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ABSTRACT: We report the single-step formation and stability of
protocell-like, core-shell coacervate droplets comprising a poly-
electrolyte-rich shell and a solvent-rich vacuole core from the
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid)
(PAA) system. These double emulsion (DE) coacervate droplets
coexist with single emulsion (SE) droplets, suggesting a kinetic
mechanism of formation. We use high-throughput microscopy and
machine learning to classify droplet morphologies across various
final compositions (polyelectrolyte ratios and salt concentrations) and processing routes (mixing rate and thermodynamic path). We
find that DE droplets form preferentially over SE droplets at a wide range of compositions using a slow injection mixing rate. DE
droplet formation is enhanced at lower salt (NaCl) levels and near 1:1 charge stoichiometry, showing a preference for polycation
excess. DE droplets are stable to the micron scale and retain their core-shell structure even after coalescence. Nevertheless, they are
metastable; direct observations of various coarsening phenomena suggest that they are primarily stabilized by the viscoelasticity and
high viscosity of the polymer-rich shell. Overall, the scalable, simple mixing process used herein offers a novel mechanism to produce
multiphase coacervate droplets that is orthogonal to existing routes, which require either dropwise synthesis or thermodynamic
tuning.

■ INTRODUCTION
Complexation between oppositely charged macromolecules is
prevalent in a broad range of chemistries, including proteins,
ionic surfactants, and synthetic polyelectrolytes. As a result,
industrial processing of charged functional polymeric materials
often involves “coacervation”, which occurs when these
associations trigger solution phase instability toward liquid-
liquid phase separation. Coacervation is common during
manufacturing of personal care,1 food,2 and other industrial
products featuring macroionic ingredients that gel, foam,
modify viscosity, or encapsulate. In addition, naturally forming
coacervates conduct myriad biological functions in cells as
membraneless organelles,3 like enhancing the rate of
biochemical reactions, sequestering inhibitors, and buffering
stochastic cellular noise.4 Across industrial and biological
applications, coacervation typically forms a suspension of
macroion-dense, single-phase “coacervate” droplets dispersed
in a second, macroion-dilute continuous phase.
In more conventional oil-in-water emulsion systems, the

development of morphologically complex droplet structures�
with multiple subcompartments or phases�has enabled
functionalities well beyond what uniform, single-phase droplets
could achieve, including applications as delivery vehicles,
particle templates, chemical sinks, and more.5 In coacervate
emulsion systems, the need to broaden the diversity of
available droplet structures beyond uniform droplets is
increasingly relevant, with growing interest in engineering
multiphase coacervate droplets for protein encapsulation6 and

drug delivery,7 and as synthetic bioreactors8 or lipid-free
protocell models for origin-of-life studies.9 Identifying facile
routes to achieve morphologically complex coacervate droplet
structures will similarly enable and multiply the engineering
possibilities for coacervate emulsions as it has for oil-water
emulsion systems.
Two main classes of higher-complexity coacervate droplet

structures have been reported to date. The first consists of
multiple coexistent coacervate phases that self-organize into a
multilayered structure within each droplet. This structure
occurs naturally in some membraneless organelles to improve
the efficiency of important cellular functions�such as
transcription and processing of rRNA10 and epigenetic
inheritance during cell division11�by colocalizing the various
enzymes, substrates, and reaction products into a given
biochemical pathway by preferentially partitioning them into
the organelle’s successive coacervate layers. In synthetic
systems, multilayered coacervate droplets that imitate these
organelles have been achieved in a number of biomolecular
chemistries, including the associated enzymatic reactions ex
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vivo.12 These multilayered structures form as a result of mixing
multiple coexisting coacervate dense phases, and are stabilized
by the careful balance of interfacial tension and macro-
molecular density between them.13 In other words, the design
rules for multicoacervate multilayer droplets are well-
established, yet achieving the desired multilayered droplet
structure from these many-component mixtures requires
careful molecular design to ensure thermodynamic and
interfacial stability.
The second higher-complexity coacervate droplet structure

observed to date is the “hollow” or “vacuole-like” structure, in
which a dilute watery core is encapsulated within a dense,
single-phase coacervate shell. Hollow capsules offer distinct
advantages in many broader technological applications, since
their interior cavity is particularly useful for carrying a payload
and tuning its release.14 However, as compared to oil-water
core-shell emulsion systems, vacuole-like coacervate droplets
have not been widely demonstrated. Prior works require at
least a two-step process to form such structures, reporting their
formation after a pre-equilibrated coacervate is exposed to an
external change�through the application of an external force,
like an electric field15 or laser tweezers;16 heating17−20 or
cooling;21 addition of RNA,21−23 protein,24,25 or water;26 or
pH change17�that causes it to undergo a phase instability. As
a result, much of the work on vacuolated coacervates is more
relevant to continuous, porous coacervate matrices than
multiphase droplet behavior in single-coacervate systems.
While porous coacervate matrices have promising applica-
tions�enabling, for example, multimodal release kinetics of a
drug in vivo27�easily accessing hollow coacervate droplet
structures would open further possibilities for coacervate-based
materials design.
Existing methods to form hollow coacervate droplets�or

polyelectrolyte microcapsules�on demand during initial
mixing require the use of a templating two-phase emulsion
system like PEG/dextran or oil/water, whose interface
templates the structure of the coacervate shell that
spontaneously forms at the interface.28 These methods utilize
nanoscale interfacial complexation in emulsions (NICE),29

with one phase containing polycation and the other polyanion,
and has been extended to all-water emulsion bodies (AWE-
somes) by replacing one of the polyelectrolytes with
nanoparticles to improve the shell’s mechanical properties.30

While the resulting structures are broadly promising as
nanoengineered microcapsules and protocell systems, they
require dropwise addition or microfluidic synthesis to enable
reproducible templating of the capsule shape.
There is therefore a need and opportunity to devise more

general nonequilibrium routes to form hollow core-shell
coacervate emulsions, whereby combinations of fluid mechan-
ics and mass transport during the coacervate bulk phase
separation process are used to bias the formation of metastable,
vacuole-like droplet structures en masse. Methods to increase
the complexity of multiphase coacervate droplet structures
beyond the thermodynamics of multiphase equilibria are
currently scarce. By contrast, in oil-water emulsion systems,
highly complex multiphase droplet structures are commonly
formed in bulk in a single step by tuning the non-equilibrium
processing path. The effects of shear, pressure drop, and other
processing flows on drop formation and destabilization are
widely used to control the structure and stability of oil-water
droplets.31 Using a single oil and a single water phase,
kinetically stable oil-water emulsion droplets with multilayered,

cocontinuous, or complex nested structures can be formed
through intelligent design of the processing pathway and
choosing the right surfactant blend.5 These advancements
suggest that the well-developed literature on multiple oil-water
emulsion systems should inspire novel approaches to control
droplet structure and functionality in coacervate emulsion
systems. For example, we recently demonstrated that colloidal
size and aggregation of coacervate droplets could be controlled
by tuning the mixing flow conditions used during coacervate
formation.32 Additionally, coacervate droplet coarsening can be
suppressed by functionalizing the component polyelectrolytes
with a neutral polymer block in either a linear33 or comb8

architecture that forms a water-soluble corona around the
coacervate core, or by adding dextran to form a polysaccharide
layer deposited at the droplet surface,34 analogous to the role
of surfactant in oil-water systems.
Herein, we demonstrate how judicious choice of processing

parameters like mixing injection rate can be used to generate a
higher-complexity coacervate droplet structure from an
emulsion system with a single dense phase. In particular, we
discover the spontaneous formation of hollow-core coacervate
droplets during bulk mixing, without the need for multiple
coexisting coacervate phases or initial multiphase template
structures. We characterize this hollow droplet formation over
a wide range of preparation conditions�including both
composition, mixing paths, and flow effects�and develop a
detailed picture of the conditions and mechanisms controlling
their formation. Unlike in oil-water systems, the resulting core-
shell droplets do not require surfactants to promote their
formation, and we propose an evidence-based explanation for
their surfactant-free stability. Similar high-complexity droplet
structures have not been formed in bulk in a single step from a
single coacervate phase until this work.

