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ABSTRACT: Ring polymers are a unique class of macromolecules
that lack free ends and show qualitatively different dynamics
compared to linear chains. Despite recent progress, the non-
equilibrium flow behavior of ring polymers is not fully understood.
In this work, we study ring polymer dynamics in steady shear flow
using a combination of single molecule experiments and Brownian
dynamics (BD) simulations. In particular, the dynamics of DNA
ring polymers are studied in the flow-gradient plane of shear by
using a custom flow apparatus that allows for direct observation of
ring stretching and tumbling dynamics using single molecule
fluorescence microscopy. Using this approach, we determined the average fractional polymer extension in the flow direction ⟨x⟩/Lc
and the average orientation angle with respect to the flow axis ⟨θ⟩ for ring polymers in dilute solution shear flow as a function of
dimensionless flow strength (Weissenberg number, Wi). In all cases, results for ring polymer dynamics are directly compared to
linear chain counterparts. Interestingly, our results show that rings and linear chains exhibit similar average fractional extensions,
orientation angle, and dimensionless gradient thickness over a wide range of flow strengths (0 ≤Wi ≤ 250). However, ring polymers
show qualitatively different probability distributions of molecular chain extension compared to linear chains in steady shear, which
arises due to the circular chain architecture that limits the conformational phase space for rings. Power spectral densities of polymer
orientation angle and cross-correlations between fractional chain extension and gradient-direction thickness are used to understand
ring polymer tumbling behavior, enabling determination of tumbling frequency as a function of flow strength Wi. Cross-correlations
are further used to understand differences in probability distributions of molecular chain extension between linear chains and rings in
shear flow. Overall, these results provide a new understanding of the nonequilibrium dynamics of ring polymers in shear flow.

■ INTRODUCTION

Ring polymers have a unique nonlinear chain architecture that
has fascinated polymer physicists and chemists for decades.1,2

Ring polymers lack chain ends, which results in qualitatively
different dynamics compared to linear and branched
polymers.3,4 In many cases, the physical properties of polymers
are influenced by the chemical identity of chain termini,5 yet
ring polymers have no free ends and therefore defy classical
theoretical descriptions used for linear or branched chain
architectures. Ring polymers are ubiquitous in biology, where
circular DNA plasmids are commonly used for molecular
cloning applications and bacterial genomic DNA often occurs
in circular form. Circular macromolecules are also playing a
role in emerging biotechnologies, such as macrocyclic peptides
for drug delivery applications.6 In addition, synthetic polymers
with circular topologies have recently been developed with
unique supramolecular architectures, such as molecularly
interlocked poly[n]catenanes.7 Moreover, a synthetic circular
polymer known as cyclic poly(phthalaldehyde) was recently
shown to have robust mechanical properties while being
susceptible to triggered degradation, thereby enabling new
routes for recyclable materials.8,9 Given the increasing

importance of cyclic macromolecules, there is a clear need to
understand their dynamics in flow.
In recent years, the rheological properties of ring polymer

melts and solutions have been studied by using experiments
and simulations.10−14 Pioneering work on ring polystyrene
melts revealed a reduced zero-shear viscosity for rings
compared to linear polymers.15,16 Following these early
studies, new separation techniques based on liquid chromatog-
raphy at the critical condition (LCCC) were developed,
resulting in improved purities for ring polymer samples.17

Using the LCCC purification method, researchers have studied
the linear and nonlinear shear rheology of “pure-as-currently
possible” ring polymer melts.18,19 Interestingly, LCCC-purified
ring polymer melts were shown to exhibit a power-law stress−
relaxation behavior, which is qualitatively different than the
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stress−relaxation behavior of linear polymer melts and highly
sensitive to trace amounts of linear polymer contamination.18

The zero-shear viscosity of ring polymer melts has also been
studied,20 with prior work reporting some differences in the
molecular weight scaling dependence and long-time relaxation
behavior of LCCC-purified ring melts compared to theoretical
predictions.21 Recent work has focused on the nonlinear
dynamics of LCCC-purified ring polymer melts in shear flow,
revealing a transient stress overshoot in the start-up of simple
shear.22 In addition, nonlinear stress−relaxation experiments
show that ring polymer melts exhibit a much weaker damping
response compared to linear polymer melts and linear-doped
ring polymer melt systems.22 In 2019, uniaxial extensional
rheometry experiments were reported on LCCC-purified ring
polymer melts, revealing an unexpected tunable viscosity
thickening and thinning.23 Interestingly, densely entangled
systems of ring polymers have been predicted to undergo a
topological glass transition above a specific polymer molecular
weight.24−26

Single molecule techniques allow for the direct observation
of polymer dynamics in flow,27 thereby providing a
complementary set of experimental tools to understand the
flow behavior and rheology of polymeric materials. Single
polymer experiments on double-stranded DNA (dsDNA) have
been extensively used to understand the equilibrium and
nonequilibrium behavior of linear polymer chains. Dilute
solution studies of linear chains have focused on polymer chain
relaxation,28 transient stretching dynamics in shear flow29,30

and extensional flow,31,32 and polymer conformation hyste-
resis.33 Molecular rheology has been further used to study
semidilute34−36 and entangled solutions37,38 of linear chains,
with recent work revealing an unexpected double-mode
relaxation behavior for entangled linear polymers.38

Recently, single molecule experiments have been extended
to ring polymers, facilitated by perfectly monodisperse DNA-
based ring polymers using plasmids and fosmids.39 Prior work
on equilibrium diffusion measurements has shown that ring
polymers exhibit larger center-of-mass diffusion coefficients in
dilute solution compared to their linear counterparts.40,41 In
addition, single DNA diffusion experiments in concentrated
solutions have shown that the motion of individual ring
polymers is greatly hindered in background solutions of linear
chains compared to background solutions of rings due to
intermolecular topological interactions.42−44 The nonequili-
brium stretching dynamics of rings in extensional flow has also
been studied in dilute solution by using single molecule
techniques, revealing a shifted coil−stretch transition and a less
diverse set of transient stretching pathways compared to linear
chain counterparts.45 Interestingly, intramolecular hydro-
dynamic interactions (HI) were found to induce an open
“looped” chain conformation for rings in the direction
perpendicular to flow in planar extensional flow,46 resulting
in a shifted coil−stretch transition compared to linear chains.
Recently, it was reported that ring polymers undergo large
fluctuations in chain extension in semidilute solutions of linear
chains in extensional flow.47 Fluctuations in ring chain
extension arise due to ring−linear threading events,47

demonstrating the coupling between polymer chain architec-
ture and intermolecular interactions in flow. Broadly speaking,
the distinct molecular architecture of ring polymers confers a
unique and rich set of dynamics that are not observed for linear
polymers. However, prior single molecule experiments have

