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ABSTRACT: We study the necking and pinch-off dynamics
of liquid droplets that contain a semidilute polymer solution of
polyacrylamide close to overlap concentration by combining
microfluidics and single DNA observation. Polymeric droplets
are stretched by passing them through the stagnation point of
a T-shaped microfluidic junction. In contrast with the sudden
breakup of Newtonian droplets, a stable neck is formed
between the separating ends of the droplet which delays the
breakup process. Initially, polymeric filaments experience
exponential thinning by forming a stable neck with extensional
flow within the filament. Later, thin polymeric filaments
develop a structure resembling a series of beads-on-a-string
along their length and finally rupture during the final stages of
the thinning process. To unravel the molecular picture behind these phenomena, we integrate a T-shaped microfluidic device
with advanced fluorescence microscopy to visualize stained DNA molecules at the stagnation point within the necking region.
We find that the individual polymer molecules suddenly stretch from their coiled conformation at the onset of necking. The
extensional flow inside the neck is strong enough to deform and stretch polymer chains; however, the distribution of polymer
conformations is broad, and it remains stationary in time during necking. Furthermore, we study the dynamics of single
molecules during formation of beads-on-a-string structure. We observe that polymer chains gradually recoil inside beads while
polymer chains between beads remain stretched to keep the connection between beads. The present work effectively extends
single molecule experiments to free surface flows, which provides a unique opportunity for molecular-scale observation within the
polymeric filament during necking and rupture.

■ INTRODUCTION

The extensional flow and breakup of liquid droplets are
strongly affected by the presence of a very small amounts of
long macromolecules. For instance, during jet breakup, or when
a drop of pure water falls from a faucet or a nozzle, it suddenly
necks down under the capillary forces and pinches off into
smaller droplets.1 If a small amount of polyacrylamide (PAA)
or poly(ethylene oxide) (PEO) is added to water, this sudden
rupture (or pinching) is delayed and instead a stable “neck” is
formed that thins down slowly over time.2−5 The process of
neck formation is a ubiquitous feature in all extensional flows of
polymeric fluids and happens at all length scales.6 Therefore,
characterizing the extensional rheology of polymer solutions
not only is of fundamental importance for studying the stable
neck formation but also is important for a large number of
commercially relevant processes that are influenced by it. A few
examples are fiber spinning, nanowire array formation, roll-
coating of adhesive, ink jet printing, spray formation, porous
media flows, and turbulent drag reduction.7−9

Extensional flows of free surface polymer solutions were
traditionally investigated by filament stretching extensional
rheometer (FiSER)10 or capillary breakup extensional rhe-
ometer (CaBER)11 devices. FiSER devices can produce

homogeneous extensional flows by sandwiching a polymer
solution between two circular end-plates and moving them
apart with the constant imposed extension rate, ε̇.12 In CaBER
devices, a polymeric fluid is also placed between two circular
end-plates (of radius R) and stretched with an exponential
profile to form a liquid bridge with the final stretch length L ≈
3.6R. The stretch is then stopped, and the developed liquid
bridge thins under capillary forces, resulting in the generation
of an extensional flow within the cylindrical polymeric
filament.13 The shape of the polymeric filament leads to higher
capillary pressure inside the filament than in the end regions of
the filament which squeezes the polymeric fluid toward the
upper and lower end-plates. This creates a self-thinning of the
thread, and the evolution of the thread diameter is observed
while the thread thins and finally breaks.6,13 For Newtonian
solutions, the extensional viscosity is 3 times the shear viscosity.
However, for polymer solutions, the transient extensional
viscosity can be orders of magnitude higher than the shear
viscosity at high ε ̇.14 Recently, Liu et al.15 investigated the
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origin of strain hardening during the startup uniaxial extension
of polymer melts and suggested that this phenomenon may
originate from the difference in the kinematics between shear
and extension. In addition, they found that the geometric
condensation occurs in startup uniaxial extension and can
produce noticeable strain hardening.15 When the flow becomes
strong enough (at extension rates larger than the characteristic
relaxation time of the polymeric fluid, ε̇τ ≥ 0.5),16 the effective
viscosity of the polymeric fluid can be increased dramatically
due to polymeric chain stretching.6 This high transient
extensional viscosity is able to resist the extensional
deformation and leads to the formation of a stable neck during
extensional flow and capillary thinning.6 Elastic forces
developed within the flow of the polymer solutions are able
to resist the capillary forces during jet breakup, giving rise to
the high extensional viscosity.6,12,17 From a molecular point of
view, these elastic forces originate due to the orientation and
stretching of polymer molecules in the direction of the flow or
the extensional deformation.6,12,17,18 Thus, in order to better
characterize the extensional rheology of polymer solutions, it is
essential to elucidate the molecular picture behind extensional
deformation and stable neck formation.
Using microfluidics integrated with a fluorescence micro-

