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Dynamics of Single Polymers in a Stagnation Flow Induced by Electrokinetics
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An electrokinetics-induced stagnation flow was created inside a microscale cross-channel. Compared to
hydrodynamic-induced microfluidics, this flow system can be readily assembled and the operation is very
simple due to a low pressure drop. Through image analysis, a fairly homogeneous, two-dimensional
elongational flow was observed. The initial conformation of DNA molecules and residence time inside the
flow field play important roles in determining the extent of DNA stretching. A coarse-grain molecular
simulation agrees reasonably well with experimental observations.
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FIG. 1. (a) Schematic of the flow cell design. (b) Streamlines
of the electrokinetics-induced stagnation flow.
Direct observation and manipulation of single biomole-
cules and macromolecules can greatly improve our under-
standing of biomolecular interactions and polymer physics
at the molecular scale. In a complex fluid system, the direct
visualization of single molecules in the flow field can
reveal improved fundamental insights over more tradi-
tional ‘‘bulk’’ measurements, in which properties are ac-
quired over an ensemble of macromolecules. DNA
molecules are the best choice for such studies because of
their high molecular weight, monodispersity, and ability to
be individually visualized through video-enhanced fluores-
cence microscopy. Research regarding the coil-stretch
transition of single DNA molecules in the elongational
flow has been carried out based on either converging
geometry [1,2] or cross-slot apparatus [3] using hydrody-
namic forces at the microscale. Since the flow is driven by
pressure, there is a velocity gradient in the directions
perpendicular to the flow (i.e., in both transverse and
vertical directions). As a result, measurements need to be
taken very close to the centerline in order to minimize the
wall effect. Although reducing the depth-to-width ratio of
the channel can achieve a broader range of plug flow
around the centerline in the transverse direction [2], the
velocity gradient still exists in the vertical direction.
Recently, a hydrodynamic focusing technique was pro-
posed to generate the elongational flow in a converging
geometry [4]. Sandwiched by two flow streams, a stream of
DNA solution flows with moving boundaries, resulting in a
transverse, pluglike velocity profile. However, there is still
a velocity gradient in the vertical direction because the flow
is driven by pressure. The fabrication and assembly of flow
cells driven by hydrodynamic forces are quite complicated
and care needs to be taken for handling, bonding, mounting
and connecting tubes because of pressure flow.

In microfluidics, electrokinetic forces (i.e., electropho-
resis and electro-osmotic flow) have been widely used for
moving fluids or analytes inside the microchannels. The
advantages are that the movement of fluids or analytes is
uniform with a pluglike velocity profile and the pressure is
much lower than in the pressure-driven flow. Furthermore,
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electrokinetic flows depend less on the channel dimen-
sions. Electric-field-induced DNA stretching has been in-
vestigated by several groups [5–11], where the DNA
molecules were either tethered on a surface or suspended
inside a straight channel filled with ‘‘sieving’’ linear poly-
mer molecules to induce DNA stretching. In this work, we
utilized electrokinetic forces to generate a fairly homoge-
neous, two-dimensional (planar) elongational flow pattern
inside the microscale cross-channels. Since there is little
mechanical pressure, the flow cell can be readily fabricated
and the channel dimensions can be easily scaled down.
Figure 1(a) shows the schematic of an electrokinetics-
induced stagnation flow cell. The substrate used is a poly-
methyl methacrylate (PMMA) plate micromachined with
cross-channels of 250 �m in width and 125 �m in depth.
The diameter of the wells is 1.5 mm and the length of each
arm is 7.5 mm. A 45 �m-thick PMMA film was laminated
onto the surface of the substrate to form closed channels.
The PMMA surface possesses a low negative charge den-
sity when in contact with aqueous solution. To generate the
elongational flow pattern, the microscale cross-channel
was first filled with 1x Tris-Borate-EDTA (TBE) buffer
solution (pH � 8:3). An electric power of 147 volts was
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FIG. 2. Velocity distribution of DNA molecules at various
locations in the transverse (x) and vertical (z) directions. Z �
0 �m is at the bottom of the channel.
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applied to wells 2 and 4 with no voltage in wells 1 and 3.
Negatively charged fluorescent polystyrene microspheres
(Polysciences, Inc.) with a diameter of 700 nm were used
as the tracer at 0.00265% concentration, and the stream-
lines of the flow pattern are shown in Fig. 1(b) by com-
pounding the videographs. A clear elongational flow
pattern with a stagnation point at the center was observed.
Under the applied electric field, the overall velocity of
particles is the combination of electrophoretic movement
of the particles and electro-osmotic flow of the fluid, which
can be expressed as follows:

