used to photochemically manipulate the wetting
characteristics of a surface modified with spiro-pyran
[23]. These two examples introduce the possibility of
optically inducing small but reversible changes in the
hydrodynamic drag of a molecule. The electrophoretic
mobility of such a molecule, or of a compound containing
this molecule, could then be altered in a periodic manner
by means of optical excitation. In this case, o in Eq. (2) is
the frequency with which the optical excitation is swit-
ched between the wavelength required for the isomeriza-
tion to one state and the wavelength required for the
reverse process. Patterning of the optical excitation over
a solution using masks could lead to high resolution con-
centration of molecules without the need to pattern elec-
trodes or dielectrics in the solution itself as would be
required for dielectrophoretic concentration. Though this
could be of great use, the challenge in this SCODA
implementation remains the development of an appropri-
ate compound that exhibits a sufficient mobility change
associated with different conformations, and that can
transition rapidly between conformations.

Perhaps the simplest useful implementation of SCODA is
purely electrophoretic. By exploiting the small variation of
charged polymer mobility with increasing electric field,
the SCODA approach allows polymers such as DNA to be
concentrated in a uniform homogeneous medium. This is
relatively simple, inexpensive, and of potential utility to
various biochemical purification processes. This form of
SCODA is the principal subject of this paper and its pre-
sentation follows in detail.

1.3 Electrophoretic SCODA

Let us consider the case where the speed of a particle is
not directly proportional to the electric field. In numerical
models (see Section 2 and Fig. 1), we have shown that
virtually any nonlinearity can be employed, but it will be
helpful in the following explanation to consider a simple
example that is amenable to analytic treatment. Let us,
therefore, consider the mathematically simple functional
relationship in which the particle’s velocity is parallel to
the field direction and its speed is proportional to the
square of the magnitude of the electric field:

v
* ¼ kÊ Eð Þ2 (4)

What we would now like to consider is the effective mo-
bility of the particle, in other words the relationship be-
tween changes in drift velocity, dv

*, and small changes in
the electric field dE

*

.

Expressing dv
* in Cartesian coordinates, we note that in

general,

dvx ¼
qvx

qEx
dEx þ

qvx

qEy
dEy (5)
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Figure 1. Numerical simulation of particle motion with
uniform field rotating at angular frequency o and quadru-
pole field oscillating at 2 o. Motion begins at the top right
of the path and ends to the bottom left, over 200 s in real
time. The rotating fields have been approximated by 12
sequential configurations of potentials as described in
Section 2. Each configuration is applied for 1 s. One loop
in the particle spiral path corresponds to a full cycle
through all 12 potential configurations. The uniform field
amplitude is E = 3845 V/m at the center of the electrode
pattern, the quadrupole field amplitude in the same loca-
tion is Eq = 4.26105 rV/m2, or approximately 4200 V/m at
1 mm from the center of the pattern.

dvy ¼
qvy

qEx
dEx þ

qvy

qEy
dEy (6)

Using Eq. (4) to evaluate Eqs. (5) and (6), we obtain a
result that is fairly simple:

dvx ¼ k E þ E2
x

E

 !
dEx þ

ExEy

E

� �
dEy

" #
(7)

dvy ¼ k
ExEy

E

� �
dEx þ E þ

E2
y

E

 !
dEy

" #
(8)

To help interpret this, consider the case where Ey = 0 such
that Ex = E. In this case Eqs.(7) and (8) become:

dvx ¼ 2kEdEx (9)

dvy ¼ kEdEy (10)

This can be interpreted in the following way: the influence
of perturbations to the electric field on the particle velocity
has a magnitude proportional to that of the ambient field,
and if the perturbations are in the same direction as the
ambient value of the electric field, they have twice the
influence on the velocity than is the case if the perturba-
tion is perpendicular. In other words, an applied electric

field has a direct influence on the effective mobility, that is
the ratio of change in velocity to change in field. This
means that alternating fields can cause a periodic change
in effective mobility. Let us now consider an example of
applying this effect to a real electrophoresis problem.

