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Dynamics of DNA tumbling in shear to rotational mixed flows: Pathways and periods
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The tumbling dynamics of DNA have been examined via experiments and Brownian dynamics (BD) simu-
lations in mixed flows that vary from pure shear to pure rotation. In shear, tumbling pathways and periods
agree well with earlier studies; in rotation-dominated flows, a new tumbling pathway is identified and experi-
mentally observed. Based on these results, we have developed robust scaling laws for DNA tumbling in both
shear and rotational flows and have found a critical flow-type parameter for transition from the shearlike flow

regime to the rotation-dominated one.
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Recent developments in direct visualization methods,
coupled with Brownian dynamics simulations, have allowed
the dynamics of single DNA molecules in flow to be studied
with unprecedented detail [1,2]. These studies have shed
light on the dynamics of long chain molecules relevant to a
spectrum of applications from the manipulation of single
DNA molecules in lab-on-a-chip devices to the processing of
synthetic polymers in complex industrial flows. To date,
single molecule studies have focused primarily on pure shear
flow and on extensional flow [1-5].

When DNA molecules are subjected to hydrodynamic
forces in a flow field, their conformational response depends
on flow strength, parametrized by the Weissenberg number
Wi and the flow-type parameter « [6,7]. Considering planar
mixed flows, the dimensionless velocity gradient is given by
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where 7y is the strain rate. The Weissenberg number is de-
fined as Wi=yr,, where 7, is the longest relaxation time of
the molecule. Motivated by de Gennes’ prediction of shear
flow as a critical point with respect to the coil-stretch transi-
tion [8], Shagfeh, Chu, and co-workers have investigated
DNA tumbling dynamics in pure shear flow (a=0) [5,9] and
near shear flows [6]; a few results are also available for
mixed flows with @>0 [7]. While rotational flow is impor-
tant in many complex geometries (converging, diverging,
and bending channels), there is little research on DNA dy-
namics in rotation-dominated flows. Indeed, many microflu-
idic geometries, including grooved or curved channels and
cavity flows, have been designed specifically to generate vor-
ticity to enhance mixing and accelerate hybridization
[10-12]. Here, we examine the tumbling dynamics of single
DNA molecules across the spectrum of flow type from pure
shear to pure rotational (a=—1) flows over a wide range of
flow strength Wi. Brownian dynamics (BD) simulations were
carried out for free-draining, wormlike bead-spring models
[13] using a numerical scheme described elsewhere [14]. Ex-
cept where noted, calculations were made for a number of
springs N,=9, with 17 Kuhn steps per spring, which corre-
sponds to X DNA at high salt concentration [13]. Direct vi-
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sualization experiments on fluorescent A DNA were per-
formed in a microfluidic four-roll mill [15] that allowed
control of the flow type over —1 <a <0 for varying Wi.

Due to vorticity, polymer molecules in all flows consid-
ered undergo end-over-end tumbling resulting in fluctuations
in the fractional molecular extension x/L, where L is the
polymer contour length, and in the polymer orientation angle
6. As noted by others, evaluation of the tumbling period
using the power spectral density (PSD) of the molecular ex-
tension is difficult because the PSD does not exhibit distinct
peaks in shear or weak flow [2,5,9,16]. We use molecular
angle (), defined by the ratio of molecular lengths between
flow gradient (8,) and flow directions [@=tan~'(5,/x)], to
directly count the molecular tumbling as suggested by
Schroeder et al. [5]. By examining 6 of molecules alternately
passing the tumbling axis (#=7/2 or —/2), and directly
recording molecular conformations, the tumbling dynamics
of DNA molecules have been captured.

Experiments in pure shear flow report two tumbling path-
ways: via coiled and folded states [5,17]. It is known that the
probability of tumbling via the folded shape increases with
flow strength, while the coiled state is dominant at low Wi.
Both tumbling pathways are observed in our simulations.
Figure 1(a) shows the probability of the molecular length in
the flow-gradient plane for a A\ DNA for a series of molecular
trajectories for varying flow strength and type from our
simulations. In weak shear flow, the molecular trajectory is
practically symmetric about the orientation angle. In this re-
gime, molecules generally tumble in the coiled state, so the
end position is smoothly reduced by the spring force. As Wi
increases, a tail in the molecular trajectory appears caused by
folded DNA conformations. Here, the molecular angle is
more closely aligned with the flow axis, and a Brownian
fluctuation can kick a segment away from the flow axis, so
that the end position suddenly decreases by the reverse flow.
Thus, the probability below the orientation angle is asym-
metrically increased. For a<<0, this trajectory is changed to
an ellipsoid whose major and minor axes lie on the flow and
flow-gradient axes, respectively. This ellipsoid becomes a
circle for purely rotational flow independent of Wi. The tum-
bling motion of A DNA molecules was measured directly in
the rotation-dominated regime using a microfluidic four-roll
mill device [15]. While the tumbling pathways are well
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FIG. 1. (Color) Change of tumbling pathway with the flow strength (Wi) and flow type (). (a) Molecular trajectories for varying Wi and
a obtained from probabilities of the molecular length of \-DNA molecules relative to the center of mass, located at the origin. (b)
Experimentally observed images of X DNA in partially (Wi=4.65, @=—0.37) and purely (Wi=2.95, a=-1.0) rotational flow during a period.
(c) Changes in characteristic length ratio (x/|q|) during tumbling versus Wi to distinguish coiled from folded shapes in shear flow. (d)
Molecular thickness in flow-gradient direction during tumbling compared with average molecular extension (8,/(x)) versus a at Wi=50.