■ MATERIALS AND METHODS
Materials. The polycation was poly(allylamine hydrochloride)

(PAH), received as dried powder, and the polyanion was poly(acrylic
acid sodium salt) (PAA) received as a 35 wt % solution in water from
Sigma-Aldrich. Molecular weights of the polymers are reported as Mw
= 17,500 g mol−1 (degree of polymerization N = 187) for PAH, and
Mw = 15,000 g mol−1 (N = 160) for PAA. Both polyelectrolytes were
used without further purification. Sodium chloride (NaCl, ≥99%) was
purchased from Spectrum Chemical and used as received. Milli-Q
water was obtained from a Millipore Sigma Simplicity UV system to
further purify deionized water (18.2 MΩ ·cm at 25 °C). The dense
and dilute phase boundaries for this coacervating system at the same
molecular weights used herein have been carefully measured at 1:1
mixing between 0 and 4.5 M NaCl (pH ∼ 7) in our prior work,35 as
well as estimated at nonstoichiometric mixing conditions using a
molecularly informed field theoretic model for the PAA/PAH
chemistry with N = 15036 (see ESI Section 1). All compositions
tested herein lie within the two-phase region.
Preparation of Stock Solutions. Coacervate emulsions were

prepared from mixtures of PAA and PAH stock solutions in Milli-Q
with added NaCl. First, concentrated solutions of PAA and PAH were
prepared at a 1 M concentration with respect to the number of repeat
units, as described in prior work.32 In addition, a 24.5 wt % solution of
NaCl (5 M) was prepared. The final stock solutions were generated
immediately prior to each experiment by mixing the appropriate
volume of the 1 M polymer and 5 M NaCl solutions into Milli-Q
water. Importantly, we found no evidence of salting-out or self-
assembly of either polymer prior to mixing, as in prior work.32

Mixing Procedures. A variety of PAA/PAH solution volume
ratios, injection rates, and compositions were used herein, as the
mixing procedure was found to significantly affect core-shell DE
droplet formation. Different variables are held constant during
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different mixing procedures. To avoid ambiguity, we provide all
details for each mixing procedure alongside the resulting data set in
the subsections of “Mixing Conditions Favoring Double Emulsion
Formation” in the Results and Discussion, where these concepts are
introduced. In “Composition”, the final composition is varied while
the injection rate and volume and composition of the mixed stock
solutions are held constant during mixing. In “Mixing Speed”, the
injection rate is varied while the final composition, composition of the
mixed stock solutions, and injection volume are held constant during
mixing. Finally, in “Salt Gradient”, the composition of the mixed stock
solutions is varied, while the injection rate, volume, and final
composition are held constant.
Automated Imaging. Micrographs were collected using an Axio

Observer 7 microscope outfitted with a computer-controlled
motorized sample stage and motorized autofocus objectives, and
recorded with an Axiocam 702 monochromatic camera under
brightfield illumination. The study employed a motorized 20×
autofocus air objective with a numerical aperture (NA) of 0.6,
corresponding to a pixel size of 0.293 μm. The environmental
chamber maintained a controlled temperature of 25 °C. Automated
imaging experiments were conducted as follows. Samples were mixed
as described in the subsequent sections, with t = 0 taken to be the
second at which mixing was completed. 100 μL of sample was
transferred to a glass-bottomed 96-well plate, which was loaded into
the Zeiss microscope. Autofocus was preset to a fixed distance of ∼1
to 5 μm above the glass surface. The microscope was preprogrammed
to acquire 8, nonoverlapping brightfield images spanning the well
area. Exposure time was optimized prior to imaging each sample using
the automatic settings provided by the Zeiss software. To provide a
reliable comparison between different mixtures given the metastability
of the DEs�as well as to prevent the effects of aging (such as core
expulsion) from affecting comparisons between DE formation
propensity at various mixing conditions and compositions�
automated imaging was conducted at precisely 3 min after mixing
completed for each sample.
The image series and corresponding videos used to study

destabilization mechanisms were captured manually rather than
automatically, and the destabilization mechanisms were generally
observed and captured well past 3 min after mixing. However, these
image data otherwise utilized identical microscope, objective, camera,
and other parameters just described.
Image Processing. Trajectories. To track the cores and shells of

double emulsion (DE) droplets as a function of time, a custom
MATLAB code was generated. Conventional multiple particle
tracking algorithms (i.e., Crocker & Grier) identify nonoverlapping
spheres,37 and thus were not possible for the images herein. In each
video frame, the imfindcircles function was used to find both the outer
and inner radii. The outer radius was detected by specifying a size

between 5 and 100 pixels, and the inner by specifying a dark object
polarity and size between 3 and 8 pixels. The predicted inner and
outer sizes deviated across frames by only 1.7 and 5.8%, respectively.
Examples of the inner and outer radii fit circles overlaid on top of
core-shell micrographs are provided in Figure S1.
Droplet Classification. An image classification machine learning

(ML) algorithm was used to differentiate the core-shell “double
emulsion” (DE) structures from conventional “single emulsion” (SE)
droplets within the same image and across compositions. In addition,
the algorithm differentiated DE and SE droplets from those that were
not clearly in either category�namely, overlapping or droplet
structures and out of focus droplets�as well as background noise.
Model Development. The model required a well-labeled set of

images in each category for training. Prior to categorization by ML or
for the training data set, regions of interest (ROI) were identified and
cropped from images using a custom Python code described in ESI
Section 3.2. To create the training data set, we manually sorted ROI
into five categories. Double-emulsion or “DE” droplets had an
obvious core-shell structure. Single emulsion or “SE” droplets were
single dots of black or white surrounded by background. ROI
containing multiple or overlapping droplets, or otherwise irregular
shapes (e.g., dust particles), were labeled as aggregate or “Agg”
structures. The “Skip” category differentiated droplets that could not
be clearly distinguished as a core-shell, i.e., droplets with possible
irresolvable substructure typically due to being out-of-focus or very
small. Finally, the “Other” category described background noise or
ROI that only captured the edge of a droplet. Example droplets from
each category are illustrated in Figure 1a, with more examples of each
provided in Figure S2. The inclusion of Agg, Skip, and Other labels
significantly enhanced the model’s ability to correctly detect and
differentiate well-defined, in-focus DE and SE droplet structures.
To learn the model, the 4142 training ROI and their associated

labels�SE, DE, Agg, Skip, or Other�were archived into a database.
Data augmentation to obtain 13,400 total labeled ROI (2680 per
type) is described in ESI Section 3.4. The total data set was split
randomly into a training set learned by the ML model (95%, or 12730
labeled images) and a test set used to evaluate the ML model’s
accuracy after training (5%, or 670 labeled images).
The model was trained using the Google Colabs platform with the

