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ABSTRACT: The dynamical behavior of DNA in steady shear flow has been elucidated using a
combination of Brownian dynamics (BD) simulation and single molecule visualization using fluorescence
microscopy. Observations of DNA motion in the flow-gradient plane of shear flow using a novel flow
apparatus allow for measurement of the gradient-direction polymer thickness (d2), a microscopic
conformational property that has direct influence on macroscopic polymer solution properties. To
complement experimental results for -phage DNA (22 ym in length) and 84 yum DNA, we present BD
simulation results for DNA in terms of both free-draining bead—spring models and models including
both intramolecular hydrodynamic interactions (HI) and excluded volume (EV) interactions. Good
agreement between experiments and BD simulations is obtained for ensemble averaged measurements
of polymer extension, ds, and orientation angle over a wide range of flow strengths. Macroscopic solution
properties, including the polymer contribution to the shear viscosity (1?) and first normal stress coefficient
(¥Y), are calculated in BD simulations. Power law scalings of #? and W} from the single molecule
experiment and BD simulation agree well with bulk rheological characterization of dilute polymer
solutions. Histograms of polymer extension demonstrate good agreement between experiment and BD
simulation, though histograms of d; from BD simulation slightly differ from experimental results. Cross-
correlations of polymer extension and d2 display rich dynamical polymer behavior, which we discuss on
a physical basis. Finally, the power spectral density of polymer extension and 0 is presented for DNA
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for both single molecule experiment and BD simulation.

1. Introduction

The dynamical behavior of flexible polymer molecules
in simple shear flow is replete with interesting and
complex physics.! 73 Fluid flow past any solid boundary
gives rise to shear flow.* The ubiquitous nature of this
flow type engenders a great deal of practical interest.
Dilute solutions of flexible polymers in shear flow
exhibit flow-dependent viscosities and enhanced normal
stresses.! These macroscopically observed quantities
arise from microscopic, flow-induced conformational
changes in polymer chains.

Flow type directly influences the nature of the con-
formational response of a polymer.>8 In general, a two-
dimensional, planar flow may be created from a linear
superposition of varying amounts of purely extensional
and purely rotational flow.* Extension dominated flows
such as those produced in injection molding applications
or near the stagnation point in cross-slot devices are
very effective in stretching flexible polymer mol-
ecules.137 Fluid flows with dominant amounts of rota-
tion tend not to perturb polymer conformations far from
the coiled state.®% Simple shear flow consists of equal
amounts of rotation and extension giving rise to intrigu-
ing, albeit complicated, polymer physics. It is now
known that in simple shear flow flexible polymers never
reach a steady-state molecular extension;® rather, in-
dividual polymer chains continually undergo tumbling
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motion with large fluctuations in polymer extension.%?
Results from earlier computational studies of Liu!? and
Doyle et al.!! support this experimental observation.

A primary goal of polymer rheology is to establish a
direct link between microscopic quantities such as
polymer conformation and macroscopic experimental
quantities such as solution viscosity. Traditional experi-
ments involving optical techniques such as birefringence
and light and neutron scattering have sought polymer
microstructural information in shear flow.12717 Light
scattered by flowing macromolecules may be used to
infer conformational information through the radius of
gyration tensor.’® Many experiments employing light
scattering techniques indicated that polymers did not
substantially stretch in shear.!517 Although the flow
strengths probed were generally low due to technical
issues, experimentally determined polymer conforma-
tion changes were considerably smaller than predicted
by Rouse and Zimm models for polymer dynamics or
by Brownian dynamics simulations of nonlinear bead—
spring chains.!?

Single molecule techniques using fluorescence mi-
croscopy have allowed for the direct observation of DNA
chains in flowing solution?818720 The first single mol-
ecule study of fluorescent DNA in simple shear flow
showed that polymers may indeed substantially stretch
in shear flow.8 Furthermore, observation of DNA dy-
namics in steady shear revealed large fluctuations in
polymer extension, suggestive of end-over-end polymer
tumbling. Observations from the experimental study of
Smith et al.® showed that although DNA molecules
constantly exhibit large (atemporal) fluctuations in
molecular extension, the average polymer extension
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asymptotes to a value approximately one-half of the
contour length at high flow strengths. In another study,
Babcock et al.?! examined the relationship between the
transient solution viscosity measured using bulk shear
rheology and polymer conformation during the onset of
shear flow. In this work, the authors relate the over-
shoot in the transient shear viscosity to nonaffine
polymer motion using a combination of single molecule
fluorescence microscopy and Brownian dynamics simu-
lation.

In addition to experimental studies, the dynamics of
flexible polymers in simple shear flow has also been
examined using theory- and simulation-based ap-
proaches. Polymer kinetic theory may be used to derive
equations for the moments of polymer chain extension,
and knowledge of the flow-induced conformations may
be used to calculate rheological functions such as shear
viscosity. Results from polymer kinetic theory for a
Hookean dumbbell show a constant shear viscosity as
a function of flow strength and hence no shear thin-
ning.222 Inclusion of a nonlinear entropic spring (such
as the Warner spring, an analytic approximation to the
inverse Langevin function for synthetic polymers) leads
to calculation of a shear-thinning polymer viscosity and
first normal stress coefficient with the preaveraging
approximation.?2223 Interestingly, inclusion of intramo-
lecular hydrodynamic interactions into the equations of
motion for a Hookean dumbbell model solved using a
consistently averaged or Gaussian approximation yields
a shear-thinning viscosity in weak shear flow.22:24

More recently, research investigations using Brown-
ian dynamics (BD) simulation of bead—rod or bead—
spring polymer models have elucidated the nonlinear
behavior of polymer chains in flow and proven the utility
of studying stochastic models in polymer physics. With
regard to free-draining polymer models, Liul® used BD
simulations to probe the rheological behavior of Kram-
ers freely jointed bead—rod phantom chains in steady
shear flow. For bead—rod chains containing up to 20
beads, Liu found shear thinning exponents of —1/2 and
—4/3 for the steady shear viscosity and first normal
stress coefficient, respectively. Doyle et al.ll also used
BD simulation to investigate the dynamical behavior
of polymers in steady shear flow and calculated rheo-
logical properties such as shear viscosity and normal
stress differences, and in addition, polymer conforma-
tional properties such as extinction angle. BD simula-
tion was used by Hur et al.?’ to study the dynamical
behavior of 1-phage DNA in steady shear flow with a
free-draining polymer model. Good agreement between
results obtained from simulation and experiment in
terms of average polymer extension was shown for
bead—rod chains and for multimode bead—spring chains
using the appropriate nonlinear (Marko—Siggia) force
law for double-stranded DNA.26 Furthermore, the flow
strength dependence of the gradient direction DNA
thickness (02) from BD simulation agrees well with a
Graetz—Levecque scaling argument based on a coupling
between chain advection in the flow direction and
transverse chain diffusion in the gradient direction.!

