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Newtonian liquids that contain even small amounts (ppm) of flexible polymers can exhibit
viscoelastic behavior in extensional flows. Here, the effects of the presence of DNA molecules in viscous
fluids on the dynamics of filament thinning and drop breakup are investigated experimentally in
a cross-slot microchannel. Both bulk flow and single molecule experiments are presented. Suspensions
of DNA molecules of different molecular weights (MW) are used, namely l-DNA (MW ¼ 3  107) and
T4 DNA (MW ¼ 1  108). Results of both dilute (c/c* ¼ 0.5) and semi-dilute (c/c* ¼ 1) suspensions are
compared to those of a viscous, Newtonian liquid. Results show that the dynamics of the high MW,
semi-dilute suspension of T4 DNA are similar to viscoelastic fluids such as slow, exponential decay of
the fluid thread and beads-on-a-string morphology. The exponential decay rate of the filament
thickness is used to measure the steady extensional viscosity of all fluids. We find that the semi-dilute T4
DNA suspension exhibits extensional strain rate thinning extensional viscosity, while for all other fluids
the extensional viscosity is independent of strain rate. Direct visualization of fluorescently labeled lDNA molecules using high-speed imaging shows that the strong flow in the thinning fluid threads
provide sufficient forces to stretch the majority of DNA molecules away from their equilibrium coiled
state. The distribution of molecular stretch lengths, however, is very heterogeneous due to molecular
individualism and initial conditions.

1. Introduction
Many biological processes, including protein folding and gene
transcription, are affected by the mechanical and dynamical
properties of bio-polymers. For example, the rigidity of actin and
myosin in muscles provide the structure that maintains the cell
shape,1 while the flexibility of DNA enables it to undergo a drastic
change in conformation from an elongated state to a very compact
and highly ordered toroidal structure during DNA condensation.2
The dynamics of bio-polymers in fluids has attracted much
attention,3–7 in particular the flow of DNA suspensions in lab-onchip devices for applications that include genome mapping8–10 and
11,12
DNA separation,
as well as for the study of polymer physics.13–19
Understanding the rheological and flow properties of DNA
suspensions are of much practical importance and can lead to
better insights into the dynamics of macromolecules.
The flow of liquids containing DNA molecules in small scale
devices (L < 106 m) can often display non-linear flow
behavior.20,21 Mechanical stresses of DNA fluids are history
dependent and depend on a characteristic time l that in dilute
solutions is proportional to the relaxation time of a single DNA
molecule. In semi-dilute solutions, l also depends on molecular
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interactions. These stresses grow non-linearly with strain rate
and can dramatically change the flow behavior. For example, it is
known that even at low Reynolds numbers (Re), DNA molecules
can be stretched to full length in regions of high-velocity gradients.22–26 Here, Re ¼ rVL/m, where V and L are the characteristic
fluid velocity and length scale and r and m are the fluid density
and viscosity, respectively. In addition, viscoelastic effects, which
can be quantified by the elasticity number El ¼ lm/(rL2), scale
inversely with the square of the device length scale and are likely
to be accentuated in lab-on-chip devices.
Much effort has been devoted to characterizing the rheological
properties of DNA suspensions in shear flows.27–29 The extensional
viscosity he of such fluids, on the other hand, have not been
investigated in detail even though many lab-on-chip operations
rely heavily on extensional flows to stretch DNA molecules for
genome mapping, for example. For Newtonian fluids, the
extensional viscosity is equal to three times its shear viscosity
such that he ¼ 3m. For complex fluids, including polymeric fluids,
the value of he can be orders of magnitude larger than its shear
viscosity.30,31 A common way to measure he is to analyze the
thinning and the subsequent breakup of an initially stable fluid
thread in filament stretching32,33 and capillary breakup34–37
rheometers, jet breakup,38,39 and drop pinch-off.40–42 In particular, the capillary breakup extensional rheometer (CaBER) has
been shown to provide reliable measurements of the transient
extensional viscosity.34,43 Recently, it has been shown that similar
measurements can be made in a flow focusing microfluidic
This journal is ª The Royal Society of Chemistry 2011
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device44,45 in which the steady extensional viscosity is measured
as a function of extensional strain rate. One of the advantages of
the microfluidic device methods is that it allows for a simultaneous measurements of the bulk flow behavior and visualization
of the DNA molecules in the fluid thread.
In this article, we investigate the fluid thinning and drop
breakup process of DNA suspensions in a cross-slot microchannel.
DNA suspensions are of particular interest because they can be
used to study the dynamics of single (bio)-polymers by direct
visualization,13,14 and they also serve as archetypes of viscoelastic
fluids. Here, we present for the first time, single molecule
measurements inside a thinning fluid filament. Double-stranded
DNA molecules of different molecular weights, namely l-phage
DNA and T4 DNA, are used. Results for the DNA suspensions are
compared to those for Newtonian fluids of same shear-viscosity.
We find that the DNA suspensions display features during the
thinning and breaking process that are typical to viscoelastic
fluids, including long filaments and beads-on-string structures.
The exponential decay regime observed during the filament
thinning process is used to calculate the steady extensional
viscosity of all DNA suspensions. Results show that semi-dilute T4
DNA suspensions are extensional strain rate thinning, while dilute
DNA suspensions are nearly Newtonian. Single molecule visualization of l-DNA shows that individual molecules transition from
a coiled state to an almost fully stretched state when experiencing
extensional flow within the filament. However, the DNA stretch
dynamics are heterogeneous due to molecular individualism and
initial conditions.

