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The electrophoretical stretching of DNA in a hybrid microchannel is analyzed in this paper. The channel
comprises a large insulating cylinder and a hyperbolic contraction that can cause the DNA deformation.
Brownian dynamics simulation is used to characterize the dynamical stretching process of a long T4 DNA
in hybrid microchannels. The computational results show us the larger average extension of DNA in
cylinder-hybridized microchannels than that in the single microcontractions due to the prestretched

effect of cylinder on DNA. Moreover, the location and the radius of the insulating cylinder in hybrid
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microchannels have great effects on the stretching behavior of DNA.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the dynamics of DNA stretching is of great
importance in molecular biology and genetics. The DNA
molecules appeared to be of random coiled conformation in
a solution, which has made the gene mapping more compli-
cated and time consuming. Thus it is necessary for genomic
analysis to stretch DNA. Many techniques, such as extending
DNA with tweezers [1-3], surface [4-8], nanofluidic confine-
ment [9-11], uniform flows [12] and electric field [13], as well
as in velocity gradients [14-27] and electric field gradients
[28-32], have been developed during the past decade. These
studies have showed great progress in design of microchannels
capable of manipulating DNA transportation and extension for
gene mapping.

Among these techniques, variation in the initial state of
polymer can result in the molecular individualism, where some
molecules may strongly deform while other molecules may
weakly extend. To solve this question, the prestretched
conformation caused by shearing before elongational flow can
be used to increase the extension of polymer [33]. Pre-
conditioning arising from obstacle array located before
a contraction has also expected to control the stretching
process of polymers [34]. Unfortunately, the dependence of
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prestretched effects on the size of the hybrid structure may
obtain little consideration.

The purpose of this paper is to analyze the preconditioning
by a large cylinder before a microcontraction. We investigate
the influences of size and location of cylinder on the pre-
conditioning. The radius of cylinder is larger than the least
contraction, which is different from the conditions in the Ref.
[34] where the size of the obstacle is not only smaller than the
contraction but also much smaller than the width of inlet. High
stretching efficiency of DNA can be achieved in this hybrid
microchannel. Brownian dynamics is used to simulate the
stretching behavior of T4 DNA. The geometry of this hybrid
microchannel is presented in Section 2, followed in Section 3
by systematic models and governing equations. Results and
discussions are presented in Section 4, with conclusions given
in Section 5.

2. A hybrid microchannel

A schematic diagram of the hybrid microchannel is shown in
Fig. 1. It can be seen, from Fig. 1, that the hybrid microchannel
consists of a large insulating cylinder and a hyperbolic contraction
modeled by equation y =c/(x + 2c/h1). The widths of inlet, hyper-
bolic contraction and outlet are h;=200um, hy=3.8um,
h3 =200 um, respectively. The lengths of inlet, transition region,
hyperbolic contraction and outlet are [ =15mm, Il.=80um,
I, =1.52 mm, I3 = 1.5 mm, respectively. The hyperbolic parameter is
c=155 um?. The width of cylindrical obstruction is h; =100 pm.
The distance of cylinder to the grid origin [, can be varied from
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Fig. 1. A schematic diagram of the hybrid microchannel, which consists of a large
insulating cylinder and a hyperbolic contraction. The hyperbolic equation can be
expressed as: y =c/(x + 2c/h;). Here, c =155 pm?.

10 um to 50 um in this paper. And the radius of cylinder R can be
changed from 10 pm to 30 pm.

When an electric field is applied to the both ends of the hybrid
microfluidic channels, the T4 DNA molecules can be forced into

inlet in the right side, through a cylindrical barrier and then
a hyperbolic contraction, and out of the microgeometries in the left
side. Due to the gradients of electric field in the regions of cylinder
and hyperbolic contraction, the long DNA molecules can be
stretched easily.