In addition to the steady shear dynamics of DNA, the
transient polymer response has also been studied using
BD simulation and fluorescence microscopy. In another
paper, Hur et al.?’ studied the transient behavior of
A-DNA molecules in the start-up of shear flow. Again,
good agreement between average polymer extension
from BD simulation of free-draining polymer chains and
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single molecule experiment is shown. The authors
compare the polymer contribution to the shear viscosity
(#P) in dilute solution simulations to experimentally
measured shear viscosities. Experimental measure-
ments of 7P were made using bulk rheology of 2-DNA
solutions with concentrations up to 6¢*, where c* is the
polymer overlap concentration. Interestingly, BD simu-
lations of dilute solutions of DNA agree well with
experimentally measured 7P when the polymer relax-
ation time in simulation is accurately adjusted to reflect
semidilute solution behavior.

Additional studies have focused on the effect of
hydrodynamic interactions (HI) on polymer dynamics
in shear flow using BD simulation.28-31 De la Torre and
co-workers have presented a series of BD simulations
for polymer models with the inclusion of nonpreaver-
aged hydrodynamic interactions.?273* Recently, Cifre
and de la Torre3® investigated the polymer orientation
behavior with BD simulations of a bead —spring polymer
model with HI and excluded volume (EV) interactions
in dilute solutions in shear flow. Jendrejack et al.3!
demonstrated that inclusion of intramolecular HI does
not quantitatively change the average steady-state
extension of -DNA in shear flow. Furthermore, results
from Jendrejack et al.3! showed essentially no difference
between free-draining and HI models with respect to
the shear-thinning exponents for viscosity and first
normal stress coefficient for 84 um (=~41) DNA. Simi-
larly, simulations of A-DNA in extensional flow reveal
that the dynamics do not quantitatively change upon
inclusion of intramolecular HI for bead—spring polymer
models.?136 However, the role of intramolecular HI
becomes increasingly important for larger DNA and
leads to dramatic effects on the coil—stretch transition
in planar extensional flow.20:37

Recently, Teixeira et al.? directly observed DNA
dynamics in the flow-gradient plane of simple shear
using a novel flow device. In this work, the authors
directly measured the polymer configuration thickness
(02) in the gradient direction of shear flow. Solution
viscosity is directly related to d2, a microscopic confor-
mational polymer property. Therefore, this experimental
study establishes a link between microscopic polymer
quantities and macroscopic solution properties in dilute
solutions. A detailed description of the polymer tumbling
mechanism is presented, and scaling arguments de-
scribing the dynamical end-over-end polymer motion are
discussed.

The goal of the present work is to directly compare
results from Brownian dynamics simulations of flexible
DNA molecules to recently measured flow-gradient
plane DNA properties in simple shear flow. To this end,
we present additional experimental data for 84 ym DNA
in shear flow. For BD simulations, we model DNA
molecules as bead—spring polymer chains and compare
simulation results for free-draining (FD) molecules and
for chains with intramolecular hydrodynamic interac-
tions with interbead excluded volume interactions (EV).37

2. Experimental Section

Fluorescent DNA molecules were imaged in the flow-
gradient plane of simple shear flow using a novel apparatus.
The device and methods are described at length in a companion
article.? In short, simple shear flow was generated between
two parallel, optically transparent quartz microscope slides
translating in opposite directions. A thin mica sheet was placed
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between the quartz slides, providing a well-maintained gap
(h) of approximately 34 um. Two feedback-controlled motors
(Oriel) were used in the apparatus: one motor translated the
shear surface at a constant speed (v) while the second motor
moved the flow assembly in the opposite direction. By carefully
adjusting the speed of the assembly translation, we are able
to observe a single fluorescent DNA molecule for several
hundred strain units (y). Accumulated fluid strain is defined
by the relation y = y¢, where y = v/h is the shear rate and ¢ is
the observation time. Light emitted from fluorescent DNA
molecules in the small gap passed through the shearing walls
and through a thin coverslip before being collected by the
microscope objective lens. To minimize distortions of the DNA
images, we match the index of refraction (n) of the shearing
walls to the solution by adjusting the sucrose concentration
to 67.1% (w/w). The solution viscosity was 300 cP, and the
index of refraction was matched to n = 1.458. Experiments
were conducted at 17 °C.

An inverted, home-built microscope equipped for epifluo-
rescence was used to image DNA. A back-illuminated Micro-
max 512BFT CCD camera (Roper Scientific) provided images
of fluorescent DNA. We observed the dynamics of -DNA (48.5
kbp, Gibco BRL, 22 um stained contour length) and ~84 um
DNA (185 kbp, a generous gift from US Genomics). A 5% error
is attributed to estimation of the contour length of 84 yum DNA
based on pulsed field gel electrophoresis studies. DNA was
stained with YOYO-1 fluorescent dye (Molecular Probes) and
imaged in solution buffers as described in previous work.%37

3. General Procedures

In this work, we studied the dynamics of polymers in
simple shear flow. The flow, shear gradient, and vor-
ticity directions are defined as the “1”, “2”, and “3”
directions, respectively. The flow field is then described
by

ou,
u(xg) = Yx90;1; P 70;10; (1)

J

where u; is the fluid velocity, du;/dx; is the velocity
gradient tensor, and J; is the second-order isotropic
tensor. In eq 1, subscripts refer to tensorial indices.
Polymer relaxation times were measured by first stretch-
ing DNA molecules at high shear rates, followed by
tracking polymer projected images over time after
cessation of flow. Relaxation times were calculated by
fitting the final 30% of the polymer extension (x) to a
decaying exponential function &-x[= A exp(—t/7) + B,
where 7 is the longest polymer relaxation time, ¢ is
observation time, and A and B are fitting constants. The
relaxation times for -DNA and 84 ym DNA in the 300
cP sucrose solution were 28 and 251 s, respectively. A
dimensionless shear rate, the Weissenberg number (W:
= y7), is defined as the ratio of the polymer relaxation
time to the characteristic flow time scale (y~1). Finally,
we tracked the steady shear dynamics of single DNA
molecules over the course of many strain units, gener-
ally ignoring the transient (start-up) polymer behavior
during the first ~70 strain units in experiment?’ and
~500 strain units in BD simulation.

