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ABSTRACT: There is considerable interest in understanding the dynamics of complex fluids, including
macromolecular solutions, in microfluidic devices. That interest has fueled the development of simulation techniques
capable of describing the effect of hydrodynamic interactions in confined complex fluids. In this work, we examine
the dynamics of DNA and the concomitant chain migration that arises in a parallel plate slit, at equilibrium and
under pressure-driven flow. Results are presented from both the lattice Boltzmann method (LBM) and the Brownian
dynamics simulations with fluctuating hydrodynamic interactions (BD-HI). It is found that the results of both
methods are consistent with each other. We find that the lattice Boltzmann method is well-suited for long polymer
chains as well as semidilute and concentrated DNA solutions, while Brownian dynamics is more efficient in
dilute DNA solutions.

I. Introduction experimentally observed migration of DNA molecules away

Easily fabricated microfluidic devices continue to dramatically from the walls*! Note, however, that available methods for
improve biochemical synthesis and analysis. In addition to the Brownian simulations with fluctuating hydrodynamic inter
development of new fabrication techniques that have produced actions exhibit a relatively unfavorable scaling with the number
inexpensive sub-100 nm microfluidic channels, new devices and Of interaction sites in the system. Large computational demands
geometries have been explored for genome mapping, fragmenthave therefore prevented studies of ultralong molecules
separation, and manipulation of micron-sized particles, including o semidilute systems. This work examines the use of lat-
cells1~10 Applications such as gene identification, oligonucle- tice Boltzmann methods for studies of the dynamics of semi-
otide synthesis, and polymerase chain reaction are beingdilute DNA solutions undergoing microfluidic flow. In
performed on the microfluidic platform, with the goal of order to establish the validity of the lattice Boltzmann approach
increasing throughput and lowering cost. To optimize the for studying DNA dynamics in microfluidic flow, we also
efficiency and functionality of the microfluidic devices, it is present an unprecedented comparison to results of more
necessary to develop an understanding of the physics ofestablished Brownian dynamics simulations and to experimental
microfluidic flow and the dynamics of biological macromol- data.
ecules in such flow. In microfluidic devices having characteristic  Under pressure-driven microfluidic flow, DNA chains become
dimensions smaller than 10@m, physics of low-Reynolds  extended due to the velocity gradient. Recent simulations and
number flows are particularly relevant. experimentd—23 have found that as the DNA molecules become

Recent single molecule experiments on DNA molecules in stretched, they migrate away from the channel walls due to the
quiescent fluid and in flow have given new understanding of hydrodynamic interactions that arise between monomers in the
the mechanical properties of a single DNA molecdié3 These vicinity of a flat surface. Recent studies by ibweg et al2*2>
measurements have facilitated the development of coarse-Ladd et al2%27and Succi et & have shown that LBM may
grained models of DNA, which have in turn provided insights also be applied to bulk and confined polymer solutions. Such
into the rich dynamics of DNA molecules as they undergo Studies, however, did not compare the results of LBM calcula-
pressure-driven flow in microfluidic channéts:1” Brownian tions to those of alternative techniques. The lattice Boltzmann
dynamics simulations aimed at describing the extensional method involves a number of approximations, and it is therefore
viscosity of dilute DNA solution and the conformation of Of interest to examine its results in the context of different, more

individual molecules as they are sheared by pressure-driven flowtransparent approaches.

in bulk solution have shown to be in excellent agreement with ~ The lattice Boltzmann method is used in this work to examine
the experimental daf& 2° These simulations have provided new how model DNA chains interact with the lattice fluid and to
insigh’[s into how DNA molecules may be manipu|ated in investigate the effects of flow on chain dynamics in slit
microfluidic flow. Past modeling work on DNA has also Mmicrochannels. In order for LBM to capture solvent hydrody-
highlighted the importance of hydrodynamic interactions in namics, the time between solvent particle collisions must be
microfluidic flows. More specifically, recent work has shown Very short compared to the time for fluid hydrodynamics to
that accounting for hydrodynamic interaction perturbations due Propagate in the system, so the mean free path of the solvent is

to the confining walls or surfaces is essential for capturing the Much smaller than the system size, i.e., the Knudsen number
Kn < 1. Recent work® have shown that it is possible to extend