1.4 Creation of a focusing field geometry

Consider a plane in which there is a uniform applied field
that rotates counter-clockwise at angular frequency o,
such that the field components are:

Ex ¼ E cos otð Þ (11)

Ey ¼ E sin otð Þ (12)

Now, if we substitute Eq. (11) and (12) in Eq. (7) and (8),
and simplify with the aid of trigonometric identities, we
will obtain a result which is a sum of constant terms, sine
and cosine terms at angular frequency 2o, and sine and
cosine terms at angular frequency 2w. The subsequent
calculations will be carried out in such a way that only the
cosine terms at angular frequency 2o will yield non-zero
net drift velocity – therefore we need only evaluate these
“cos2o” terms, which we will abbreviate dvxcos 2o and
dvycos 2o . We find that:

dvxcos 2o ¼
kE
2

cos 2otð Þ½ �dEx (13)

dvycos 2o ¼ �
kE
2

cos 2otð Þ½ �dEy (14)

Now, we can design dEx and dEy to take the form of a
small quadrupole field that varies in a sinusoidal manner,
in proportion to cos(2ot) and intensity coefficient dEq:

dEx ¼ �dEqx cos 2otð Þ (15)

dEy ¼ dEqy cos 2otð Þ (16)

Substituting Eqs. (15) and (16) into Eqs. (13) and (14) and
taking the time average, we obtain:

dvx ¼ dvxcos 2o ¼ �
kEdEq

4
x (17)

dvy ¼ dvycos 2o ¼ �
kEdEq

4
y (18)

Equations (17) and (18) can be summarized in vector
notation:

d~v ¼ � kEdEq

4
~r (19)

This shows that for all positions~r the time averaged drift
velocity is in the direction toward the origin, with speed
proportional to the mobility coefficient k, the strength of
the rotating field E and the strength of the perturbing
quadrupole field dEq. This is an important result since
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similar concentration characteristics are not possible with
DC fields, as it would require an electric field with negative
divergence, in violation of the Maxwell equations.

The treatment above is restricted to motion in a plane, but
a similar technique could be applied to achieve con-
centration in 3-D. This could be achieved by either per-
forming 2-D SCODA sequentially on three orthogonal
planes, or by using electrodes lying substantially in a
common plane to create the in-plane focusing effect
described above, and applying DC voltages on elec-
trodes above and below the center of the plane to direct
molecules that lie outside the plane back toward it. Such
a DC field would cause a defocusing effect with respect to
movement within the plane, but this could be designed to
be weaker than the SCODA focusing effect, such that the
net result would be focusing in all three dimensions.

It should be noted that while the above calculation used a
small perturbing quadrupole field, in order to allow a dif-
ferential calculation that can easily be solved analytically,
there is in reality no restriction that the quadrupole be
comparatively small. This is demonstrated in Fig. 1 which
shows a numerical simulation (see Section 2) of the parti-
cle path for a system in which the magnitude of the rotat-
ing fields and quadrupole fields are comparable; similar
paths are taken by the particle regardless of its azimuthal
starting angle with respect to the center of the electrode
system.

2 Materials and methods

2.1 Electrophoretic SCODA

Electrophoretic SCODA transport was performed by pre-
paring an agarose gel in a custom square gel boat, pre-
paring and inserting four separate spots of DNA into the
gel, and then applying the appropriate potentials to four
electrodes built into the four sides of the gel boat, to pro-
duce an approximation of uniform and quadrupole elec-
tric field patterns (see Fig. 2). The gel consisted of 8–11 mL
0.25% agarose gel (Agarose 2125, OmniPur, EMD
Chemicals, Gibstown, NJ, USA) in 0.1 X Tris-acetate-
EDTA (TAE) buffer. DNA was visualized by adding ethi-
dium bromide (12 mL at 500 mg/mL) to the gel and imaging
it under UV light. The gel boat forms a 3.8 cm square over
a UV transparent acrylic base. Four gold electrodes
extend across one-third of each side of the gel boat, ap-
proximately 2.5 mm from the bottom of the gel boat. The
electrodes are submerged in the gel. DNA was prepared
by mixing 8 mL of 500 mg/mL l phage DNA (48 502 bp,
part No. N3011L; New England Biolabs, Beverly, MA,
USA) with 12 mL 0.1 X TAE. The DNA was pipetted directly
into the gel once the gel was set, and arrayed as