scope has allowed polymer scientists to study the conformation
of fluorescently stained DNA in controlled flow conditions and
examine polymer theories directly against experimental
observations at the single-chain level.8,19−26 In 1974, de Gennes
predicted that a sharp coil−stretch transition occurs in a
homogeneous extensional flow of dilute polymer solution, if the
extension rate exceeds a critical value of the Weissenberg
number (Wi = ε̇τ).16 Experimentally, Chu’s group at Stanford
used a microfluidic cross-slot device to trap single DNA
molecules at the stagnation point of an extensional flow and
visualized the evolution of individual DNA molecules during
the extensional flow to validate this theoretical prediction.8,27

They found that most of the DNA molecules are highly aligned
and stretched at high Wi ≈ 3, after sufficient residence time in
the extensional flow.27 So far, the coil−stretch transition has
been observed in single phase extensional flow of linear and
circular DNA molecules beyond a critical ε̇ (when Wi ≥ 1) in
the microfluidic cross-slot geometry.20,22,23 However, to address
neck formation, and breakup of polymeric fluids, one needs to
perform single DNA molecule experiments in free surface flows
of polymer solutions inside a microfluidic device.
While considerable effort has been dedicated to characterize

the extensional rheology of polymer solutions using micro-
fluidics,28 microfluidics has also been used to study the jet
breakup of polymer solutions leading to a stable neck.29−36

Thus, microfluidics, owing to the length scales involved,
provides a suitable platform for measuring the bulk flow
behavior of the stable neck and simultaneously observing the
individual molecules inside it.37 Recently, co-flowing micro-
fluidic devices have been used to study the polymeric jet
breakup and stable neck formation and observe the
conformation of DNA molecules inside them.35,36 An inherent
disadvantage with these geometries is the lack of a stagnation
point. Therefore, either it is not possible to make molecular
observations in the stable neck due to high velocities and
motion blur,35 or the observations have to be corrected for the
motion blur.36 To overcome this limitation, we propose to
employ a microfluidic T-junction to visualize single DNA
molecules inside polymeric filaments by generating polymeric

droplets and passing them through the stagnation point at a T-
junction.
In this work, we integrate a T-junction microfluidic geometry

with DNA imaging to capture the molecular picture behind the
neck formation in extensional flow of aqueous polymer
solutions. In particular, we use semidilute solution of long-
chain PAA molecules seeded with fluorescently stained DNA
molecules (T4-DNA with similar contour length) to link
between the microscopic properties of the solution and the
thinning dynamics of polymeric filaments during extensional
flow. The presence of a stagnation point in microfluidic T-
junctions allows for the observation of individual DNA
molecules in the stable neck. Since DNA molecules are seeded
or dissolved in the polymer solution, they act as markers or
probes for the polymers in the solution and hence reflect the
conformation of polymer molecules. With this argument, we
find that the initially coiled polymer molecules elongate
suddenly at the onset of the neck formation, giving rise to a
high extensional viscosity in polymer solutions. We find nearly
full extension of polymer molecules in the bulk of the neck;
however, they display a broad distribution of the molecular
extensions due to molecular individualism. Furthermore, beads-
on-a-string morphology observed at the very last stage of the
polymeric droplet breakup is also explored using single
molecule observations. As such, we demonstrate a simple and
effective microfluidic tool which has the capability to
characterize the extensional flow of polymer solutions at both
microscopic and macroscopic level.