mainly focused on ring polymer dynamics in extensional
flow.45−47

Shear flow is ubiquitous and occurs any time a fluid moves
past a stationary solid boundary. Shear flow is commonly
encountered in processing applications such as solution-based
coating flows.48,49 In contrast to purely extensional flow, shear
flow consists of equal parts of extension and rotation. In steady
shear flow, linear polymers have been observed to continually
undergo end-over-end tumbling motion, without reaching a
stable steady-state conformation.29,30,50−52 However, ring
polymers are thought to exhibit qualitatively different dynamics
in dilute solution shear flows due to a coupling between the
circular chain architecture and flow vorticity. Prior computa-
tional studies of ring polymers in simple shear and linear mixed
flows have shown that ring polymers exhibit a tumbling motion
similar to linear polymers. However, unlike linear chains, ring
polymers were reported to exhibit a tank-treading motion in
steady shear, wherein the polymer backbone translates along its
curvilinear contour.53−56 From this view, although prior
computational studies have reported interesting ring dynamics
in shear, molecular-level experimental observations are lacking.
Single molecule experiments would provide for the direct
observation of ring polymers dynamics in shear flow.
In this work, we study the dynamics of DNA ring polymers

in shear flow using single molecule experiments and Brownian
dynamics (BD) simulations. Ring polymer dynamics are
directly visualized in the flow-gradient plane of shear flow in
dilute solution by using a custom-built flow apparatus suitable
for fluorescence microscopy. Our results reveal a tumbling
behavior of ring polymers in steady shear that is distinct from
the canonical end-over-end tumbling motion of linear
polymers due to the lack of chain ends. We further characterize
the average fractional polymer extension ⟨x⟩/Lc, orientation
angle ⟨θ⟩, gradient-direction thickness ⟨δ2⟩, and distributions
of molecular extension for rings in steady shear flow as a
function of the dimensionless flow strength Weissenberg
number, Wi. In addition, power spectral densities of polymer
orientation angle and cross-correlations of polymer extension
and gradient thickness are determined from BD simulations,
and these quantities are used to determine tumbling
frequencies for ring polymers in steady shear. In all cases,
experimental results for ring polymers are directly compared to
linear chain analogues. Overall, our work provides fundamen-
tally new information regarding the dynamics of ring polymers
in shear flow, thereby opening new avenues for relating
dynamic microscopic chain conformation to bulk rheological
behavior.

■ EXPERIMENTAL SECTION
Synthesis and Preparation of Ring DNA. A 114.8 kbp bacterial

artificial chromosome (K16) was isolated by using standard cloning
methods, as previously described.39,41 Briefly, DNA constructs were
extracted from Escherichia coli cells lysed by using an alkaline solution,
and DNA was subsequently renatured using an acidic detergent
solution. Genomic DNA and cellular debris precipitate were removed
by centrifugation. Topoisomerase-I (New England Biolabs) was used
to convert supercoiled DNA into relaxed circular form.41

Fluorescent Labeling and Preparation of DNA Solutions.
K16 circular DNA (114.8 kbp) and linear λ-DNA (48.5 kbp, New
England Biolabs) were fluorescently labeled with YOYO-1 dye
(Invitrogen) at a 1:4 dye-to-bp ratio, as previously described.47 Prior
to labeling, λ-DNA was heated to 65oC for 10 min and snap-cooled to
minimize concatemer formation due to complementary oligonucleo-
tide overhangs. Fluorescently labeled K16 circular DNA (114.8 kbp)
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has a fully stretched contour length Lc = 24.9 μm corresponding to
the circular chain conformation, which is equal to one-half of the
contour length of the linear chain equivalent.46 Fluorescently labeled
linear λ-DNA (48.5 kbp) has a fully stretched contour length L = 21
μm.27 DNA has a persistence length lp = 53 nm in the buffered
aqueous solutions used in these experiments,27,57 yielding an overall
number of Kuhn steps Nk = 2Lc/bk = 470 for K16 circular DNA (full
circular DNA backbone) and Nk = L/bk = 198 for linear λ-DNA,
where the Kuhn step size is bk = 2lp for DNA.

58

Fluorescently labeled DNA was diluted to a concentration ≈10−5c*
in a buffered sucrose solution, where c* is the polymer overlap
concentration. The sucrose imaging buffer contained 5 mM NaCl, 30
mM Tris-HCl (pH 8.0), 2 mM EDTA, 5 mg/mL glucose, 1% v/v β-
mercaptoethanol (Sigma), and 0.25 μg/mL glucose oxidase and 0.13
μg/mL catalase (Sigma) as oxygen scavengers to minimize photo-
bleaching.59 To enable imaging in the shear flow apparatus, the
concentration of sucrose was carefully tuned by adding small amounts
of water to match the refractive index of the polymer solution to that
of quartz (nD = 1.4585 ± 0.0002), as determined by using a
refractometer (VeeGee Scientific). The concentration of sucrose in
the imaging solutions was 67.1% w/w, and the solution viscosity was
0.23 Pa·s at 20.5 °C, determined by using a cone-and-plate viscometer
(Brookfield). The solution was gently mixed on a rotating mixer (4
rpm) for ≥30 min before performing single molecule imaging
experiments.
Shear Flow Device for Flow-Gradient Plane Imaging. A

custom flow-gradient shear apparatus was designed and built to
visualize the dynamics of single polymers in the flow-gradient plane
(Figure 1). Although a few prior studies have used flow-gradient
imaging devices coupled with fluorescence microscopy,30,60 our device
differs by using active feedback control over the translational velocity
of two shearing surfaces to greatly extend observation times in shear
flow while maintaining a constant shear rate (Figures 1 and 2). In
brief, the device consists of two quartz microscope slides acting as the
planar shearing surfaces affixed to two feedback-controlled motorized
stages (ThorLabs). The shearing surfaces are made hydrophilic prior
to sample loading in the device. Translating motors reside on top of a
custom-machined aluminum bath with a glass window to provide
optical access for microscopic imaging. In particular, a microscope
coverslip serves as the optical window, and the coverslip−aluminum
contact surface is sealed to prevent fluid leakage from the bottom of

the bath. Prior to experiments, a polymer solution sample containing
fluorescently labeled DNA in a sucrose buffer (≈3 mL) is loaded into
the bath, and the two quartz microscope slides are immersed into the

Figure 1. Flow apparatus for studying single polymer dynamics in the flow-gradient plane of shear. (a) Solidworks drawing (to scale) showing the
custom shear apparatus mounted on the stage of an inverted microscope. Two motorized stages are mounted on an aluminum bath with an optical
viewing window at the bottom that was sealed with a microscope coverslip. Two quartz microscope slides were affixed to the motorized stages and
serve as the shearing surfaces. (b) Schematic (not to scale) showing a zoomed-in view of the device near the image area. The aqueous DNA
solution was loaded into the device, and a PTFE spacer was used to maintain a constant gap between the shearing plates during experiments. A
layer of mineral oil was added on top of the DNA solution to prevent evaporation. (c) Schematic showing DNA ring polymer dynamics in the flow-
gradient plane of shear flow. (d) Particle tracking velocimetry (PTV) results showing the shear flow field at γ̇ = 0.87 s−1 with 0.84 μm diameter
tracer particles. (e) Comparison between shear rates determined by using PTV and the nominal applied shear rates from the translational velocities
of the shearing surfaces.