Figure 2. Photograph (under UV illumination) of the gel
apparatus used for electrophoretic SCODA, including four
DNA spots prior to SCODA transport.

a diamond of four spots each approximately the same
distance (0.5–1.5 cm) from the estimated center of the
electrode pattern. Each of the four spots consisted of 5 mL
of the above mixture. A thin covering of 0.1 X TAE was
placed on the gel after the DNA was inserted and the
covering was maintained over the run. The electrodes are
connected to Kepco (Flushing, NY, USA) BOP 200–1M
amplifiers that are in turn controlled by LabVIEW (National
Instruments, Austin, TX, USA) software and a data acqui-
sition card (NI PCI-6711; National Instruments). To simu-
late the electric fields described by Eqs. (11), (12), (15),
and (16), without requiring analog control of the applied
potentials, sinusoidal voltages were approximated by
discrete forms as shown in Fig. 3. Each period of the
sinusoid is represented by 12 discrete voltages, leading
to 12 distinct sets of potentials applied to the electrodes
during SCODA electrophoresis.

Figure 3. Discrete approximation of sinusoidal applied
potentials.
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Table 1. Normalized discrete potentials applied to each electrode to simulate continuous SCODA
potentials

Time
interval

A electrode B electrode C electrode D electrode Totals

au aq at bu bq bt cu cq ct du dq dt ux uy uq

1 0 1 1 1 21 0 0 1 1 21 21 22 2 0 4
2 1 0 1 1 0 1 21 0 21 21 0 21 2 2 0
3 1 21 0 0 1 1 21 21 22 0 1 1 0 2 24
4 1 21 0 0 1 1 21 21 22 0 1 1 0 2 24
5 1 0 1 21 0 21 21 0 21 1 0 1 22 2 0
6 0 1 1 21 21 22 0 1 1 1 21 0 22 0 4
7 0 1 1 21 21 22 0 1 1 1 21 0 22 0 4
8 21 0 21 21 0 21 1 0 1 1 0 1 22 22 0
9 21 21 22 0 1 1 1 21 0 0 1 1 0 22 24

10 21 21 22 0 1 1 1 21 0 0 1 1 0 22 24
11 21 0 21 1 0 1 1 0 1 21 0 21 2 22 0
12 0 1 1 1 21 0 0 1 1 21 21 22 2 0 4

The quadrupole component of the field is formed by
applying equal potentials to opposing electrodes, and
opposite potentials to adjacent electrodes. Table 1 lists
the relative potentials at each of the four electrodes of
Fig. 2, given discrete approximations of the uniform field
from Eqs. (11) and (12) and the quadrupole field from
Eqs. (15) and (16). Note that the oscillation frequency of
the quadrupole field is twice that of the uniform field as
required. As in Fig. 2, electrodes B-D lie in the x-direction,
and A-C lie in the y-direction. Uniform field components
are denoted by the suffix “u”, while the quadrupole field
components are denoted by “q”. Figure 4 shows a finite
element calculation (COSMOS, Structural Research and
Analysis Corp., Los Angeles, CA, USA) of the (a) quadru-
pole field and (b) uniform field that are rotated and super-
posed to generate the SCODA field configuration. To
simplify the electronics, one of the electrodes, arbitrarily
picked to be electrode C, is set to zero potential for all
time intervals, and the other electrode potentials are
shifted accordingly. Performing this transformation and
scaling the potentials by the actual applied voltage leads
to the final form of the applied potentials listed in Table 2.
Each pattern of potentials was applied to the electrodes
for one second, thus cycling through all patterns every
12 s.

