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ABSTRACT: The interfacial phenomena at liquid—liquid interfaces remain the subject of constant fascination in science and
technology. Here, we show that fingers forming at the interface of nonequilibrium all-aqueous systems can spontaneously break
into an array of droplets. The dynamic formation of droplets at the water—water (w/w) interface is observed when a less dense
aqueous phase, for instance, the dextran solution, is placed on a denser aqueous phase, the polyethylene glycol solution, in a
vertical Hele-Shaw cell. Because of the gradual diffusion of water from the upper phase into the lower phase, a dense layer
appears at the nonequilibrium w/w interface. As a result, a periodic array of fingers emerge and sink. Remarkably, these fingers
break up and an array of droplets are emitted from the interface. We characterize the wavelength of fingering by measuring the
average distance between the dominant fingers. By varying the initial concentrations of the two nonequilibrium aqueous phases,
we identify experimentally a phase diagram with a wide parameter space in which finger breaking occurs. Finally, plenty of
droplets, spontaneously formed when one phase is continuously deposited onto another aqueous phase, further confirm the
robustness of our experimental results. Our work suggests a simple yet efficient approach with a potential upscalability to

generate all-aqueous droplets.

B INTRODUCTION

When a denser fluid is placed on top of a less dense one in the
gravitational field, the fingering phenomenon often arises
because of the density-driven instability at the interface, known
as the Rayleigh—Taylor (RT) instability.' > Another classic
instability driven by density is the double diffusive (DD)
instability when solutions of two solutes with different rates of
diffusion come into contact.” These instabilities occur widely in
nature and modern multiphase fluid technology, such as in star
formation,5 sediment tralnsport,é’7 §eologic CO, s<ec1uestration,8’9
and inertial confinement fusion.'” The classical density-driven
instability of two-layer systems in the vertical Hele-Shaw (HS)
geometry has been intensively studied. For instance, in
immiscible systems, the density difference drives the instability,
whereas the interfacial tension provides a stabilizing effect, and in
miscible two-layer systems, molecular diffusion also contributes
to stabilizing the system, similar to interfacial tension.'”'* In
contrast, the fingering instability in complex systems is much less
understood, despite its relevance to many practical applications.
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Recently, it has been shown that, by introducing the chemical
reactions in partially miscible systems, the onset of the
convection dissolution can be controlled.">™"¢ For instance, in
the carbon dioxide (CO,) sequestration, if sodium hydroxide
(NaOH) is added into the lower aqueous layer, the growth rate
of the convection could increase because of the modification of
the density profile.'® Another example is found in the sediment
transport, where uniform sediments are always present because
the irregularly shaped particles tend to laterally align with gravity,
smoothing out the instability induced by density fluctuation.'”
More recently, the systems of nonequilibrium ternary mixtures
are of particular interest because of their spontaneous phase-
separation behavior.'"~** For instance, high-order multiple
emulsions are successfully fabricated by the mass-transfer-
induced phase separation of ternary mixtures.”*> However,
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the density-driven instability, in such ternary systems involving
mass-transfer-induced phase separation, has not yet been
explored.

In this paper, we experimentally study the fingering instability
at the interface ofa tygical nonequilibrium ternary system, the all-
aqueous system,”>”>> mainly inside a vertically orientated HS
cell. The upper and lower layers of the HS cell are made up of two
out-of-equilibrium aqueous solutions, typically, a less dense
dextran (DEX) solution and a denser polyethylene glycol (PEG)
solution.”® We find that the fingering instability occurs at the
water—water (w/w) interface because a denser layer is formed as
a result of water diffusion from the DEX phase to the PEG phase.
Surprisingly, during the fingering, the unstable fingers break into
regular droplets. By measuring the mean wavelength of the
instability at the interface, we show how the initial concentrations
of DEX and PEG solutions affect the interfacial instability. In
addition, we find that for different initial concentrations, two
qualitatively different regimes, here called RT-type fingering
without droplet formation and DD-type fingering with droplet
formation, are identified. Furthermore, we present a phase
diagram that delineates the range of initial concentrations, within
which the fingers could break into droplets. Finally, droplets
spontaneously formed when one aqueous solution is continu-
ously deposited onto another bulk aqueous phase, further
confirming the validity of our experimental results. Our work
yields new insights into the interfacial phenomena in non-
equilibrium all-aqueous systems.