Figure 2. Feedback control for extended observation times in steady
shear flow. (a) Schematic of translational velocity manipulations of
shearing surfaces to maintain single polymers in the microscope field
of view under constant shear rates γ̇ for long observation times.
Dashed lines represent the stagnation plane position. Blue arrow
indicates nonzero translational velocity imparted to molecule of
interest. (b) Shear rates experimentally determined by particle
tracking velocimetry (data points) as a function of stagnation plane
position s for two different imposed shear rates. Dashed lines show the
nominal applied shear rates γ̇ = 0.21 and 1.30 s−1 calculated from the
gap thickness h and shearing wall velocities.
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fluid. One of the quartz microscope slides contains a single layer of
PTFE adhesive, which serves a thin spacer (thickness h = 106 μm)
between the two shearing surfaces. A horizontal spring force is applied
to the microscope slides to maintain a constant gap width h = 106 μm
throughout the experiments. A layer of mineral oil is deposited on top
of the aqueous DNA solution, thereby minimizing evaporation and
maintaining a constant solution viscosity and refractive index
throughout the experiments.
Prior to imaging, the shear flow apparatus is mounted on the stage

of an inverted microscope (Olympus IX-81). The translating motors
are connected to a computer, and the translational velocities v of the
shearing walls are controlled by LabView, which enables precise
application of shear rates γ̇ = 2v/h. The applied shear rates were
verified by using particle tracking velocimetry (Figure 1d,e and Figure
S1). Under these conditions, the Reynolds number Re = ρvh/η is
sufficiently small (Re ≈ 10−4 at the highest shear rate studied), where
ρ and η are the solution density and viscosity, such that inertial effects
are neglected. During experiments, individual polymer molecules were
imaged at least 200 μm above the surface of the coverslip viewing
window to access the fully developed shear flow region (Figure S2).
To increase the residence time tres of a single polymer in the field of
view (and hence increase the total fluid strain γ = γtṙes), the
translational velocities of the two motors were slightly varied to move
the stagnation shear plane in the vicinity of the polymer while
maintaining a constant velocity gradient and hence a constant shear
rate γ̇ (see below). In this manner, single polymer molecules are
manipulated to stay within the field of view while being subjected to a
constant shear rate γ̇ for large fluid strains γ (up to γ = 450). In this
work, we study ring polymer dynamics in steady shear flow, focusing
on dynamics after transient start-up effects have ended. In this way,
data are obtained and analyzed only after γ ≈ 70 units of fluid strain,
consistent with prior work.34,50

Feedback Control for Extended Observation Times in Shear
Flow. Single DNA molecules are studied near the stagnation plane (y
= 0) of shear flow to minimize their center-of-mass translational
velocities while being subjected to finite shear rates γ̇ (Figure 2).
Deviations in the polymer center-of-mass away from the stagnation
plane will cause the molecule of interest to eventually translate out of
the field of view of the microscope. To maintain a single polymer
chain within the field of view for extended observation times, the
translational velocities of the shearing walls are manipulated to impart
a “corrective” center-of-mass translational velocity while maintaining a
constant shear rate γ̇. By actively controlling the shearing wall
velocities, we precisely moved the position of the stagnation plane
along the gradient direction, thereby enabling single polymers to be
viewed in the microscope field of view for long times. The stagnation
plane position is characterized using a dimensionless parameter s:

=
+

s
v v

v
1 2

(1)

where v1 and v2 are the velocities of the top and bottom shearing wall,
respectively, and v is the set point velocity used for the desired shear
rate. For s = 0, v1 = −v2 = v, and the stagnation plane position is at the
midpoint of the gap. As s approaches −1 or 1, the position of the
stagnation plane moves toward the top or bottom shearing surface,
respectively, and the molecule of interest is forced to translate left or
right in the flow direction within the field of view. Importantly, a
constant shear rate is maintained by the relation v1 − v2 = 2v at all
time points during the velocity manipulations (Figure 2a). As proof of
principle, we validated this approach by varying the position of the
stagnation plane while experimentally determining shear rates using
particle tracking velocimetry (PTV) over a range of shear rates
(Figure 2b). Our results show that the shear rate γ̇ remains constant
while the location of the stagnation plane is changed across the gap
thickness. For this work, the stagnation plane was translated over
relatively small distances (−0.2 ≤ s ≤ 0.2) by choosing molecules near
the midplane of the gap within the device.
Fluorescence Microscopy and Imaging. Fluorescence imaging

was performed by using an electron-multiplying charged-coupled
device camera (EMCCD, Andor iXon Ultra 897) mounted on an

inverted microscope (Olympus IX-81). Epi-illumination within the
gap between the two shearing walls was achieved by using a 488 nm
continuous wave (CW) laser (Coherent Sapphire 488 nm LP) passing
through a 488 nm dichroic filter (Semrock) and a 525/50 nm
bandpass emission filter (Semrock). A 1.1 NA 60× long-working
distance microscope objective (Olympus) was used to image far
above the coverslip window to access the fully developed shear region
(Figure S2). Images were further magnified by 1.6× on the
microscope, resulting in a pixel size of 0.17 μm. The acquisition
time was 100 ms per frame.