2. Experimental methods
The experimental configuration is a cross-slot microchannel that
is W ¼ 100 mm wide and L ¼ 100 mm deep, shown in Fig. 1. The
device is molded in polydimethylsiloxane (PDMS) using standard lithography methods.46,47 Channels are sealed with a glass
cover slip after exposure to an oxygen plasma for 15 s. The
assembled channels are then baked for approximately 12 h at
65  C to obtain hydrophobic walls wetted by the continuous oil
phase.
The outer continuous phase is mineral oil containing 0.1% by
weight surfactant (SPAN 80). Both the Newtonian fluid and DNA

suspensions are used as the inner aqueous phase. The Newtonian
fluid is a solution of 91%-glycerin by weight and Tris-EDTA
(TE) buffer. The DNA suspensions are made by adding DNA
molecules to a Newtonian viscous solvent. A viscous solvent is
used to (i) match the shear-viscosity of the oil so that the viscosity
ratio is close to one, and (ii) increase the hydrodynamic stresses
around the molecule in order to enhance any elastic effects that
may occur. The interfacial tension s between the continuous
mineral oil and all aqueous phases is approximately 0.01 N m1.
The level of fluid elasticity is varied by (i) selecting DNA molecules
of different molecular weights (MWs) and (ii) adjusting the DNA
concentration in the Newtonian solvent.
The molecular weight of the double-stranded DNA molecules is
varied by using two molecules of different sizes, namely l-phage
3
DNA and T4 DNA. The l-phage DNA molecules have 48.5  10
3
base-pairs while T4 DNA molecules have 165.6  10 base-pairs.
The MWs of l-DNA and T4 DNA are 3  107 g mol1 and 1  108 g
mol1, respectively. For both molecules, the distance between
base-pairs is approximately 0.34 nm. Therefore, in buffer solution and at room temperature, the molecular contour lengths are
approximately 16.5 mm for l-DNA and 56.3 mm for T4 DNA. The
DNA molecules are dispersed in a TE buffer-glycerin mixture at
normalized concentrations of either c/c* z 0.5 or c/c* z 1, where
c* is the overlap concentration. The values of c* for l-DNA and T4
1
1
DNA are approximately 40 mg mL and 19 mg mL , respectively.
*
3
Note that c f Rg , where Rg is the molecule’s radius of gyration.49,50 The properties of both molecules are summarized in
Table 1.
All fluids are characterized using a stress-controlled rheometer
(Fig. 2). The shear viscosities of the oil and Newtonian fluids are
nearly identical and independent of shear rate: m ¼ 0.25  0.02
Pa s. At low shear-rates, the viscosities of the DNA solutions show
slight shear thinning behavior with an average power law index
of 0.80. Beyond a shear-rate of 1 s1, the DNA suspensions are
nearly Newtonian with viscosity values of approximately 0.25 Pa
s. No appreciable first normal stress differences were detected.
The aqueous and continuous oil phases are injected into the
central and side arms of the cross channel, respectively, using
low-noise syringe pumps. Experiments are performed for flow
rate ratios, q ¼ Qoil/Qaq, of 10, 20, and 30. In all cases, the
aqueous flow rate is kept constant at Qaq ¼ 0.02 mL min1. This
value of Qaq is chosen so that the behavior is quasi-static, such
that the periodicity, but not the morphology, depends on Qaq.
For this range of parameters, the Reynolds number Re defined as
rVL/m is less than 0.01, the capillary number Ca defined as
mV/s ranges from 0.008 to 0.02, and the Ohnesorge number Oh
defined as m/rsL is approximately 10; therefore viscous forces are
much larger than both inertial and surface forces. Here, L and V