In addition, our results will facilitate efficient fabrication of all-
aqueous emulsion droplets, which have great potential in drug
and cell delivery applications because of their all-aqueous
nature.”””® Traditional methods including inhomogeneous
extensional and shear flow to produce emulsion droplets
contribute to a wide-size distribution.”” Although recent
methods, such as microfluidics, have been proposed to fabricate
all-aqueous droplets, the production frequency is very low.** >
This low production rate mainly comes from the slow dynamics
because of the ultralow interfacial tension of all-aqueous interface
(less than 1072 to 1 mN/m™** ™), resulting in a slow breakup of
liquid jets that relies on Rayleigh—Plateau mechanism in
microfluidics.”” Therefore, the formation of all-aqueous
emulsion droplets simply by spontaneous breakup of liquid
fingers at the nonequilibrium w/w interface provides a viable and
efficient alternative for all-aqueous emulsification.

B EXPERIMENTAL SECTION

Chemicals. Polyethylene glycol (PEG, molecular weight M,, = 8
kDa) and PEG (M,, = 6 kDa) are purchased from Aladdin, Shanghai,
China; DEX (M,, = 500 kDa) and DEX (M,, = 10 kDa) are purchased
from CASB, Shanghai, China. The PEG and DEX are used to prepare
the two aqueous phases. Methylene blue, used to enhance the optical
contrast, is purchased from Sigma-Aldrich, St. Louis, USA.

Fabrication of HS Cell. The HS cell***” consists of two parallel
glass plates (76 X 52 X 1 mm), which are separated by poly(methyl
methacrylate) (PMMA) shims or glass capillaries. The glass plates are
cleaned in an acetone solution in the ultrasonic bath for 15 min,
sonicated in ethanol solution for 15 min, and then rinsed with deionized
water, and finally dried in the oven.*® The thickness of the HS cells are
varied by adopting different thickness of PMMA shims or different
diameter of glass capillaries, which ranges from 0.4 to 4.2 mm and are
measured by a vernier caliper. The edges of the HS cell are sealed with
epoxy.

Experiments in HS Cell. The experimental setup for observing the
interfacial phenomena at the nonequilibrium all-aqueous interface is
illustrated in Figure 1. The upper and lower layers of the vertically
orientated HS cell are initially filled with DEX (molecular weight M,, =
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Figure 1. Schematic of the experimental setup. DEX (molecular weight
M,, = 500 kDa) and PEG (molecular weight M,, = 8 kDa) aqueous
solutions are injected into the upper and lower sections of the HS cell,
respectively; the experiments are recorded by the camera with an LED
panel backlighting. The upper and lower parts of the cell are separated
by a lamina with a maximum thickness of 1 mm before the two phases
contact (marked in red color). The removal of the lamina produces a
delay contact of interface much smaller than the time scale of the
instability, and this effect could be neglected."?

500 kDa, 1—-30 wt %) or DEX (molecular weight M,, = 10 kDa, S wt %)
solutions and a denser PEG (molecular weight M,, = 8 kDa, 0—40 wt %)
or PEG (molecular weight M,, = 6 kDa, 30 wt %) solutions, respectively.
The two phases are separated by a thin lamina with a maximum
thickness of 1 mm before contact. After carefully removing the lamina,
the development of the flow is recorded by a long-range camera (Nikon
D5200) from one side (6000 X 4000 pixels), with a backlighting from a
light-emitting diode (LED) panel. The removal of the lamina produces a
delay contact of interface much smaller than the time scale of the
instability, and this effect could be neglected.'” Therefore, we assume
that the small perturbation induced by the removal of the thin lamina has
little influence on the following measurement. The captured images are
processed using Image]J software.

Measurement of Density, Viscosity, and Osmolality. The
density p, osmolality 7, and viscosity p of all-aqueous solutions are
measured by a density meter (DA-100M, Mettler Toledo), an
osmometer (model 3320, Advanced Instruments), and a viscometer
(RheoSense uVISC), respectively. The average values and errors are
obtained from three independent experimental runs. All of the values are
measured at room temperature (~25 °C).