3. Systematic models

T4 DNA is modeled as N beads connected by Ng = N—1 entropic
springs. Brownian dynamics simulation with hydrodynamic inter-
actions is first introduced by Ermak and McCammon [35]. The
velocity for bead i is

i
dr; Noop; X Dj;- (Ffs +FY R )
dt HE(Ti) Z < Z + kgT

j= j=

6\ 1/2 i
+(E) Z:]B,-j‘nj (1)
j=

where u is the mobility of DNA, r; the coordinate vector of bead i, E
the electric field, D; the mobility tensor, F* the effective spring
force, F{¥ the excluded volume force to prevent unrealistic crossings
and collisions between beads, F}"’a“ the repulsion force caused by
the hyperbolic contraction walls, kg the Boltzmann constant, T the
absolute temperature, At the time step, Bjj the coefficient tensor,
and n; is a random vector uniformly distributed in each of the three
directions over the interval [-1, 1].
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Fig. 2. Images of long T4 DNA molecule in a hybrid microchannel at De = 23, where the radius of cylinder is R =15 um and the center of the cylinder is located at 01(—13 pm,

100 pm).



5328 Z. Chuncheng et al. / Polymer 50 (2009) 5326-5332

a 1o . . . , - T . :

08 —a— De=2
H = r —e— De=7 7
o —a— De=14 i
=
3 —v— De=23
s 06} ]
—
bl
= 4
o
-
ye:
9 04 - i
-
S
= ]
©
2 /
— -

=
0.0 " 1 " 1 " 1 I 1 "
-1.0 -0.5 0.0 05 1.0 15
X
b 1.0 T T T T T
—8— De=2

0.8 -
H —e— De=7
@ L —a— De=14
3 —v— De=23
S o6 -
—
]
= L
)
pr]
8 04 -
et
el
o L
<
Q
=

02 .

0.0

1.0 15

Fig. 3. Plots of mean fractional extension against the x-coordinate of the front of the
DNA X; = x¢/lc both in a hybrid microchannel (a) and in a single hyperbolic
contraction (b).

Fig. 4. Plots of 30 individual fractional extensions Xex = Xex/L as a function of
X¢ = x¢/lc in a hybrid microchannel, where the radius of cylinder is R = 15 pm and the
center of the cylinder is located at 0;(—13 pm, 100 pm).
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Fig. 5. Plots of mean fractional extension against the x-coordinate of the front of the
DNA X; = x¢/lc in the hybrid microchannels with R =25 pm at De = 14: 04(—13 pm,
100 pum) (square data); O1(—20 um, 100 pm) (cycle data); O1(—40 pm, 100 um) (triangle
data).

Hydrodynamic interaction is introduced into the stochastic
differential equations through the mobility tensor Dy;. In our model,
the Rotne-Prager tensor is used [36].

kgT s
DU = 671’77](113*3 if i =] (2)
kgT r,-jr,-j> 2a? (1 it
D; = I3+3 + +—| 5l3+3 — 5~
1= s (v ) <7
if i#j and r; > 2a 3)

kT 9 1y 3 Tl e .
Dl] = _67T7]a|:(] —ﬁg)l:;*g +§ ar; if i=j and Tjj <2a
(4)

where 7 is the solvent viscosity, a the radius of the beads, rjj =r;—r;,
rij = |Irjll, and Is+3 is the identity tensor.

In addition, the coefficient tensor By is related to the mobility
tensor Dj; by:

N
Dj = > BBy (5)

=1

The effective spring force, Ff*, is given by

F ifj=1
FJ?S: FijF]{l if1<j<N (6)
F_, ifj=N

where F; is the spring force associated with spring j. In our model,
the Pade approximation is used to model the inverse Langevin force
law [37]:

s _ kT Q{3 -(Q/Qo)’
E_bK%L<W%A )

where Q; =rj;1 — rjis the spring connector vector for spring j, Q the
magnitude of Q;, Qo the maximum extensibility of each spring, and
by is the Kuhn length which is twice the persistence length [P, i.e.
bk =2P.
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Fig. 6. Images of long T4 DNA molecule in the hybrid microchannels at De = 14, (a) R = 15 um, O;(—13 pm, 100 pm); (b) R =15 pm, O4(—20 pm, 100 pm); (c) R =15 pm, O;(—40 pm,

100 pm).