* Corresponding author LBM to finite Kn by mimicking “virtual” collisions, allowing
t Academia Sinica. LBM to study the quasi-free flow regime where the solvent
* University of Wisconsir-Madison. mean free path is comparable to the system size (nano and
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Figure 1. The 19 discrete velocities of the three-dimensional lattice
Boltzmann model.

subnano systems). Microfluidic systems are well-suited for LBM

modeling as the dominant length scale is micron, while the mean

Modeling DNA in Confinement 5979

neqr,t) = pa®[1 + (c-u)/cZ + uu:(cg — cA)(2c.h] 0

p= % pu= o,
I |

1= p(uu+cll) = > e
(19

D 864G, Cio = 5 (O, + Oy Op + Ousp,) (10)
I

The indicesa, 3, y, 0 denote axist, y, andz u is the local
velocity, and the coefficienta® are determined by satisfying
the equilibrium conditions in eq 1a and the isotropy condition
in eq 1b%2 For our D3Q19 systemg® = 1/3, al = 1/18, and
av2 = 1/36. In terms of the fluid hydrodynamic properties, the
velocity distribution functions are transformed to the hydrody-
namic momentsMy = m-n, whereM is thegth moment ofn
= (no, Ny, ..., mg) andm is the transformation matrix. The 19
moments of the velocity distribution function are the dengity
the momentum densify= pu, the momentum flulXT = p (uu
+ cdl), and the kinetic energy fluxes, which conserve energy
(“ghost” moments).

At each time step, the fluid particles undergo local collision
at the lattice site, and the velocity distribution functions evolve

free path of water molecules is on the scale of nanometers. The?S

validity of LBM in the relevant parameter regimes is addressed

in the context of a coarse-grained beagring model of DNA,
which appears to satisfy that criterion. In addition, the Schmidt
number §9, the ratio between the kinematic viscosity= n/p

(p is the fluid density ang is the fluid viscosity) and the coarse-
grained bead diffusivitypm, must be large so that the fluid

n(r + ¢ byt d = () + L) — o] )

where L is a collision operator for dissipation due to fluid
particle collisions such that the fluid always relaxes toward the
equilibrium distribution. Local dissipation of the fluid momen-

propagates hydrodynamic interactions between beads muchium is justified if the particle mean free path is much shorter
faster than the beads can diffuse. For molecules undergoingthan the lattice size, i.eKn < 1. For smallKn and Mach

microfluidic flow, the competition between the inertial transport
and viscous transport of the fluid is characterized by the
Reynolds numbeRe = pUH/%, whereU is the flow velocity.

number Ma = u/cs), eq 2 has been shown to be equivalent to
the Navier-Stokes equatiof?
The simplest choice of the collision operator is a diagonal

In order to observe chain migration, chain segments must be matrix with diagonal elements{?, 7173, 727%,..., 718~ %), where
able interact with each other through hydrodynamic interactions 74 is the characteristic relaxation time of the hydrodynamic

mediated by the channel wafk,2330j.e., Re < 1. As shown

momentg. For the conserved momengsgndpu), the relaxation

later, the parameters chosen in our system satisfy these criteriatime is infinite andty™* = 0. There are several studies that

In this study, we will employ the LBM to study DNA systems
by coupling fluctuating molecular dynamics with LBM through
the bead-fluid friction force. We will compare the LBM results
for chain relaxation and chain migration to the Brownian
dynamics and experimental results.