AutoGluon (version 0.8.2) multimodal ML package (AutoMM) using
MultiModalPredictor in Python (Pytorch version 1.31.1 + cu117).
We used a convoluted neural network (CNN) model with 12 hidden
layers. Accuracy was used as the validation metric. The activation
function was a Rectified Linear Unit (ReLu) and the loss function was
the categorical cross-entropy model. The ML model was trained over
10 epochs, with 899 global steps total. During the training process, the
model was evaluated on the validation set after every 45 global steps
(twice per epoch). Justification and further explanation of these

Figure 1. Summary of machine learning model for identifying droplet morphologies. (a) Typical ROI corresponding to each droplet category. Scale
varies; r ≈ 1 μm for a typical droplet (pixel size is 0.293 μm/pixel). (b) Precision-recall curves for each droplet category, evaluated using the test
set, show the trade-off between the model’s ability to find the droplets in a given category (recall) versus its ability to accurately identify the
category of droplets (precision). An ideal model has area under the curve (AUC) = 1.
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selections and functions is provided in ESI Section 3.5. The model
achieved a validation accuracy between 83.7 and 84.1% in the top 3
evaluations during the training process. These three checkpoints were
subsequently fused via the greedy soup algorithm to create the final
model.
Model Performance. The classification ML model was determined

to have an 83.9% overall accuracy according to its performance on the
validation set during model training. The model’s ability to accurately
and precisely categorize droplets in the test set reveal its detailed
performance abilities for each droplet type. Confusion matrices
describing the trained model’s predictions for each category relative to
the true labels are available in Table S1 expressed as a percentage, and
numerically in Table S2. The model was able to predict between 72
and ∼95% of the labels correctly across all categories in the test set.
Categorized by type, accuracy is 98.2% for single-phase emulsion
droplets (SE); 92.5% for core-shell or double-emulsion droplets
(DE); 89.6% for out of focus droplets (Skip); 97% for overlapping or
multiple droplets in a single ROI (Agg); and 90.4% for background
noise or artifacts (Other). As a point of reference, a recent survey on
deep learning algorithms in microscopy image analysis identified 12
published image classification studies�all for cell classification (e.g.,
detection of cancerous cells)�whose accuracies (Jaccard index)
averaged 90.5% with a standard deviation of 10.0%, ranging from 66
to 99.5%.38

The precision-recall curve evaluated using our trained ML model
with the test set is shown in Figure 1b. The area under the curve
(AUC) metric calculated from this curve can provide insights as to
how well the model can identify DEs among the other droplet types
while maintaining a high level of precision. A perfect AUC value is 1.0,
and 0.5 is prediction equivalent to random chance. The calculated
AUC values are 0.970 for SE, 0.884 for DE, 0.961 for Agg, 0.822 for
Skip, and 0.877 for Other. Thus, our model exhibits exceptional
proficiency in recognizing and distinguishing SEs and aggregates, and
it performs quite well at distinguishing DEs and mitigating noise into
the Other category. More detail about calculation and interpretation
of the precision-recall curve and AUC is available in ESI Section 3.6.
Other performance metrics�namely the true positive (TP) and false
positive (FP) rates; true negative and false negative (FN) rates;
positive and negative predictive values; and the false discovery rate�
and the raw numerical values of true and false positives and negatives
for each category are provided in Table S3.
Model Workflow. To run the trained ML model on test image

data, the model and micrograph to be labeled are loaded into a
Google Colabs workspace. ROIs are identified in the micrograph as
described in ESI Section 3.2. Typically between 1000 and 5000 ROI
are detected per micrograph depending on the composition. Each
ROI is evaluated and labeled using the trained model. To avoid
double-counting, we reject any ROI fully contained within another
larger ROI. Label counts are summed to return the final statistics for
each droplet type.

■ RESULTS AND DISCUSSION
Two-Polyelectrolyte Core-Shell Droplets. Double-

emulsion (DE) droplets, characterized by a core-shell
morphology, are formed from mixed solutions of PAA and
PAH upon initial mixing. A time-lapse sequence of one such
core-shell droplet sedimenting onto a glass slide is shown in
Figure 2a. This novel droplet structure comprising three phases
from only two polyelectrolyte components often coexists with
the well-studied classical single-emulsion (SE) droplets also
formed by the PAA/PAH system,32,39 with relative propensity
to form each morphology dependent on mixing ratios and
conditions detailed in the following subsection.
The individual Brownian motions of the shell and core of

this droplet are tracked in Figure 2b. The trajectories of the
centers of the core and shell are clearly coupled, but their
relative motion illustrates that the core is mobile within the
droplet; the shell retains fluid-like properties. Tracking
methodology is described in “Image Processing” in Materials
and Methods.
Fluorescence microscopy aided by autofluorescence of the

polyelectrolytes was used to verify the two-phase morphology
of the DE droplets (Figure 3). The intrinsic fluorescence of
PAA/PAH coacervates has been used previously to image
vacuoles in a continuous coacervate matrix. It is also observed
in individual powders and solutions of PAA and PAH, and may

Figure 2. A typical core-shell droplet structure from mixed solutions of PAA and PAH in water is tracked using video imaging. (a) Brightfield
micrographs of the core-shell coacervate droplet sedimenting onto a glass slide. (b) Trajectories of the droplet’s core and shell centers are
individually monitored, illustrating distinct yet interrelated Brownian motion patterns. Axes represent the distance (pixels) from the center of the
micrographs, corresponding to the red square outlined in (a). Inset shows the time progression of the real distance between core and shell centers.
Composition: 30 mM with respect to the number of PAA and PAH repeat units (r.u.), 1:50 mol:mol PAH:PAA, 2.5 M NaCl.

Figure 3. Fluorescence microscopy verifies that the double emulsion
droplets have polyelectrolyte-dense shells and dilute cores. (a)
Brightfield and (b) fluorescence micrograph (ex: G365 nm, em: BP
445/40; contrast is enhanced). Weak autofluorescence of the
concentrated polyelectrolytes reveals that the core of the droplets
are dilute. The total solution contains 30 mM r.u., 50:1 mol:mol
PAH:PAA monomer at 2.5 M NaCl.
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originate from initiator residue.26 Autofluorescence imaging is
preferable to labeling the dense phase with a (typically bulky
and hydrophobic) fluorescent dye, since prior work has
demonstrated that the presence of hydrophobic domains17 or
aliphatic groups (e.g., fatty acids40) can result in heterogeneous
or multiphase coacervate structures. In Figure 3b, the dark core
thus corresponds to the polyelectrolyte-dilute phase, and the
fluorescent shell corresponds to the polyelectrolyte-rich dense
phase. Hollow core-shell coacervate droplets have not
previously been observed in the solution phase, i.e., as a
spontaneous emulsion. Rather, in prior works, vacuoles within
the dense phase or within sedimented coacervate droplets have
been induced through changes in external parameters such as
temperature12,20 or composition,21,24 or grown within the
dense phase as a result of coacervate aging,21,32 after local
equilibration of the dense and dilute phases into a single
emulsion.
The “hollow” core-shell DE droplets formed herein contrast

with the majority of multiple emulsion coacervate droplets
reported in the literature, which consist of multiple mixed
dense phases (i.e., where both the core and shell are
coacervates). In the present PAA/PAH system, experiments
using symmetric polyelectrolytes have observed a single dense
phase, so theories describing complexation41,42 and a recent
molecularly informed field theoretic model for the PAA/PAH
coacervating system36 have been developed accordingly. Under