Movies of DNA dynamics were analyzed to extract the
maximum projected chain extension in the flow direc-
tion and the radius of gyration tensor. Note that the
projected extension is not, in general, equal to the
polymer end-to-end distance, as the chain ends are not
easily resolved with our optical setup. The radius of
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gyration tensor is defined as

S I(p, )RV RY
G="0 )
S 1p.g)
pq

where I(p,q) gives the intensity of the polymer image
at the pth column, qth row pixel, accurately corrected
to subtract the background level, and R?? is the two-
dimensional vector from the polymer center-of-mass to
the pth column and qth row pixel. The elements of the
radius of gyration tensor accessible with our experi-
mental setup are Gi1, Gog, and G12 = Go;.

In bead—rod or bead—spring polymer models, the
radius of gyration tensor for a chain composed of N
beads is given by23

1 N
G,=—Y RR! 3)
N&

where R; is the position of bead v with respect to the
chain center-of-mass. The experimental measurement
of Gj; is equivalent to the definition for G;; given in eq 3
within our assumption that image intensity is linearly
related to polymer mass at a particular image location.
This assumption is justified because staining DNA with
the fluorescent dye YOYO-1 is insensitive to base pair
sequence (at least within the resolution limit of the
microscope, ~0.3 um). Furthermore, the entire DNA
molecule is maintained in the image plane of the
microscope corresponding to the two-dimensional shear
flow plane. Finally, our CCD camera is nonintensified,
allowing for a linear relationship between the intensity
of light impinging on a pixel and the final value of the
digital intensity in the acquired image.

Using the definition of G;; given by eq 2 for experi-
ments and eq 3 for Brownian dynamics simulations, two
additional quantities may be calculated. The polymer
thickness in the gradient direction (d3) is defined as

0y = \/Gop (4)

In addition, the polymer orientation angle (6) relative
to the flow direction is given by

G12

tan(20) = —————
Gn - Gzz

(5)

Orientation angles are defined to be positive when
measured from the flow (“1”) axis toward the gradient
(“2”) axis in the flow-gradient plane.

It is often convenient to characterize the time and
frequency dependence of fluctuating quantities by ob-
serving the power of a signal in Fourier space. The
power spectral density (PSD) is defined as the Fourier
transform of the autocorrelation of a quantity (or cross-
correlation of two quantities).82538 The autocorrelation
of a real valued, fluctuating quantity x(¢) is given by

C,.(T) = &(®) 2t + T)O (6)

where brackets denote a time-averaged quantity, ¢ is
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time, and T is an offset time. The PSD of a stationary
stochastic process is

Pf)= ["C, (De*"aT (7

where f is frequency and i = v=1. In calculation of
PSDs given by eq 7, we first subtract the mean value
from each data point in a time series of a (stationary)
fluctuating quantity. We then use fast Fourier trans-
form (FFT)3® algorithm to find the PSD of a quantity.
PSDs are normalized by the total length of a stretch of
transformed data. In calculation of the PSD of polymer
extension, power is made dimensionless by the quantity
R,?1.8 Finally, frequency is nondimensionalized by the
longest polymer relaxation time 7.

4. Brownian Dynamics Simulation

4.1. Model Description. We employ a model for
Brownian dynamics simulation of a system of N par-
ticles that are subject to interparticle forces and fluc-
tuating hydrodynamic interactions as originally pre-
sented by Ermak and McCammon.3? This model is used
in a bead—spring description of flexible polymer mol-
ecules in dilute solution flows and was presented in
detail in previous work.37 A statement of force balance
for each bead i yields the Langevin equations for a
system of N Brownian particles with interparticle forces
and fluctuating HI. The Langevin equations may be
manipulated to yield set of a stochastic differential
equations for the positions of beads i = 1 to N:3°

N 9 N
Kker; + Z— D, + Z
jSror; I=

where r; is the position of bead i, D;; is the mobility
tensor, F; is the net interparticle (entropic spring and
excluded volume) force on bead i, and dW; is a Wiener
process? that may be described by the relation dW; =
x/anj. The quantity n; is a randomly distributed
Gaussian vector with zero mean and unit variance. In
eq 8, Dj; is related to the coefficient tensor oy; by the
relation:

D F, i
- dt+\/§Zaij-de
rr ®

dr; =

N
Dlj = Zail‘aﬂ (9)

We assume a spatially homogeneous velocity field such
that the solvent velocity v(r) can be expressed as v(r)
= k-r, where K is the (constant) velocity gradient tensor.
For simple shear flow, the velocity gradient tensor is
given by

(10)

=

I
oo o
o o=
oo o

We choose D;; as the Rotne—Prager—Yamakawa
(RPY) tensor,*! which has been proven to be positive-
semidefinite for all polymer chain configurations. The
RPY tensor has the added advantage that terms in eq
8 involving its spatial gradients are exactly zero; this
feature greatly simplifies computations. The RPY mo-
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_ kT

Dij—flij ifi=j (11)
kT 24> 2a°\r¥
i~ 1+ =M+ 13 2
8mnr; 3r;; ri | Ty

ifi=zjandr; > 2a (12)

i =

e, 9rij) ryr
Dy = g (1 32q) 5t 32ar;; ifi=jandr, <(i‘;)

where a is the bead radius, r;; is the vector between
beads i and j,  is the bead resistivity, and r; = |r;|.
The quantity ~A* is often defined as the hydrodynamic
interaction parameter in HI studies such that

H
* — —_
h _a’/nkT (14)

The Hookean spring constant H is given by H = 3kT/
Nisbi%. The quantity 2* in eq 14 is the approximate ratio
of the bead radius to the equilibrium extension of a
spring; we therefore anticipate physically reasonable
values of h* to be <1/5.2 It should be noted that the
quantity ~A* arises naturally as a collection of constants
that appears in an expression for the preaveraged Oseen
tensor. Therefore, 2* and the bead radius a are related
quantities and should not be chosen separately.