~V overall � ~VEP � ~VEOF; (1)

where V is the velocity and the positive direction is defined
from cathode to anode. Note that the direction of particle
movement is from wells 1 and 3 to wells 2 and 4. This
indicates that the electrophoretic movement of the poly-
styrene microspheres overcomes the electro-osmotic flow
generated by the PMMA surface under the experimental
conditions.

To visualize the coil-stretch transition of single DNA
molecules in the electrokinetics-induced stagnation flow,
�-DNA (New England Biolabs, 48 K base-pairs) was
used and labeled with fluorescent dye (YOYO-1) at a
dye-base pair ratio of 1:5, followed by diluting in a pH �
8 buffer solution consisting of 10 mM tris-HCl, 2 mM
EDTA and 10 mM NaCl at a final concentration of about
10�4C� (C� is the concentration at which the macro-
molecules completely fill the space without overlapping),
i.e., �0:03 �g=ml [1]. An oxygen scavenger, beta-
mercaptoethanol, was added in the solution at 4%
weight=weight (w=w) to prevent DNA from photobleach-
ing. Incubation was conducted in the dark at room tem-
perature for a minimum of 2 hours. 18% (w=w) glucose
and 40% (w=w) sucrose were then added in the solution to
increase the bulk viscosity to 30 cp. The DNA solution was
delivered into the cross-channels and the flow cell was
mounted onto an epifluorescence microscope equipped
with a 100x=1:3 NA oil immersion objective lens.

Figure 2 shows the measured velocity distribution of
DNA molecules in the transverse (x) and vertical (z) direc-
tions [12]. At y � 67 �m (inside the intersection), the
velocity of DNA molecules was nearly the same in the
transverse direction up to x � 40 �m, then gradually in-
creased afterwards. In a pure elongational flow field, the
velocity profile should satisfy �u; v� � � _"x;� _"y�, and the
velocity magnitude V is given as

V � _"�
�����������������
x2 � y2;

q
(2)

where x and y are the distance away from the stagnation
point and _" is the elongational rate. Velocities of DNA
molecules at y positions near the centerline other than 67
and 225 �m were also measured. A straight line was
obtained when plotting the DNA velocity vs y position.
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From the slope, the elongational rate was found to be
1:26 sec�1. The velocity distribution can then be calcu-
lated using Eq. (2), which is represented by the solid line in
Fig. 2. It shows strong agreement with experimental mea-
surements up to around x � 90 �m, indicating that a
nearly pure elongational flow field can be generated by
electrokinetic forces. At y � 225 �m (outside the inter-
section), a nearly constant velocity of DNA molecules was
observed in the transverse direction up to x � 100 �m,
then gradually decreased afterwards. Since DNA mole-
cules have left the elongational flow field in the intersec-
tion area and are inside the straight channel, a more
pluglike velocity profile is expected. However, the ob-
served velocity of the DNA molecules near the channel
wall decreased, which might result from the increase of
viscous drag due to the hydrodynamic interactions between
the DNA molecules and the solid wall [13]. In the vertical
direction, the velocities of DNA molecules at selected x
and y positions with z locations ranging from 20 to 80 �m
from the bottom of the channel are fairly uniform. These
results show that a fairly homogeneous, two-dimensional
(planar) flow field can be generated by the electrokinetics-
induced flows in a microscale cross-channel.