B RESULTS AND DISCUSSIONS

Emergence of Droplets at the Nonequilibrium All-
Aqueous Interface. In a typical experiment, we first fill the
upper and lower layers of the HS cell with a less dense DEX (M,,
= 500 kDa) solution at low concentrations and a denser PEG
(M,, = 8 kDa) solution at high concentrations, respectively. After
the two phases come into contact, we record the behavior of this
all-aqueous (w/w) interface. A typical result and a schematic
illustration of the whole destabilization process for a 3 wt % DEX
solution being placed on the top of a 30 wt % PEG solution are
shown in Figure 2a,b, respectively. Because the two phases are
highly out-of-equilibrium, water (M,, = 18 Da) diffuses fast from
the DEX phase (osmolality zppx = 2.7 mOsm/kg-H,0) to the
PEG phase (osmolality 7ppg = 1605 mOsm/kg-H,0). Initially,
the density of the 3 wt % DEX phase (ppgx = 1.008 g/cm?) is
smaller than the density of the 30 wt % PEG phase (ppgg = 1.050
g/cm?). After a period of diffusion, we find that a denser layer
forms at the DEX/PEG interface which becomes unstable and
gradually grows into downward fingers.""** Remarkably, we
observe that during the process of fingering evolution, all fingers
break into droplets (Figure 2a and Movie S1 in the Supporting
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Figure 2. Emergence of droplets at the nonequilibrium all-aqueous interface. (a) Typical snapshots for the time evolution of the whole destabilization
process. (b) Schematic illustration of the whole destabilization process. Pure water diffusion and formation of a dense layer (i—ii, stage I); fingering
emergence (iii, stage I); and fingers breaking into droplets (iv, stage IIT). The concentrations of DEX and PEG solutions are 3 and 30 wt %, respectively.
The thickness of the HS cell is 1.05 mm. Methylene blue is added to enhance the optical contrast, where in all experiments, the dye concentration is 0.003
wt %. By comparing the experiments with and without dyes, we verify that no noticeable modification is introduced by the dyes. The scale bar is S mm.
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Figure 3. Two typical regimes characterizing the fingering phenomena. (a) Regime I: At small ¢y, fingering instability is the RT-type instability, in
which the fingers only grow downward without the formation of droplets (ppgx > ppgg); regime II: At high ¢pg, fingering instability is the DD-type
instability, in which the fingers could break into droplets (ppgx < ppgg)- The transition regime (light yellow, Ap = 0) between regime I and regime I is
also plotted. (b) Mean wavelength 7 of the observed instability for different initial PEG concentration ¢pgg with a given DEX concentration ¢hpgy = 3 wt
%. (c) Mean wavelength 7 of the observed instability for the different initial DEX concentration ¢bpgy with a given PEG concentration ¢pgg = 30 wt %.
The thickness of the HS cell is 1.05 mm. The inset of (c) shows the method to quantify the mean wavelength of instability, defined as the average
distance between peaks of the dominated finger beneath the interface. Each point is obtained from three independent runs performed in the same
condition. The scale bar is S mm.

Information). The important role of water diffusion from the top The evolution of the nonequilibrium w/w interface can be
generally classified into three stages. Initially, no fingering
instability is present at the interface. As the water in the DEX
phase gradually diffuses into the PEG phase, a dense DEX layer is
observed (stage I, Figure 2a(iii),b(iii)). At t = 1 min, the
fingering instability appears and keeps growing until the fingers

phase to the bottom phase is further supported by a control
experiment, where no droplets are observed when the top phase
has a lower density but a higher osmolality than those of the
bottom phase (see Figure S1 in the Supporting Information).
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Eventually, the tips of the fingers sink, stretch, and break into
droplets (stage III, Figure 2a(iv),b(iv)). In the last stage, we
suggest that the tips are exposed into the lower layer with a high
concentration; thus, they are dehydrated more drastically than
the root parts. With a high dehydration rate, these finger tips
possess a high density and sink to the bottom of the HS cell. This
observation is also supported by the darker color because of the
increased dye concentration at the finger tips, as shown in the
recorded images (Figure 2a). As we observe, during the whole
destabilization, the nonlinear regime, normally in the form of
convective mixing, occurring in classical RT-type and DD-type
instabilities, is not observed.” ™" Instead, all of the fingers
spontaneously break into droplets. This interesting result may
come from the important role of local diffusion at the finger
roots.” More likely, during the fingering process, interfaces are
formed between the finger phase and the bulk phase as a result of
phase separation,***> and thus these fingers break up similar to
water dripping from the faucet™ (see Figure 2a,b; Movie S1 in
the Supporting Information).