Equation 8 is nondimensionalized with an appropriate
length scale (/5) and time scale (¢5) such that ts = (/4H
and Iy = VERT/H,*2 where { is the bead resistivity. In
this model, each spring is finitely extensible and rep-
resents only a portion of the entire polymer molecule,
where the number of Kuhn steps per spring is denoted
as N}, s. The total number of Kuhn segments N, o in the
molecule is Ng ot = (N — 1)Np s, the Kuhn step size is
br, and the total dimensional contour length L of the
macromolecule is L = N} 0tbr. The spring connector
vector for spring i can be defined as Q; = r;+1 — r;. We
now recast the eq 8 in terms of the spring connector
vectors in dimensionless form as

N
dQ, = [Pe(k-Q;) + Z(Di+1 ;=D HFE+FF de +
£
i+1

«/EZ(aM ,— a, rdW, (15)
2

where the subscripts on vector Q refer to spring vectors
such that 1 <i < N — 1, F\E is the net entropic spring
force exerted on bead i, F;®V is the net excluded volume
force on bead i, and Pe is the bead Péclet number such
that Pe = y{/4H. The total entropic force on bead i is
given by

F; ifi=1
F'=(F—-F_, ifl<i<N (16)
-F;., ifi=N

where subscripts on the right-hand side of eq 16 refer
to spring indices. We use the Marko—Siggia?6 expression
for the restoring force of an entropic “wormlike” spring
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between two beads in the bead—spring chain:

okl 1 1 2%

where @ is the maximum extensibility of a spring such
that Qo = N sbr, and @ is the scalar magnitude of the
spring extension vector Q; for spring i. Equation 17 gives
the wormlike chain (WLC) restoring force appropriate
for double-stranded DNA.

Excluded volume (EV) interactions are incorporated
into our bead—spring model for polymer chains to
accurately capture good solvent behavior of DNA in
aqueous solution. EV effects are modeled as short-range
interactions that directly affect chain dynamics when
two polymer segments (beads) come into close approach.
The energy of interaction between beads i and j in a
bead—spring chain can be expressed as?!

3/2
exp

2
Tij
2
g,sub

_3
4R, .2

g,sub

mv _ 1 2
UEY = Z0kTN, . (18)

where the vector between beads i and j is defined as r;
=1 — 1j, |1;j| =1y, v is the excluded volume coefficient,

and Ry, sup = \/Nk,sbk2/6 is the radius of gyration of a
subsection of the polymer chain. Specifically, we employ
this expression for the potential proposed by Jendrejack
et al.3! because it contains an explicit dependence on
chain discretization. After taking the gradient of the
potential and scaling by appropriate quantities, we
arrive at an expression for the dimensionless EV force
on bead i:

N 9
FV=— Z x/gz(— exp
J=Li=j 2

where z = (1/27)*29N}, 2. The quantity z is related to a
common perturbation parameter for EV interactions in
analytic theories*® and is defined here in terms of a
dimensionless EV parameter 7. A more complete discus-
sion regarding the choice of EV interactions may be
found elsewhere.37

2
3r;;

5 ]rij (19)

A highly efficient predictor—corrector algorithm is
used to solve the set of eqs 15 for the spring connector
vectors at each time step. This algorithm was originally
proposed for general free-draining bead —spring chains.*?
Recently, it was extended to model polymers with
fluctuating HI? and shown to be significantly more
efficient than either explicit Euler or iterative Newton
solution schemes. In this and previous work,?” we
modify the original model as described by Somasi et al.42
to include both fluctuating intrachain HI and excluded
volume interactions. Finally, Cholesky’s method was
used to decompose the diffusivity tensor D;; at the
beginning of each time step to calculate o ;. A detailed
description of the model algorithm may be found in
Schroeder et al.?”

4.2, Calculation of Polymer Stress. The total stress
in a solution of flexible polymers (7*°t) is given by??

=7+ - Pd (20)
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where 7° is the deviatoric solution stress arising from
the Newtownian solvent:

7 = 5%(Vu + (Vu)") (21)

where 7® is the solvent viscosity and u is the velocity.
In eq 20, P is the isotropic solution pressure and acts
normal to all surfaces. The transpose of a tensor A is
denoted as A'. Finally, #? is the polymer contribution
to the stress. For bead—spring chains with intramo-
lecular HI and excluded volume interactions, the Kram-
ers form of the stress tensor is used to calculate the
polymer contribution to the total stress:23

N; N N
= n;\ Q,F;0—n Z ;B,,k Q,F>V - N (nkT)d
B T (22)

where Ny = (N — 1) is the number of springs, n is the
number concentration of polymers in solution, 27 is the
thermal energy, and B is a matrix defined by the
relation

Z% ifk <vw

—1—£ ifk>v
(1=

B, = (23)

Stress is made dimensionless with the quantity nkT,
and the nondimensional form of eq 22 becomes

N, N N

P = hZS\EQkFZD— Z;kamkavD— Nob (24)

For free-draining bead—spring chains, the Giesekus
form of the stress tensor may be used to calculate the
polymer contribution to the total stress.!1-23 In dimen-
sionless form, the Giesekus stress tensor is

(’N

' =-2 ;ZER”RVD (25)
DL

where & /%t denotes a convected time derivative such
that?3

DA A (. o«

@tA_th (kA + Ak') (26)
where A is a second-order tensor. At steady state, eq
25 simplifies to

N
™= =2Y ER'R"+ RR"*«'T 27

=

In dimensionless form, the polymer contribution to the
shear viscosity is defined as

p
T
p_ T2

= p, (28)

Finally, the dimensionless first normal stress coefficient
is given by

. (74 — 759)

qu
! Pé?

(29)
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Using the expression for the Giesekus stress tensor in
eq 27 at steady state, the polymer contribution to the
shear viscosity becomes!!