Excluded volume interactions are incorporated into our model
to capture good solvents of DNA in aqueous solution. In the form of
Gaussian coils, the excluded volume potential between two beads
of the chain can be expressed as [27,38,39]:

3/2 >
1 3 —3r;
ug = ikaTNﬁS <W) exp {FQIJ] (8)

where v is the excluded volume parameter, Ny s the number of Kuhn
segments per spring, and Ss = /(N sb%)/6 is the radius of gyra-
tion of each submolecule.

To realize the physical confinement of hyperbolic contraction
walls, a bead-wall repulsive potential is introduced [26]:

gwall _ { s Sya)® i < D o)
! if h> 0y
where h is the distance of bead j from the wall in the wall-normal

direction, dway the cut-off distance, and A,y is the repulsive energy
constant. In our model, we use Ay, = 25kgT and 0y, = bKNl](/S2 /2.
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Fig. 7. Plots of mean fractional extension against the x-coordinate of the front of the
DNA X; = x¢/lc in the hybrid microchannels with 0;(—13 pm, 100 pm) at De = 14:
R =15 pum (square data); R =25 um (cycle data).
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It should be noted that there is no attractive potential between
the polymers and surface of cylinder or hyperbolic contraction,
which is different from the method in the Ref. [7], where one of
the ends of the polymer is tethered on the chemically modified
surface.

Forces on bead j due to excluded volume effect and molecule-
wall repulsion can be obtained from the usual relation, F; = —V;U.

The three-step “predictor—corrector” method is used to be inte-
gration scheme, which promise higher accuracy and less simulation
time. The details of algorithm can be found in Refs. [40,41].

T4 DNA molecule is modeled as a bead-spring chain of 35 beads
connected by 34 springs, where the radius of each bead is
a="77 nm. The length of each spring corresponds to the product of
the Kuhn length bk and the number of Kuhn segments per spring

Fig. 8. Images of long T4 DNA molecule in the hybrid microchannels at De = 14, (a) R =15 um, O;(—13 pm, 100 pm); (b) R =25 pm, 04(—13 pm, 100 pm).
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Nks, where bx=106 nm and Nys=19.8. The parameter of the
excluded volume potential is set to be » = 0.0012 pm?>.

Deborah number (De) is used to scale the longest relaxation time
of DNA 7 and the inverse of strain rate 1/¢: De = ét = uE,t/l,
where y is the measured electrophoretic mobility of the T4 DNA, and
E; is the maximum electric field strength at the contraction exit. In
this paper, the longest relaxation time is obtained to be 1.7 s.

4. Results and discussions
4.1. Stretching behavior of DNA in a hybrid microchannel

Fig. 2 shows the stretching behavior of long T4 DNA molecule in
a hybrid microchannel at De =23, where the radius of cylinder is
R=15um and the center of the cylinder is located at O(—13 pum,
100 um). T4 DNA electrophoretically passes through the cylindrical
obstruction from the right side to the left side, and then moves to the
hyperbolic contraction. It can be seen, from Fig. 2, that DNA molecule
begins to stretch in the y-direction, when it reaches the front surface
of cylinder. In other words, the coiled conformation of T4 DNA in
asolution has changed to be the stretched state. Due to the location of
the backside of cylinder at the entrance of the hyperbolic contraction,
DNA electrophoretically moves to the back of the cylindrical
obstruction and at the same time enter the hyperbolic geometry in
a hybrid microchannel. T4 DNA has large extension in the hyperbolic
contraction shown in Fig. 2(f), where the strain rate is above the
stretching critical value (De = 0.5).