the ideal assumptions of a two-macroion system of symmetric
polyelectrolytes (both of similar molecular weight and charge
fraction) and monovalent counterions of the same size, the
concentrations of polyanion/polycation and small anion/
cation are equivalent; such a mixture is essentially a two-
component system due to local electroneutrality.41 However,
in the real system, the polyelectrolytes are not perfectly
symmetric: therefore, by the Gibbs Phase Rule, even the PAA/
PAH and NaCl system�consisting of a single polyanion and
polycation species with counterions in water�could form
multiple condensed or multiple dilute phases. This may be one
possible explanation for our observation of hollow coacervate
droplets. However, our DE droplets do not necessarily
comprise equilibrium phases, as explored below.
Mixing Conditions Favoring Double Emulsion For-

mation. As evident in the micrographs of Figure 3, only a
fraction of the droplets exhibit a core-shell double emulsion
(DE) droplet structure, with the rest comprising a single-
emulsion (SE) structures, i.e., they do not contain a dilute
core. This indicates that DE droplets are not equilibrium
structures, and that their formation and stability compete with
that of SE droplets. This Section evaluates the formation
propensity of the core-shell DE structure in order to identify
processing and compositional conditions that promote the
formation of DE droplets. Specifically, we investigate how the
mixing conditions�composition, mixing rate, and thermody-

Figure 4. Formation propensity of single and double emulsion droplets at various PAA:PAH ratios and at low vs. high salt. Average counts of SE vs.
DE droplets per microscopy image (counts/0.200 mm2 area) are shown at (a) 1 M NaCl and (b) 3 M NaCl. (c) Comparison of the DE count at 1
vs. 3 M NaCl in log scale and (d) linear scale. (e) The prevalence of DE on average at each salt condition, expressed as a percentage of the total
number of droplets in the system (accounting for SE, DE, Agg, and Skip). (f) The average prevalence of DE droplets relative to SE droplets is
expressed as a percent difference of the total number of droplets in the system (accounting for SE, DE, Agg, and Skip). Negative values of this
difference (below the dotted line) form fewer DEs than SEs at that condition, with larger magnitude reflecting a greater difference in formation
propensity. DE are less favored farther from 1:1 stoichiometry. Error bars indicate standard error (n ≥ 3).
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namic mixing path�affect the tendency to form core-shell DE
droplets relative to SE droplets, and suggest guidelines for
choosing these parameters in order to enhance core-shell
formation.
Composition. To investigate how the composition of the

final PAA/PAH mixture affects formation of DE structures, we
examined emulsion formation in solutions mixed at a wide
range of PAA:PAH ratios. Mixing was conducted by preparing
stock solutions of PAA and PAH at total polyelectrolyte and
salt (NaCl) concentrations equivalent to that of the final
mixture. The total mixed polyelectrolyte concentration was
fixed at 20 mM with respect to the number of repeat units
(r.u.). Prior works on the PAA−PAH system of the same
molecular weights and comparable composition32,35,43 found
that variations in r.u. have a comparatively small effect on the
properties of the resulting coacervate, particularly when
compared to changing salt concentration. Here, NaCl
concentration was varied between 1 and 3 M. The salt-free
condition is unreported, since we could not obtain reliable
counts across PAA:PAH ratios with our current methods due
to higher droplet concentrations and large prevalence of
droplet aggregates like those observed in prior work.32

With this approach, different PAA:PAH ratios were obtained
by varying the relative volumes of the two stock solutions. To
ensure equivalent fluid dynamics of mixing across different
compositions, the volume of the charge stoichiometry-limiting
polyelectrolyte stock was fixed at 1 mL, and added over a
duration of exactly 1 s by pipet injection into the stock of
excess polyelectrolyte. Each mixture was capped in a 5 mL
tube, inverted twice, then 100 μL of sample was transferred
into a 96-well plate for automated microscopy (see
“Automated Imaging” in Materials and Methods). Images
were captured at precisely 3 min after mixing to minimize the
effects of droplet spreading and other destabilization
mechanisms. The resulting micrographs were analyzed to
count the number of SE and DE droplets in each image using a
custom machine learning algorithm (see “Droplet Classifica-
tion” in Materials and Methods). The following results report
average “counts” per image (size 0.200 mm2: 562.56 μm ×
356.29 μm), with error bars reflecting the standard deviation of
counts between different micrographs.
Figure 4a,b report the prevalence of DE and SE droplet

structures across various mixing ratios of PAA:PAH at low (1
M) and high (3 M) NaCl concentrations. Under both salt
conditions, proximity to the 1:1 mixing condition favors the
formation of the highest quantities of both SE and DE
droplets. Note that the y-axis is plotted on a logarithmic scale,
so the differences in absolute values between formation of
droplets nearer the 1:1 mixing case and nearer 1:100 or 100:1
mixing differs by 1−2 orders of magnitude. The counts at these
1 and 3 M salt conditions for all droplet types�i.e., including
droplets classified into the aggregate and skip categories�are
provided in Figure S3.
Formation of conventional single-emulsion coacervate

droplets is favored under polycation excess (PAA:PAH < 1)
as compared to the reciprocal ratio with polyanion excess. The
observation that the volume fraction of the dense phase�the
dispersed phase in the emulsion�is higher under PAH excess
is consistent with recent molecularly informed field theoretic
simulations on the PAA/PAH system that predict a broader
phase separation boundary (i.e., higher propensity to form
coacervates) in the PAH-excess case.36 The propensity to form
double emulsion droplets also follows this trend, consistent

with the hypothesis that the prevalence of both single and
double emulsion droplets depends on the overall thermody-
namic driving force for coacervation.
Next, we explicitly compare DE formation in solutions with

low (1 M) vs. high (3 M) NaCl concentrations. Figure 4c,d
show DE counts at various PAA:PAH ratios in logarithmic and
linear scales, respectively. Broadly, these comparisons demon-
strate that more DEs form at low salt conditions across every
PAA:PAH mixing ratio. Since coacervation is critically
dependent on the electrostatic strength, conditions with
lower salt concentration/higher electrostatic strength corre-
spond to state points deeper into the two-phase region,
resulting in a larger theoretical dense-phase volume fraction at
equilibrium. Thus,
the greater propensity to form DE at lower vs. higher added

salt is again consistent with an increased thermodynamic
driving force to form coacervates in general. Note that under
conditions of polycation excess (PAA:PAH < 1), the difference
between low-salt (1 M) vs. high-salt (3 M) DE count is
increased relative to the corresponding condition with
polyanion excess. This difference is shown explicitly as a
function of PAA:PAH ratio in Figure S4.
However, thermodynamic considerations do not necessarily

inform the relative propensity of core-shell DE droplets�
either as a fraction of the total droplets formed or compared to
the prevalence of unstructured SE droplets�at a given
composition. Therefore, to understand how composition
affects DE formation relative to the formation of SE droplets,
we calculate the percentage propensity of DE droplets, using
the sum of SE, DE, aggregated, and skipped counts to
determine the total number of droplets formed at each
condition (Figure 4e). This reveals that low salt (1 M)
enhances core-shell droplet formation relative to the total
number of droplets formed, as compared to high salt (3 M), at
every PAA:PAH mixing ratio. Our rationale for the observed
enhancement of core-shell droplet formation at low salt and
under polycation excess is presented and supported by
additional observations discussed below in “Surfactant-Free
Stabilization of Coacervate Double Emulsion”.
In Figure 4f, the relative abundance of DE droplets is