Table 1 Properties of l-DNA and T4 DNA molecules are presented. Here,
L is the theoretical contour length of fluorescently stained DNA with
YOYO-1 dye, Rg is the molecule radius of gyration, and c* is the critical
overlap concentration.18,48
Fig. 1 The experimental setup illustrating drop formation at the center
of the cross-slot microchannel. The device is molded in PDMS and
channel dimensions are 100 mm wide and 100 mm deep. The oil phase and
the aqueous phase (Newtonian fluid and DNA suspensions) are injected
into the device using low noise syringe pumps at inlets located 1 centimetre from the center of the cross-slot.
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molecule

base-pair
(kbp)

MW (g mol1)

L (mm)

Rg (mm)

c*(mg mL1)

l-DNA
T4 DNA

48.5
165.6

3  107
1  108

22
67

0.73
1.64

40
19.2
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Fig. 2 (Color online) Fluid rheological characterization. Shear viscosity
versus shear strain rate for the Newtonian fluid and all DNA suspensions.
DNA suspensions display slight shear thinning behavior with an average
power law index of 0.80. The values of shear viscosities are nearly
constant at a value of approximately 0.25 Pa s for all fluids beyond 1 s1.

are the characteristic fluid length and velocity, r and m are the
fluid density and viscosity, and s is the surface tension. Under
these conditions an aqueous filament is formed and stretched by
the flow of the surrounding oil. The thinning and breakup of the
filament are imaged using an inverted microscope at 63
magnification and a fast video camera with frame rates between 1
and 10 kHz.

3. Results
Fig. 3, and the ESI,† show sample snapshots of the evolution of
the filament thinning and drop breakup processes as a function
of normalized time t/tb, where tb is the breakup time, for
a Newtonian fluid (left), l-DNA suspension (center), and T4 DNA
suspension (right). The normalized concentration c/c* of the DNA
suspensions is approximately 1, and the flow rate ratio
q ¼ Qoil/Qaq is 30. The time zero (t ¼ 0) is computed when the
negative curvature of the filament interface first occurs in the
mother drop, and the breakup time (tb) is determined when the
filament becomes discontinuous (Fig. 3). For the Newtonian
fluid (tb ¼ 85 ms), the aqueous filament is initially drawn into the
cross-slot and then stretched by the surrounding oil flow (t/tb ¼
0.15). The filament is further elongated by the continuous phase
(t/tb ¼ 0.45), and begins to thin quite rapidly (t/tb ¼ 0.95).
Finally, the filament reaches the pinch-off point where it breaks
into a large primary drop and small satellite drops (t > tb).
The snapshots of the semi-dilute l-DNA (MW 107) suspension
show that at early times (t/tb < 0.45) the filament thinning process
is very similar to that of the Newtonian case. At later times (t/tb >
0.45), however, the fluid filaments exhibit different features. In
particular, the presence of DNA molecules in the fluid leads to
relatively long fluid threads and a delay in breakup time (tb ¼ 120
ms) compared to the Newtonian case. Near the pinch-off event
(t/tb ¼ 0.95), the filament contains multiple drops attached by
a thin fluid thread, a morphology that is commonly referred to as
beads-on-a-string.51,52
9446 | Soft Matter, 2011, 7, 9444–9452

Fig. 3 (Color online) Evolution of the thinning process for the Newtonian fluid (left column) and DNA suspensions with a normalized
concentration of c/c* z 1 and MWs equal to 107 (middle column) and 108
(right column) for a flow rate ratio of q ¼ Qoil/Qaq ¼ 30. Time progresses
from top to bottom and the breakup times tb of the Newtonian fluid, lDNA, and T4 DNA suspensions for this flow rate ratio are 85, 120, and 4 
103 ms, respectively. The images are taken at 63 magnification and
located at the center of the cross-slot with flow occurring from left to
right. The window for the Newtonian and l-DNA cases represents 236 
100 mm2 while the window for T4 DNA case is 321  100 mm2. See the
ESI.†