Single Molecule Image Analysis. Prior to data acquisition,
DNA molecules were visually inspected by stretching in flow to
ensure the expected (stretched) polymer contour length (Lc = 24.9
μm for fluorescently labeled K16 circular DNA and L = 21 μm for
linear λ-DNA). A custom MATLAB code was used to analyze the
images by using previously reported algorithms.47,61,62 The distribu-
tion of fluorescence intensity across multiple pixels corresponding to
DNA molecules was used to determine molecular conformation
parameters. The fractional chain extension stretch x/L is the
extension of the molecule in the flow direction x normalized by the
polymer contour length L. 2D radius of gyration tensor elements Gij
were calculated by using the intensity distribution of DNA in each
frame:

∑=G
I m n r r

I m n

( , )

( , )ij
m n

i
m n

j
m n

,

( , ) ( , )

(2)

where I(m,n) is the intensity of a pixel located at the mth row and nth
column, and ri

m,n is the distance along the ith direction for the same
pixel from the center of mass of the polymer. Taking the 1-direction
as the flow direction and the 2-direction as the gradient direction, the
orientation angle in the flow-gradient plane is defined by using the
eigenvector associated with the largest eigenvalue of the radius of
gyration tensor with respect to the 1-direction:

θ =
−

i
k
jjjjj

y
{
zzzzz

G
G G

1
2

arctan
2 12

11 22 (3)

With this definition, positive orientation angles correspond to the first
quadrant of the flow-gradient plane, defined by the axes formed by the
stagnation line and gradient axis in Figure 1c. By use of this approach,
observation of polymer chain dynamics in the flow-gradient plane
enables direct visualization of polymer stretch, orientation angle, and
identification of polymer chain tumbling behavior.30,63−65

Polymer Relaxation Time and Flow Strength. The shear flow
strength is defined in terms of a dimensionless group known as the
Weissenberg number, Wi = γ̇τ, where τ is the longest polymer
relaxation time. The polymer relaxation time τ is determined by
tracking the maximum projected contour of a ring polymer (or the
end-to-end extension of a linear polymer) in the flow-gradient plane
following cessation of flow. In particular, the longest polymer
relaxation time τ is determined by tracking fractional polymer
extension in the linear entropic regime (x/L < 0.3) during chain
relaxation. A single-exponential decay function is fit to the expression
(x/L)2 = A exp(−t/τ) + B, where A and B are numerical constants, as
previously described.47 In this way, τ is determined to be the
ensemble average over 34 and 41 trajectories for the linear and ring
DNA, respectively, yielding τ = 23.2 ± 1.2 s for linear λ-DNA and τc =
29.6 ± 1.5 s for K16 circular DNA. These relaxation times are
consistent with prior work on ring polymer relaxation in dilute
solution (Figure S3).45,46

Brownian Dynamics Simulations. Brownian dynamics (BD)
simulations are performed on coarse-grained bead−spring chains to
understand the dynamics of ring polymers in dilute solution shear
flow. Details of the general BD algorithm can be found in prior
work,51,66 though here we briefly comment on extending the
algorithm to ring polymers. Polymer chains are modeled as a series
of N beads serving as hydrodynamic drag points connected by
entropic springs. The equation of motion for each bead i is described
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by using an overdamped Langevin equation where inertial effects are
negligible:

̇ = + + + ≃m v F F F F 0i i i i i i
B d s EV (4)

where m is the mass of the ith bead, Fi
B is the random thermal

(Brownian) force, Fi
d is the hydrodynamic drag force, Fi

s is the net
spring force, and Fi

EV is the net interparticle excluded volume (EV)
interaction forces on bead i. This equation can be manipulated to
yield a set of stochastic differential equations for each bead:

∑ ∑ ∑κ α= · + ∂
∂

· +
·

+ ·
= = =

i

k

jjjjjjj
y

{

zzzzzzzkT
tr r

r
D

D F
Wd d 2 di i

j

N

j
ij

j

N
ij j

j

i

ij j
1 1 1

(5)

where ri denotes the position of bead i, Dij is the diffusion tensor, Fi is
the net interparticle force on bead i, dWi is representative of a Wiener
process described as the product of the square root of the time step

td with a random Gaussian vector ni with zero-mean and unit
variance,67 and κ is the velocity gradient tensor defined for simple
shear flow as

κ
γ

=
̇i

k

jjjjjjjjjj

y

{

zzzzzzzzzz

0 0

0 0 0
0 0 0 (6)

where γ̇ is the shear rate. The tensor Dij is chosen to be the Rotne−
Prager−Yamakawa (RPY) tensor, which has been shown to be
positive-semidefinite for all polymer chain configurations68 and is
related to the coefficient tensor αij by

∑ α α= ·
=

Dij
l

N

il jl
1 (7)

The RPY tensor is given by
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where a is the bead radius, rij is the vector between beads i and j, ζ is
the bead drag coefficient, and rij = |rij|.
Equation 5 is nondimensionalized by using the characteristic time

scale ts = ζ/4Hs, which is the relaxation time of a Hookean dumbbell,
where Hs is the entropic spring constant given by Hs = 3kT/Nk,sbk

2.
Here, Nk,s is the number of Kuhn steps per spring, bk is the Kuhn step
size, and kT is the thermal energy. The characteristic length scale

=l kT H/s s corresponds to the average equilibrium length of a

Hookean dumbbell, and the characteristic force scale is =F kTHs s .
The hydrodynamic interaction parameter h* is defined as

π
* =h a

H
kT

s

(11)

Linear Polymers. For linear polymers, eq 5 is recast by using
spring connector vectors Qi for the ith spring, where Qi = ri+1 − ri
such that 1 ≤ i ≤ Ns, and the number of springs is Ns = N − 1, where
N is the number of beads. In this way, the dimensionless equations of
motion for the springs are written as
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where the bead Pećlet number is defined as Pe = γ̇ζ/4Hs, Fj
EV is the

excluded volume force exerted on bead j, and Fj
E is the total entropic

spring force exerted on bead j given by

=

=

− < <

− =

−

l

m
ooooooo

n
ooooooo

j

j N

j N

F

F

F F

F

if 1

if 1

if
j j j

N

E

1
s

s
1

s

s
s (13)

where Fi
s is the entropic spring force on spring i. We use the Marko−

Siggia spring force to model the entropic force between two adjacent
beads, as this force relation has been shown to be appropriate for
double-stranded DNA:58
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where Q = |Qi| and Q0 is the contour length of a single spring given by
Q0 = Nk,sbk. Excluded volume (EV) interactions are modeled by using
the following energy potential:

ν
π

= −
i

k

jjjjjj
y

{

zzzzzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
U kTN

R

r

R
1
2

3
4

exp
3

4ij
ijEV

k,s
2

g,sub
2

3/2 2

g,sub
2

(15)

where Uij
EV is the EV potential between beads i and j, ν is the EV

parameter, =R N b( ) /6g,sub k,s k
2 is the radius of gyration of a

subsection of the polymer chain, and rij = |rij|. By use of these
relations, the dimensionless EV force Fi

EV on bead i in eq 12 is given
by

∑= − −
= ≠

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
z

r
F r

9 3
2

exp
3

2i
j i j

N
ij

ij
EV

1;

2

(16)

where z = (1/2π)3/2νÑk,s
2 and is a perturbation parameter for EV

interactions in analytic theories.67,69 The stochastic differential
equations given by eq 12 are solved by using an efficient second-
order predictor−corrector algorithm as previously described.32 Prior
to the initiation of flow, the polymer chains were allowed to
equilibrate for at least 10τ to ensure random initial polymer
conformations.