Figure 3 compares the electric lines of the electric field
(thin solid lines) and the streamlines of the pressure-driven
flow (dashed lines) with streamlines of the pure elonga-
tional flow (thick solid lines) for the first quarter of the
intersection area in the cross-channels. Since no electric
source is inside the microchannel, the Laplace equation is
satisfied for the electric potential � and the electric-field
vector E � �r� can then be calculated. The streamlines
of the pressure-driven flow are calculated using the steady
state Stokes equation (Re � 0). Because of the existence of
sharp channel corners, both the electric lines and the
streamlines of the pressure-driven flow are different from
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FIG. 3. Comparison of the electric lines, the streamlines of
pressure-driven flow, and the streamlines of pure elongational
flow.

FIG. 4. Experiment and simulation of the movements of two
DNAs in the intersection region (a) with similar initial confor-
mation but different residence time and (b) with different initial
conformation and residence time.
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the streamlines of the pure elongational flow near the
channel wall. However, we can still see that the electric
lines are closer to the streamlines of the pure elongational
flow than the streamlines generated by the hydrodynamic
pressure. At y � 67 �m, the electric lines agree closely
with the streamlines of the pure elongational flow up to
around x � 90 �m, which supports our results in Fig. 2.

We have used the Brownian dynamics method with the
wormlike chain model [14–16] to simulate the coil-stretch
transition of DNA molecules. The governing equation for
the movement of the ith bead is given as follows [16]:

� _ri � �vi � FBrowniani � �FS
i � FS

i�1� � qEi; (3)

where ri is the ith bead’s coordinates, _ri is its derivate with
respect to time, � is the drag coefficient, vi is the flow
velocity generated by electro-osmosis, FBrowniani is the
Brownian force, FS

i � FS
i�1 is the total spring force for

the ith bead, and qEi is the electric force. Following the
examples of [14,15], we used a 20-bead chain (20 beads
and 19 springs) with persistence length (half of one Kuhn
step length) of 0:066 �m to simulate the movement of
�-DNA.

Because the counterions move in a direction opposite to
the DNA molecules and screen the hydrodynamic interac-
tions over a distance larger than the Debye length (only
several nanometers) [17], we can neglect the hydrody-
namic interactions in Eq. (3). The flow cell is fabricated
using PMMA, which has a surface with a very low charge
density in the buffer solution. Thus the electro-osmotic
effect is much weaker than the electrophoretic effect.
Since the flow generated by electro-osmosis is similar to
the electric field [18,19], we can neglect the electro-
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osmosis in Eq. (3) by simply combining this effect into
the ‘‘effective’’ charge density q of the DNA molecule. In
the simulation, _rC 
 qEC=� , where _rC is the velocity for
the center of mass of DNA and EC is the electric-field at rC
(the location for the center of mass of DNA). By fitting the
center of mass velocity of DNA with the electric field, we
found q=� � �11 600 �m2=�Vs�, the value used in the
Brownian dynamics simulation.

It has been found that both the initial conformation and
the residence time of DNA molecules inside the pressure-
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driven elongational flow field play important roles in DNA
stretching [3]. This is also true in the electrokinetics-
induced stagnation flow. In our DNA stretching experi-
ments, the ‘‘electrokinetics-induced’’ Deborah number
(De) [20] was calculated to be 2:1� 2:2, which is larger
than the critical value of 0.5 for molecule stretching. With a
similar initial conformation (a semi-dumbbell shape in this
case), a DNA molecule with a longer residence time can be
stretched more than the one with a shorter residence time,
as shown in Fig. 4(a). On the other hand, two DNA
molecules with different initial conformations (a curled
and a partially stretched shape in this case) may end with
a similar extent of stretching as shown in Fig. 4(b), even
though the residence times are substantially different. Our
coarse-grain molecular simulation by using corresponding
initial DNA shapes agrees qualitatively with the experi-
mental observations.