The filament thinning and drop breakup processes of the semidilute T4 DNA (MW 108) suspension are very different from the
Newtonian fluid and l-DNA suspension. The snapshots show that
the presence of larger DNA molecules in the fluid results in the
development of a very long filament (t/tb ¼ 0.45) and delayed
breakup time (tb ¼ 4  103 ms). Near pinch-off (t/tb ¼ 0.95), the
primary drop is still attached to the mother drop by the long thin
fluid thread, which shows periodic beads along the filament.
After breakup, there are many satellite drops. These observations
are qualitatively similar to the thinning and breakup of viscoelastic fluid threads in microchannels45,53 and in macroscopic
drop breakup experiments.32,40 The extra elastic stresses are
provided, in this case, by the DNA molecules in the fluid.
Effects of DNA molecules in fluid filaments
The filament thinning process is quantified by the decrease in
filament diameter h as a function of time. To accomplish this, we
determine the interface contour between the aqueous and
surrounding oil phases within the cross-slot region. It was
previously shown that the exact measurement location has little
impact on the overall filament thickness data,45 and we only
present measurements of the minimum filament thickness in the
field of view (Fig. 4). Multiple filament thinning and drop
breakup events are recorded for each fluid at each flow ratio.
Results of a representative trial are shown in Fig. 4 for the
Newtonian fluid and the DNA suspensions for three flow rate
ratios, q ¼ 10, 20, and 30. At short times, approximately t < 20
ms, the Newtonian fluid and all DNA suspensions exhibit identical
thinning behavior due to their similar values of shear viscosity m
(Fig. 2). For the Newtonian case, it has been shown that the
filament thins with a single exponential regime until near the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (Color online) Minimum filament thickness h as a function of
time for the Newtonian fluid and all DNA suspensions at three different
flow rate ratios q ¼ Qoil/Qaq, where Qaq ¼ 0.02 mL min1. Initially, for all
fluids and q, the values of h are nearly identical since all fluids have similar
values of shear-viscosity. The Newtonian fluid and the dilute DNA
suspensions undergo a single exponential thinning regime (t < 20 ms).
Similar behavior is observed fro the semi-dilute low MW (107) l-DNA
suspension. The high MW (108) semi-dilute T4 DNA suspension undergoes
a second exponential thinning at later times.

Fig. 5 (Color online) Time dependent filament extensional strain rate 3_
and the quantity 4 for the Newtonian fluid and the DNA suspensions for
the flow ratio q ¼ 30. (a) The exponential thinning regimes are characterized by constant values of 3_ , seen to occur during the first t < 15 ms. (b)
The quantity 4 is equivalent to the filament steady extensional viscosity he
when 3_ is constant. Initially, for all fluids, the values of 4 are similar since
all fluids have nearly the same shear viscosity m. At later times (300 ms to
2  103 ms), however, 4 increases significantly for semi-dilute T4 DNA
suspensions.

filament breakup (cf. Fig. 5).45,53 At later times, near the breakup
point, the presence of DNA molecules in the fluid can affect the
thinning process. For the dilute DNA suspensions, the filaments
thin with a single exponential regime but at a slower rate than the
Newtonian case even though all fluids have the same shear
viscosity.
In the semi-dilute regime, we find that the MW has a significant impact on the fluid thinning process. While the semi-dilute
l-DNA (MW 107) suspensions show similar behavior than the
dilute suspensions, the semi-dilute T4 DNA (MW 108) suspension
displays a second exponential decay typical of viscoelastic
fluids.45,54 This result indicates that the elastic stresses due to the
presence of DNA molecules in the fluid has a stabilizing effect on
the filament. Moreover, this strongly suggests that the thinning
process is governed by a balance between the outer fluid viscous
stress and the inner fluid viscoelastic stress, which is an
important assertion for later calculations of the extensional
viscosity.
We further quantify these observations by computing the
filament strain rate from the measured values of filament thickness. Here, the filament extensional strain rate is defined as
3_ ¼ (2/h)dh/dt.32,40 In Fig. 5 (a), the values of strain rate 3_ are