Two Qualitatively Different Regimes. To quantify the
concentration effect on the unstable fingers, we perform
experiments with different initial concentration of PEG solution
¢rrc- A variety of initial concentrations ¢pg from 0 to 40 wt %
are adopted for a given initial concentration of DEX solution
¢pex = 3 wt %. To characterize the fingering phenomenon, we
define the mean wavelength, 2, as the average distance between
the dominant fingers (see inset of Figure 3c). We find that, for
low ¢pgg, the fingering instability behaves as the RT-type
instability without the formation of droplets, as shown in Figure
3a(i). The RT-type instability is caused by the higher initial
density of DEX solution in the upper layer than that of PEG
solution in the lower layer (see Tables S1 and S2 in the
Supporting Information). In this regime, the mean dominant
wavelength of the fingers 7 is around six times the gap width e,
close to 5 + 1 obtained in the previous experimental and
numerical study,'> as shown in Figure 3b. As for high
concentration of PEG solution, the initial density of DEX
solution is Jower than that of PEG solution in the lower layer, the
fingering instability resembles the DD-type instability but with
the formation of droplets (Figure 3a(iii)). In addition, a
transition regime is presumably present (Figure 3a(ii)). The
mean wavelength strongly depends on the ¢pg in the DD-type
regime. The critical concentration ¢pc, representing the
transition from RT-type instability to DD-type instability, is
around 7 wt % for a given ¢ppx = 3 wt %. Besides, we are able to
observe the breakup of fingers only if the ¢hpyg is above the critical
value ¢ppc (Figure 3ab; Movies S2—S4 in the Supporting
Information). The average size of the resulting droplets, d,
strongly depends on the mean wavelength 4 of the fingers and
increases with the increasing mean wavelength 4, as shown in
Figure S2 in the Supporting Information.

We also observe that, for high ¢ppg above the critical
concentration ¢pc, some of the fingers merge with their
neighbors, whereas afterward emit droplets as well (Movie $4
in the Supporting Information). Although for low ¢y but above
the critical concentration ¢pc, the unstable fingers penetrate into
the lower phase with little mergence with their neighbors (Movie
SS in the Supporting Information). The characteristic time scale
of the fingering formation varies substantially for different initial
concentrations and may depend on the diffusion rate between
the two solutions.”” Furthermore, we also observe that the
heavier falling fingers are highly asymmetrical with the lighter
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rising fingers, which may be caused by the different viscosity of
the two aqueous phases."”

To test whether these two different types of instability are also
present for different concentration of DEX solutions ¢pgy, we
plot the mean wavelength 1 of the observed images as a function
of the initial DEX concentration ¢pgx for a given ¢pgc = 30 wt %.
For a typical variation, 1 increases from 2.1 to 4.6 mm as ¢ppx
increases from 1 to 10 wt %. Indeed, a critical DEX concentration
exists, delimiting the RT-type fingering and DD-type fingering,
which is indicated by a jump of the fingering wavelength for 10 to
15 wt % DEX solutions, as shown in Figure 3c. Therefore, we find
that only if gy is below a critical concentration ¢p, fingers can
break into droplets, whereas for ¢ppx > @pc, fingers behave as
RT-type instability and quickly grow down into the bottom of the
container without breaking into droplets, which is similar to the
experimental results illustrated in Figure 3a.

