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Abstract The dynamics of DNA molecules in highly

confined nanoslits under varying electric fields are studied

using dissipative particle dynamics method, and our results

show that manipulation of the electrical field can strongly

influence DNA mobility. The mobility of DNA l scales with

electric field E as l ¼ lH � k1e�E=Ec :And the data points for

different DNA lengths finally approach each other in strong

fields, which suggest that the sensitivity to chain length is

almost lost. To explain the unusual field-dependent phe-

nomena, we analyze the time evolution of DNA configura-

tions under different fields. For strong driving potentials

when the system is dominated by the electric driving force,

the DNA chains are more likely to hold coiled configura-

tions. For weak driving potential when the random diffusion

forces dominate, we see frequent dynamic transitions

between stretched and coiled configuration, which may

increase the drag resistance, therefore reduce the mobility.

Keywords Computer simulation � Dissipative particle

dynamics (DPD) method � Nanofluidic device � Field-

dependent mobility

1 Introduction

Nanofluidic systems have been developed as potential tools

for the analysis, detection, and separation of chemical and

biological agents with broad applications in biology and

medicine (Eijkel and van den Berg 2004; Abgrall and Nguyen

2008). Gel has been conventionally used as a separating

medium in DNA electrophoresis (Lumpkin et al. 1985; Chu

and Wang 1991; Brahmassandra et al. 2001). But it has been

proposed that gel-less separation of DNA using nanochannel

electrophoresis may significantly improve both the speed and

separation of DNA (Baldessari and Santiago 2006; Balducci

et al. 2006). Single well-designed and controlled nanochan-

nels are ideal physical modeling systems to study fluidics in a

precise manner. For instance, Jo et al. (2007) showed that

DNA stretch is possible in relatively large (100 nm) nanoslits

by using low-ionic-strength buffers. And Cross et al. (2007)

performed DNA separation using 19-nm deep nanochannels,

and he proposed a simple theoretical model to describe the

length-dependent mobility for 2–10 kbp DNA.

For the electrophoresis conducted in small constriction

size channel or under strong driving electric field, theoretical

and experimental studies beyond the equilibrium theories
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are rather important for studying the relevant processes

(Stein et al. 2006; Salieb-Beugelaar et al. 2008). For

instance, for pressure-driven individual DNA molecules

transporting through 175 nm–3.8 lm high silica channels

(Stein et al. 2006); DNA mobility increased with molecular

length in channels larger than the molecular radius of

gyration, whereas it was practically independent of molec-

ular length in thin channels. And in a recent experiment

(Salieb-Beugelaar et al. 2008), when the applied field is as

high as 30–200 kV/m, DNA molecules in 20 nm nanoslits

showed highly reduced mobility because some DNA were

delayed/trapped inside the nanoslits, and there were even

repeated hooking with the wall surface and elongation dur-

ing the translocation process. Meller et al. (2001) investi-

gated the voltage-driven DNA translocation through

nanopores, in which he found a quadratic dependence of

mobility on electric field l ¼ k0 þ k1 E � E0ð Þ2, where E0 is

a threshold potential and k0 is a small additive constant.

Streek et al. (2004) used Brownian dynamics simulation to

study DNA migration in an electrophoretic microchannel

device designed by Han et al. (1999) and Han and Craighead

(2000) for the separation of DNA molecules. He reproduced

the experimental observation that the mobility increases

with the length of the DNA. And he also reported that longer

chains are more likely to diffuse out of their main path into

the corners of the box and remain trapped. Pan et al. (2010)

conducted dissipative particle dynamics (DPD) simulations

and verified the observation in Han et al.’s (1999) and Han

and Craighead’s experiments (2000), but he also claimed

that the corner trapping is not a contributor to the DNA

separation process as reported by Streek et al. (2004).

Experiments on DNA electrophoresis in nanofilters at

high fields showed some band-inverted behavior (Fu et al.

2006, 2007), in which the relative mobility increases with the

electric field. However, our understanding of the high field

electrophoresis is still incomplete. Since, we still do not have

a satisfactory model for the electrophoretic transport of DNA

in strong confinement under strong field, further investiga-

tion is necessary. In this article, we investigate the field-

dependent mobility of DNA in nanoslits. Our data show the

influence of the electrical field on the configuration and

movement of DNA molecules with different lengths. A new

model is proposed to predict the field dependence of the

DNA mobility in nanoslits under strong electric field.