N
7> =25 [RIRLO (30)

=
and the first normal stress coefficient becomes

4 N
WP =S Ry (31)
=

It is immediately obvious that the polymer contribution
to the shear viscosity #P scales linearly with Gog such
that #? ~ Gz (hence 7, ~ 092), and the first normal
stress coefficient scales as W} ~ Gio/Pe. Although eqs
30 and 31 apply only to free-draining polymers at steady
state, these expressions have been used to calculate the
bulk solution stresses from molecular conformations
measured in single molecule experiments of DNA as
discussed in previous work.? Here, we discuss the effect
of neglecting HI and EV interactions in using the
Giesekus stress tensor to estimate bulk solution stresses
by comparing stresses calculated using the Kramers
stress tensor in BD simulations in section 5.

4.3. Choice of Model Parameters. Our bead-—
spring model contains five parameters that are chosen
in a systematic manner for DNA chains. We first
consider the Kuhn step size (by) for dsSDNA stained with
YOYO-1 dye. At dye concentrations similar to those used
in our experiments, by was found to increase by a factor
of 1.32 from the native value of approximately 100 nm
for unstained DNA in aqueous solution containing at
least 10 mM monovalent salt.#* Therefore, by is taken
to be 0.132 um. Next, we choose the quantity N for a
given level of discretization, and the number of springs
Ny = (N — 1) is then set by the constraint that the
dimensional contour length L = Ny (N:by is maintained
at a particular value. For simulations of L = 84 uym
DNA, we choose Ng = 16 and set Nxs = 40. Only two
parameters in the model remain: the bead radius (a)
appearing in the RPY tensor and the excluded volume
parameter (v). We choose a and v such that the BD
simulations reproduce both the experimental center-of-
mass diffusivities (D)** and relaxation times () for DNA
of contour length L. Longest polymer relaxation times
are calculated in the same manner in experiment as in
simulation as described in section 3. Center-of-mass
chain trajectories were tracked to extract chain diffu-
sivities (D) as described in previous work.3”

The following set of parameters were then used for
BD simulations of 84 um DNA: Nis = 40, Ns = 16, b
=0.132 yum, a = 0.101 ym (or ~2* = 0.12), and v = 0.001
um?3. This parameter set yielded an average diffusivity
of D = 0.27 um?/s in a 0.95 cP solvent and relaxation
time 7 of 282 s in a 300 cP buffer. Experimental values
of chain diffusivity for 84 um DNA, adjusted for changes
in bk due to YOYO-1 dye, are obtained by interpolation
of data in previous work.4* BD simulation results show
that D is ~15% higher than this (adjusted) experimental
value. The relaxation time from simulation is 3.5%
larger than the experimentally measured value® upon
slight rescaling for polymer length.
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Figure 1. Experimental and BD simulation results of en-
semble-averaged quantities of (a) fractional polymer extension,
(b) orientation angle 0, (¢) gradient direction polymer thickness
09/[0200) and (d) vorticity direction polymer thickness ds/[dso0]
Experimental results are shown for 1 and 84 ym DNA. BD
simulation results are shown for free-draining (FD) and HI/
EV bead—spring models of 84 um DNA.

5. Results and Discussion

The average fractional polymer extension in simple
shear flow is shown in Figure la for experiment and
for BD simulations of 84 um DNA with results for
A-DNA (22 um) included for comparison. Overall, good
agreement between simulation and experiment is ob-
tained for both free-draining bead—spring models and
for models with intramolecular hydrodynamic interac-
tions. For high flow strengths (Wi = 300 and 584), FD
and HI/EV models slightly overpredict the average
polymer extension, with results from FD DNA models
slightly higher than HI/EV DNA average extensions.
The same basic trends regarding the FD and HI/EV
models were also observed by Jendrejack et al.3! for
simulations of DNA chains 126 ym in length in shear
flow.

Figure 1b shows the average orientation angle 6 as
defined in eq 5 for DNA in shear flow as a function of
Wi. Over the full (experimental) range of flow strengths
(Wi = 1.6—584) for 22 and 84 uym DNA, the polymer
orientation angle follows the scaling law 0 ~ Wi=043,
The thinning behavior of orientation angle calculated
from BD simulation of 84 yum DNA with HI/EV follows
the scaling 0 ~Wi~42 over the same Wi range, and the
exponent becomes —0.40 between Wi = 49—1000. Previ-
ous light scattering studies provided measurements of
the orientation angle of polymers in simple shear flow.
However, because of technical limitations, the upper
bound of flow strengths was generally limited to Wi ~
10—20.13:15.17 The birefringence extinction angle has also
been measured in shear flow*® for dimensionless flow
strengths Wi < 1 with good agreement with model
calculations. To our knowledge, this set of single mol-
ecule measurements of the polymer orientation angle
via observations of DNA in the flow-gradient plane® is
the first to provide experimental information regarding
the thinning behavior of 0 for high flow strengths.
Polymer orientation angle has been previously studied
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in shear flow using simulation techniques. Doyle et al.l!
and more recently Liu et al.*6 have calculated the
polymer orientation angle using BD simulations of
bead—rod chains, though neither quote a specific scaling
law for 0 as a function of Wi. Aust et al.*” used molecular
dynamics simulations of polymers obeying a finitely
extensible nonlinear elastic (FENE) force law in shear
flow to calculate the shear rate dependence of 0, finding
0 ~ Wi=%45 for high flow strengths. Finally, Cifre and
de la Torre recently used BD simulation to calculate the
orientational resistance parameter m, where m = Wi
tan 26, as a function of flow strength for bead spring
chains with HI and EV in shear flow. For bead—spring
polymer chains with a nonlinear (FENE) force law, the
orientational resistance parameter approximately fol-
lows a power law scaling with Wi for Wi = 100, though
the authors do not explicitly state a scaling law.
Interestingly, for polymer chains with a linear force law,
the authors find that the orientational resistance pa-
rameter is constant with flow strength for Wi = 100.