Apart from the effects of the initial DEX and PEG
concentrations, another important parameter that possibly
affects the fingering instability is the thickness of the HS cell
e.”® Here, we focus on the regime of DD-type fingering with
droplet formation and conduct experiments with different cell
thickness e, varying from 0.4 to 4.2 mm. The initial
concentrations of DEX and PEG solution are 3 and 30 wt %,
respectively. Interestingly, we find that the mean wavelength
does not appreciably depend on the cell thickness e. Instead, the
mean wavelength 4 is nearly constant and approximates to 3 mm
for different cell thickness e, as shown in Figure S3 in the
Supporting Information. Therefore, we hypothesize that, in this
ternary system, the dominant length scale of the DD-type
fingering is not determined by the cell thickness but might be
relevant to the length scale of diffusion.”” To support this
hypothesis, we gently place a thin layer (~1.5 mm) of 3 wt %
DEX solution on a 30 wt % PEG bulk solution and record the
dynamics of the droplet formation, including the length and time
scales of nucleation, from a top-down view. We notice that the
length and time scales in this case are close to the results obtained
in the HS cell, further confirming our hypothesis that the
dominant length scales are related to diffusion (see Figure S4 in
the Supporting Information).

Phase Diagram Delineating Two Different Regimes. To
obtain the parameter space within which the droplets could form
at the nonequilibrium w/w interface, we study parametrically this
fingering phenomena for various combinations of the two
aqueous phases. We vary the initial DEX concentration ¢pgx and
PEG concentration ¢hpgg in a large parameter space, with ¢ppx
and ¢pgg ranging from 1 to 30 wt % and from 0 to 40 wt %,
respectively (summary of all density, viscosity, and osmolality are
given in Tables S1 and S2 in the Supporting Information). Then,
we organize our experimental observations in a ¢ppc—¢@pex
phase diagram, as shown in Figure 4.

Generally, the ¢pgg—¢@pex phase diagram delineates the
interfacial fingering into two different regimes: RT-type fingering
without droplet formation and DD-type fingering with droplet
formation (Figure 4). For a small ¢y, the density of DEX
solution is larger than the density of PEG solution in which ppgx
> Ppr triggering the RT-type instability (circles in Figure 4). In
this region, no droplets are observed because of the fast evolution
of the RT-type instability. As we increase the ¢pyg for a relatively
small ¢pgy, the density of the DEX phase is smaller than the
density of the PEG phase in which ppgy < pppg, and the fingers
emerging at the interfacial region become unstable and break into
small droplets (triangles in Figure 4). The initial density
difference, Ap = ppgx—pprg, is assumed to be a critical parameter
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Figure 4. Phase diagram. On the basis of initial DEX concentration ¢ppx
and initial PEG concentration ¢pgg, two qualitatively different regimes
are identified: RT-type fingering without droplet formation where ppgx
> pprg (circles), and DD-type fingering with droplet formation where
Ppex < Prig (triangles). Transition points between the two regimes (see
Figure 3a(ii)) are found to be near the curve of Ap = 0 (squares). The
black dashed line, representing the density difference Ap = 0,
successfully captures the transition between the RT-type fingering and
DD-type fingering.

for determining the transition between RT-type instability and
DD-type instability. To account for this value, we draw the curve
of Ap = 0 into the phase diagram. Indeed, this curve captures the
boundary between the RT-type fingering and DD-type fingering
(dashed line in Figure 4). We find that only in the regime of DD-
type fingering, in which pppy < ppgg, the fingers can break into
droplets. The presumable transition points (see Figure 3(ii))
near the curve of Ap 2 0 are also plotted in Figure 4 (squares).
Opverall, our phase diagram suggests that a suitable combination
of a less dense DEX solution and a denser PEG solution could
provide a versatile control to fabricate droplets at the
nonequilibrium w/w interface. This self-emergence of droplets
is not limited to DEX (M,, = 500 kDa)—PEG (M,, = 8 kDa)
aqueous system. The same phenomenon is also observed in DEX
(M,, = 10kDa)—PEG (M,, = 6 kDa) aqueous system (see Figure
SS in the Supporting Information).