Ring Polymers. For ring polymers, the number of springs is equal
to the number of beads such that Ns = N, and the connector vectors
are defined as
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For springs 1 ≤ i < Ns, then the equations of motion are written as
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and for spring i = Ns, the equation of motion is
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where the total entropic spring force Fj
E exerted on bead j is given by
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The stochastic differential equations for ring connectors given by eqs
18 and 19 are solved by using a similar second-order predictor−
corrector algorithm used for linear chains. Prior to the initiation of
flow, the polymer chains were allowed to equilibrate for at least 10τ to
ensure random initial polymer conformations.
BD Simulation Parameters. Coarse-grained BD simulations used

the following parameters. For linear polymers, Ns = 16 and Nk,s = 10
(giving Nk = 160) with h* = 0.2 and ν = 0.001 μm3, similar to prior
work.66 We simulated two ring polymer molecular weights, Nk = 180
and Nk = 380, both with Nk,s = 10, using the same HI and EV
parameters for linear chains. The molecular weight ratio of rings to
linear chains Nk,ring/Nk,linear for larger rings is 380/160 ≃ 2.4, which
matches the molecular weight ratio of the ring and linear DNA in
experiments (114.8 kbp/48.5 kbp ≃ 2.4). The polymer relaxation
time τ was determined by initializing bead−spring polymers in an
extended conformation (fractional extension >0.6), followed by
tracking the maximum extension of the ring or linear chain during
relaxation in the absence of flow. The longest relaxation times were
determined by fitting the fractional extension to a single exponential
(x/L)2 = A exp(−t/τ) + B over the range x/L < 0.3 or x/Lc < 0.3 in a
similar manner to experiments.66 This process was repeated over an
ensemble of 100 molecules. For each Wi, the bead−spring polymers
were simulated for 105 strain units.

■ RESULTS AND DISCUSSION

We began by observing the stretching dynamics of single ring
polymers in the flow-gradient plane of shear. Following the
onset of shear flow, ring polymers initially stretch from their
equilibrium coiled state, rotate, and align toward the flow axis.
In this work, we focus on the steady shear behavior of ring
polymers, corresponding to dynamics after the initial transient
start-up phase (i.e., after γ ≈ 70 units of strain following the
onset of flow).30 Similar to linear polymers in dilute solution
shear flow,30,51,52 ring polymers do not adopt a steady-state
conformation in steady shear flow. In fact, our results show
that ring polymers undergo repeated chain stretching and
tumbling events in shear.
A series of dynamic trajectories for a ring polymer in steady

shear (Wi = 6.2) with a corresponding set of representative
single molecule images are shown in Figure 3. Here, the ring
polymer fractional extension x/Lc and transient orientation
angle θ are plotted as a function of time and applied fluid strain
γ. Single molecule snapshots in Figure 3a correspond to the
labeled time points in the trajectories in Figures 3b and 3c.
Sharp transitions in the orientation angle (e.g., between time
points denoted by ii and iii) are typically accompanied by a
corresponding local minimum in the fractional extension. This
behavior corresponds to a polymer tumbling event, initiated
when an aligned polymer fluctuates into a conformation with a
negative orientation angle, thereby causing the polymer chain
to rapidly advect with the flow and undergo a tumbling event.

In general, we observe that ring polymers open into a looped
conformation in steady shear, such that ring contour “opens
up” in the vorticity direction. These observations are consistent
with prior simulations,55,70 which reported vorticity-direction
swelling of ring polymers in shear flow. In our experiments, the
diameter of the open loop conformation of K16 circular DNA
(Lc = 24.9 μm) in flow is slightly larger than the depth of field
of the microscope (≈1 μm). As a result, fluorescently labeled
ring polymers appear with one strand of the ring in sharp focus,
with the second strand slightly out of focus in an adjacent focal
plane. Nevertheless, the two strands of the stretched ring
polymer can be imaged by adjusting the microscope focus over
a small distance ≈3−5 μm along the vorticity axis, which is
perpendicular to the flow-gradient direction. Occasionally,
conformational fluctuations result in the two ring strands
appearing in sharp focus in the flow-gradient plane, such that
the closed ring contour is clearly visible in the microscope
image. Interestingly, prior work on single ring polymer
dynamics in planar extensional flow revealed an analogous
behavior, where the ring polymer contour “opens up” into a
looped conformation along the zero-flow axis due to
intramolecular hydrodynamic interactions (HI).45,46

A series of characteristic trajectories for transient fractional
extension x/Lc are shown in Figure 4a, with corresponding
simultaneous trajectories for orientation angle θ shown in
Figure 4b, such that side-by-side plots correspond to the same
individual ring polymer at the given Wi. Around Wi ≈ 0, ring
polymers are not significantly stretched beyond equilibrium,
and polymer chain orientation is nearly isotropic with no bias
toward a particular orientation angle. Above Wi ≈ 6, ring
polymers tend to align with the flow axis (toward θ = 0°) asWi
increases. In general, the magnitude and frequency of
fluctuations in fractional extension x/Lc increase as Wi
increases. Moreover, higher flow strengths generally lead to
more frequent tumbling events, as evidenced by the increase in
fluctuations in θ that simultaneously occur with minima in x/
Lc (Wi = 62, bottom panel, Figures 4a and 4b). Ring polymer

Figure 3. Characteristic single molecule images and trajectories of
ring polymers in steady shear flow at Wi = 6.2. (a) Single molecule
snapshots of K16 ring DNA undergoing two distinct tumbling events,
where individual images correspond to the labeled time points in the
trajectories shown below. Arrows in panel i indicate shear direction.
(b, c) Associated trajectories of transient fractional extension x/Lc and
transient orientation angle θ for a ring polymer in steady shear.
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tumbling is quantified by using cross-correlation analysis, as
discussed below.
Ensemble average fractional extension ⟨x⟩/Lc, orientation

angle ⟨θ⟩, and dimensionless gradient thickness ⟨δ2⟩/⟨δ2,0⟩ for
ring polymers in steady shear are shown in Figure 5 as a
function of Wi from both single molecule experiments and BD
simulations. Figure 5a shows a comparison of the average

fractional polymer extension for rings and linear DNA in shear
flow and planar extensional flow from experiments, where ring
stretching data in extensional flow are taken from prior single
molecule experiments.45 In extensional flow, linear and ring
polymers attain high degrees of extension (x/L or x/Lc > 0.7)
at relatively low Wi (Wi ≤ 2). In contrast, linear and ring
polymers generally show much smaller degrees of average

Figure 4. Representative single ring polymer trajectories in steady shear flow as a function of Wi. (a) Transient fractional extension of a single K16
ring DNA as a function of Wi. (b) Corresponding transient orientation angle trajectories for the same ring polymer at the same Wi shown in (a).
The vertical scales are adjusted at high Wi for clarity.