Il. Lattice Boltzmann Methodology

The lattice Boltzmann method has been well described in
numerous recent review articlgs3* Only a concise description
is provided here. Instead of solving for the fluid dynamics in
continuum, the LBM solves the fluid mass and momentum

investigate the differences between a multiple relaxation time
simulation and simpler modeté;3>-3%and the debate is ongoing.
For simplicity, we choose the Bhatnagdbross-Krook (BGK)
modef” with a single relaxation timey™* = 75! for the
momentum flux moments. The fluid shear viscosity can be
shown to be related to the relaxation tifhé& by n = pc(rs —
0.5), wherers > 0.5. A constraint on the fluid relaxation time
is that it must be shorter than the fluid momentum diffusion
time across the system, i.es, < pH?#, which leads tas < 2
for H = Ax. However, the box size is typically larger thain

For the DNA chain, we use a model employed in previous
Brownian dynamics simulatio¥s18 that is based on the

conservation equations on a lattice in both position and velocity g|asticity and diffusivity of 48.5 kbps YOYO-staingdDNA.
space. We employ a three-dimensional lattice, where each latticeThe molecule is represented by a collection of beads and springs.

site has 19 discrete velocities (D3Q2£9)The 19 discrete
velocitiesc; are given by (0,0,0),41,0,0), (0s£1,0), (0,0£1),
(£1,+1,0), &1,04£1), and (0+1,£1), as illustrated in Figure
1. The magnitudes of the velocities aze= |¢j| = 0, 1, and
V2. The lattice simulation has grid sizex and timestepAz.
The maximum velocity in the simulation is the speed of sound
¢ = V1/3AX/Az. The velocity distribution functiom(r ,t)
gives the fluid population with the velocity at positionr at
time t. At equilibrium, the velocity distribution functions can
be represented as a second-order expansion of the Maxwell
Boltzmann distribution, given 5§34

In the LBM simulations, the beads are viewed as point forces
that interact with the fluid. The modeFDNA chain hasNs =
10 springs withNks = 19.8 Kuhn segments per spring, and the
Kuhn segment lengtlay, = 0.106 um. The contour length of
the chain isL = NkdNsok = 21.2um. The beads interact solely
through the excluded volume interactions between the beads,
the elasticity of the chain, the hydrodynamic interactions
between beads through the solvent, and the Brownian motion
of the chain due to chaifsolvent interactions.

The position and velocity of the coarse-grained beads are
updated using the explicit Euler method, given by
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ut + At) = u(t) + f()AUm
x(t + At) = x(t) + u(t)At 3)

wheref(t) represents the forces acting on the beads of nmass
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when explicit fluid—solid boundary conditions are implemented.
In this work, we use point force beads, and it has been shown
in previous studieX that the beadfluid coupling given in eq

6 dissipates the fluid thermal fluctuations, and the befhdd

and At is the time step. The excluded volume interaction fluctuation is only correctly accounted for when the detailed

between the chain segments can be calculated by assuming thdfuid—solid boundary conditions are applidinstead, a bead
short chain segments behave as ideal random walks: theBrownian force that satisfies the fluctuatiedissipation theorem

interbead interaction can therefore be expressed as a Gaussial$ included in our equation of motion. The bead force fluctua-

excluded volume potential with the form

o 1 ) 3 3/2 _3|ri _ rj|2

wherev = ¢,8 is the excluded volume interaction parameter,
Ngs is the number of Kuhn segments per spring, &fe: (Nid

tions have a Gaussian distribution with zero mean, and the
variance is RTE/At.