2 Simulation model

2.1 DPD model

DPD is a mesoscopic method that bridges the gap between

the atomistic scale that is accessible by molecular

dynamics (MD) simulations and the macroscopic scale

described by continuum methods. It was introduced by

Hoogerbrugge and Koelman (1992) as a novel method to

simulate complex fluids, and it has gained significant the-

oretical support and refinement thereafter (Groot and

Warren 1997). Like the MD method, the DPD method

describes the materials by ensembles of particles, and every

particle is defined by its position, velocity, and mass. Based

on Newton’s equation of motion, if the mass of particles is

normalized to 1, the time evolution of the positions and

velocities of DPD particles are calculated by

dr
*

i

dt
¼ v

*

i

dv
*

i

dt
¼ F

* int

i þ F
*ext

i ;

where r
*

i and v
*

i are the position and velocity vectors of

particle i, F
*ext

i is the external force on the particle i, and F
* int

i

is the total interparticle force acting on particle i, consisting

of three parts:

F
* int

i ¼ F
*C

i þ F
*D

i þ F
*R

i :

The conservative force, dissipative force, and random

force on particle i due to the presence of other particles are

given by

F
*C

i ¼
X

i6¼j

F
*C

ij

F
*D

i ¼
X

i 6¼j

F
*D

ij

F
*R

i ¼
X

i6¼j

F
*R

ij :

The conservative force is a soft repulsion with the

maximum repulsion aij between particles i and j,

F
*C

ij ¼
aijð1� rij=rcÞr̂ij; ðrij\rcÞ
0; ðrij� rcÞ

where r
*

ij ¼ r
*

i � r
*

j; rij is the distance between particles i

and j, r̂ij is the unit vector directed from particle j to i, and

rc is the cut-off radius.

The dissipative force and random force, on the other

hand, are characterized by the weight functions xD and xR

which vanish if r� rc;

F
*D

ij ¼ �cxD rij

� �
r̂ij � v*ij

� �
r̂ij

F
*R

ij ¼ rxR rij

� �
hijr̂ij;

where v
*

ij ¼ v
*

i � v
*

j and hij is a white noise. c and r are the

coefficients coupled by c ¼ r2

2kBT where kBT is the
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Boltzmann temperature, and the weight functions are

coupled by xDðrÞ ¼ ½xRðrÞ�2: According to the

fluctuation–dissipation theorem, the above relation is

necessary for thermodynamic equilibrium at the specific

temperature. A widely adopted weight function is given by,

xDðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r=rc

p
; r\rc

0; r� rc

:

The DPD parameters of conservative force are given by

ass ¼ 375; abb ¼ 10; abs ¼ 1; asw ¼ abw ¼ 12:75: For

dissipative force and the random force, rss ¼ rbb ¼ 3; rbs ¼
0:5: Here s represents solvent particle, b the bead, and w the

wall. Kasiteropoulou et al. (2011) investigated the DPD

parameters affecting planar nanochannel flow, and he found

that the fluid-wall conservative force asw affect both fluid

velocity and pressure distribution.

DNA chain can be represented as a series of beads

linked through springs after coarse-graining. And a variety

of numerical models have been developed to represent the

restoring force of the spring, including Hookean spring, the

inverse Langevin function spring, the finitely extensible

non-linear elastic (FENE) spring and the wormlike chain

(WLC). In particular, the WLC model is well suited for

describing stiff polymers and is effectively used to model

DNA molecules. Perkins et al. (1995) found the mechani-

cal properties of DNA molecule in an aqueous solution can

be realistically modeled using the WLC model, where the

attraction spring force between successive beads i and j is

expressed as

FW
ij ¼ �

kBT

4P
1� rij

l

� ��2

þ 4rij

l
� 1

� �
r̂ij:

Here, l is the maximum length of one chain segment and P

is the effective persistence length, which are both chosen to

be 50 nm. Symeonidis et al. (2005) also studied the different

bead-spring representations for the excluded volume effects,

among which he found that the parameters for the WLC were

consistent with the rest of the models. Here, we choose the

maximum segment length to be 2.778½r�; leading to a

correspondence of 20, 35, 50, 69, and 103 bead chains for

DNAs of 2.8, 5, 7.2, 10, and 15 kbp, respectively.