In conclusion, we have demonstrated that an elonga-
tional flow field can be generated by using electrokinetic
forces in a microscale cross-channel. The velocity distri-
bution of DNA molecules shows that the flow field is fairly
homogeneous and two-dimensional (planar). The initial
conformation and the residence time of the DNA mole-
cules inside the electrokinetics-induced flow field play
important roles in the extent of DNA stretching. The
same observation has been reported by others using hydro-
dynamic force [14,21,22]. The use of coarse-grain molecu-
lar modeling is able to qualitatively simulate the
conformational changes of DNA molecules observed in
the experiments.

The work was partially supported by NSF Grant No.
DMI-0304112.
*Corresponding author.
[1] P. J. Shrewsbury, S. J. Muller, and D. Liepmann, Biomed.

Microdevices 3, 225 (2001).
[2] P. J. Shrewsbury, D. Liepmann, and S. J. Muller, Biomed.

Microdevices 4, 17 (2002).
26810
[3] T. T. Perkins, D. E. Smith, and S. Chu, Science 276, 2016
(1997).

[4] P. K. Wong, Y.-K. Lee, and C.-M. Ho, J. Fluid Mech. 497,
55 (2003).

[5] M. Washizu, Y. Nikaido, O. Kurosawa, and H. Habata,
J. Electrost. 57, 395 (2003).

[6] S. Ferree and H. W. Blanch, Biophys. J. 85, 2539 (2003).
[7] S. B. Smith and A. J. Bendich, Biopolymers 29, 1167

(1990).
[8] M. Ueda, J. Biochem. Biophys. Methods 41, 153 (1999).
[9] V. Namasivayam, R. G. Larson, D. T. Burke, and M. A.

Burns, Anal. Chem. 74, 3378 (2002).
[10] J. M. Kim, T. Ohtani, J. Y. Park, S. M. Chang, and

H. Muramatsu, Ultramicroscopy 91, 139 (2002).
[11] O. B. Bakajin, T. A. J. Duke, C. F. Chou, S. S. Chan,

R. H. Austin, and E. C. Cox, Phys. Rev. Lett. 80, 2737
(1998).

[12] In this case, only 30% glucose was added into the DNA
solution to make the viscosity is around 2 cp.

[13] J. Happel and H. Brenner, Low Reynolds Number
Hydrodynamics (Prentice-Hall, Englewood Cliffs, NJ,
1965).

[14] R. G. Larson, H. Hua, D. E. Smith, and S. Chu, J. Rheol.
(N.Y.) 43 , 267 (1999).

[15] J. S. Hur, E. S. G. Shaqfeh, and R. G. Larson, J. Rheol.
(N.Y.) 44, 713 (2000).

[16] A. S. Panwar and S. Kumar, J. Chem. Phys. 118, 925
(2003).

[17] J.-L. Viovy, Rev. Mod. Phys. 72, 813 (2000).
[18] E. B. Cummings, S. K. Griffiths, R. H. Nilson, and P. H.

Paul, Anal. Chem. 72, 2526 (2000).
[19] P. Dutta, A. Beskok, and T. C. Warburton,

J. Microelectromech. Syst. 11, 36 (2002).
[20] The ‘‘electrokinetics-induced’’ Deborah number is defined

as the product of the elongational rate and the longest
relaxation time of DNA molecules. In this experimental
condition, we found that the elongational rate is approxi-
mately 0:77 sec�1 and the longest relaxation time of DNA
molecules in solution with 30 cp was estimated around
2.89 seconds.

[21] G. G. Fuller and L. G. Leal, Rheol. Acta 19, 580 (1980).
[22] J. Feng and L. G. Leal, J. Non-Newtonian Fluid Mech. 90,

117 (2000).
5-4