To simulate pressure-driven flow in the microchannel, a
pressure gradient is introduced in the LBM by adding an external
momentum density to the distribution function A bias is
added to the velocity distribution functio/® to all the lattice
sites?! given by

6)oi? is the characteristic size of the coarse-grained beads. Then(r + ¢ dt, t + dt) = n(r,t) + Ly[n(r,t) — nfqr,0] + n®™

excluded volume interaction leads to self-avoiding walk chain
statistics. Chain elasticity is obtained through the wormlike chain
springs that connect adjacent beads. The foméension

(r,t) (10)

By calculating an effective shear raje = umad(H/2), the

dependence of the DNA chain has been measured by experi-Weissenberg numb&/e= y1.caxcan then be determined from

ment$832 and shown to fit

ks (1_

Although this force-extension relation applies for the entire
chain, in our model we will assume it also applies for chain
segments that are of sufficient number of Kuhn lengths. The
beads are coupled to the fluid through the friction force exerted
on the bead3? given by

S = u)2_1+4 rj_ri
Iry —ril

I 20,

Iry —ril
NysO NysOi

Fr=—8(u, — (6)

§ = 6mya is the friction coefficient, andi, — ur is the particle
velocity relative to the fluid velocity. The fluid velocity at the
particle position is determined by trilinear interpolation of the

fluid velocity u™ of the neighboring lattice sitesif):

udr) = Z Wiui(nn)
ie(nn)

The weighting functionsw; are the normalized Lagrange
interpolation polynomials through the bead’s neighbor lattice
sitei. For example, for a particle in between silgsandx; on

a line

Uy)

(7

— X

% ) + %)

8

X X
u(x) =
) X X
u; is the fluid velocity at the neighbor lattice site The
momentum exchanged between the fluid and the bAjds
—FtAt/AX, is distributed to the neighboring lattice sites with
the same weighting functiong used in the trilinear interpola-
tion. For velocity g on the neighbor sité, the momentum
transfer is given by
Af; = wa®Aj-c /el (9)
The monomerfluid coupling has been verified by comparing
the present calculations with Figures 2 and 4 of ref 27.
Fluid thermal fluctuations in lattice Boltzmann simulations

the maximum velocity of the parabolic velocity profile, where
Trelax IS the DNA relaxation time an#fl is the channel height.
Our prior studies found that the DNA molecules stretch only
whenWe > 117 We are thus constrained to choose systems
whereWe > 1 and the Reynolds numb&e = upnaH/v < 1.

For a 10um high channel, water-filled microfluidic channel,
the maximum fluid velocity aRe= 1 is Unax = 0.1 m/s. From
the experimentally determined relaxation timeteDNA in 1

cP solvent (water) of 0.095 s, we find that the upper limiting
value of the Weissenberg numberi2000. Prior experiments
and simulations have found that the average chain stretch reaches
a plateau forWe ~ 40, and we will not investigate flow
conditions abovaVve = 100.

Ill. Results

A. Simulation Length and Time Scale. For all lattice
Boltzmann simulations, there persists the question of how the
time and the length scale of the lattice fluid relate to the physical
phenomena being studiéd?? In our system, the relevant
physical length and time scales are the radius of gyrafigh (
and the relaxation timeray of the DNA molecule. For the
much studiedl-DNA molecule,Ry = 0.7 um andtejax = 0.095
s in water, and the lattice spacing and simulation time steps
must scale accordingly. Given the fluid kinematic viscosity
= 1/6 in the lattice units oAx?/Ar, a reasonable time stefr
= 10 31e1ax May be chosen such that the momentum transfer
between polymer and fluid is accurately modeled. For water at
room temperature; = 10-% m?%/s. Matching the water kinematic
viscosity with the simulation value leads to a grid sixe ~
25 um, which is too large compared Ry. The simulation grid
size should be of approximately same length as the average
spring length to capture the hydrodynamic interactions between
intrachain segments. The experimentally measured radius of
gyration of A-DNA of 0.7 um would correspond to an average
spring length of 0.52:m for our model DNA with 10 springs.
We are thus justified in choosing a lattice spacing\af= 0.5
um.1825With this lattice spacing and= 1/6, the hydrodynamic
radius of the coarse-grained bead is 0A%4which leads to
the friction coefficientf = 6znya = 0.483[my/At], wheremy
is the mass unit of a fluid particle determined from the
simulation fluid densityo = 36my/Ax® matched to the density

can be accounted for through adding random stresses to the fluidof water.

via the method of Ladd et &k or that of Adhikari et af® The
fluid thermal fluctuations affect particle Brownian motion only

We now discuss the choice of the simulation parameters.
Given Ax = 0.5um andAt = 10 3rqax the water kinematic
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Figure 3. Diffusion of model DNA chains in slit confinement fd¥s

=10 andH = 1 (solid line) and 1Q:m (dotted line). The simulation
parameters are = 1/6, { = 0.483, andkT/¢ = 1073. Dashed lines

are the chain mean-square displacement calculated from the experi-
mental diffusion coefficients.