Then density of solvent is chosen to be 0.1, the cut-off

radius rc is set to 2.0. Our parameter choices give an energy

unit ½e� ¼ kBT ¼ 4:14� 10�21 J; for T = 300 K, a length

scale ½r� ¼ 18 nm; and a mass unit ½m� ¼ 2� 10�14 kg: The

time scale is calculated as ½t� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mr2=e

p
¼ 3:95� 10�15 S;

and each time step is Dt ¼ 0:01½t� (Kumar et al. 2009).

2.2 Implementation of electroosmotic flow (EOF)

When a large DNA molecule enters a tight nanoslit, the

molecule has to overcome an entropic barrier. Once inside

the channel, it will experience friction with the wall and the

fluid inside the nanoslit. Furthermore, the DNA transport

and conformations will be influenced by the charged sur-

face and the resulting potential in the electrical double

layers (EDL). Experiments (Pennathur and Santiago 2005)

proved that the transport of analyte ions is a function of ion

valence, EDL thickness and surface charge density in the

case of order 10 nm channels. The characteristic thickness

of EDL is the Debye length, which is typically formulated

as

kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ebe0kBT=8pCe2z2

p
;

where kB is the Boltzmann constant, e0; eb are the per-

mittivity of vacuum and the dielectric constant of fluid,

respectively, C represents the ionic strength, e is the elec-

tron charge, and z is the valence number.

When the Debye length is small compared to the char-

acteristic length scale of the channel, the electric field E

and flow velocity UEOF are proportional, with the propor-

tionality coefficient being constant throughout the domain.

UEOF ¼ �
ebe0nE

g
;

where g is the fluid viscosity, n is the zeta potential (Hunter

1981), and E is the local electric field. If the surface is

negatively charged, the net excess of positive ions in the

EDL will draw the liquid along because of viscous inter-

actions, which results in flow toward the cathode. Because

of the fluid motion around the molecule, the molecule is

pushed backward in the opposite direction.

To simulate the flow near the wall, an effective bounce-

back boundary condition is employed in our DPD simu-

lation for particles that penetrate the wall (Duong-Hong

et al. 2008a). The new position and velocity of a particle

crossing the wall are given by

r
*

new ¼ r
*

old þ 2drn
*

w

v
*

new ¼ 2U
*

wall � v
*

old:

Here dr is the normal distance from the particle to the

boundary and nw is the normal vector on the wall directing

into the simulation domain, Uwall is the velocity of the wall.

The velocity Uwall is locally assigned to the wall particles,

and the ‘‘moving wall’’ therefore drags the fluid particles

by viscosity.

We employed a simple method to effectively simulate

the local EOF generated by the counterions around the

DNA molecules (Duong-Hong et al. 2008b). The electro-

static interactions and the resulting fluid shearing mainly

occur within the Debye layer in DNA electrophoresis.

When the Debye length kD is smaller than the radius of

gyration Rg of molecules, the interactions between the

counterions and the DNA molecules needs to be
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considered. When an electric field is applied, the DNA will

be attracted to the cathode and the counterions will be

attracted toward the anode. Accurate modeling of the

process requires explicit modeling of counterion charges,

which is too expensive to carry out. Since the electropho-

resis is the converse of electroosmosis (Fig. 1), we

assumed that if the distance between a solvent particle and

the DNA is within the Debye length kD, the former

acquires the same amount of charge that one DNA-bead

possesses, but it is positive rather than negative. Therefore,

the solvent particle will be subject to an electric force that

is equal to the one exerted on the DNA particle, but in the

Fig. 1 Electroosmotic flow generated in nanochannel device and the

electrophoresis of negative charged molecules

Fig. 2 a DNA mobility plotted versus nanoslit height under E* = 1

and b the mean value and standard deviation of the mobility for each

DNA length

Fig. 3 DNA mobility plotted as a function of electric field and

exponential decay fit of data points

Table 1 The fitting parameters of the data points in Fig. 3

DNA size (kbp) lH ð10�9 m2=vsÞ k1 ð10�9 m2=vsÞ Ec

2.8 6.7 0.585 3.76

10 0.702 3.20

15 0.755 3.55

Fig. 4 Length dependence of DNA mobility
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opposite direction. This model was proven to work well for

DNA electrophoresis without creating any fluid motion in

the surrounding area (Duong-Hong et al. 2008b). They

included the approximation of the complex solvent–DNA

interactions in the simulation and obtained unperturbed

velocity profile of local EOF. And it was shown that the

free-draining flow can be effectively modeled without

compromising the computational efficiency of the method.