expressed as the average percent difference between SE vs. DE
droplet formation at various PAA:PAH ratios. Positive values
of this difference indicate that DEs are enriched relative to SEs
at that condition, and vice versa for negative values. Thus,
conditions where this percentage is most positive are those for
which formation of core-shell droplets is most strongly favored
relative to formation of other droplet types. This comparison
reveals that the propensity to form core-shell DE droplets
relative to unstructured ones is enhanced nearer the 1:1 mixing
condition (more negative values at both salt conditions).
Conditions further from stoichiometric mixing and with higher
salt concentration, are more likely to form unstructured
emulsions rather than core-shell double emulsions.
When considering the relative number of DE droplets

compared to the total number of droplets in the system in
Figure 4e,f, the enhancement in DE formation under excess
PAH versus under excess PAA disappears. It is still helpful to
know that a greater number of DEs are formed under
polycation excess, as observed in Figure 4a−d. However, taken
together, these observations suggest that the greater number of
core-shell droplets formed under polycation excess is simply a
consequence of the greater number of total droplets generated,
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rather than the core-shell DE droplet structure itself being
favored relative to other droplet structure types.
Mixing Speed. In oil-water double emulsion systems, it is

common for the physical aspects of the mixing process such as
the shear rate or mixing energy to affect the final morphology
formed during the emulsification.5 In the case of the coacervate
multiple emulsions herein�which form spontaneously during
initial mixing without the need for additional shear steps or
inducing a phase separation after formation of the
coacervate�the primary parameter of the mixing flow that
may affect DE formation is the rate of injection during which
the solutions are initially mixed. This time scale sets the shear
rates for mixing as well as the length scale for any recirculating
laminar eddys or flow structures that form under confinement
in laminar injection.44 Decreasing the injection time (faster
injection) is analogous to increasing the Reynolds number
(Re) during the mixing, via faster fluid flow rate. It also
increases momentum transfer by increasing advection, as well
as the role of eddys. These effects also result in an increased
Schmidt number (Sc, the ratio of momentum to mass transfer
rate) and Peclet number (Pe, the ratio of advective to diffusive
transport rates) accompanying faster injections.
Since high-shear rate processing is often used to form water-

in-oil-in-water (W/O/W) double emulsions, one might naiv̈ely
expect a faster mixing speed (shorter injection time) to
produce a greater number of DE droplets than SE droplets for
the same composition. Instead, we observe the opposite trend
for our coacervate double emulsions. To demonstrate this, the
same mixed final composition was prepared by varying the
injection time of the limiting-polycation stock, enabling
variation of the mixing mechanics. In particular, the final
mixed solution composition was 2.5 M NaCl and ≈30 mM
polyelectrolyte (50:1 PAA:PAH) in Milli-Q water with a final
volume of 1 mL, with two distinct pairs of PAA and PAH stock
solutions�compositions A and B�represent different mixing
paths employed to generate this final composition (details
provided in ESI Section 4.2). Figure 5 illustrates that, for a
fixed mixing path, increased injection rates suppress core-shell
formation. In addition, while the abundance of core-shell
structures is modulated by the injection rate, the number of
single emulsion droplets formed remains about the same (SE,
DE, Skip, and Agg counts at all injection rates for compositions
A and B are provided in Figure S5). Thus, as injection rate

increases, core-shell droplets make up a progressively smaller
proportion of total droplet structures relative to SE, from
around 1.2−0.01% in composition A and from around 7.5−
0.2% in composition B (Figure 5). The percent difference
(SE−DE) increases from around 59−83% in composition B
and from around 90−99% in composition A. From this, we
conclude that slow, gentle mixing best favors core-shell DE
formation for a fixed thermodynamic mixing path.
While the results in this section utilize a nonstoichiometric

PAA:PAH ratio, the stoichiometric PAA/PAH andNaCl
system has been well-studied in prior work by us and
others.32,35,39 These studies neither varied injection mixing
rate nor observed a significant presence of core-shell droplets.
Whereas, herein we observe a large prevalence of core-shell
droplets at the 1:1 stoichiometry (Figure 4) by using an
intentionally slow injection rate inspired by the results shown
in Figure 5. Thus, we suspect that the suppression of core-shell
formation with fast injection rate is generalizable across
PAA:PAH ratios, though we leave direct quantification of
this effect across all compositions to future work.
In addition, the results in this section suggest that a core-

shell droplet morphology might be achieved in a wider variety
of classical coacervate chemistries beyond the PAA−PAH
system, simply by using a slow injection rate to mix the
polyelectrolyte components. Determining which aspects of the
polyelectrolyte chemistry enable formation of spontaneous
core-shell droplets during mixing would be a promising area
for future study. The potential generality of the core-shell
formation mechanism proposed herein is discussed in detail
below in “Formation Mechanism”.
Salt Gradient. Another variable that may affect formation of

the DEs is the compositional gradient across the two mixing
streams. As discussed above, the rheology of the dense
coacervate phase is highly sensitive to the salt concentration,
and so here we chose to examine the effect of the salt
concentration gradient between the two mixing streams.
Specifically, we varied the difference in salt content between
the two stock solutions being mixed while fixing the final
composition and injection rate. This is feasible in cases of
highly off-stoichiometric mixing, where changing the salt
concentration in the limiting solution over a wide range of
conditions minimally affects the final salt concentration after
mixing. The final mixed solution composition contained 30
mM polyelectrolyte (50:1 PAA:PAH) and averaged 2.472 M
NaCl (0.6% variation across mixtures) in Milli-Q water with a
final volume of 1 mL. The injection rate was ≈9.6 μL/s. Here,
we report results as a function of the “salt difference,” which we
define as the difference in NaCl molarity between the
polycation (PAH) and the polyanion (PAA) solutions used
for mixing. The exact compositions of PAA and PAH stocks as
well as the final mixed compositions used in this section are
listed in Table S4.
The salt content of a stock solution affects the solvent

quality and molecular conformation, ion adsorption, and water
structure around polyelectrolytes.45 Salt changes the phase
diagram and rheology of the PAA/PAH coacervates,35 and also
affects the diffusivity and viscosity of polyelectrolytes in the
individual stock solutions.45 Any of these effects could play a
role in DE formation. In particular, varying the salt difference
of the stock solutions will impact the mass transport kinetics
with respect to the phase separation process during mixing.
Overall, we observe a weak trend in the effect of salt

difference on the DE formation propensity (Figure 6). At

Figure 5. Injection rate strongly controls DE formation propensity.
The prevalence of DE at each salt condition is expressed as a
percentage of the total number of droplets in the system (accounting
for SE, DE, Agg, and Skip). Error bars indicate standard error (n ≥ 3).
Compositions A and B represent two distinct pairs of PAA and PAH
stock solutions which were mixed to generate coacervates at the same
final composition of 2.5 M NaCl and ≈30 mM polyelectrolyte (50:1
PAA:PAH) in Milli-Q water (details provided in ESI Section 4.2).
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smaller magnitude of the salt concentration gradient, we
observe slightly suppressed formation of the double emulsions
relative to mixing at larger salt gradients (p = 0.05). This weak
trend is expressed both as a percentage of the total number of
droplets that are core-shell, and as a percent difference relative
to the percentage of single emulsion droplets. Generally, fewer
DE droplets form relative to their SE counterparts when the
polycation and polycation solutions are mixed at similar salt
concentrations. The total counts of each droplet category at
each salt difference (SE, DE, Skip, and Agg) and a box plot
showing all individual percent difference values corresponding
to the reported standard errors are provided in Figure S6.
To summarize, we generally observe that a smaller fraction of