Figure 2. Relaxation of a fully stretched model DNA chain in bulk
solution forNs = 10 (solid line), 20 (dashed line), and 40 (point dashed
line). The simulation parameters are= 1/6, { = 0.48%, andkT/{ =
103%inabox of 1.% x 30 x 30 (AX)3. The inset shows the exponential
fit (dark solid line) for theNs = 10 chain relaxation.

— =
- =000t — Re=0.141
viscosity is 3800fx%/At], which is outside the hydrodynamic =2 -
limit of the LBM simulation as the fluid cannot relax to £ i \“ ]
equilibrium. If we match the simulation kinematic viscosity and e \ 4}
density to that of water at room temperature, the simulation =it , pNe-
step is found to bt = 4.17 x 108 s. This gives a simulation 3 s
energy scale o0&y = mpAX3J/Ar2 =5 x 10716 J kT = 8.3 x - — We=100
10-%y, andDp = KT/ = 4.7 x 1077 AX?/At. For aA-DNA in 2 -' b '
a 10um high channel and pressure-driven flow witte= 100, 20 s i
Umax =5 x 10 um/s= 4.17 x 10*Ax/Ar. The dimensionless s \ i SR
groups areRe= 0.05,Ma = 7.6 x 1074, andSc= v/D = v{ ol /. AMEEEIRNESE N e |

/KT = 3.5 x 1, which are well within the valid regime of the 0 0.2 0.4 h/H 0.6 0.8 I
L-BM simulation. However, a simulation of one chain relaxation Figure 4. Bead distribution profile in the channel cross section from
time would take 2.4x 10° steps and~24 h on a 3.4 GHz g RS0 WP 00" e T0um siit ehannel after
Pentium 4 CPU with a moderate system size 06420 x 40 1000 ¢iax and 10G ¢ The error bars are less than 10% of the value.
(AX3). The phenomenon of hydrodynamic migration in micro- The LBM parameters are= 1/6,¢ = 0.48%, andkT/¢ = 1073, 1074,
channels reaches steady state-atH2/D¢nain, Which is typically and 10°%, corresponding to Re= 1.4, 0.14, and 0.014.
greater than 100 chain relaxation times Fbr= 10 um. Thus, We also performed simulations of DNA chains in static slit
a simulation to achieve the steady-state chain migration profile confinement to determine the diffusivity of the DNA molecules.
has a very high computational cost. Instead, we can chooseThe chain center-of-mass mean-squared displacemeniri(g.,
parameters that still satisfy the criteisz> 1, Ma < 1, and — r(0))20) shown in Figure 3 allows us to calculate the chain
Re < 1 and at the same time allowing the chain molecule to diffusivity D = [{r(t) — r(0))l(6t) in the parallel slit forRy <
relax faster within the simulation. H. For theNs = 10 chain 4£-DNA), we found chain diffusivities