■ EXPERIMENTAL SECTION
To analyze the filament thinning and droplet deformation, a T-shaped
microfluidic chip is fabricated from polydimethylsiloxane (PDMS)
using the standard soft lithography technique.38−39 Microfluidic
channels are sealed with a glass slide coated with a thin layer of
PDMS after treating both top and bottom surfaces with an oxygen
plasma. The assembled microfluidics is baked in the oven for 12 h at
68 °C to complete the curing process. To ensure that the walls are
more hydrophobic, the baked chips are also exposed to trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane inside a desiccator for at least 12
h. A schematic picture of the entire geometry is shown Figure 1.
Silicone oil (50 cst, Sigma-Aldrich) constitutes the continuous phase
and enters the microfluidic geometry through channel i. The polymer
solution constitutes the dispersed phase and enters the microfluidic
geometry through channel ii. At the intersection of channels i and ii,
the stable polymeric droplet is formed (without using a surfactant). An

Figure 1. Microfluidic T-junction geometry used to study polymeric
droplet breakup. (i) Inlet channel for the continuous phase, 50 cst
silicone oil. (ii) Inlet channel for the dispersed phase, aqueous polymer
solution. (iii) Additional inlet for the continuous phase to adjust the
spacing between the droplets. (iv) Outlet. The width of the main
channel, W1, is 100 μm, and W2 is 150 μm. The height of the
microfluidic chip (H) is 100 μm.
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additional continuous phase inlet for silicone oil is provided (channel
iii). This is used to adjust the spacing between the droplets. This
droplet then travels downstream at constant velocity (≈ 3300 μm/s)
and reaches the T-junction where it is pulled into the two arms. The
droplet then starts to thin due to a buildup of pressure at the upstream
of the two arms and low pressure at the downstream of the two arms
(see zoomed image of the T-junction). Two bypass junctions are
provided to equalize the pressure downstream of the two arms. The
continuous phase inlet flow rate is 0.2 μL/min, and the dispersed
phase inlet flow rate is 0.1 μL/min. The additional continuous phase
inlet flow rate is 1 μL/min. The combination of these flow rates gives
the best droplet production stability.
The flow images, or droplet thinning dynamics, are captured in

bright-field using a Zeiss Axiovert 100M microscope connected with a
high-speed camera (Phantom V9.1, 1600 × 1200 pixels). The bright-
field images are obtained at 20× magnification and 1000 frame per
seconds (fps) with an exposure time of 150 μs. For the DNA imaging,
a tiny amount of T4-DNA as tracer molecules is added to the polymer
solution. First, 10 μL of T4-DNA solution (used as received from
Nippon Gene Co. Ltd. at a concentration of 440 μg/mL in 10 mM
Tris (pH = 8.0) and 1 mM EDTA) is stained using the YOYO-1 dye
(Molecular Probes Inc.) at a base-pair:dye ratio of 5:1. The solution is
then diluted to 4.4 μg/mL in Milli-Q. Finally, ≈20 μL of this solution
is added to 5 mL of the polymer solution, thus making the final
concentration of tracer T4-DNA as ≈0.01 ppm. We find that the
presence of DNA tracers does not affect the thinning and breakup
dynamics of our solutions (see Figure S1 in the Supporting
Information). The reason for choosing T4-DNA is that it has a
similar contour length (≈56 μm) as PAA (≈53 μm) which allows for a
direct correlation between molecular conformations of T4-DNA and
PAA. DNA imaging is carried out on a fluorescence microscope (Zeiss
AxioObserver-Z1) coupled with an EMCCD camera (ANDOR ixon3).
A 63× objective lens with water immersion is used for an optimal
magnification with a numerical aperture (NA) of 1.0 and working
distance of 2.1 mm. The field of view is 110 μm × 110 μm with a
resolution of 512 × 512 or 128 × 128 pixels using frame rates varying
between 33 and 125 fps, which is fast enough to capture the DNA
dynamics without motion blur.
We focus on the extensional flow behavior of PAA (Polysciences

Inc., average molecular weight Mw = 18 × 106 g/mol) at a
concentration of 200 μg/mL in two different solvents. Radius of
gyration Rg of this polymer molecule in water is around 0.33 μm with a
contour length (Lc) of 53 μm.