The gradient direction polymer thickness (d2) is a
microscopic conformational property that has direct
influence on macroscopic solution behavior in shear
flow. As discussed in section 4.2, the quantity Jq is
directly related to the polymer contribution to the shear
viscosity of a dilute solution of free-draining flexible
polymers. Figure 1c shows a plot of ensemble-averaged
02 at steady state normalized to the equilibrium value
at Wi = 0 for experiments and DNA simulation of 84
um DNA. Good agreement between experiment and BD
simulation of chains with HI/EV is shown. Although BD
simulations of both FD and HI/EV chains show similar
power law scalings of d5 as a function of Wi, results from
FD chains overpredict the quantity [dal/[d9 o[l Results
from single molecule experiments of 84 yum DNA give
the scaling [d2[[d9 o[~ Wi~027 over the range Wi = 73—
584. Results from BD simulation with HI/EV show [d[7
Do o0~ Wi™026 gver the range Wi = 73—1000, which
agrees well with scaling arguments based on a Graetz—
Levecque dispersion layer model.11:25 FD simulations
show essentially the same thinning exponent as HI/EV
results, and this observation was also noted by Jen-
drejack et al.3! Finally, the thinning behavior of the
vorticity direction polymer thickess from FD and HI/
EV simulations is shown in Figure 1d. Although this
quantity was not experimentally accessible using the
flow apparatus in this study, we find that d3 scales with
Wi as 03300~ Wi~%17 over the range Wi = 73—584
from HI/EV simulations. Hur et al.2? found [d3[~ Wi 020
for free-draining bead—rod chains consisting of 50 beads
over a similar range of Wi. It seems counterintuitive
that chains with excluded volume appear to be thinner
in the vorticity direction according to Figure 1d. In fact,
the magnitude of J3 is larger for chains with EV;
however, when normalized to the equilibrium thickness,
the quantity [03[/[dsois larger for FD chains because
[03[d3 o[lis smaller. It should be noted that the size of
the error bars on the data points in Figure 1d is smaller
than the size of the data points.

Microscopic conformational information on polymers
may be used to calculate macroscopic solution proper-
ties. Parts a and b of Figure 2 show the polymer
contribution to the shear viscosity #P and the first
normal stress coefficient WY, respectively. In Figure
2a, results from BD simulation of chains with HI/EV
agree well with experimental results for 84 ym DNA,
while FD chains overpredict the quantity #P/5j. BD
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Figure 2. Macroscopic rheological properties: (a) polymer
contribution to shear viscosity #P and (b) first normal stress
coefficient W} from BD simulation and single molecule ex-

periments of DNA. #? and W} from single molecule experi-
ments and FD DNA models are calculated using the Giesekus

stress tensor. #7? and W} for HI/EV models in BD simulations
are calculated via the Kramers and Giesekus stress tensors.

simulation results for 84 ym DNA with HI/EV yield the
scaling 7, ~ Wi=052 for the Wi range 73—1000. This
scaling law for #P is obtained using the correct (HI-
relevant) Kramers stress expression in eq 24 and the
definition of #P from eq 28. This shear thinning behavior
agrees well with the experimental scaling law 7, ~
Wi~053 obtained from single molecule measurements of
84 um DNA in shear flow. The latter exponent regarding
the decay of P was obtained using the Giesekus
expression for the stress tensor and measurements of
09 from single molecule experiment.® Although eq 30
does not account for HI in the calculation of the stress,
experimental results using the Giesekus stress tensor
agree well with #P calculated using Kramers stress from
BD simulation results of 84 yum DNA with HI/EV. As
shown in Figure 2a, shear viscosity calculated for DNA
chains with HI/EV using the Giesekus stress tensor
(which is not appropriate for chains with intramolecular
HI) agree well with 7, results calculated with the
Kramers stress expression. Furthermore, FD simulation
results yield essentially the same scaling law for #P
calculated using the Giesekus stress tensor as HI/EV
simulation results via the Kramers stress expression.

Figure 2b shows WY, as a function of Wi. Results from
BD simulations with HI/EV yield a scaling of W} ~
Wi~123 gver the Wi range 73—1000, again agreeing well
with the scaling W) ~ Wi™128 from single molecule
experiment.? Furthermore, naive application of eqs 30
and 31 in the calculation of polymer stress for HI/EV
chains gives 17, ~ Wi™051 and W} ~ Wi~1-24 Tt is clear
that ignoring intramolecular HI in calculation of the
polymer contribution to the stress does not lead to an
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Figure 3. Histograms of polymer extension for 84 ym DNA
in steady shear flow at Wi = 73 and 300. Results from single
molecule experiment and BD simulation of FD and HI/EV
chains are shown.
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Figure 4. Histograms of gradient direction polymer thickness
(09/[d200) for 84 um DNA in steady shear flow at Wi = 49, 73,
and 300. Results from single molecule experiment and BD
simulation of FD and HI/EV chains are shown.

appreciable change in the scaling law results for #? and
Y? for 84 um DNA. However, ignoring HI in stress
calculations may lead to inaccurate results for larger
DNA chains?® as the role of conformation-dependent
drag becomes increasingly important for polymers of
greater length.

Figure 3 shows histograms of fractional polymer
extension in the flow direction for 84 ym DNA in
experiment and BD simulation. For Wi = 73 and 300,
the probability of polymer extension is broadly distrib-
uted from very low to high fractional extensions. In
shear flow, single polymers are continually undergoing
large fluctuations in length as chains exhibit end-over-
end tumbling motion. Results from both FD and HI/EV
simulations agree well with experimental results re-
garding the probability of extension.

Histograms of the gradient direction polymer thick-
ness normalized to equilibrium values (d9/[d2 o0 for 84
um DNA are plotted in Figure 4. The probability
distributions of d9/[d29[Jshow that polymer thickness
gradually moves to smaller values of 5 upon increasing
Wi. Reasonable agreement for the distribution of do/[d2 o0
between experiment and BD simulation of chains with
HI/EV is obtained at Wi = 49 and 73. At Wi = 300, the
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Figure 5. Histograms of orientation angle 6 for 1 and 84 um
DNA in steady shear flow at Wi = 1.6, 12, and 300. Results
from single molecule experiment and BD simulation of FD and
HI/EV chains are shown.

histogram of d9/020 from experiment appears more
peaked compared to results from BD simulations of
DNA with HI/EV. Distributions of d2 from experiment
and BD simulation appear to exhibit larger degrees of
disagreement as Wi increases and 0 decreases and
approaches the optical resolution limit of the micro-
scope. The smallest measurable dimension (des) using
the optical setup described in Teixeira et al.? is ~0.16
um. Experimental data were analyzed to account for this
inherent limitation of optical microscopy by deconvo-
luting the real image thickness from the resolution
thickness limit.? Nonetheless, some disparity between
experimental data and simulation results at high Wi is
apparent in Figure 4. It should be noted that bead—
spring chains also have a finite “thickness”, and the size
of an individual bead representing a chain subsection
depends on discretization. In the present study, for
example, the radius of gyration of a bead (Nxs = 40) is
~0.34 um, suggesting that length resolution in bead—
spring simulations may contribute to some inaccuracies
in d2. At high Wi (>300), alternative polymer models
may be more appropriate in resolving smaller scales in
polymer configuration. A bead—rod model, for example,
may provide finer length scale resolution.