If we increase the diffusivity of the chain, the chain dynamics of D = 0.38 and 0.24tm?s inH = 10 and 1um parallel slit
can be captured in a reasonable simulation time. The LBM channels, respectively. These values are in agreement with
parameters are = 1/6, { = 0.48%, andDy, = KT/ = 1073, experimental values of 0.43 and 0,2h%/s, validating the LBM
which leads toAr = 8.8 x 10° s andSc = 167. For the parameters we have chosen. We can now proceed to study the
Brownian motion of the coarse-grained beads, we choose theDNA dynamics under pressure-driven flow in parallel plate slit
integration time step to bAr = 0.01 in eq 3, and the lattice  microchannels and compare the results with BD-HI simulations.
Boltzmann updates of the fluid velocity distributions are B. Pressure-Driven Microfluidic Flow. Brownian dynamics
performed every five Brownian dynamics steps. The chain simulations accounting for wall hydrodynamic effects have also
stretch, radius of gyration, diffusivity, and relaxation times are been performed to compare the results with LBM. In Brownian
calculated foNs = 5, 10, 20, and 40 in periodic boxes of 30 dynamics, the hydrodynamic interactions are first solved by the
30 x 30. The radius of gyration of the chains are found to be finite element methd&23or other method$44and then coupled
Ry=0.5,0.76, 1.16, and 1.7&m. The scaling exponent of 0.6  to the chain dynamics. Details of the BD-HI simulations have
is in agreement with scaling theory predictions for polymers in been given in prior publications and will not be described Rére.
good solvent, and the results agree quantitatively with the We first performed the calculation with a single modeDNA
Brownian dynamics simulations. Figure 2 shows the average chain in a parallel slit channél = 10 um undergoing pressure-
chain stretchX = maximum dimension of the chain) of initially ~ driven flow of We= 9, 30, and 100. Figure 4 shows the chain
fully stretched DNA chains as the chains are allowed to relax distribution as a function of the chain center-of-mass position
in a rectangular simulation box of sizel2x 30 x 30. The after the DNA molecules have undergone pressure-driven flow
chain relaxation time foNs = 10 can be extracted by fitting  for 100Creax after the chain distribution in the channel has
the exponential decay region to exi(trelay), aNdtrelaxis found reached steady state. We observe strong DNA migration toward
to be 160@A\z. the channel center a®Ve increases. The off-center chain
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Table 1. Dimensionless Groups in the LBM Simulations and in a 10 ' T S I AT
um Microchannel with Water as the Solvent 2f~ We=100 G T BTy R
: _ _ | =100t N Re=0.14
Dm (AX3YAT) We Re(sim) Re(real) Sc(sim) Sc(real) = il ]
10 100 14 005  1K10 35x10° il i i
1074 100  0.14 0.05 1% 10® 35x1C° & 3
104 30 0.04 0.015 1.%10° 35x 10 0 =Tl | Il | | ]ljl_
10+ 9 0013 00045 1.%10° 3.5x10P NI it o
1075 100  0.014 0.05 1% 10 35x 10° 2 TSI e /m /\ s
o . 5 o il / \, — p,-10*
distribution peak is due to the competition between the migration B gl 7 \ =
toward the center and the lower chain mobility away from i ,;’-'5?/ N il
channel center. This is also consistent with prior simulations in RSt Ll S
square channefd 23 0 0.2 0.4 e 0.6 0.8 I

We also performed lattice Boltzmann simulation for DNA e 5 Bead distribui e in the ch | ot
molecules undergoing flow under the same conditions as the Figure 5. Bead distribution profile in the channel cross section from
BD-HI simulation for 50 DNA chains (550 beads). The LBM s ey S0-CH T9r e = 10 andWe=9, 30, and 100 n the 10m
simulations box corresponding to the @t high channel has

the dimensions o, = L, = 40AxandLy = H = 20Ax. This  presqure-driven flow for 1000 chain relaxation times. We
polymer concentration correspondscifty* = 0.02, wherec; increases, a stronger chain migration effect is observed in both

= 1/(4/37Rs%) is the dilute-semidilute crossover of the chain LBE and BD-HI. It is found that the DNA depletion layer

molecules. The boundary conditions are periodic intaadz thickness, defined as the distance between the half-maximum-
directions, and the walls are in thyedirection by the addition gt position and the wall, predicted by LBM is smaller than
ofa short-r_a_mged cubic pqtentla_l for the beads and the bounce'that predicted using BD-HI. The same trend is also observed
back condition for the lattice fluid. _ under transient conditions where the chain density distribution