Fig. 5 Configuration of 2.8 kbp

DNA under E* = 0.5 (taken

every 10-3 s)

Fig. 6 Configuration of 2.8 kbp

under E* = 5.0 (taken every

10-4 s)
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3 Results and discussion

We performed 3D DPD simulation in slits with DNA

molecules at varying applied electric field. Periodic

boundary conditions are employed in both x and y direc-

tions, so there is no lateral confinement of DNA molecules.

From the displacement of DNA during electrophoresis, the

mobility of the center of mass of the DNA was calculated,

as shown in Fig. 2a. The mean value and standard devia-

tion of the mobility for each DNA length, as shown in

Fig. 2b, suggests that the dependence of the mobility of

DNA chain on nanoslit height is almost negligible.

To obtain the field dependence of DNA mobility, we

conducted simulations of DNA electrophoresis across

54 nm nanoslits under different electric fields. We found

that the movement of molecules differed as a function of

the applied field. As we can see from Fig. 3, when the

applied field is low (E* \ 5), DNA mobility increases

rapidly with a slight increase of the field. But the mobility

eventually levels off with a further increase of the field, and

the data points for different DNA lengths begin to approach

each other at around E* = 16, which suggest that the

sensitivity to chain length is almost lost at high fields. The

high field mobility lH of all three datasets is the same,

which is around 6:7� 10�9 m2=V s: The mobility data for

DNA in 54 nm nanoslits are fitted using l ¼ lH � k1e�E=Ec

(Table 1). The theoretical curves are very close to the data,

and the fit for shorter chains (2.8 kbp) shows better

agreement with the data than longer chains (15 kbp).

The mobility data are plotted as function of DNA length

in Fig. 4. The data suggest that lower field leads to a higher

mobility difference, or a higher selectivity. With the

increase of applied field, DNA mobility become less length

dependent, and DNA chains ranging from 2.8 to 15 kbp

can no longer be distinguished when E* [ 12.

The field dependence of DNA mobility may come from

the different configuration of DNA chain at different

applied fields, which leads to different drag resistance with

buffer and with wall surface. Figures 5 and 6 (shown in the

length unit of ½r� ¼ 18 nm) suggest that DNA chains are

more likely to hold coiled configurations in strong applied

fields than in weak fields. For applied field as low as

E* = 0.5, frequent dynamic transitions between stretched

and coiled configuration are observed for all DNA chains,

probably because that the random diffusion forces domi-

nate the system when the driving field is not strong enough.

Since, more charges are exposed on the surface when DNA

is stretched than when coiled, those coil-stretching

dynamics for weak field could be the reason for the high

drag resistance in weak field.

The frequent coil-stretching dynamics of DNA chain in

weak field can also be reflected in the more quantitative

analysis of the directional radius of gyration of DNA chain,

which is plotted as a function of the center of mass position

in x direction in Fig. 7.

4 Conclusions

DNA molecules in highly confined nanoslits were inves-

tigated via DPD simulations. The nanochannels have ver-

tical dimensions of 54 nm, and DNA chains with lengths

varying between 2.8 and 15 kbp were studied. Our results

show that manipulation of the electrical field can strongly

influence DNA mobility, and the mobility l scales with

electric field E as l ¼ lH � k1e�E=Ec : The data points for

different DNA lengths approach each other with increase

of fields, which suggest that the sensitivity to chain length

is almost lost when the field is very strong. To explain the

unusual field-dependent phenomena, we analyzed the DNA

Fig. 7 The directional radius of gyration of DNA as a function of the

center of mass position. The DNA chain is a 2.8 and b 7.2 kbp
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configurations during the electrophoresis. The results show

that the DNA chains are more likely to hold coiled con-

figurations for strong driving potentials when the system is

dominated by the electric driving force, while for weak

driving potential when the random diffusion forces domi-

nate, there are frequent dynamic transitions between

stretched and coiled configuration. The stretched-coiled

configuration transitions in weak field may increase the

drag resistance of DNA with buffer and wall surface,

therefore reduce the mobility. We also found that lower

field leads to higher selectivity.
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