known in near shear flow [5,17], Fig. 1(b) represents the
transition of the tumbling pathway from an ellipsoidal orbit
to circular shape as the flow-type parameter goes to —1, con-
sistent with the simulations in Fig. 1(a).

To quantitatively confirm the tumbling pathway, we intro-
duce a characteristic length ratio defined as the ratio of mo-
lecular extension (x) to magnitude of the end-to-end vector
(lq]) of a DNA molecule when it tumbles. If the molecule
tumbles via the coiled state, this characteristic length ratio
remains near unity, whereas it has a value greater than unity
for the folded state. For shear flow [Fig. 1(c)], the probability
that x/|q|~1 was almost unity at Wi<20, but decreased
dramatically when Wi>20, in agreement with experiments
[5,17]. Simulations reveal a new tumbling pathway for rota-
tional flows. With decreasing «, the characteristic length ra-
tio became unity, however, not because the molecule was
tumbling via a coiled state. Unlike in shear flow (where the
molecule stretches, aligns, flips, and collapses), the molecu-
lar length during tumbling in a rotational flow is almost con-
stant in time: the molecule tumbles via a vanelike motion.
The length ratio between molecular thickness (&) and aver-
age molecular length ({x)) during tumbling shows a
normal distribution, centered around 1 in pure rotational flow
(a=-1), because the DNA molecule rotates with the flow
field, and the molecular length only fluctuates by thermal
motion [Figs. 1(b) and 1(d)]. The transition to this vane path-
way in mixed flow will occur in the vicinity of shear flow
[cf. Fig. 1(d)], thus the tumbling dynamics will shift from
shearlike to the rotation-dominated regime at a near 0.

The transition of the tumbling dynamics from the shear-
like to the rotational regime has also been substantiated using
the tumbling period (Fig. 2). The tumbling periods T are
classified into three modes depending on the flow strength
and type. First, in the low Wi regime 7T, was almost con-
stant since in very weak flows tumbling is due mainly to
Brownian motion and is independent of the flow field or
type. Second, in the shearlike regime T, ~ Wi "2, identi-
cal to earlier results for pure shear [5,17]. Third, in the rota-
tionlike regime, T,,i0n ~ Wi™'. We also note that for a~ 0,
before the transition from the Brownian-dominated to the
shearlike region, T shows a slight overshoot near Wi=1.

To elucidate the change of tumbling period with Wi and «

and establish scaling laws, we have examined the ratio of
mean fractional extension to mean fractional thickness
({(x)/{5,)) in shear and rotational flows. As shown by others
[5,17], in shear flow this quantity determines the time scales
of the advection-driven phases of the tumbling process
(molecular stretching, alignment, and collapsing); i.e.,
taay ~ (X)/Wi(5,), while the time scale for the diffusive, flip-
ping phase of tumbling goes as 74~ (5,)%>. In shear at high
Wi, our simulations show (x)/(8,) ~ Wi%3%, consistent with
previous experiments and simulations. However, (x)/(&,) de-
viates from this asymptotic line (~Wi’3®) at lower Wi and
ultimately reaches a constant value at Wi<<1 where the flow
cannot extend the molecule from the coiled state [Fig. 3(a)].
Due to the reduction of this length ratio from ~Wi%3® at
moderate Wi, the tumbling period decreases from the general
scaling law ~Wi®%? and estimated T,,,,,. At Wi<1, there is
no advection phase, and the tumbling period approaches the
duration time for the diffusive, flip phase only. Therefore, the
tumbling period in the weak flow regime has a constant
value (T'gy) since (8,)/(8 o)~ 1.

For rotation-dominated flows, there is a smooth transition
from T to T,pruion With increasing Wi. Moreover, the over-
shoot in T near Wi~ 1 was not observed in rotational flow
because (x)/(8,) is independent of Wi [Fig. 3(a)]. Our simu-
lations show that as « approaches —1, the ratio ((x)/(5,))
~1/|a| [Fig. 3(b)]. Since the advection time scales as
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FIG. 2. Dimensionless tumbling periods (7/7)) of A DNA in
mixed flow; 7, is the relaxation time.
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FIG. 3. Molecular length ratio between flow and flow-gradient
direction ({(x)/(5,)) as a function of (a) Wi in shear and rotational
flow and (b) a for N DNA.