31,36,40 The overlap concentration of this
polymer in water (C*) is also around 200 μg/mL calculated as

* =
π

C M
N R
3

4 ( )
w

A g
3 , where Mw is the molar mass of the chain, NA is the

Avogadro number, and Rg is the radius of gyration of polymer in a
dilute solution.41 Note that PAA is a charged polymer, meaning that
the polymer coils could be extended beyond the random coil
configuration in pure water, and the above expression is probably an
overestimate of the coil overlap concentration.42 To prepare polymer
solutions as the dispersed phase, we dissolve the PAA polymer (used
as received from Polymer sciences Inc.) at a concentration of 200 μg/
mL (C ≈ C*) in two different solvents including pure water (Milli-Q)
or glycerol−Milli-Q (25%−75% in volume). We also tested
concentrations of PAA solutions less than 200 μg/mL. PAA solutions
made with 200 μg/mL provided a stable neck that persisted for a
sufficient amount of time to allow for molecular observations (see
Figure S1 in the Supporting Information for more details). We note
that for samples at low polymer concentrations (C < 100 μg/mL)
droplets rupture like Newtonian droplets without exhibiting a stable
neck formation due to their lower viscoelasticities.
To characterize the viscoelastic properties of polymer solutions,

rheological measurements are performed. All rheological measure-
ments are carried out on a TA AR2000 rheometer with Couette
configuration (with a cup of 30 mm and a bob of 28 mm) at room
temperature. To check reproducibility of our measurements, all
rheological and thinning experiments are carried out at least in
triplicate. The viscosity of the Newtonian solvent (ηsol) is 1 and 2.5
mPa·s for only Milli-Q and 25% glycerol−Milli-Q (v/v), respectively.

The two polymer solutions, PAA in only Milli-Q and PAA in 25%
glycerol−Milli-Q (v/v), show strong shear thinning with zero shear
viscosity of 6 and 3 Pa·s, respectively (see Figure 2). The variation of

shear viscosity (η) with imposed shear rate can be fitted with the

Carreau−Yasuda model: τγ= + ̇η η
η η

−
−

−∞

∞
[1 ( ) ]a n a( 1)/

0
. Here η is the

measured shear viscosity, η0 is the zero shear viscosity, η∞ is the shear
viscosity at infinite shear rate (close to solvent viscosity), γ ̇ is the
imposed shear rate, τ is a characteristic relaxation time (close to the
reciprocal shear rate at which shear thinning occurs during shear), n is
the power-law exponent, and a represents the width of the transition
region from the zero shear viscosity η0 to the shear thinning or the
power-law region. The fittings of the Carreau−Yasuda model to the
experimental measurements of the steady shear rheology are displayed
in Figure 2. These solutions are shear thinning fluids with power law
index around n ≈ 0.13 and n ≈ 0.25 for water and glycerol−water
mixtures, respectively. It is well established that PAA solutions exhibit
strong shear thinning in the nonionic solvents (in the absence of
salt).42 The relaxation time from the Carreau−Yasuda model gives τCY
≈ 45 s and τCY ≈ 53 s for water and glycerol−water mixtures,
respectively. Such high relaxation times were reported for PAA
solutions, which could be attribute to the nonionic solvent and
polydispersity of PAA.42,43 Typically, the persistence length of PAA in
high ionic solvent is 2.7 ± 0.9 nm.40,44 In the absence of salt, the
persistence length of PAA can be of ≈O(100 nm).40 This can probably
increase the relaxation time of the polymer system since it has been
shown previously that the onset of shear thinning regime in steady
shear flows happens at lower shear rates for hydrolyzed poly-
acrylamides (HPAM) in nonionic solvents as opposed to ionic
solvents.45,46 We also investigate the flow response of PAA solutions
(200 μg/mL) in the presence of salt (10 mM NaCl), and the steady
shear rheology of PAA solutions with addition of salt (10 mM NaCl) is
shown in Figure S3.