Figure 5. Ensemble-averaged fractional polymer extension, orientation angle, and gradient thickness in steady shear. (a) Effect of flow type and
polymer topology on average polymer fractional extension. Ensemble-averaged fractional polymer extension is shown for rings and linear chains in
shear flow and planar extensional flow, with the latter taken from prior work.45 All data shown in (a) are obtained from single molecule
experiments. (b) Ensemble-averaged fractional extension ⟨x⟩/L or ⟨x⟩/Lc, (c) orientation angle ⟨θ⟩, and (d) scaled gradient thickness ⟨δ2⟩/⟨δ2,0⟩ as
a function of Wi from experiments (closed symbols) and simulations (open symbols), where ⟨δ2,0⟩ is the gradient-direction thickness at Wi = 0.
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fractional extension in steady shear flow across a wide range of
Wi (6.2 ≤ Wi ≤ 62). These results are consistent with prior
single molecule studies of linear chains in steady shear showing
that the average fractional extension asymptotes to x/L ≈ 0.5
at high Wi due to the rotational component of shear flow.29,51

In general, we observe no quantitative differences in the
average fractional extension of ring polymers compared to their
linear analogues in shear. In contrast, a shifted coil−stretch
transition in planar extensional flow was observed for ring
polymers compared to linear chains due to hydrodynamic
backflow effects.45,46 In extensional flow, rings adopt highly
stretched conformations wherein the two strands of the ring
approach in close proximity, resulting in intramolecular
hydrodynamic coupling effects.46 In shear flow, however,
rings are stretched to smaller degrees of extension and do not
regularly adopt the (steady) highly stretched conformations
observed in extensional flow. Indeed, transient stretching
trajectories for Wi ≤ 62 (Figure 4) show that rings rarely
stretch to fractional extensions x/Lc ≥ 0.5, where the
hydrodynamic coupling effects were observed to have a
significant impact in extensional flow.46 Moreover, ring
polymers exhibit highly dynamic conformations in shear,
evidenced by repeated tumbling events in flow. We posit that
the dynamical nature of this process (in part) precludes the
formation of stable open loop conformations of rings in the
flow-gradient plane of shear. However, our results support the
notion of an open loop ring conformation in the flow-vorticity
plane, which is consistent with recent simulations of ring
polymers in shear flow.55,70

The average fractional extension of ring and linear polymers
is shown in Figure 5b from experiments and BD simulations.
The experimental data on linear chains are in good agreement
with prior work on linear DNA in shear flow (Figure S4a).29,30

Moreover, experimental data are in good agreement with
results from BD simulations for both rings (Nk = 380) and
linear chains (Nk = 160). A slight increase in the average
fractional extension is observed from BD simulations of smaller
molecular weight rings with Nk = 180, which may arise due to
an approach to universal behavior as molecular weight
increases. Figure 5c shows the average orientation angle ⟨θ⟩
plotted as a function of Wi for linear and ring polymers. As Wi
increases, the average orientation angle decreases as the
polymer chains spend more time aligned with the flow axis.
Our experimental results show that the average orientation
angles for ring and linear polymers follow a similar power-law
relation withWi at low to intermediateWi values, such that ⟨θ⟩
∝ Wi−0.30 over the range 5 ≤ Wi ≤ 62 (Figure S4b). At higher
Wi, the BD simulation results for Wi > 50 reveal a steeper
power-law dependence of ⟨θ⟩ ∝ Wi−0.43. Prior single molecule
experiments and simulations30,51 of linear polymers in shear
flow reported a similar dependence of average orientation
angle on flow strength, such that ⟨θ⟩ ∝ Wi−0.43, where these
prior studies focused on polymer chain dynamics at higher Wi
values (5 ≤Wi ≤ 600 in experiments30 and 10 ≤Wi ≤ 1000 in
simulations51).
The polymer gradient-direction thickness δ2 is directly

related to macroscopic properties such as shear viscosity30,51

and is defined as δ = G2 22 . In Figure 5d, ensemble-averaged
gradient-direction thickness ⟨δ2⟩ is plotted from BD
simulations while normalized by the value at equilibrium
⟨δ2,0⟩. Results from BD simulations show that the normalized
values of ⟨δ2⟩/⟨δ2,0⟩ show similar power-law scaling behavior

as a function of Wi, such that ⟨δ2⟩/⟨δ2,0⟩ ∝ Wi−0.27 for ring
polymers with Nk = 380, ⟨δ2⟩/⟨δ2,0⟩ ∝Wi−0.29 for rings with Nk
= 180, and ⟨δ2⟩/⟨δ2,0⟩ ∝ Wi−0.24 for linear chains with Nk =
160 over the range 60 ≤ Wi ≤ 250. Moreover, these scaling
behaviors are in good agreement with prior BD simulations of
linear chains, where ⟨δ2⟩/⟨δ2,0⟩ ∝ Wi−0.26 and single polymer
experiments on L = 84 μm DNA ⟨δ2⟩/⟨δ2,0⟩ ∝Wi−0.27.51 In the
prior experiments and BD simulations, the range of Wi studied
extends up to Wi = 103 in simulations and Wi = 584 for
experiments. In our experiments, we were unable to accurately
quantify δ2 values for ring DNA due to unavoidable ring chain
fluctuations, which unlike linear chains results in significant
fluorescence intensity fluctuations and uncertainties due to the
adjacent, out-of-focus strand for ring DNA.
Ensemble-averaged real-space polymer chain conformations

in steady shear are shown in Figure 6. Here, individual polymer

snapshots from experiments are superimposed by summing the
fluorescence intensity at each pixel relative to the polymer
center of mass at each frame. The resultant images are shown
in Figure 6, where conformational maps of ring and linear
polymers are shown as a function of Wi. As Wi increases, the
conformations shift away from an isotropic distribution to a
highly anisotropic distribution, denoting polymer stretching
and alignment in shear flow. These observations are generally
consistent with the decrease in average orientation angle ⟨θ⟩ as
Wi increases.
We next determined the distributions in fractional extension

and orientation angle for linear chains and rings (Figures 7 and
8). Probability distributions of fractional chain extension for
linear chains and rings in steady shear are shown in Figure 7.
Although linear chains and rings show nearly equal average
fractional polymer extension as a function ofWi (Figure 5), the
distributions of fractional polymer extension are qualitatively
different for these polymer architectures in steady shear. Linear
polymers show very broad distributions that tail toward larger

Figure 6. Temporally averaged real-space conformational maps of
DNA in shear as a function of Wi. Image are generated by averaging
all fluorescence intensity distributions relative to the intensity-
weighted polymer center of mass over all frames for each Wi. False
color is applied to the normalized grayscale images.
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chain extensions (Figures 7a and 7c), which generally agrees
with previous single molecule studies of linear chains in shear
flow.30,52 On the other hand, the distributions of fractional
extension for rings are nearly symmetric at higher flow
strengths Wi ≥ 30 (Figures 7b and 7d). These differences are
observed in both experiments and BD simulations. We also
observe these differences in BD simulations of rings and linear
chains with similar total molecular weights (Figure S5),
corresponding to BD simulations of rings with Nk = 180.