DE droplets form when the polycation and polyanion solutions
are mixed at similar salt concentrations, rather than across a
salt gradient. There could be multiple reasons for this weak
effect, including solvent quality and differences in viscosity
between the solutions.
Surfactant-Free Stabilization of Coacervate Double

Emulsion. In conventional oil-water double emulsion (DE)
systems, interfacial stabilization of multiple emulsion droplets
is commonly achieved by using surfactant blends, in which
surfactants with different relative sizes of the oily and
hydrophilic moieties (i.e., different hydrophile−lipophile

balance or HLB values), can preferentially stabilize the inner
and outer surfaces of the droplet shell according to the
geometry of the surfactant relative to the local radius of
curvature and directionality of the interface.5 In conventional
coacervate single emulsion (SE) systems, amphiphilic moieties
like small-molecule fatty acids,40 lipids,46 and proteins,47 have
all been shown to localize at the interface between coacervate
and dilute phases. Recent reports on systems of hollow protein
droplets have additionally postulated that the adsorption and
“liquid crystalline-like” ordering of amphiphilic protein seg-
ments at both the inner and outer interfaces of the core-shell
droplet are responsible for their stability.17,23 However, in the
PAA/PAH DE system herein, neither was surfactant added,
nor other moieties introduced to reduce the interfacial tension.
Therefore, it is initially unclear how to conceptualize the
stabilization of these DE droplets, since the previously
described mechanisms of interfacial stabilization are unavail-
able. The stability of our observed DE structures likely arises
from a different mechanism, which we investigate in this
section.
Here, we probed the origin of stability of the core-shell

coacervate droplets by making direct observations of their
instability mechanisms using optical microscopy. In Figure 7a,
we demonstrate that the coacervate DEs coarsen primarily by
coalescence of the shells. This is a characteristic coarsening
mechanism for all-liquid emulsions and is predominant in
classical single emulsion coacervate systems,48 as first observed
by Bungenberg de Jong in 1949.49 Importantly, the ability to
coalesce suggests that the coacervate remains liquid-like,13

since gel-like coacervates resist coalescence.50 This inference is
consistent with the liquid-dominant equilibrium rheology of
the PAA/PAH system at stoichiometric mixing of the
homopolyelectrolytes with the same chain lengths and region
of composition space studied herein, as has been characterized
in prior work.35,43

In Figure 7b, we observe two dilute phase droplets within a
larger dense-phase droplet coalesce to form a single dilute core.
This coalescence event takes significantly longer than the
external coalescence of shells in Figure 7a, since time scales
governing the initial coalescence event and relaxation afterward
are slowed by the high viscosity of the intervening dense
coacervate phase, which is orders of magnitude higher than the
dilute phase.35 In particular, the coalescence of shells in Figure
7a occurs as soon as the two droplets become proximate. By

Figure 6. Percentage of total droplets exhibiting a core-shell (DE)
structure (green) and the percentage of DEs relative to single
emulsion (SE) droplets (purple) are shown as a function of the
difference in salt content between the mixed polycation and
polycation stock solutions. Final composition and injection time (1
s) remain fixed; final NaCl concentration varies by 0.6%. More
negative values of the percentage difference (purple) reflect less
formation of DEs relative to SEs. Thus, mixing at a greater salt
difference slightly enhances relative DE formation (p = 0.05). Error
bars indicate standard error (n ≥ 7).

Figure 7. Destabilization mechanisms of DE coacervate droplets. (a) Coalescence of the shells of two DE droplets. (b) Coalescence between two
dilute cores within the same droplet. (c) Escape of the dilute core occurs as a sedimented DE droplet spreads onto the glass slide, recovering a
uniform droplet structure.
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contrast, the cores in Figure 7b neighbor one another for
several minutes within the larger droplet prior to coalescence,
due to the high viscosity of the intervening coacervate phase. A
video of shell and core coalescence is available in ESI Video 1.
Coarsening of the cores can also occur by Ostwald ripening, as
seen in Figure S7, which is particularly relevant with a large
size difference between the cores.
Another destabilization mechanism observed for the

coacervate DE droplets is the “escape” of the dilute core by
coalescence with the surrounding continuous phase. This
process is shown in Figure 7c and associated side-view
schematic for a droplet settled on the glass slide, and in ESI
Video 2. Core escape is enabled by the buoyancy of the dilute
core, which has a lower density than the coacervate shell.
Additionally, the core’s coalescence with the surrounding
dilute phase also confirms that the shell maintains liquid-like
rheology. Nevertheless, it takes several seconds for the core to
escape, due to the high viscosity of the dense, slow-flowing
coacervate shell. This suggests that the large viscosity contrast
between the dense shell and dilute core also hinders the
drainage of the shell as the buoyant core rises toward the outer
surface of the DE droplet, and thus acts to stabilize the core-
shell structure.
Critically, the core escape confirms that these core-shell

droplet structures are not at equilibrium with respect to their
interfacial behavior. The existence of equilibrated vacuoles in
coacervate bulk material has been proposed for other systems.
For example, Alshareedah et al. argued that formation of
vacuoles in coacervate droplets is a reversible “phase
transition”, since they form when flowing RNA at high
concentration over preformed coacervate droplets and
disappear upon the addition of RNase-A.23 However, the
time scale for dilute core's disappearance observed therein
matches quite well to the time scale for core escape we observe
in Figure 7c, namely within seconds once it begins. Our
observations suggest that the reversibility of vacuole formation
may also be explained by core escape rather than, or in
addition to, core dissolution or thermodynamic considerations.
Regardless, exploring techniques to control inner-phase escape
dynamics�and coacervate DE stability more generally�
presents a compelling avenue for further research.
Finally, we observed an unusual mechanism for inner-phase

escape from particular double-emulsion droplets with very thin
shells − i.e., when the radius of the hollow core (rcore) is very
similar to the outer radius of the coacervate shell (rdrop). This
mechanism is depicted in the micrographs in Figure 8a and
associated schematic in Figure 8b, as well as in ESI Video 3.
Thin-shelled droplets (rdrop ∼ 30+ μm) experience large shear
rates during core escape, since the characteristic shear rate in

the shell scales inversely with shell thickness. In this case,
viscoelastic effects can arrest the core escape, resulting in
formation of a new, smaller core-shell droplet with a thicker
shell and a portion of the former core. The behavior of the
shell during the rupture of these thin-shelled coacervate
droplets is reminiscent of the recently discovered “flowering”
mechanical instability exhibited by bursting bubbles with
viscoelasticity in the liquid film,51 emphasizing the role of the
coacervate shell’s viscoelasticity (in addition to its large
viscosity) in stabilizing the core-shell droplet morphology.
To summarize, we postulate that a high viscosity contrast

between the dense coacervate shell and the dilute core, as well
as viscoelasticity of the coacervate shell account for the
metastability of the core-shell structures once they form. The
high viscosity of the dense phase prevents the dilute cores from
moving quickly within the coacervate shell, which slows
coalescence of trapped dilute cores with either themselves or
with the surrounding dilute phase. In addition, the viscoelastic
nature of the coacervate shell can cause retention of a core as it
attempts to recoalesce with the surrounding dilute phase due
to the coacervate shell’s elasticity, especially when the shell is
thin relative to its radius. This additionally helps to stabilize the
core-shell structure of the double emulsion once it forms.
Since the viscosity of the PAA/PAH dense coacervate phase