Zimm relaxation time of polymer solutions τZ is approximately 0.01
and 0.03 s for pure Milli-Q and 25% glycerol−Milli-Q (v/v) solutions,

respectively, estimated as τ =
η R

k TZ
( )sol g

3

B
, where ηsol is the solvent

viscosity, kB is the Boltzmann’s constant, and T is the absolute
temperature of the solution.47 The interfacial surface tensions of
solutions (with employed silicone oil) determined by the pendant
drop technique are γ ≈ 35 mN/m and γ ≈ 12 mN/m for pure Milli-Q
and a 25% glycerol−Milli-Q (v/v) solution, respectively (see Figure
S2). All measurements are carried out at room temperature. For these
set of conditions, the Reynold’s number based on the zero shear

Figure 2. Steady shear viscosity curves for Newtonian solvents (Milli-
Q and 25% glycerol-Milli-Q (v/v)) and rheology of the PAA solutions
(C = 200 μg/mL) used in this study. All shear experiments are carried
out at room temperature.

Macromolecules Article

DOI: 10.1021/acs.macromol.6b01755
Macromolecules 2016, 49, 9578−9585

9580

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01755/suppl_file/ma6b01755_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.6b01755


viscosity is Re ≈ O(10−4−10−3) and the Capillary number is Ca ≈
O(10−3−10−2). The Reynolds number (Re) is defined as Re = ρUl/η,
where ρ is the fluid density, U is the velocity of the flow, η is the fluid
viscosity, and l = 2WH/(W + H) is the characteristic length (l ≈ W,
when W ≈ H); here W = 100 μm and H = 100 μm are the
characteristic width and depth of the microchannel, respectively.37 The
Ca is defined as Ca = ηU/γ, where γ is the interfacial tension between
the continuous and dispersed phases.

■ RESULTS AND DISCUSSION
First, we monitor the change in the thickness of the filament
that holds the droplet as a function of time during the droplet
stretching or pinch-off at the T-junction. Representative
snapshots of the stretched liquid droplets at the stagnation
point and the necked region undergoing thinning in Newtonian
and polymer solutions are shown in Figure 3a−d. In the first

case, we investigate the breakup of a Newtonian droplet for
comparison and reference purposes (see Figure 3b). The
Newtonian system considered here is an aqueous glycerol
solution (25% glycerol−Milli-Q (v/v)). Figure 3b shows the
breakup as a function of t/tb, where tb is the breakup time of the
droplet (tb ≈ 0.05 s). t = 0 is taken as the instant when the
droplet completely occupies the two arms of the T-junction and
the width of the droplet is equal to the width of the channel of
the T-junction. There is a buildup of pressure at the upstream
end of the droplet because of the flowing outer phase (50 cst
silicone oil). Since the droplet completely occupies the two
arms of the T-junction, the pressure downstream in the two
arms of the droplets is reduced. Thus, a pressure drop is
created, with high pressure at the center of the droplet and low
pressure at the two ends of the T-junction. This pressure drop
squeezes the droplet until it eventually breaks. As can be seen

from Figure 3b, the Newtonian droplet pinches off suddenly
without exhibiting a stable neck formation at t/tb ≈ 0.9 (see
Movie S1).
The breakup of polymeric droplets at the microfluidic T-