(x)/Wi{5,), the scaling law for the tumbling period in mixed
flow—except for & ~0—can be represented as a function of
effective Wi (Wig=Wi|a|*), as previously introduced in
extensional-dominated flow [7,18]. We note that for rota-
tional flow, the duration time for the flipping phase scales as
~(8,)/Wi|a|(x) since the flip occurs due to the rotational
component of the flow field rather than Brownian motion.
Thus, T~ Wi~ for all but “near-shear” mixed flows at high
Wi. Figure 4(a) demonstrates that the tumbling period obeys
a universal scaling law with Wi over a very broad range of
a and Wi; all simulation results collapse without any fitting
parameter. We verified that the tumbling period determined
by direct counting is identical to that from the PSD of x/L at
Wi.=30 [inset, Fig. 4(a)]. This tumbling frequency also co-
incides with the analytical solution for a Hookean dumbbell
model in the high Wi limit [ [7], Eq. (4)]. Moreover, ex-
perimentally observed tumbling periods, measured for
1.1<Wi<18.7 and -1 <a<-0.3 and plotted in Fig. 4(a),
agree quantitatively with the scaling law.

On the other hand, very near pure shear (i.e., a~0), the
tumbling period departs from the universal behavior in Fig.
4(a) due to the increasingly strong effects of Brownian mo-
tion relative to rotational flow on the time for the flipping
phase. As noted by Woo and Shaqfeh [6], this transition in
tumbling behavior occurs in a very narrow « range; our
simulations show shearlike tumbling only at &>—-0.01 for A
DNA. For the shearlike regime, Brownian motion flips the
molecule faster than the flow field; in the rotation-dominant
regime, Brownian motion loses the competition with flow.
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FIG. 4. (a) Master curves of dimensionless tumbling period
(T/ 1) in rotational flow regime using Wi The peak frequency in
the inset coincides with the direct counting method by BD simula-
tion (open symbols) and experimental observations (closed circles)
for 1.1<Wi<18.7 and —1 < a<-0.3. (b) Critical value for transi-
tion from shearlike (~Wi™®%%) to rotational-dominant region
(~Wi™h.

Hence, in the shearlike regime, as Wi is increased from
Wi<1, there is at least some window in which the tumbling
period follows the shear (Wi~*%2) scaling before switching to
the Wi~! dependence seen in rotation-dominated flows. Thus,
no master curve for the near-shear simulations was possible
using Wi However, we have derived a critical value for
the transition from the shearlike (~Wi*%) to rotational
(Wi 1) regime based on the tumbling period of each phase
(Tghea,_Tmmtmn). From this relation, the critical value was
determined by plotting the tumbling period against Wi|a|'-2.
As shown in Fig. 4(b), the slope changes drastically at the
critical value of (Wi|a|'*?),~0.007.

The very different effects of molecular contour length L
on the tumbling period in shear and rotational flow can also
be rationalized in terms of (x)/{&,). In pure shear, both
Graetz-Levecque dispersion layer arguments [9] and BD
simulations [6] yield a time scale for the advective phase
tagy~ Wi 0021035 For the overall tumbling time 7T, the length
exponent is less than 0.35, because the flipping time by
Brownian motion has no length dependency [17]. Our
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FIG. 5. Master curve for difference in probability using critical
flow-type parameter scaling law.

simulations in shear flow for 6<N,<18 show T,
~Wi 002103 However, (x)/{8,) is only a function of « in
the rotational flow regime; in rotation, both the advection
time and the flipping time are independent of L. Based on the
expressions for tumbling periods of shearlike and rotational
flow dominant regimes («<<0), we can derive the scaling for
the critical flow-type parameter |a,|~Wi*7L=  This ex-
pression for ¢, which indicates that both flow strength and
molecular length reduce the shearlike regime, is qualitatively
similar to the scaling law of Woo and Shaqfeh [6] derived
from physical arguments based on the principal axis of the
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flow. To test the effectiveness of our scaling law for a,, we
calculated the difference in probability (P,) representing
conformational phase transitions for different Wi and mo-
lecular length [cf. [6], Eq. (11)]. Even though «, was derived
for a <0, the difference in probability for varying L, «, and
Wi is effectively collapsed over the range shown onto a ref-
erence state (A DNA at Wi=50) using our a scaling (Fig. 5).

In summary, we have investigated the dynamics of DNA
tumbling by experiment and direct simulation in flows of
varying flow strength and type. For rotation-dominated
flows, both experiments and simulations reveal that DNA
molecules tumble with the flow field via a vanelike motion,
and the tumbling period follows a universal law. A transition
from shearlike to rotational flow dominant regimes has been
observed and the critical flow-type parameter for this transi-
tion «a, has been derived. This critical flow-type parameter
qualitatively coincides with values and scaling laws pro-
posed earlier [6], and quantitatively collapses simulation
data.
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