2.2 Numerical simulation of particle motion

A numerical simulation of particle motion under the
SCODA potential pattern of Table 2 was performed using
LabVIEW. A 2-D solution for the potentials in the plane of
the gel was found for each electrode pattern by using a
finite difference method in Matlab 6.5.1 (The Mathworks,
Natick, MA, USA). Potentials were found on a 60660

Table 2. Potential patterns applied to the electrodes of
Fig. 2 to generate SCODA electrophoretic
transport

Pattern A Elec-
trode

B Elec-
trode

C Elec-
trode

D Elec-
trode

1 0 V 266 V 0 V 2198 V
2 132 V 132 V 0 V 0 V
3, 4 132 V 198 V 0 V 198 V
5 132 V 0 V 0 V 132 V
6, 7 0 V 2198 V 0 V 266 V
8 2132 V 2132 V 0 V 0 V
9, 10 2132 V 66 V 0 V 66 V
11 2132 V 0 V 0 V 2132 V
12 0 V 266 V 0 V 2198 V

Electrode C was arbitrarily chosen as the ground elec-
trode.

matrix representing the gel, with appropriate boundary
conditions for the edges of the gel exposed to the elec-
trodes. The LabVIEW code performs a simulation of par-
ticle motion based on an empirical function for the particle
mobility, and the dependence of this mobility on electric
field. The electric field at the position of each particle in
the simulation is arrived at by finding the gradient of a
fourth order polynomial fit to the potential in the neigh-
bourhood of the particle. The particle motion for the next
time step is then calculated as:

D~r ¼ mðEÞ~EDt where mðEÞ ¼ m0 þ kE (20)

Parameters for the simulation were set to the measured
values m0 = 1.461029 m2/Vs, k = 2.5610212 m3/V2s, with
Dt = 100 ms, and the potentials as described in Table 2.

 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Electrophoresis 2005, 26, 82–90 Electrophoretic transport by synchronous alternating drag perturbation 87

Figure 4. Electric fields present in the gel during SCODA as calculated by finite element analysis. Field direction is
represented by arrows; field amplitude is approximated by the arrow length and color (not shown). Electrode loca-
tions are shown as rectangular ports in the side of the gel. The quadrupole field (a) has a point of zero amplitude in
the center of the gel, while the uniform field (b) is approximately constant in amplitude and direction in this region.
The quadrupole field and uniform field are rotated in the plane of the gel and superposed to obtain the resultant
SCODA time-dependent field configurations. The quadrupole field rotates at twice the angular frequency of the uni-
form field.

2.3 Mobility measurements

To make appropriate l phage DNA mobility measure-
ments, the same gel concentration and electrode
separation were used as in the regular SCODA experi-
ments, except a larger gel boat (C.B.S. Scientific,
CBMGU-202T, Del Mar, CA, USA) was used for ease of
measurement. The same computer/amplifier connection
was also used. Two gold electrodes were glued to the
bottom of the gel boat across its width at a separation of
3.8 cm. A gel of the same thickness and concentration
was poured and two 5 mL samples of l phage DNA were
inserted , 2 mm from the ground electrode. The other
electrode was connected to a Kepco BOP 200–1M power
supply. A custom LabVIEW program was written that
raised the voltage of the connected electrode by 25V in
2 min intervals (0–200 V). The timer on the camera was
synchronized to take a picture after every voltage
increase. The DNA velocity was obtained from succes-
sive images, and plotted against the electric field to
obtain mobility.