shown as a function of time for the Newtonian fluid and the DNA
suspensions at the flow rate ratio q ¼ 30. Initially for t < 20 ms,
the Newtonian fluid has a nearly constant value of 3_ , which
corresponds to the single exponential thinning regime (Fig. 4).
The dilute DNA suspensions have similar values of 3_ to that of the
Newtonian case and are also independent of time.
For the semi-dilute regime, the MW affects the extensional
strain rate at later times during the thinning process. The lower
MW, semi-dilute l-DNA suspension (MW 107) shows similar
behavior than the dilute suspensions and the Newtonian case.
The higher MW, semi-dilute T4 DNA suspension (MW 108) is
unique in that a second exponential thinning regime is observed
in which 3_ is constant. For this case, the values of 3_ are initially
constant and equal in magnitude to the Newtonian and dilute
DNA cases. However, after a transient interval, 3_ reaches a smaller
(and constant) value than the other suspensions. This second
exponential thinning regime occurs from t ¼ 300 ms to t ¼ 2 
103 ms (Fig. 5a). Overall, the exponential thinning of the fluid
threads in all fluids investigated here indicates that the flow inside
the fluid thread is extensional. Hence, it is possible to calculate
the steady extensional viscosity of the Newtonian fluid and DNA
suspensions in these exponential thinning regimes.

This journal is ª The Royal Society of Chemistry 2011
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We note that, for all fluids, at the very latest times close to
breakup, the final decrease of h to zero gives an apparent
divergence of 3_ . It was previously shown that just before
breakup,45 the data are consistent with a linear decrease in filament diameter, such that h(t) f (t  tb).
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Simple model for filament thinning
We model the exponential decay in filament thickness by
assuming that (i) filament thinning is driven mainly by the outer
fluid (oil) extensional flow in the cross-slot region and (ii) the
shear flow that develops is relatively far downstream from the
cross-slot region and should have no implications for the local
stress balance. These are reasonable assumptions since shear
stresses tangential to the filament do not contribute to the thinning (or squeezing) of the filament. In the cross-slot region, the
filament thinning is driven by viscous stresses normal to the
filament.
The exponential thinning is driven by the outer fluid (oil) flow.
In this flow-driven regime, the stress balance inside and outside
the interface is he3_ ¼ he,oil3_ oil. This balance relates the extensional
strain rates and extensional viscosities of the aqueous (Newtonian fluid and DNA suspensions) and oil phases. Since the oil is
a Newtonian fluid, we apply the definition of extensional
viscosity so that he,oil ¼ 3moil. As mentioned before, the fluid
filament strain rate is defined as 3_ ¼ (2/h)dh/dt. The strain rate
for oil in the cross-slot region is 3_ oil z Qoil/(W2L), as verified by
particle tracking methods.55 Here, W is the channel width and L
is the channel depth. Assuming that he is independent of time,
then the filament diameter thins according to
h(t) ¼ h0exp[(3/2)(moil/he)_3oilt],

(1)

where h0 is an integration constant. This equation is only valid
for the flow-driven exponential regimes shown in Fig. 4. In such
flow-driven regimes, eqn (1) may be used to deduce the values of
he from h(t) data in regions where the filament extensional strain
rate 3_ is constant (Fig. 5a).

Fig. 6 (Color online) Steady extensional viscosity he, obtained from the
flow-drive regime described by eqn (1), versus the extensional strain rate 3_
for the Newtonian fluid and all DNA suspensions. The values of he for the
Newtonian fluid are independent of strain rate and are in close agreement
with he ¼ 3
m, represented by the dashed line. The dilute DNA suspensions
values of he that are slightly larger than 3
m, but are independent of strain
rate. Similar behavior is observed for the low MW (107) semi-dilute l-DNA
suspension. The values of the steady extensional viscosity for the high
MW (108) semi-dilute T4 DNA suspension exhibits strain rate thinning
behavior over the values of 3_ examined.

appear to be independent of 3_ for the extensional strain rates
examined here. The same behavior is observed for the semi-dilute
l-DNA (MW 107) suspension. However, over the range of extensional strain rates examined, the semi-dilute T4 DNA (MW 108)
suspension exhibits extensional strain rate thinning behavior.
This behavior is similar to other complex fluids30 such as wormlike micelle solutions56 and carbon nanofiber suspensions.57
Possible mechanisms that could explain the thinning extensional
viscosity behavior include molecular scission degradation58,59
and polymer rigidity.60