_ For DNA molecules undergoing pressure-driven flow, choos- i, the channel cross section has not reached steady state. This
ing the LBM parameters requires much more care. We wantt0 may pe attributed to the condition of finite Reynolds number
simulate conditions where the geometry and the flow are defined nich exists in the LBE and not in BD-HI. The trend of stronger

with fixed "2' and We In order to satisfy the criteri:izee ~ depletion as Reynolds number decreases is also suggested by
WeHkT/(a?) < 1, Ma ~ WeHKT(ya) < 1, andSc~ »?a/kT the transient results shown in Figure 5.

> 1, we chose to chandel to reduce the simulation time and . " . .
g C. Nondilute Conditions. Prior comparison between LBM

examine how they affect chain dynamics. The dimensionless and traditional molecular dynamics of pure fluids has estimated
roups change witkT, and they are tabulated in Table 1. .
group g y that the LBM method provides a speedup of more than an order

Starting with the idea that a simulation time stép = : 5 : )
a 4 of magnitude?® For polymer solutions, the lattice Boltzmann
10 37relax ~ 1074 s should accurately model the momentum . o " .
simulation is not always more efficient than the Brownian

transfer between the chain molecule and the fluid, this choice - - . h
. . . ' dynamics. The major reason is that the lattice Boltzmann
of At reduces the simulation time by 3 orders of magnitude _: . - .
simulation cost depends linearly on the size of the three-

when we compare it to the case if the kinematic viscosity is . . . . .

L 8 ; dimensional lattice. The lattice spacing must be small enough
matched to that of watter withr = 4 x 10 s. Brownian forces such that the simulations can capture the polymer dynamics
are added to the beads with the StokEinstein diffusivityDp, . ; g poly ynamics,
_ A3 ; _ 5 and at the same time the simulation parameters must be in the
= KT/ = 1073. These parameters givkr = 8.8 x 107> s. . . .

physically relevant domain. To capture phenomena such as chain

However, under pressure-driven flow witfve = 100, the . . L !
. S migration due to hydrodynamic interactions between beads, the
Reynolds number of the simulationsl.4. At such moderate A .
grid size of the latticeAx depends on the number of Kuhn

Re hydrodynamic interactions between the DNA due to the - .
channel walls may not have time to influence the dynamics of segments per spring and the.avera.ge length of the spring, and
the DNA moleculedg® To reduce the Reynolds number at a fixed this restricts the size of the simulation box.

We we further decreaSBm and examine the cases fB‘n = We have used a Pentium 4, 3.4 GHz Computer with 2 GB of
1073 (Re= 1.4), D = 104 (Re = 0.14), and 10° (Re = memory for comparing the computational time between LBM
0.014). As shown in Figure 5, the steady state bead distributionand BD-HI. For the 40x 20 x 40 Ax® simulation box, the

profile in the channel cross section does not chand®.aand computational time to complete one chain relaxation with a

the Redecrease atve= 100. However, Figure 5 shows thatat LBM time stepAr = 8.8 x 10°¢ (Dm = 10) is ~400 s. A

t = 100reax the transient chain migration effect increases BD time step ofAt = 0.01 is used in the explicit integration
slightly asD, decreases. In particularly, the off-center peaks Scheme for the LBM simulations, while &t = 0.025 is used
in the bead density profile increase in magnitudBaslecreases  in the BD-HI simulations in a semi-implicit scheme. Figure 6
due to the chain migration toward the walls from the channel compares the computation timgy() for one chain relaxation
center. This suggests that even at a moderate Reynolds numbeiime of A-DNA molecules. We find, as expected, thay, for