3 Results and discussion

An electrophoretic demonstration of SCODA transport
and focusing was performed using the equipment and
methods described in Section 2.1. DNA was chosen for
this experiment partly because of the well-known non-
linear dependence of its drift velocity on electric field [7–
9, 15, 16]. Figure 5 illustrates transport of four DNA
spots toward the center of the electrode pattern,
resulting in transport of all four spots into a single con-
centrated central spot. The motion of a particle in the
experimental test of SCODA can be estimated by ana-
lyzing the motion of the intensity centroids of the four
DNA spots in Fig. 5 and other similar experiments. This
estimate relies on the approximation that the SCODA
effect is approximately constant over the spot area –
though this is not strictly correct, we found that, after
the initial motion, spots change very little in morphology
and size prior to merging with other spots, and therefore
it appears that the entire spot can be reasonably treated
as a single particle.
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Figure 5. Electrophoretic transport of four DNA spots in an agarose gel using the SCODA effect. All spots move toward the
center of the electrode pattern, though the top and bottom spots initially move more slowly, possibly due to inhomogeneity
in the gel. Snapshots were taken with a digital camera under UV illumination. The elapsed time between successive images
is 20 min, and the initial spot separation is approximately 1 cm.

To compare the experimental results with predictions
from the analytic and numerical models, the constant and
linear mobility terms need to be measured independently
of the SCODA experiments. Figure 6 is a plot of measured
DNA velocity as a function of electric field strength for the
DNA and conditions used in the SCODA experiments.
The measured DNA velocity has components both linear
and quadratic with the applied electric field. The mobility
therefore takes the form:

m Eð Þ ¼ m0 þ kE (21)

where m0 is 1.461029 m2/Vs while the field-dependent
term of Eq. (4) is k = 2.5610212 m3/V2s.

The field independent mobility m0 will not contribute to the
SCODA effect, so the effective mobility for our purposes can
be estimated as per Eq. (4) with the above value of k. This is
the only parameter (other than fixed geometric and voltage
parameters) required for a direct prediction of the SCODA
effect from the numerical model. The analytic model of
Eq. (19) requires in addition an estimate of the uniform and
quadrupole field strengths at the center (origin) of the elec-
trode pattern. These estimates are derived from Matlab finite
difference solutions in the plane of the gel given the boundary
potentials listed in Table 2: E = 3845 V/m, Eq = 4.26105 r V/m.

Figure 6. Measured velocity of l phage DNA (48.5 kbp)
as a function of electric field. See Section 2 for conditions.
The solid line is a quadratic polynomial fit to the data and

takes the form: v = 1.461029 m2

Vs
E þ 2:5� 10�12 m3

V2s
E2

Figure 7 shows a comparison of measured DNA spot
distance from the origin as a function of time, compared
to numerical and analytic predictions. The spot position is
averaged over all spots visible in a given time interval.
Spot trajectories for spots starting at different radial dis-
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Figure 7. Averaged radial distance of DNA spots from the
origin plotted from (a) experimental results, (b) numerical
predictions, and (c) analytic prediction (Eq. 19). Error bars
denote uncertainty in the determination of the spot cen-
troids.

tances from the origin are shifted in time such that the
start time for trajectories starting closer to the origin is
replaced by the time at which the other trajectories reach
the starting distance.

Agreement between the model and experiment is good in
the regime shown in Fig. 7. The analytic prediction, on the
other hand, relies on a small-signal analysis of the quad-
rupole field and is therefore not expected to exactly pre-
dict the experimental trajectories in this case where the
quadrupole field is of comparable amplitude to the uni-
form field. Nevertheless, it is encouraging that the form of
the behavior is substantially the same in this simple ana-
lytic model.