is lower at high salt concentration,35,43 this reasoning is
consistent with a greater prevalence of DE vs. SE droplets at 1
M vs. 3 M NaCl presented in the “Composition” subsection
above. It also explains the greater difference in DE prevalence
between low and high salt concentration with excess
polycation (relative to excess polyanion). According to
theoretical predictions by Aponte-Rivera and Rubenstein,52

the viscosity contributions of both polycations and polyanions
to an unentangled coacervate at high salt are obtained from
their respective viscosity in pure solution with concentration
similar to that in the coacervate. At equilibrium, under the
same degree of polycation excess, the volume fraction of
polymer in the PAA/PAH dense phase exceeds the volume
fraction under the same degree of polyanion excess at all salt
concentrations.36 Therefore, we expect a greater viscosity of
the coacervate under polycation excess, consistent with the
greater propensity to form coacervates at PAA:PAH < 1 as
observed in Figure 4 herein. Furthermore, the difference in
dense phase volume fraction between low and high NaCl is
more pronounced under PAH excess,36 consistent with the
greater difference in observed DE between 1 and 3 M NaCl
under polycation excess illustrated in Figure S4.
We note that these mechanisms of surfactant-free stabiliza-

tion are likely general across chemistries of coacervating
systems. Another study of vacuolated coacervates have shown

Figure 8. In larger DE droplets, the dilute core can be partially retained during core escape. (a) Time-lapse micrograph of a large DE droplet (
r

r
drop

core

1) shows a flowering-like mechanical instability in the shell’s response at the rim of the rupturing interface. The final structure retains a dilute core.
(b) Schematic of the core escape in (a), indicating the observed mechanical instability at the rim during the bursting event.
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that the dense phase has high viscosity or even solid-like
properties, evidenced by minimal recovery of the fluorescence
after photobleaching,17 which also suggests a high viscosity
contrast with water and a strong elastic component. We
provide further argument and evidence for the role of a high
viscosity contrast in the formation and stabilization of the
coacervate DE emulsion structure in the “Composition”
subsection above.
Formation Mechanism. A number of studies have

proposed that a pre-existing coacervate emulsion is a
prerequisite to form core-shell coacervate structures. For
example, Sakakibara et al. reported that the presence of a
preformed off-stoichiometric complex coacervate was crucial
for the formation of multiphase coacervate droplets containing
“vacuoles”, which only form upon addition of another protein
to the system.24 In different works, vacuoles were formed in
pre-existing coacervates due to changes in system parameters
such as heating17−20 or cooling,21 RNA21,22 or protein24

addition, pH change,17 or a multistep processes analogous to
layer-by-layer assembly.53 Other reports attribute vacuole
formation to mechanical or field-driven effects such as
solidification of the dense phase,21 application of external
forces,15,16 or chemical activity.54 Such studies point to a
mechanism whereby phase instability of existing coacervate
droplets leads to the nucleation of a vacuole-like core.
We can summarize these previous studies as involving cases

where vacuole formation occurs due to phase instability of a
pre-existing condensate phase�either due to re-equilibration
upon a change of thermodynamic state, or due to slow
equilibration or out-of-equilibrium arrest of an evolving
coacervate emulsion.21 Further evidence for this mechanism
in such systems is that vacuoles in the coacervate droplets
typically formed slowly over the course of 10s of minutes. This
slow response is likely due to the high viscosity and viscoelastic
character of the coacervate, which, as mentioned above, helps
resist the re-equilibration and enable the double emulsion’s
metastability despite a lack of interfacial stabilization.
Conversely, we do not find that any such many-phase

equilibria are necessary to form vacuoles or hollow core-shell
condensates in the polyelectrolyte complex coacervate-forming
system we study. Herein, DE droplets form equally well if not
more abundantly at stoichiometric mixing conditions as
compared to conditions that are highly nonstoichiometric. In
addition, the DEs form as part of the mixing process, without
delay, and with greater propensity when the components are
mixed slowly (i.e., with minimal shear forces). This suggests a

different mechanism that is related to the coupling of initial
phase instability that creates droplets to transport effects, and is
therefore distinct from the other mechanisms described
previously. We note similarities between the processes and
structures we observe to those reported recently by Bui et al.,55

in which a solution of alginate (polyanion) was slowly dripped
into polylysine (polycation) solution. Accordingly, coacerva-
tion occurred at the spherically shaped interface between the
two solutions, as shown via high-speed imaging. This process
results in mm-scale droplets with a coacervate shell forming in
10s of seconds to minutes. A similar approach has been used
by Han et al., who used NICE to generate coacervate shells at
the interface of dispersed droplets in a PEG/dextran system
wherein one phase contains polyanion and the other
polycation;56 and by Lapitsky et al. via dripping a polycation
into a solution of anionic surfactant.57,58 The previous
examples all involve diffusion-controlled interfacial coacerva-
tion processes.59 Lapitsky et al. found that larger drops (∼2000
vs. ∼200 μm, both significantly larger than those studied
herein) favor hollow capsule formation, since the amount of
solvent required to form regular single-phase droplets increases
dramatically with size. In addition, they predicted that
surfactants that strongly bind to the polyanion favor hollow
morphologies because fast complexation hinders surfactant
penetration into the droplet and limits complexation to only a
shell layer.58

The present work constitutes an extension of these
previously reported phenomena to a situation involving
stronger (though still gentle) mixing flows, in which the
core-shell droplets appear to form spontaneously without being
templated by a spherical interface between the mixing streams.
We postulate that such DE droplets form due to the fast
dynamics of the phase separation at the interface between the
solutions as they mix, combined with formation of gentle eddys
(in this case due to laminar recirculating flows that form in
confined laminar injection44) during the injection process that
aid the breakup of the transient sheets of interfacial coacervate
film and roll them into hollow core-shell droplets as the phase
separation proceeds, as illustrated in Figure 9.
Generally, formation of core-shell structures is more favored

at a greater salt difference between the mixed solutions. As
mentioned previously, there is a strong salt dependence on
both the PAA/PAH phase diagram and rheology,35 in addition
to rates of diffusive mass transport. A larger salt gradient
facilitates faster interdiffusion (due to electroosmotic effects)
and therefore faster phase separation (i.e., faster coacervate

Figure 9. Steps of the proposed mechanism for DE formation during coacervate phase separation. (a) Concept schematic depicting injection of
polycation solution (red) into static polyanion solution (blue) (generated by ChatGPT4), and indicating a fluid volume element at the interface;
and detail of the fluid element at the interface during initial mixing of the solutions. (b) Coacervate phase separation occurs at the interface
(purple), depleting the polycation and polyanion from their respective phases in the directions of the arrows. (c) As the interfacial coacervate
forms, recirculating eddys formed by the laminar flow of one stock solution into the other under confinement cause breakup of the interfacial film,
as denoted by the sheets of phase-separating coacervate (purple). (d) As result of this process, dilute cores are trapped in some droplets during
break up, while others remain single emulsion droplets. A mixture of DE and SE structures is common in many of the conditions in this work.
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formation). This reasoning is consistent with the aforemen-
tioned findings by Lapitsky for the polyelectrolyte−surfactant
droplet system.58 Additionally, since the solubility limit of
NaCl is 5.4 M at 25 °C,60 salt differences of 2.5 M correspond
to a significant viscosity contrast between the two mixed
solutions, which also affects transport. However, we observe
only weak effects on core-shell formation as the salt gradient is
varied, likely because coacervate phase separation is extremely
fast. Stopped-flow mixing experiments have shown that
coacervates initially form due to spontaneous charge
neutralization immediately after mixing, which occurs within
a dead time of 2.5−6 ms.61,62 This may explain why only larger
changes in mass transport�such as affecting advection
through large differences in injection rate�seem to have
more significant effects on the formation of DEs.
It is important to note that the use of jetting flows (e.g., the