junction is shown in Figure 3c,d. The polymeric droplet initially
starts to thin by a similar mechanism as the Newtonian droplet.
However, these droplets do not pinch off suddenly, and the
breakup is delayed. Figure 3c,d reveals that the droplet behaves
differently from its Newtonian counterpart (at t/tb ≈ 0.5). A
stable neck is formed between the breaking ends which
significantly delays the breakup (see Movie S2 and Movie S3).
While the formation of a neck could be observed in both
polymeric systems, we focused on PAA dissolved in 25%
glycerol−Milli-Q (v/v) solution, as the necking process is
slower and easier to analyze for DNA imaging. In both
polymeric solutions, beads-on-a-string structure has been
observed at the late stage of the pinch-off process (t/tb ≈ 1).
To quantify the breakup event, the breakup dynamics are

measured for both the Newtonian droplets and the polymeric
droplets (see Figure 4a). The breakup dynamics is measured by
tracking the interface of the thinning droplet. The interface is
tracked where the thickness of the droplet is minimal which
occurs at the middle of the T-junction. This minimum
thickness is referred to as hmin. From the breakup dynamics
of the Newtonian droplet it is clear that the droplet snaps off
instantly when the minimum thickness reaches a value around
70 μm. This sudden snap-off behavior is common for
Newtonian systems and has also been observed previously
and is referred to as the singular behavior or finite time
singularity.5,48 For polymeric droplets, it can be seen that the
breakup dynamics are exactly similar to the Newtonian droplet
for early times (t < 0.05 s). However, after t ≈ 0.05 s, the
breakup dynamics start to diverge. The polymeric droplet forms
a stable neck that thins down slowly with time.
The necking part (from t ≈ 0.05 s to beads-on-a-string

regime) of the thinning dynamics of the polymeric droplet is

subjected to an exponential fit of the form ε∝ − ̇( )h texpmin
1
2

,

where ε̇ is the extensional strain rate. From Figure 4b, it can be
seen that the exponential fit well approximates the thinning
dynamics of the droplet in the neck with ε̇ ≈ 28 and 10 s−1 for
PAA solution in Milli-Q and 25% glycerol−Milli-Q (v/v),
respectively. Such an exponential decay of hmin with time is
characteristic of a pure extensional flow and has been previously
observed in various configurations producing an extensional
flow5,12,17,49 and has also been predicted by theory.18 This
suggests that the flow inside the stable neck observed in
microfluidic T-junction is extensional. By assuming that Wi =
ε̇τeff = 2/3, we can estimate the effective relaxation of τeff ≈ 0.02
and 0.06 s corresponding to the PPA solution in Milli-Q and
aqueous glycerol (25% glycerol−Milli-Q (v/v)), respectively.17

Our estimated τeff is of the same order of magnitude as the
estimated τZ. Furthermore, the accumulated Hencky strain can

be calculated as ε = − ( )2 ln h t
h

( )min

0
, where h0 is the initial

thickness of droplet (at t = 0).17 Figure 4c displays that beads-
on-a-string structure has been formed at ε ≈ 4 in both PAA
solutions. Figure 4d displays the estimated transient extensional

viscosity calculated as η = γ
εḣ te

2
( )min

for both solutions.17 It is

well-established that transient ηe can be orders of magnitude
larger than shear viscosity, and it is strongly dependent on time
(or ε), as shown in Figure 4d. In addition, we investigate the

Figure 3. (a) Microfluidic T-junction geometry used to stretch liquid
droplets. Sequences of images comparing the breakup of Newtonian
and polymeric droplets. (b) Breakup of Newtonian (25% glycerol−
Milli-Q (v/v)) droplets (with tb ≈ 0.05 s). Stretching and thinning of
PAA fluids in (c) Milli-Q (with tb ≈ 0.19 s) and (d) 25% glycerol−
Milli-Q (v/v) (with tb ≈ 0.47 s) at the T-junction. The scale bar is 100
μm.
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thinning dynamics of PAA solution (with 10 mM NaCl). With
this salt concentration, we expect that polymer chains are fully
neutralized and electrostatic effects are minimized.50 Qual-
itatively, similar thinning behavior has been observed in PAA
solution with 10 mM NaCl (see Figure S4).
Having validated the microfluidic T-junction for producing a