Figure 8 is a plot of average spot velocity (time averaged
over 15 min) as a function of radial distance form the ori-
gin, showing explicitly the linear dependence of velocity
on distance expected from the analytic model. Two
curves are shown for the numerical model – one for a
particle trajectory started in the x-axis, and one for a par-
ticle started at x = y = 1.5 cm from the origin. The differ-
ence in the two curves as the distance from the origin
increases reflects the azimuthal asymmetry in the time-
averaged electric field pattern that results from the finite
size of the electrodes. The numerical model and experi-
ment agree well only for short distances to the origin,
beyond which the experimentally measured velocity
becomes nearly independent of distance. It is expected
that at larger distance from the origin, particles experi-
ence fields greater than those explored in our mobility
measurements. Since the numerical model is based on
the mobility measurements, it is only valid for the range of
electric field amplitudes explored in the measurements of
Fig. 6. Effects resulting from larger field amplitudes are
not accounted for and may be responsible for the
observed deviation from the model.

Figure 8. Average DNA velocity as a function of radial
distance of DNA spots from the origin plotted from (a)
experimental results, (b) numerical simulation (started at x
= 1.5 cm, y = 0), (c) numerical simulation (started at x
= 1.5 cm, y = 1.5 cm), and (d) analytic prediction of
Eq. (19). Experimental data below r = 1 mm is not avail-
able due to difficulty in extracting individual spot cen-
troids once the spots begin overlapping at the center of
the image. The error bars are based on uncertainty in the
determination of the spot centroids.

Although we attempted to place the DNA spots in the
experiment along the x- and y-axes defined by the elec-
trodes, placement of the spots may not have been exactly
on axis and this may be reflected in part in the spot tra-
jectories. Occasionally (as seen in Fig. 5) spot velocities
did not follow the expected symmetry – this is suspected
to result from nonhomogeneity in the agarose gel, as it did
not occur in every experiment nor did this always affect
the same spots.

Though this work is intended primarily to demonstrate
SCODA transport of DNA, it is clear that DNA, and possi-
bly other charged polymers, can be spatially con-
centrated using SCODA. The limiting radius of the con-
centrated spot shown in Fig. 5 can be estimated from the
Einstein-Smoluchowsky equation for diffusion with drift:

qC
qt
¼ Dr2Cþ mr � ð~ECÞ (22)

Using Eq. (19) to replace the electrophoretic drift term
with SCODA drift, and rewriting in cylindrical coordinates
we have:

qC
qt
¼ D

1
r
q
qr
ðr q
qr

CÞ þ ms
1
r
q
qr
ðr2CÞ (23)

where C(r,t) is the DNA concentration, D is the diffusion
coefficient, and

ms ¼
kEEq

4
is a SCODA “mobility” from Eq. (19).
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Dimensional inspection of Eq. (23) yields a characteristic
length scale for the radius of the focused spot to be

R /
ffiffiffiffiffi
D
ms

s
(24)

Using the experimentally measured D (2610212 m2/s) and
deriving ms from the slope of the model and experiment
data near r = 0 (Fig. 8) (ms , 161023 1/s) we get an esti-
mate for the limiting spot radius to be , 50 mm. A numer-
ical solution to Eq. (23) based on the same parameters
yields a spot FWHM of ,100 mm, assuming that no DNA
leaks out of the focused spot in the z-direction (orthogo-
nal to the gel), and that the spot is saturated with DNA.
Observations of spot radius (full width at half maximum
(FWHM)/2) from the experiments yields limiting radii on
the order of , 500 mm; continued focusing leads to a de-
crease in fluorescent intensity, likely through diffusion of
DNA in the z-direction into the buffer above the gel. It is
conceivable that in conditions where such diffusion was
inhibited, smaller spot sizes and higher concentrations
could be achieved.

4 Concluding remarks

We have demonstrated a general method for transport of
molecules in solution by application of a zero-time-aver-
aged force, and a synchronous perturbation of the mo-
bility or drag of the molecule by thermal or electrophoretic
means. Optical or other forms of this method should also
be feasible but remain to be demonstrated. The SCODA
method offers the advantage of being able to concentrate
molecules in regions defined by the perturbing mechan-
ism. In the electrophoretic case, we have demonstrated
the ability to transport DNA distributed in a gel to a region
in the centre of the gel that is free of electrodes. This
method is likely to have impact on DNA purification,
extraction, and concentration.
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