Probability distributions of polymer orientation angle
(0) in steady shear are plotted in Figure 5. As the flow
strength increases, polymer molecules are confined to
increasingly thinner regions in the shear gradient
direction and become more extended in the flow direc-
tion. As polymers align in the flow direction as Wi
increases, the average orientation angle decreases but
remains positive. Probability distributions of 6 for
A-DNA and 84 um DNA in experiment agree well with
results from BD simulations of both FD and HI/EV
chains over a wide range of Wi. At low Wi (=1.6), 0 is
broadly distributed. At high Wi values (Wi = 300), the
distribution of 0 is narrow and sharply peaked near
zero. In this case, convection is strong and tends to align
polymers in the flow direction, and thermal fluctuations
quickly result in end-over-end tumbling or polymer
restretching events. In the case of either tumbling or
polymer restretch, the magnitude of the orientation
angle (on average) remains small over the course of the
event. The probability distribution of 6 is asymmetric
about 0 = 0, as it is clearly biased to positive values as
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shown in Figure 5.

The probability of the polymer orientation angle
occurring at positive values as a function of Wi is plotted
in Figure 6. As noted in previous single molecule
experimental work,? the fraction of time in which 0
occurs at positive values is nearly constant at ~0.75 for
Wi = 10. Figure 6 shows the fraction of probability
distribution for which 6 > 0 for single molecule experi-
ments of DNA, BD simulations of multibead spring
chains, and BD simulations of Hookean dumbbells.
Clearly, the fraction of time representing positive
polymer orientation angles is nearly constant over a
wide range of Wi for both 22 and 84 ym DNA. BD
simulations of multibead spring chains with and with-
out HI/EV for 84 um DNA show that the probability of
positive 0 is ~0.8, slightly larger than for Hookean
dumbbells. The solid line in Figure 6 represents theo-
retical predictions for Hookean dumbbels such that 60
> 0 and was given as an analytical result in Woo and
Shaqgfeh,*® where the authors calculate the probability
of linear dumbbells occurring in each quadrant of the
flow-gradient in planar, two-dimensional mixed flows.
The probabilities for dumbbell orientation in the (I) and
(ITT) quadrants, P; and Py, are equal:

1,1, o W )
p=1+ L an N (32)
4 2n («/ 1+ Wi

Therefore, 2P is equivalent to the total fraction of time
a polymer spends with positive orientations to the total
time for all orientations in flow, and for Wi > 1, 2P; ~
0.75. Differences between BD simulation results for
Hookean dumbbells and theory at low Wi are due to
differences in expression of relaxation times. In analyti-
cal calculations, the relaxation time for Hookean dumb-
bells is taken to be the characteristic time scale {/4H,
where H is the Hookean force law constant. However,
longest relaxation times for Hookean dumbbells in BD
simulations are calculated by extracting a time scale
from a decaying exponential function fit to relaxation
curves of mean-squared end-to-end extension of dumb-
bells. These values differ by ~10%.

Complex dynamical behavior of flexible polymers in
shear flow arises from the coupling between convection
of the polymer in the flow direction and random fluctua-
tions of polymer segments in the transverse, shear
gradient direction. The first single molecule study of
DNA in shear flow revealed large fluctuations in
polymer extension in steady shear flow.8 Recent work
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Figure 7. Cross-correlations of polymer extension x and
gradient direction polymer thickness ds in steady shear flow
at Wi = 1.6, 12, and 49. Results from BD simulation of FD
and HI/EV models of 84 um DNA are shown with experimental
results of 1 DNA.

clearly showed unambiguous end-over-end polymer
tumbling events.? These experimental studies and other
BD simulations? reveal that although polymers are
continually undergoing tumbling motion in flow, there
is no deterministic cycle associated with polymer motion
in terms of molecular extension. In short, there are no
peaks in the PSD of polymer extension in steady shear
flow. Therefore, no specific frequencies are being se-
lected in the dynamic polymer motion in terms of the
flow-direction polymer extension. However, the lack of
apparent periodicity in polymer extension does not
preclude a cyclical mechanism of polymer motion based
on the interplay between two microscopic polymer
conformational properties. Cross-correlations of devia-
tions in polymer extension x and gradient direction
polymer thickness d; from their mean values are plotted
vs fluid strain in Figure 7 for three different Wi values.
Here, the cross-correlation is defined as

@' o, ¢+T)0
0. = (£) 0,(t+T) .

V2D, 20

where a prime denotes deviations of a quantity from the
mean value. As noted in previous work,%%950 two
features of the cross-correlation between x and J5 are
clear as shown in Figure 7: large peaks at negative
strain lags and deep valleys at positive strain. Peaks
at negative strain lags suggest that positive deviations
in polymer extension from its mean value are correlated
with previous positive fluctuations in . In other words,
thickening of dy is on average followed by extension of
the polymer to values larger than its mean value. A
thermal fluctuation leading to an increase in dg will
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cause a corresponding increase in polymer extension as
the velocity difference across the chain becomes larger,
and polymer segments are advected relative to one
another in the flow direction. Also, polymer recoiling
events following thinning in d2 due to polymer align-
ment in the flow direction also contributes to peaks at
negative strain lag. Conversely, valleys at positive strain
lag illustrate that positive deviations in polymer exten-
sion are on average followed by negative fluctuations in
O2. A polymer may only stretch a finite amount in the
flow direction due to its finite extensibility, and the
subsequent stiffening of the entropic spring upon exten-
sion in the flow direction causes ds to decrease. Valleys
at positive strain lag may also be attributed to thicken-
ing of d2 following polymer recoiling in the flow direc-
tion. Cross-correlations are shown in Figure 7 for Wi =
1.6, 12, and 49 for A-DNA (22 um) in experiment and
84 um DNA from BD simulation. Similar trends in Cy s,
(T) are observed for both 22 and 84 ym DNA. This
observation suggests that the cyclical polymer behavior
in steady shear flow results from a phenomenon that
affects DNA regardless of length. In short, for chains
with a nonlinear entropic restoring force law, a coupling
between chain advection due to flow and polymer
segment diffusion is responsible for trends in the cross-
correlation of x and dg. In polymer chains with a linear
(Hookean) entropic force law, thinning of the polymer
in the shear gradient direction is uncoupled with
polymer stretch due to advection because the chain is
infinitely extensible.*%5° Hence, valleys in Cx,(T) are
absent for chains with a linear force law.