Indeed, such qualitative differences in molecular conformation
are also reflected in the average real-space chain conformations
shown in Figure 6, where regions of higher intensities are more
localized near the center of mass for linear polymers,
corresponding to larger probabilities of chain distribution at
smaller fractional extensions (x/L ≈ 0.2) over the range of Wi
in this work. As previously discussed, the fully stretched
contour length of the K16 ring DNA (Lc = 24.9 μm) is slightly
larger than the contour length of linear DNA (L = 21 μm)

Figure 7. Probability distributions of fractional extension for rings and linear chains in steady shear flow. (a, b) Probability distributions of
fractional extension from single molecule experiments of 48.5 kbp linear DNA and 114.8 kbp ring DNA, respectively, as a function of Wi. Bin sizes
are 0.05. Each ensemble is based on ∼104 individual molecular images. (c, d) Probability distributions of fractional extension from BD simulations
of Nk = 160 linear chains and Nk = 380 ring chains, respectively, as a function of Wi.

Figure 8. Probability distributions of orientation angle θ for rings and linear chains in steady shear flow. (a, b) Probability distribution of
orientation angle from single molecule experiments of 48.5 kbp linear DNA and 114.8 kbp ring DNA, respectively, as a function of Wi. (c, d)
Probability distribution of orientation angle from BD simulations of Nk = 160 linear chains and Nk = 380 rings, respectively, as a function ofWi. Bin
sizes are 5°.
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used in this work; however, we do not expect such small
differences in molecular weight to give rise to qualitatively
different probability distributions in chain extension shown in
Figure 7. Prior single molecule experiments on polymer
stretching in extensional flow also examined linear and ring
DNA molecules with similar, small differences in molecular
weight,45 and it was shown that the shifted coil−stretch
transition for rings was independent of molecular weight and
only a consequence of topology. We posit that differences in
the probability distributions of chain extension similarly arise
due to differences in chain architecture and not due to small
differences in molecular weight.
Probability distributions of orientation angles are shown in

Figure 8 for linear and ring polymers from both experiments
and simulations. Interestingly, θ distributions show qualita-
tively similar shapes for rings and linear chains in steady shear,
despite differences in the probability distributions of fractional
extension. However, both experiments and BD simulations
show that ring polymers exhibit a sharper peak at higher Wi
(Wi ≳ 30) when compared to their linear counterparts. This
may be another consequence of the ring topology conferring
less conformational degrees of freedom in shear flow, leading
to narrower distributions. Overall, orientation angle distribu-
tions show that (on average) both ring and linear polymers
adopt more highly aligned conformations at larger Wi,
indicated by the peaks in the distributions approaching θ =
0° for increasing Wi. Moreover, polymer chain advection plays
an increasingly dominant role at higher Wi compared to
thermal fluctuations, leading to rapid chain alignment and
reorientation events and resulting in an overall narrowing of
the orientation angle distributions as Wi increases.
Our results provide clear evidence for ring polymer tumbling

motion in shear flow (Figure 3 and Movie S1). Tumbling
phenomena have been previously observed for linear polymer
chains in shear flow.30,52 The mechanism is generally
understood to follow a characteristic sequence of events,
starting with polymer stretching along the extensional axis of
shear flow, followed by alignment toward the flow axis due to
the rotational component of shear flow and the finite
extensibility of polymer chains, and concluding with a
Brownian fluctuation inducing a negative orientation angle.
As a result, the polymer chain adopts an unfavorable
conformation with respect to the flow axis, resulting in a
rapid end-over-end tumbling event.52 Although ring polymers
have no free ends, our results show that rings stretch and align
along the flow axis, occasionally experiencing a thermal
fluctuation that drives the polymer chain into a negative
orientation angle, thereby giving rise to a tumbling event. Our
results show that (as expected) this process is not
deterministic, such that a ring polymer does not necessarily
tumble after aligning with the flow axis. Rather, Brownian
fluctuations may instead rotate the polymer toward a more
positive orientation angle (away from the flow axis), followed
by a subsequent “restretching” event in flow. Restretching
events following stretching and alignment in steady shear have
been similarly observed for linear polymers.30,52

To quantify the tumbling dynamics of ring polymers in shear
flow, we determined cross-correlations of fractional extension
x/L and gradient thickness δ2. The normalized cross-
correlation function is defined as51

δ

δ
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where the primes indicate quantities relative to their average
(mean) values. Figure 9a shows cross-correlations from BD

simulations of linear and ring chains at two different flow
strengths. For all Wi, cross-correlations show a peak
corresponding to positive correlations at negative lag times
and a valley corresponding to negative correlations at positive
lag times. The peak at negative lag times indicates that large
fractional extensions are correlated to prior large gradient
thicknesses and that small fractional extensions tend to follow
small δ2 values. These behaviors correspond to polymer
stretching from coiled states and polymer retraction following
stretched states. The negative correlation at positive lag times
indicates that large polymer extension events tend to be
followed by decreasing δ2 values due to the finite extensibility
of the chain and that small fractional extensions are followed

Figure 9. Cross-correlations and polymer tumbling frequency in
steady shear flow. (a) Cross-correlation between x′/L and δ2′, where
the primes indicate mean-subtracted quantities, from BD simulations
of Nk = 160 linear chains (black) and Nk = 380 rings (red) for Wi =
10 (solid lines) and Wi = 50 (dashed lines) for the linear and ring
topologies, respectively. The lag time T is nondimensionalized by the
shear rate γ̇. (b) Dimensionless tumbling frequencies (scaled with
relaxation times) from BD simulations using the peak and valley
separation time scales from cross-correlations as a function of Wi.
Also shown is the scaled tumbling frequency from single molecule
experiments of DNA trajectories.
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by increasing δ2 values corresponding to polymer recoiling
events. At long lag times, the cross-correlations decay to zero,
indicating that any coupled motion in the flow and gradient
directions is not perfectly periodic.
Tumbling frequencies are determined from the cross-

correlations (νcc) by using the offset time between peaks and
valleys such that νcc = [2(T+ − T−)]