stable neck with an extensional flow inside, we continued
investigating the conformations of the polymer molecules by
direct visualization inside this neck. Since it is currently difficult
to directly stain the polymer (PAA) molecules,36 stained T4-
DNA molecules of comparable contour length are added to the
solution. We assumed that the individual dynamics of the T4-
DNA molecules would be representative of the polymer
molecules producing the neck.8,36,51−54 The dynamics of
individual DNA molecules at different stages of thinning is
shown in Figure 5b. During the initial stages of the breakup, the
thinning dynamics of the polymer and the Newtonian droplet
are the same, which implies that the role of the polymer
molecules is absent during this stage. The macromolecules
remain coiled and are not influencing the breakup dynamics
(see Figure 5a,b). However, at the onset of necking, the
macromolecules elongate suddenly, as shown by the last two

snapshots of Figure 5b. The extensions of the DNA molecules
are measured both before and during stable neck formation
(see Figure 5c,d) as the probability density of normalized
lengths. Figure 5c confirms that before necking, majority of the
DNA molecules are in their equilibrium coiled conformation. In
contrast, during the neck formation, the majority of these
polymer molecules are stretched due to the extensional flow
inside the stable neck. The Wi number can be calculated as Wi
= ε̇τCY ≈ 530, where ε̇ ≈ 10 s−1 and τCY ≈ 53 s from shear
rheology. The strain accumulated over the entire process of
necking is ε ≈ 4 (as shown in Figure 4c) before the neck
transforms into a beads-on-a-string morphology. Such a high
Wi number and accumulated strain are enough to stretch the
polymer molecules from their equilibrium coiled conformation.
Despite such high Wi, the level of stretch or the molecular
extension of individual DNA molecules is rather heterogeneous
with a broad distribution as shown in Figure 5d. The level of
this heterogeneity could possibly be explained by molecular
individualism and different preshear conditions and has been
previously observed as well.25,27,35 Apart from this, a few DNA
molecules are prestretched beyond their equilibrium coiled
conformation before the formation of stable neck (see Figure

Figure 4. (a) Breakup dynamics calculated by measuring the hmin as a function of time for both Newtonian and polymeric droplets (approximately
5−10 droplets are analyzed for each set of operating conditions). (b) Strain rate (ε̇) is estimated by exponential fitting of the breakup dynamics
during necking. ε̇ = 27.3 ± 3.3 s−1 and ε ̇ = 9.8 ± 1.1 s−1 for PAA solution in Milli-Q and 25% glycerol−Milli-Q (v/v), respectively. (c) Accumulated

Hencky strain is calculated as ε = − ( )2 ln h t
h

( )min

0
for both PAA solutions.17 (d) Transient extensional viscosity of PAA solutions against time.
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5c). The inset of Figure 5d confirms that the variation of the
extensions during necking is insensitive to the necking time,
and the probability distribution is almost the same when the
data are separated into two groups. A similar distribution has
been observed in PAA solution in 50% glycerol (see Figure S6)
and also for PAA solution (200 μg/mL dissolved in 25%

glycerol−Milli-Q (v/v)) with 10 mM NaCl (see Figure S5).
Thus, it can be concluded that the electrostatic effects are
negligible or at least small compared to the effect of extension
in our PAA solutions (in the range we studied). The stretching
and deformation of macromolecules contribute additional
tensile elastic stresses, which stabilize the neck formation by
opposing capillary stress during thinning.
During the last stages of the breakup, the stable neck

transforms into beads-on-a-string morphology (see Figure 6a).