injection used here) appears to be important to DE formation,
since no DE formation was previously observed in the same
mixed polyelectrolyte system during microfluidic Y-junction
mixing�which lacks vorticity�even at very slow flow rates
(Re < 1).32 For this reason, we propose that the relative
frequency and strength of the laminar recirculating Eddys
relative to the rate of phase separation controls the formation
of double emulsion coacervate droplets. Regardless, the presence
of recirculating flows (i.e., vorticity during mixing) is not
necessarily required for droplet breakup in coacervates in
general, given the often low (<10%) volume fraction of the
polyelectrolyte-dense coacervate phase. In the context of our
proposed mechanism, the mixing flow must be slow enough to
allow a large enough contiguous area of interfacial coacervation
so that a coacervate sheet can be “rolled” into a dilute-core
droplet during the phase separation process. Slower injection
rates correspond to gentler mixing conditions that may result
in slower film breakup than for finer-scale mixing, thus favoring
DE formation. Mass transport rates are also decreased at
slower injection conditions, which additionally favors DE
formation according to Lapitsky et al. as described above.58 To
summarize, we postulate that slow yet tortuous mixing assists
DE formation by (1) slowing the advective mass transport
relative to the phase separation, in the context of (2) a flow
with laminar recirculating eddys. Further work is required to
confirm the exact flow patterns required to form core-shell
droplets, as well as the relative contribution of each of these
two factors to the observed core-shell formation.
Perhaps the uncommon nature of the mixing conditions

employed in this study has led to the perception of the core-
shell coacervate droplet structure as rare, uncommon, or
system-dependent. Instead, we suspect that the mechanisms
described herein may apply to other similar coacervating or
liquid−liquid phase separating systems. The proposed DE
formation mechanism, though based on specific observations
of the PAA/PAH chemistry, is not unique to the specific
chemistry or molecular-level details like local chain structure.
Several key literature observations support that core-shell
coacervate droplet formation from a single dense phase is not
particular to the specific chemistry and compositions tested
herein. A prior work by Li et al. clearly shows numerous PAA/
PAH core-shell droplets above 10 M urea and pH 3 in their
Figure 5c micrographs, though the droplet structure is not
mentioned in the work.39 In addition, a prior work by Schmitt
et al. on the β-lactoglobulin/acacia gum coacervating system
finds a vacuolated or “porous” bulk coacervate phase in Figures
1 and 2 therein, though it is mentioned that “no

physicochemical perturbation was applied to [the] system.”63

Though these may be formed from a mechanism of relaxation
after flow-induced aggregation as elucidated in our prior
work32 since these porous structures coexist with droplet
aggregates in Figure 1 therein, a second paper by Sanchez et al.
on the β-lactoglobulin/acacia gum observed the presence of
“vesicular and unstable multivesicular coacervate” droplets “a
few seconds after mixing” the components.64 Together, these
observations suggest that careful tuning of the mixing
parameters, path, and composition could also enable
preferential formation of core-shell droplets in the β-
lactoglobulin/acacia gum coacervate chemistry by the same
mechanism described herein. Overall, we posit that the
underlying principles of spontaneous core-shell formation
during liquid−liquid phase separation (LLPS) posited here-
in�namely, coacervate phase behavior, phase separation
dynamics, and significant viscosity contrast�could be applied
to many other complex-coacervating systems, and even
potentially some uncharged LLPS systems, though confirming
the mechanism’s generality requires extensive experimental
evidence that falls outside the scope of the present study.
As an additional consideration, our proposed formation

mechanism is consistent with the existence of a lower bound
for core-shell size, determined by the thickness of the
interfacial coacervate as it is rolled into core-shell droplets.
Prior work that observed the formation of core-shell droplets
in a chemically fuelled coacervate system found that these
nonequilibrium droplets must exceed 3.3 μm in size to stabilize
the internal dilute core.54 While herein we did not observe a
lower boundary to the size of DE droplets in this work beyond
the resolution of our microscope to multiple layers of a droplet
shell (100s of nm), future work that tests for a threshold size
for DE droplets formed by the methods used herein would
further support the proposed mechanism.

■ CONCLUSIONS
This work revealed the formation of core-shell or “double
emulsion” (DE) coacervates in the two-polyelectrolyte PAA/
PAH system. These DE droplets exhibit a dense coacervate
shell and dilute vacuole core and are stabilized at the micron
scale or larger without surfactants or oily additives. The
formation and stability of these hollow DE coacervates depend
critically on the composition and processing route.
To assess the formation propensity of the core-shell

morphology, we utilized automated microscopy and machine
learning (ML) analysis. Our image classification ML model
excelled in identifying DE droplets and single-emulsion (SE)
droplets (93% and 98% accuracy, respectively). We find that
the core-shell morphology readily forms across a wide range of
compositions during complex coacervation. The results
revealed a preference for DE formation near the 1:1 mixing
condition under both low (1 M) and high (3 M) salt
conditions. DE formation increased with PAH excess, as did
the total number of droplets formed. The general propensity
for DE formation across all PAA:PAH ratios was enhanced at
low salt, suggesting a fundamental role of salt in core-shell
structure stabilization. In particular, decreased salt results in an
increase in the coacervate viscosity, which we conclude helps
to stabilize the coacervate emulsion’s core-shell structure
without the surfactant blends required for the stabilization of
an analogous water-in-oil-in-water (W/O/W) multiple emul-
sion system.
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Additionally, unlike W/O/W emulsion systems�where
mixing at low shear rates may eliminate the formation of
core-shell structures�we find that core-shell coacervate
droplets preferentially form under milder flow conditions
(slower injection rates), and that sufficiently fast mixing can
completely suppress DE formation. We propose a formation
mechanism that relies on carefully tuning the relative rates of
phase separation, flow and mass transport in the presence of
flows with sufficient vorticity. Specifically, the mass transport
must be slow enough relative to the phase separation process
that�at a low intensity of injection-based mixing�recirculat-
ing eddys form which break up the macroion film into droplets
during its formation. A mixture of SE and DE droplets result
from this mechanism. Our prior work found no DE droplets
using slow mixing in microfluidics,32 suggesting that the
vorticity generated by the injection mixing is an important
factor in formation of the core-shell droplets herein. In
addition, phase separation dynamics are faster at 1:1 mixing65

where core-shell droplet formation is favored relative to single-
phase droplet formation compared to nonstoichiometric
mixing.
Broadly, the DE formation mechanism suggests that

continuum effects are more important to their formation
than the precise details of the molecular design. This is
consistent with emulsion design methods used in oil-water
systems, which typically utilize nonequilibrium kinetic
approaches to modulate the droplet structure.5,31 Our
approach stands in contrast with prior methods for making
substructured coacervate droplets, which require thermody-
namic control either through the use of a two-phase templating
emulsion28,29 or through a judicious selection of multiple
coexistent dense phases.13 Our method represents a facile,
scalable approach to generate hollow coacervate droplets
spontaneously, providing an orthogonal approach to molec-
ular-level engineering.
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