The comparison of mean factional extension of DNA in a hybrid
microchannel and that in a single hyperbolic contraction against the
x-coordinate of the front of the DNA X; = x;/lc at De =2,7,14 and 23
is shown in Fig. 3. When De changes from the lower case (De = 2) to
the intermediate case (De = 14), the extension of DNA obviously
increases due to strong electric field gradients in microchannels [42].
Moreover, the deformation of DNA in the hybrid microchannel is
obviously stronger due to its preconditioning effect than that in the
single microchannel. It also should be noted that the stretching rate
seems to reach a plateau, where the average mean fractional exten-
sion does not clime up any more with the variation of De from 14 to 23.

Fig. 4 shows the individualistic stretching behavior of DNA in
a hybrid microchannel, where 01(—13 pwm, 100 um) and R = 15 pm.
Some curves show rapid extensions and other curves show slow
extensions. The diversity of extension process is sensitive to the
initial conformation of DNA, but the preconditioning effect can to
some extent reduce this sensitivity.

4.2. Effects of location and size of cylindrical obstruction

We have found that the geometry of the hybrid microchannel has
great effect on the stretching dynamics of DNA. In order to illustrate
this effect, we consider the mean fractional extension of DNA in
three hybrid microgeometries with the radius of cylindrical
obstruction 25 pm at De = 14 as shown in Fig. 5. The variety in final
mean fractional extension stems from the differences of stretching
process of DNA. The black square in Fig. 5 represents the mean
fractional extension of DNA in the hybrid microchannel, where the
center of the cylinder is 01(—13 um, 100 um). In this case, DNA
molecules experience the stretch-compress-stretch process. The
great compression of DNA at the back of the cylinder results in the
smallest final extension. The black cycle in Fig. 5 corresponds to
mean fractional extension of DNA in the hybrid microchannel with
the center of the cylinder O1(—20 pm, 100 pm), where almost two
consecutive stretching processes can be found. The little compres-
sion of DNA at the transition region from the backside of cylinder to
the hyperbolic contraction leads to the largest extension. The black
triangles are data for DNA molecules in the hybrid channel, where

the center of the cylindrical is 0O1(—40 pm, 100 um). With the same
initial conformation, the comparison of stretching dynamics of DNA
in three hybrid microchannels is also shown in Fig. 6.

To assess the effect of the size of cylinder on the stretching
behavior of DNA, the cases with the radius of cylinder R= 15 um
and R=25 pm can be straightforwardly compared. The computa-
tional results of mean fractional extension against the x-coordinate
of the front of the DNA X; at De = 14 is presented in Fig. 7, where the
center of cylinder is 01(—13 um, 100 um). It can be found, from
Fig. 7, that the mean fractional extension in the case of R =25 um is
smaller than that in case of R=15 um due to strong compression
dynamics of DNA in the backside of obstruction. Fig. 8 shows the
comparison of stretching dynamics of DNA in these two hybrid
microgeometries. The difference in size of cylinder in the hybrid
microchannel results in the variety in the stretching behavior and
fractional extension.

5. Conclusion

This paper is an attempt to study the extension process and pre-
deformation of polymer in a hybrid microchannel, which consists
of a large insulating cylinder and a hyperbolic contraction. To verify
the high performance of this microgeometry, we have used the
bead-spring Brownian dynamics to simulate the stretching
behavior of long T4 DNA in this hybrid microchannel and compared
with that in the single hyperbolic contraction.

The computational results show that the mean fractional
extension in the hybrid microchannel is much higher than that in
the single hyperbolic microcontraction. More rapid and increasing
extension of DNA in hybrid microgeometry can stem from the
higher De value. At De = 14, the highest mean fractional extension
in the hybrid microchannel can achieve about 0.9 without the use
of a gel matrix. The location and size of the insulating cylinder have
great effects on the stretching dynamics due to the pre-deforma-
tion of DNA through the cylinder. Moreover, the final extension of
DNA in the hybrid microchannel is sensitive to the compression
behavior of DNA at the back of cylindrical obstruction.

The new idea of the combination of two different geometries to
increase the extension of DNA can help in designing the better
stretching techniques for biopolymers and can be extended to other
fields of microchannels.
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