The microfluidic T-junction also provides an opportunity to
investigate the beads-on-a-string morphology at the molecular
level. During the last stages of the breakup, the DNA molecules
are found to be coiled in the beads, while they are stretched in
the strings connecting the beads (see Figure 6b,c). These
observations suggest a molecular mechanism in which the fully
stretched DNA/polymer molecules coil back to form the beads-
on-a-string morphology. Figure 6d displays the time evolution
of recoiling process inside a bead for the PAA solution in 25%
glycerol−Milli-Q (v/v). The characteristic relaxation time (τ ≈
0.03 s) of this process is extracted by exponential fitting of
square of fractional extension against time.27,50 The character-

Figure 5. (a, b) Snapshots showing how DNA molecules behave
during the neck formation (the snapshots are separated by an interval
of 15 ms). Scale bar is 35 μm. Probability density of the extension of
the DNA molecules is shown in (c) before and (d) after the neck
formation. The probability density functions (PDF) are constructed
using 600 measurements. The inset shows that PDF is almost
insensitive to the time during necking.

Figure 6. (a) Bright field image of beads-on-a-string morphology in
PAA solution. Sequence of fluorescence images showing how single
molecules behave during formation of beads on a string morphology in
the solution of PAA in (b) Milli-Q water and (c) 25% glycerol. Single
polymers gradually recoil inside a bead, and polymeric chains between
beads remained stretched (highlighted by white arrows) during this
process (the snapshots are after an interval of 15 ms). Scale bar is 50
μm. (d) Time evolution of recoiling-process in the solution of PAA in
25% glycerol. The symbols are average experimental data and
represent the time evolution of the square of the fractional extension
of six individual DNA molecules relaxing during the beads-on-a-string
process. Error bars represent the standard deviation calculated from a
set of six measurements. The solid line represents an exponential fit of
the form ((⟨x⟩/L)2 = C1 exp(−t/τ) + C2, where C1 and C2 are fitting
parameters and the ⟨ ⟩ represent an average over six DNA molecules).
The characteristic relaxation time (τ) obtained from the fitting is 0.03
s. The inset shows the DNA length versus time, suggesting that the
recoiling process occurs for six individual DNA molecules during
beads-on-a-string formation.
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istic relaxation time obtained in Figure 6d is very close to the
effective relaxation time estimated from thinning dynamics of
PAA solution (τeff ≈ 0.06 s). The estimated relaxation time
from shear rheology and Carreau−Yasuda fitting is τCY ≈ 53 s,
which is significantly slower than our observed relaxation time
based on thinning dynamics and single molecule observation
during beads formation process. Recently, Sousa et al.43 used
CaBER rheometer to extract the relaxation time of PAA
solutions for investigation of polymeric fluid flow in microscale
cross-slot devices. They found that CaBER relaxation time
(τCa) is also significantly faster than a relaxation time
determined from a shear flow (τCY). Note that the process of
polymer/DNA molecules coiling back into the beads of the
beads-on-a-string morphology is not a pure relaxation process,
and it is possible that it is influenced by fluid flow from the
strings into the beads.

■ CONCLUSION
In conclusion, we have investigated and described the
conformation of polymer molecules during thinning and
necking of polymeric droplets in an extensional flow provided
by a T-shaped microfluidic device. In contrast to the breakup of
Newtonian droplets, a stable neck is formed between the
separating ends of polymeric droplet that thins down slowly in
time. The rate of thinning of the neck is exponential in time,
suggesting that the primary flow occurring during the breakup
of the droplet is extensional. The overall distribution of
molecular extensions in the neck is obtained for the established
extensional rate using DNA imaging. This distribution is
heterogeneous, indicating that in the neck individual DNA
molecules unravel and evolve with different rates and have
different steady state extensions. The stretched molecules
provide the elastic stresses which stabilize the neck formation
during thinning. Moreover, the stretched macromolecules coil
back to their equilibrium conformation during the formation of
the beads-on-a-string morphology. The present work is only the
first step toward understanding a realistic molecular picture for
macromolecular solutions under strong extensional flow. We
believe that our developed T-shaped microfluidics combined
with single molecule experiments can provide a unique
opportunity to study the dynamics of single chains in
extensional flow fields of polymer solutions (ranging from
dilute to well-entangled solutions) with different architectures
(from linear to branched polymers).55,56 These single molecule
experiments are required for developing a realistic theoretical
picture of polymer solutions in extensional flow fields.
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