Steady extensional viscosity of DNA suspensions
In order to illustrate how the steady extensional viscosity of all
fluids is calculated, the quantity 4, defined as 4 ¼ he,oil3_ oil/_3, is
plotted as a function of time (Fig. 5b). Note that 4 has units of
viscosity, and regions in which both this quantity and the strain
rate are constant correspond to extensional viscosity values for
that particular strain rate. For example, the Newtonian fluid
shows an approximately constant value of 4 ¼ 1.41 Pa s for
q ¼ 30 for the first t < 20 ms. The temporal average of all 4 values
during this time interval correspond to he ¼ 1.41 Pa s at 3_ ¼
4.91 s1. For the semi-dilute T4 DNA suspensions, however, the
second exponential regime at the highest flow ratio q is used to
calculate he.
Fig. 6 shows values of the steady extensional viscosity he for all
aqueous solutions as a function of the filament extensional strain
rate 3_ . The average value of he for the Newtonian fluid is
approximately 0.85 Pa s, which is close to 3
m ¼ 0.75 Pa s. The
values of he for the Newtonian fluid are independent of extensional strain rate, as expected. The dilute DNA suspensions show
values of he that are slightly larger than the Newtonian and also
9448 | Soft Matter, 2011, 7, 9444–9452

4. DNA stretch dynamics in fluid filaments
One advantage of this microfluidic extensional rheometer is that
it allows for simultaneous visualization of the bulk fluid behavior
as well as the individual DNA molecules within the fluid. To gain
further insight into the filament thinning process of aqueous
solutions, we performed identical experiments as described above
but with fluorescently labeled l-DNA. It is known that for long,
flexible polymer chains such as DNA, the preferred entropic state
is that of a coiled conformation that is often described by the
radius of gyration Rg. When polymer molecules are in regions of
high velocity gradients, they are stretched and aligned with the
direction of the flow.3 It is believed that the change in conformation of the molecules, from coiled to stretched, is in part
responsible for the enhanced extensional viscosity of complex
fluids compared to simple, Newtonian liquids.34
Semi-dilute l-DNA suspensions, similar to those described in
the experimental methods section, are used here with slight
modification. Briefly, l-DNA stock solution is heated at 65  C for
This journal is ª The Royal Society of Chemistry 2011
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10 min and then quenched in an ice bath. A percentage of the
l-DNA molecules (15% v/v) are stained with YOYO-1 iodide,
a bis-intercalating dye, at a dye to base pair ratio of 1 : 4. The
solution is allowed to incubate at room temperature for at least 1
h. Stained and unstained l-DNA are then added to a viscous
Newtonian solvent that is 91% (w/w) glycerin and 4% (v/v)
b-mercaptoethanol, which is added to reduce photo-bleaching.
The final concentration of l-DNA molecules in the buffer-glycerin
solution is c/c* z 1. The DNA molecules are visualized using highspeed epifluorescence microscopy that consisted of a 100, 1.4
NA oil immersion objective and an image-intensified CMOS
camera. Fluorescence illumination is supplied by a 100 W
mercury lamp. Image acquisition ranged from 250 to 1000 Hz.
High speed image acquisition is required in order to visualize
molecules during the entire thinning process. Example snapshots
of fluorescently labeled DNA molecules in a semi-dilute l-DNA
suspension undergoing filament thinning are shown in Fig. 7 for
q ¼ 10. The area of fluorescence illumination is circular with

Fig. 7 Visualization of fluorescent l-DNA molecules in thinning fluid
filaments for q ¼ 10. Frame rate acquisition is 250 Hz. The white line
represents the interface between the oil phase and the semi-dilute DNA
suspension. (a) Initially, during the formation of the mother drop at t ¼ 0,
the majority of l-DNA molecules are in a coiled equilibrium state, with few
exceptions due to pre-shear. (b) At later times t/tb ¼ 0.5, l-DNA molecules
become fully stretched and aligned due to the strong flow inside filaments.