PSDs of polymer extension are shown in Figure 8a
for 22 ym DNA in experiment and for 84 ym DNA from
BD simulation results. All PSDs in Figure 8a show the
same qualitative shape and the same quantitative
power-law decay constants. A plateau at low frequencies
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logical properties of 84 um DNA in steady shear flow. Results
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(fr < 1) is followed by a sharp decay observing the power
law P(f) ~ (fr)~36. Finally, a third frequency regime is
evident at high frequencies where P(f) ~ (fr)~17.825
Physically, power occurring at low frequencies corre-
sponds to polymer motion caused by convection. Fur-
thermore, power at high frequencies corresponds to
polymer motion arising from short time scale Brownian
motion, and power decay in intermediate frequency
regimes results from a balance between chain motion
caused by convection but driven by thermal fluctuations
in the shear gradient direction.?> No distinct peaks are
present in the PSDs of polymer extension as noted by
previous work.82> Figure 8b shows PSDs of gradient
direction polymer thickness 62 at Wi = 12 for 22 and 84
um DNA in shear flow. A plateau at low frequencies is
followed by a power law decay of P(f) ~ (fr)~17. As
expected, the behavior of d; at high frequencies is
governed by only diffusion in the shear gradient plane,
as indicated by the power law decay constant.

Figure 9a shows results from BD simulation of 84 ym
DNA with intramolecular HI and EV at high Wi. The
polymer gradient direction thickness 02 scales with Wi
as 0y ~ Wi 030 gver the Wi range 584—10°, slightly
steeper than noted in Figure 1c over the Wi range 73—
1000. Similar behavior was noted by Jendrejack et al.?!
for high Wi regimes. Furthermore, orientation angle 6
begins to scale with Wi as 6 ~ Wi=034 nearly the same
power law decay as exhibited by 02. For free-draining
chains, Woo et al.*® predicted that the polymer orienta-
tion angle 6 ~ 09 for Wi > 1. Therefore, 6 should scale
similarly with Wi as 09 for free-draining chains at high
Wi. Finally, 03 begins to plateau above Wi ~ 104,
presumably as excluded volume interactions between
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beads play a role in vorticity thickness thinning. Figure
9b shows plots of the polymer contribution to the first
normal stress coefficient W} and shear viscosity 5P as
calculated from the Kramers stress tensor. Again, at
high Wi values Wi > 103, both W} and #P decay more
rapidly with Wi than for the lower Wi range shown in
Figure 2. Both exponents in the power-law decay
approach the “classical” Graetz—Leveque results de-
scribing the balance between convection and diffusion
which predict W} ~ Wi=%3 and 5P ~ Wi=2/3.11.31

Finally, we apply scaling law analysis to describe the
average extension of free polymer molecules in steady
shear flow. In short, the average distance a polymer
chain may extend [Z[0during the stretch phase of the
dynamical cycle scales as the product of stretching rate
with average duration of a stretching event. The stretch-
ing rate is given by the product of polymer gradient
direction thickness 02 and the shear rate y. As discussed
above and in previous work,’ a polymer chain may
remain stretched and nearly aligned with the flow axis
such that 6 ~ 0 until a Brownian fluctuation leads to a
negative orientation angle 6 < 0 and subsequent
polymer tumbling. The time scale for polymer angle
flipping is set by a diffusive process such that 1P [T102[%/
D(89).? Therefore, average polymer stretch in unbounded
shear flow scales as

Z0 Wild 3,1 0 Wilo, 013 (34)
25@ L0y

This simple scaling law analysis predicts average
polymer extension in steady shear flow for experiment
and simulation results reasonably well over 3 orders of
magnitude in Wi as shown in Figure 10.

6. Conclusion

In this work, we compare BD simulation results for
84 um DNA to single molecule experimental results
obtained using a novel flow apparatus that allows for
flow-gradient plane observation of DNA dynamics in
shear flow. Results from BD simulations employing both
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free-draining and HI/EV models with interbead ex-
cluded volume interactions are discussed. Good agree-
ment between simulation and experiment is obtained
for ensemble average measurements of polymer exten-
sion, orientation angle, and gradient direction polymer
thickness over a wide range of Wi in steady shear flow.
Furthermore, the polymer contribution to shear viscos-
ity 7P calculated via the Giesekus expression from single
molecule measurements of polymer conformation agrees
well with #P calculated from BD simulations of HI/EV
chains using the Kramers stress tensor. However,
results from BD simulations of FD chains in terms of
nP/E calculated from the Giesekus stress tensor
slightly disagree with experiment and HI/EV chains
from simulation, though the correct power law decay is
recovered. BD simulations of both FD and HI/EV chains
give similar power law decays as experimentally calcu-
lated WY/¥; o. Histograms of polymer extension and
orientation angle for 84 um DNA from BD simulation
agree well with experimental measurements. Cross-
correlations of polymer extension with ds from experi-
ment and simulation show large peaks and valleys at
negative and positive strain lag, respectively for Wi >
1. Features in the cross-correlations of x and J, are
explained on a physical basis and arise from polymer
motion controlled by a coupling between convection and
diffusion and the finite extensibility of a polymer chain.
Power law decays of PSDs of polymer extension and d9
from BD simulation quantitatively agree with experi-
mental results and previous experimental findings.
High Wi scaling of polymer conformational properties
02 and 6 and macroscopic observables such as W} and
7P agree well with classical scaling arguments and
rheological measurements on dilute polymer solutions.
Finally, our observations suggest that inclusion of
intramolecular HI/EV does not qualitatively change the
dynamical behavior of DNA up to ~84 um in length in
shear flow.
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