−1, where T+ and T−
correspond to the valley and peak lag times of the cross-
correlation at positive and negative offset times, respec-
tively.54,55 Figure 9b shows these polymer tumbling
frequencies scaled by the polymer relaxation time as a function
of Wi. BD simulations of linear chains and rings with Nk = 380
show similar tumbling frequencies over the range ofWi shown.
BD simulations of smaller MW rings (Nk = 180) show slightly
larger scaled tumbling frequencies compared to rings of higher
molecular weight or linear chains. As a reference, we show the
sublinear tumbling frequency scaling ∝ Wi0.66 for linear
polymers in shear flow from prior work,52 which appears in
good agreement with our results on ring polymers. Tumbling
frequencies from single molecule experiments are also shown
in Figure 9b for 48.5 kbp linear and 114.8 kbp ring DNA,
determined by manual counting of end-over-end tumbling
events from recorded trajectories.
We further determined the power spectral density (PSD) of

polymer orientation angle in shear flow. The power spectral
density is the Fourier transform of the autocorrelation of a
stationary stochastic signal and gives the power contribution
P(ν) from a frequency ν from

∫ν = θ θ
πν

−∞

∞
−P C T T( ) ( )e di T

,
2

(22)

where Cθ,θ(T) = ⟨θ(t)θ(t + T)⟩. Prior work on the dynamics of
linear polymers in dilute solution shear flow revealed the
existence of characteristic periodic tumbling motion of
polymers as determined by the presence of a peak in the
PSD of orientation angle θ.52

Representative PSDs of orientation angle for a ring polymer
in shear flow are shown in Figure 10a. A clear peak is observed
for the PSD of θ of ring polymers in shear. AsWi increases, the
peak is shifted toward higher frequencies, indicating that the
characteristic periodic time scale decreases with increasing flow
strength. The peak frequency from PSDs of θ (νPSD) as a
function of Wi are plotted in Figure 10b. The peak frequency
scaling with Wi is sublinear and appears to scale as νPSD ∝
Wi0.55, which is a slightly smaller power-law exponent
compared to the scaling of νcc determined from cross-
correlations and from prior work on linear chains.52 We
attribute this difference due to the limited range of Wi studied
in the present work; prior work on linear polymers in shear
showed that νPSD ∝ Wi0.66 for Wi ≥ 300, whereas the present
work only examines dynamic behavior up to Wi ≤ 250.
Moreover, we determined tumbling frequencies of linear DNA
and ring DNA from single molecule experiments by visual
inspection of end-over-end tumbling events. In general, the
ring polymers studied in this work do not exhibit a clear
difference from linear counterparts in terms of the peak
frequency scaling behavior as a function of Wi.
In general, cross-correlations and PSD analyses for linear

and ring polymers show similar scaling behavior as a function
of flow strength. This may imply a similar general framework
for the molecular-level motions that drive the dynamics in
shear flow for linear and ring polymer architectures. In shear
flow, our results show that ring polymers generally undergo

cyclic (yet aperiodic) stretching, alignment, and tumbling
behavior in a similar fashion to their linear counterparts.30,51,52

However, qualitative differences are observed in the probability
distributions of fractional extension between these two chain
architectures, suggestive of subtle differences in the conforma-
tional tumbling dynamics in shear that may not be captured
using strain-averaged quantities such as cross-correlations and
power spectra. The closed contour of a ring polymer generally
decreases the conformational degrees of freedom compared to
linear chains. Prior work has shown that ring polymers exhibit
greatly reduced diversity in molecular conformations during
the transient stretching process in the start-up of extensional
flow.45 Linear polymers are known to exhibit a wide variety of
transient molecular conformations when stretching from a
coiled state in extensional flow, including dumbbell, half-
dumbbell, kinked, and folded conformational pathways.31 On
the other hand, ring polymers primarily stretched via a
continuous elongation or uniform stretching pathway in
extensional flow, with a small molecular subpopulation of
rings (≈7%) showing hindered stretching due to the formation
of transient knots.45,46 Our results suggest that the continuous
elongation pathway exhibited by rings intrinsically avoids the
dynamically slower conformational stretching pathways ex-

Figure 10. Power spectral density (PSD) of orientation angle and
polymer tumbling frequency in steady shear flow. (a) PSDs of
orientation angle θ from BD simulations of rings with Nk = 380 rings
in shear as a function of Wi. The frequencies are scaled by the longest
polymer relaxation time τ. (b) Peak frequencies from PSDs scaled by
the longest polymer relaxation time τ as a function ofWi. Also plotted
are tumbling frequencies of 48.5 kbp linear and 114.8 kbp ring DNA
from single molecule experiments (open symbols).
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hibited by linear chains associated with more compact chain
formations.31

■ CONCLUSIONS
In this work, we study the dynamics of single ring polymers in
steady shear flow using single-molecule visualization and
Brownian dynamics simulations. Observation of ring polymer
dynamics in the flow-gradient plane provides a direct window
into characterizing orientation angle alignment and periodic
chain motion driven by a coupling between gradient and flow-
direction behavior.51,52 Using this approach, we simultaneously
track transient polymer extension, orientation angle, and
gradient thickness in shear flow. Our results show that ring
polymers undergo tumbling motion in shear, as reflected by
abrupt negative to positive transitions in the orientation angle,
as well as single molecule conformational images showing
chain tumbling behavior. Overall, ring polymers exhibit similar
average fractional extension in steady shear as a function of Wi
compared to linear polymer analogues. Interestingly, we
observe significant differences in the distributions of fractional
chain extension for ring and linear polymers in shear flow, yet
we do not find clear differences in flow-gradient cross
correlations and power spectral densities based on the
orientation angle dynamics. Such differences in underlying
molecular ensembles can only be accessed using single
molecule techniques, which reveal unexpected differences
due to distinct molecular architectures in this work.
Our work provides a new set of single molecule observations

of ring polymer dynamics in steady shear. Nevertheless, several
open questions remain regarding the nonequilibrium dynamics
of ring polymers in flow. Prior simulations have reported
unexpected nonequilibrium ring polymer conformations at
high Wi, including the emergence of possible nonmonotonic
flow-induced conformational effects for ring polymers due to
intramolecular HI.70,71 However, the present work focuses on
the steady shear dynamics of ring polymers at low to
intermediate Wi values, which precludes observation of
putative S-shaped ring polymer conformations at high Wi.
Furthermore, our observation of flow-induced ring-opening in
the vorticity direction warrants additional single molecule
studies on ring polymer dynamics in the flow-vorticity plane,
which would enable quantification of ring inflation in flow. In
addition, it is unclear how the tumbling dynamics of rings will
change at higher polymer concentrations or in the presence of
linear chains in the background solution, given that ring−linear
chain threading events were observed in prior single molecule
studies in semidilute unentangled solutions.47 Overall, our
work opens new avenues for performing single molecule
experiments on ring polymers in more complex and nondilute
systems, where intermolecular interactions are expected to play
a key role in determining nonequilibrium chain dynamics.
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