This journal is ª The Royal Society of Chemistry 2011

a radius of 50 mm. The interface between the oil and aqueous
phases is represented by the white line. Fig. 7 (a) shows that,
before the filament thinning process begins, the DNA molecules
are mostly in their coiled (equilibrium) state. Some pre-shearing,
however, is evident by noting (qualitatively) that a small number
of molecules are somewhat stretched. At a later time (Fig. 7b),
molecules are elongated far from their equilibrium state,
although the distribution is not uniform. After breakup of the
fluid filament, molecules return to a coiled state as the
surrounding fluid elements relax (not shown here). We found no
evidence of molecular scission in our experiments.
We quantify the stretching dynamics of DNA molecules in
thinning fluid filaments by measuring the molecule’s total length
x, or major axis, at five different instances during the drop
breakup process, t ¼ 0, t/tb ¼ 0.1, t/tb ¼ 0.2, t/tb ¼ 0.3, t/tb ¼ 0.4,
and t/tb ¼ 0.5. The values of x are normalized by the theoretical
maximum contour length, L0 ¼ 22 mm, of stained l-DNA.18,48
Multiple drop breakup events are recorded in order to sample
a large number of stretching events at different locations within
the filaments. Only those molecules that remained in focus are
included in the analysis. For these reasons, measurements for t/tb
> 0.5 are not discussed here due to the sparse observations of
fluorescent DNA within the filament.
Fig. 8 shows the probability distribution functions (PDFs) of
the normalized stretch length x/L0 of fluorescent l-DNA molecules
in solution at the initial stage of drop formation t ¼ 0 and at later
times in the breakup process, t/tb ¼ 0.3 and t/tb ¼ 0.5. The
distribution of x/L0 values at t ¼ 0 is narrow and peaked around
a value of 0.2 (Fig. 8a). This distribution corresponds to molecules that are mostly coiled, with the majority of the normalized
extensions ranging from 0.1 to 0.4. There are few exceptions with
a small percentage of molecules with normalized extensions of up
to 0.5. The first moment of this PDF is x/L0 ¼ 0.22, or x ¼ 4.8
mm, which is largely due to pre-shearing as molecules travel
through the microfluidic device.
As the thinning process continues t/tb ¼ 0.3, the distribution of
normalized stretch lengths begins to broaden with stretch values
ranging from 0.1 < x/L0 < 0.8. The strong flow inside the thinning filament causes molecules that were originally coiled at
equilibrium to transition to a partially stretched state (Fig. 8b).
At even later times t/tb ¼ 0.5, values of the normalized extension
vary over the entire range 0.1 < x/L0 < 1.0, with double peaks
around values of x/L0 ¼ 0.4 and x/L0 ¼ 1.0 (Fig. 8c). This broad
PDF corresponds to a heterogeneous distribution of molecular
contour lengths, from partially stretched to fully elongated
(Fig. 7b). The broad distributions observed here can be the result
of many factors including conformational and spatial initial
conditions. Depending on the initial position of the molecule
within the fluid filament, the molecule will experience different
velocity gradients (and hydrodynamic drag), which will result in
different overall stretch length. For example, molecules near the
center of the filament are linearly stretched to near full length and
aligned with the outflow along the filament axis. Molecules
farther from the center of the filament are only partially
stretched, but still aligned along the filament axis.
Another possible mechanism for a broad distribution in
stretch length is due to molecular individualism5 of DNA. In the
coiled state, molecules are constantly changing shape due to
Brownian motion and can adopt any number of configurations.
Soft Matter, 2011, 7, 9444–9452 | 9449
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Fig. 8 Probability distribution functions of the normalized extension x/
L0 of l-DNA molecules in fluid filaments. (a) Initially at t ¼ 0, the majority
of molecules are in a relaxed coiled state, producing a narrow PDF
peaked around a value of x/L0 ¼ 0.2. (b) At a later time (t/tb ¼ 0.3), the
distribution begins to broaden as molecules transition from a coiled state
to a partially elongated state due to the increase in surrounding velocity
gradients. (c) At even later times (t/tb ¼ 0.5), the PDF broadens further
and we observe a range of normalized stretch values from 0.1 < x/L0 <
1.0, which corresponds to molecules that are only partially stretched to
fully elongated.

As the filament begins to thin and the hydrodynamic stresses
around the molecule increase, differences in initial conformation
can lead to different stretch dynamics. For example, it has been
shown that, in planar elongational flows,5 molecules exposed to
the same velocity gradients may evolve to different conformation
shapes such as kinked, folded, or dumb-bell due to slight
differences in initial conformation. In the experiments presented
here, two different molecules with similar initial positions in the
fluid filament are not expected to reach similar stretch lengths
due to differences in initial conformation. Therefore, the distribution of molecular stretch lengths within the fluid filament
becomes heterogeneous.
The simultaneous visualization of individual DNA molecules
and of the bulk flow behavior enables the direct connection
between the bulk fluid measurements and molecule conformation
dynamics. Fig. 9(a) shows representative measurements of the
filament diameter h and the extensional strain rate 3_ as a function
of time for fluorescently labeled l-DNA suspensions for q ¼ 10
and c/c* ¼ 1. Fig. 9(b) shows the mean normalized extension x/L0
of single molecules (same fluid as 9a) as a function of normalized
time t/tb, where tb is the breakup time. We observe that both the
x/L0 values and its standard deviation increase with time, as
discussed before (Fig. 8).
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Fig. 9 (Color online) (a) The fluid filament diameter and the corresponding extensional strain rate as a function of time for semi-dilute lDNA suspensions for flow ratio q ¼ 10. Data points represent individual
filament thinning measurements while the solid curves represent the
average of all measurements. The extensional strain rate is constant at
3.27 s1 over the first 70 ms during the flow-driven regime. (b) The mean
normalized stretch length of fluorescent l-DNA molecules in thinning fluid
filaments as a function of normalized time. The average values are
obtained from the first moment of the PDFs and errors bars represent the
standard deviation. The mean normalized stretch length and the standard
deviation about the mean increase due to the heterogeneous distribution
of molecule stretch lengths. The dashed curve represents the deformation
of a fluid element under uniform extensional flow.