~ 1, LBE predicts the chain migration away from the confining LBM depends very weakly on the number of particles, &pd
walls. The balance between choosing a minimum simulation for BD-HI ~ t*9. As a result, we find that for this system size
time and studying the relevant physical regime may be achievedthe LBM method becomes more efficient than BD-HI when
with a larger time step than if the LBE fluid is strictly matched the number of beadsl > 150. For the modek-DNA, this

to the water viscosity. The dimensionless groups in the corresponds to a polymer concentrationcgy* = 0.006. In

calculations are tabulated in Table 1. order to study concentration effects up to the dittéemidilute
To compare the LBE to the BD-HI simulations, the LBE crossover, we employ the LBM method.
parameters = 1/6, { = 0.48%, andD,, = 104 are chosen. Figure 7 shows the concentration profile of DNA chains

Figure 4 shows the steady state bead density profile in the slit undergoing microfluidic flow at chain concentrations below the
channel cross section of the DNA chains after undergoing dilute—semidilute crossover. LBE is used to investigate DNA
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Figure 6. Computational times of LBM in a simulation box of 30
30 x 30 and BD-HI for onel-DNA relaxation time. Dashed lines are
extrapolations from fitting.
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Figure 7. Bead distribution profile in the channel cross section from
LBM for Ns = 10 andWe= 100 in the 10um slit channel at steady
state forN = 550, 4400, and 8800, correspondingcic,* = 0.023,
0.18, and 0.37. The LBM parameters are= 1/6, { = 0.48%, and
KT/ = 1074 The error bars are less than 10% of the value.

chains at concentrations @f/c,* = 0.02, 0.18, and 0.37 in
Poiseuille flow inside a 1@m slit channel withv = 1/6, D, =
1074, and We = 100. It is found that the depletion layer
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chain migration phenomenon and neglect nanosecond scale
aspects of the DNAfluid interaction. A key difference between
the Brownian dynamics calculations and the LBM calculations
is that the inertial effects are neglected in Brownian dynamics.
In BD-HI, the microfluidic flow is always considered to have
Re = 0, and hydrodynamic interactions between beads are
assumed to propagate instantly. Neglecting inertial effects in
microfluidic flow is generally justified becaudRe < 1, such

as in our model system dfDNA undergoing pressure-driven
flow in a 10 um slit microchannel wher®e= 0.05 whenWe

= 100. In our LBM simulations, we have carefully chosen our
simulation parameters such that t8e> 1 so that hydrody-
namic interactions propagate faster than the bead diffusion, and
Reis small such that wall perturbations of the bead hydrody-
namic interactions affect the dynamics of DNA chains. Although
we still observe differences in the steady-state chain migration
between LBM and BD-HI, these can be attributed to the discrete
lattice size and the finite momentum propagation time in the
LBM simulations. The propagation of hydrodynamic interactions
is instantaneous in the BD-HI, while it is of finite time in the
LBM simulations. Although inertial effects do not affect the
qualitative behavior, our study suggests that they may affect
the chain migration density profile quantitatively.

Our comparison for computational efficiency showed that for
dilute DNA suspensions the lattice Boltzmann simulation is not
always the most efficient. For our choice of system parameters,
the LBM becomes more efficient and faster than the BD-HI
method of Jendrejack et #only when the number of particles
is greater than 150. However, further reduction of LBM
simulation time may be made by optimizing the system
parameters such that we choose the smallest box size possible
while retaining the optimum accuracy. The LBM method is very
promising in this respect, and we expect that future investiga-
tions of dense polymer solutions with LBM will allow us to
answer challenging problems about the polymer rheology in
confinement, as well as polymer dynamics in channels of
nonsimple geometry. Studying denser polymer solutions un-
dergoing microfluidic flow using LBM will also allow us to
address how interchain interactions affect the migration dynam-
ics of DNA molecules.

decreases as the DNA concentration increases, which may be
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Another consequence of increasing chain concentration is theDirected Assembly.

reduced average velocity of the DNA molecules. Chain migra-

tion toward the channel center suggests that in Poiseuille flow References and Notes
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