Scalable Platform for Generating All-Aqueous Drop-
lets. To further demonstrate the emergence of fingers and their
breakup into an array of droplets, we continuously drip the 3 wt
9% DEX (M,, = 500 kDa) solution onto the 30 wt % PEG (M,, = 8

kDa) bulk solution in a beaker (Figure 5(i)). We observe that a
flat interface is formed (Figure 5(ii)), followed by a large number
of fingers spontaneously appearing at the w/w interface (Figure
5(iii) ). These fingers break into droplets and eventually sink to
the bottom of the container, as shown in Figure 5(iv) and Movie
S6 in the Supporting Information. Generally, the whole process
in this three-dimensional (3D) container is similar to the self-
emergence of droplets observed in the confined quasi-two-
dimensional (2D) HS geometry (see Figures S and 2), further
confirming that the self-emergence of the all-aqueous droplets at
the nonequilibrium w/w interface could also happen in the 3D
configuration. To conclude, with this simple platform, assemblies
of all-aqueous droplets could be generated at the nonequilibrium
all-aqueous interface with potential upscalability in a very short
time (less than 10 min).

Discussions. In this work, we suggest a possible mechanism
that accounts for the transition between the regime of RT
fingering and the regime of droplet formation. The RT fingering
is due to the initially higher density of upper layer than that of
lower layer in the vertical HS cell, where we could not observe
any droplets. However, when the initial density of the upper layer
is smaller than that of the lower layer and the initial osmolality of
the top layer is smaller than that of lower layer, the formation of
fingers is observed, and the fingers subsequently break up into
droplets. The formation of all-aqueous droplets is possibly
because of the diffusion of water from the top layer into the lower
layer, inducing the formation of a dense layer near the interface.
This dense layer is unstable because of the density difference and
consequently forms fingers, which then break up into droplets.
On the basis of the initial concentrations of DEX and PEG
solutions, we summarize all of the experimental results into a
phase diagram that clearly shows the transition boundary
between the two regimes.

Although our phase diagram clearly delineates two qual-
itatively different regimes in which the droplet could form or not,
our analysis does not describe other details of the experimental
results. For instance, the formation of the dense aqueous layer,
the process of phase separation, droplet nucleation in all-aqueous
systems, the emergence of fingers, and the breakup of the fingers
are not yet quantitatively explained. A comprehensive theoretical
model or a numerical simulation accounting for the whole
process of the self-emergent droplets is beyond the scope of the
present work. This experimental discovery will stimulate further
theoretical and numerical investigations coupling hydrodynam-
ics, diffusion, phase separation, and gravitational effect. With a
simple setup, assemblies of all-aqueous droplets are directly

(.i) t=0min kii) t=1min

(iii) t = 4 min

(iv)t=6min

Figure S. Spontaneous droplet formation at the nonequilibrium w/w interface in a scalable method. Initially, the DEX phase is continuously dripped on
the PEG phase (i), then a flat w/w interface is formed (ii), the interface becomes unstable with finger formation (jii), and these fingers break into
droplets and finally sink to the bottom of the container (iv). The whole evolution of w/w interface in this 3D cylindrical device (beaker) is similar to the
self-emergence of droplets in the 2D vertical HS geometry. The concentrations of DEX and PEG solutions are 3 and 30 wt %, respectively. The scale bar
is S mm.
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emitted at the nonequilibrium all-aqueous interface in the
gravitational field, and their size can be easily adjusted by varying
the initial concentrations of two nonequilibrium aqueous phases.

B CONCLUSIONS

In summary, we have shown the interfacial phenomena of
fingering instability at the nonequilibrium all-aqueous interfaces.
Our work highlights the role of nonequilibrium effect in all-
aqueous systems as a reliable route to produce droplets. The
instability observed in our nonequilibrium all-aqueous systems
closely resembles those in miscible or partially miscible two-layer
systems. However, in this work, using a single all-aqueous system,
the RT-type instability and the DD-type instability can be
observed with the formed fingers breaking up into regular
droplets rather than turning to the nonlinear stage of convective
mixing. These droplets can be easily collected and used as
templates for synthesizing all-aqueous-based biomaterials.
Furthermore, the formation of droplet array by continuously
dripping one aqueous phase onto another aqueous phase further
confirms the robustness of our experimental results. We believe
that our results open up a versatile approach to generate all-
aqueous emulsions that possess great potential in practical
applications.
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