In order to gain further insight into the stretching dynamics
of DNA molecules inside a thinning fluid thread, we compare the
results in Fig. 9(b) with the deformation of a fluid element in an
uniform extensional flow that evolves according to L(t) ¼ L0exp
(_30t). The initial size L0 of the fluid element is 0.22, which
corresponds to the initial mean molecular stretch value, and the
strain rate is 3_ ¼ 3.27 s1, which corresponds to the fluid filament thinning rate in Fig. 9(a). We find that this uniform
extension curve is in good agreement with the molecular data up
to t/tb ¼ 0.4 only, where the strain rate is actually constant. The
agreement between the average stretch lengths with the
stretching of a fluid element in extensional flows suggests the
possibility of using DNA molecules as elastic stress sensors in
complex time dependent flow structures common to non-Newtonian fluids.61
This journal is ª The Royal Society of Chemistry 2011
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5. Conclusions
An experimental investigation on the dynamics of filament
thinning and drop breakup of DNA suspensions in a cross-slot
microchannel is presented. This microfluidic device allows for the
simultaneous visualization of individual DNA molecules and of
the bulk flow behavior. We find that Newtonian fluids and the
dilute DNA suspensions undergo a single exponential thinning
regime. The dilute DNA suspensions, however, display a slower
exponential decay rate than the Newtonian case. The semi-dilute
l-DNA (MW 107) suspensions show similar behavior than the
dilute suspensions, but the semi-dilute T4 DNA (MW 108)
suspension displays a second exponential decay typical of
viscoelastic fluids.45,54 This elastic behavior is most likely due to
the stretching of the large DNA molecules inside the fluid filament
undergoing breakup. The measured extensional viscosity of this
semi-dilute T4 DNA suspension shows an extensional strain rate
thinning behavior. This thinning behavior is also observed in
other semi-flexible fluids such micellar solutions and suspensions
of carbon-nanofibers.
Direct visualization of fluorescently labeled DNA molecules in
a semi-dilute l-DNA suspension undergoing filament thinning are
also performed. This is the first time such molecular observations
are made inside a fluid filament undergoing thinning and
breakup. Many drop breakup events are recorded in order to
obtain better insights into the stretching dynamics of single
molecules within thinning fluid filaments. The probability
distribution functions (PDFs) of the normalized stretch length
(x/L0) of fluorescent DNA molecules are used to quantify the
dynamics. At the beginning of the breakup process, the majority
of molecules are in an equilibrium coiled conformation that is
described by a narrow PDF peaked around x/L0 ¼ 0.2. As the
thinning process progresses, molecules transition from coiled to
a partially elongated state due to the strong flow inside the
thinning filament, which produces a broader PDF. At later times,
most of the fluorescent l-DNA molecules are observed to reach
full extension. The broad stretch distribution at later times is
most likely due to ‘‘molecular individualism’’ and initial conditions. Despite the broad distributions, the average stretch length
as a function in time agrees well with affine fluid stretching for
short times only.
Filament thinning of DNA fluids provides an efficient method
for stretching individual DNA molecules, as well as other semiflexible polymers, through hydrodynamic stress alone. The
strong flows created by thinning filaments can align and stretch
molecules to full theoretical extension in the absence of an
external probe,62,63 electric field,64 temperature gradients,65 or by
confinement effects of nanochannels.66 This method of stretching
and aligning DNA molecules in two-phase flows may find application in genomic studies, polymerase chain reaction (PCR), and
molecular coding among others.
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