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Abstract: We report on the formation of coacervate droplets
from poly(diallyldimethylammonium chloride) with either
adenosine triphosphate or carboxymethyl-dextran using
a microfluidic flow-focusing system. The formed droplets
exhibit improved stability and narrower size distributions for
both coacervate compositions when compared to the conven-
tional vortex dispersion techniques. We also demonstrate the
use of two parallel flow-focusing channels for the simultaneous
formation and co-location of two distinct populations of
coacervate droplets containing different DNA oligonucleo-
tides, and that the populations can coexist in close proximity up
to 48 h without detectable exchange of genetic information.
Our results show that the observed improvements in droplet
stability and size distribution may be scaled with ease. In
addition, the ability to encapsulate different materials into
coacervate droplets using a microfluidic channel structure
allows for their use as cell-mimicking compartments.

Protocells are synthetic microsystems that mimic many basic
properties of natural cells such as compartmentalization,
metabolism, and replication and are of significant interest in
research on living technologies, synthetic biology, and the
origin of life.[1, 2] Of these, compartmentalization is a key
property that has been increasingly studied due to its
potential application in bioreactors, drug delivery mecha-
nisms, and artificial cellular platforms.[3–6] In recent years,
a range of microfluidic technologies have been shown to be
advantageous in realizing chemical and biological compart-
mentalization, and in addition are accompanied by significant
improvements in analytical performance, experimental con-
trol, and increased experimental throughput.[7–10] Of partic-
ular interest has been the encapsulation of chemical or
biological materials in sub-nanoliter aqueous droplets con-
tained within fluorinated oils.[11–15] To date, the function of the
continuous phase in water-in-oil droplet systems has typically

been restricted to the simple separation and isolation of the
material of interest. In contrast, the external medium is
fundamentally important in a biological context, in which
compartmentalization can be achieved by means of a semi-
permeable lipid membrane that separates intra- and extra-
cellular aqueous environments.[16–18] However, compartmen-
talization that exhibits properties of selective permeability
and encapsulation of biological components may also be
realized without the need for a membrane. Membrane-free
coacervate droplets, formed by aqueous–aqueous phase
separation offer an alternative model for synthetic cells.[19,20]

Droplet formation is driven by electrostatic and entropic
interactions between dilute solutions of charged polymers or
macromolecules and results in the formation of component-
enriched microdroplets suspended in a chemically depleted
aqueous continuous phase.[21] Coacervate microdroplets have
been shown to form between a diverse range of charged
molecules such as biological macromolecules, synthetic and
natural polymers, as well as low molecular weight components
such as cationic oligolysine and nucleotides such as adenosine
triphosphate (ATP).[20–24] Importantly, the molecularly
crowded environment inside a coacervate droplet is akin to
that encountered within natural cells, providing a useful and
relevant artificial cell model.[20, 25] In addition, coacervate
microcompartments have been shown to exhibit selective
molecular sequestration due to a lower dielectric constant
than the continuous water phase and to encapsulate enzy-
matic reactions displaying enhanced catalytic activity.[26,27]

These properties make coacervate droplets promising bio-
reactors. However, coacervate microdroplets formed by
conventional methods are limited in their application as
artificial cellular platforms due to their polydispersity and
instability to coalescence. In the present study, we address
these shortcomings by exploiting microfluidic technology to
rapidly and controllably form large populations of coacervate
microdroplets of narrow size distribution, capable of encap-
sulating DNA molecules, and which exhibit increased stability
in water without the need for any surfactants or other
stabilizing agents.

Coacervate microdroplets were formed by dispersion of
a bulk coacervate phase—either poly(diallyldimethylammo-
nium chloride) (PDDA) and ATP (4:1 molar ratio) or PDDA
and carboxymethyl-dextran (CM-dextran) (1:3 molar ratio) at
pH 8 (See the Experimental Section)—into deionized water.
As the PDDA/ATP and PDDA/CM-dextran coacervate
mixtures were composed primarily of long-chain polyelectro-
lyte molecules, the resulting fluids were viscoelastic or non-
Newtonian in nature with extremely low surface interfacial
tension (42� 0.2 mNm¢1 for 4:1 PDDA/ATP coacervate).[21]

Both these properties have important implications for the
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break-up mechanism of the bulk coacervate fluid into
droplets within a microfluidic environment. Contrary to
simple immiscible fluid droplet systems that rely on surface
tension and Plateau–Rayleigh instabilities for breaking-up
a continuous stream into droplets,[28–30] break-up of the
coacervate stream within a laminar flow configuration
requires the continuous shearing of material into a filament
until it is able to segment. For this, we employed a microfluidic
flow-focusing channel structure to disperse a continuous
aqueous coacervate stream into membrane-free coacervate
droplets in water (Figure 1a). The microfluidic device was

prepared by conventional soft lithography techniques using
polydimethylsiloxane (PDMS) silicone elastomer[31] and
treated with 5% 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(PFOS) to minimize interactions between the coacervate
fluid and PDMS channel surfaces (see the Supporting
Information). Video images of the break-up mechanism
show that the focused jet of coacervate fluid initially forms
a continuous viscoelastic stream confined between the flow-
ing water channels. This is followed by segmentation of the
coacervate filament and reorganization of the isolated linear
fragments into spherical droplets (Figure 1b–d and
Video S1). Interestingly, break-up of the coacervate stream
required considerably more time and occurred over much
longer lengths (millimeters rather than microns) than typi-
cally observed for the segmentation of immiscible phases.[32–34]

These observations are consistent with alignment of the
polymer molecules parallel to the filament prior to segmen-
tation within the laminar flow, and a polymer recoil mecha-
nism for formation of the droplets during the collapse of the
stretched coacervate filament.[35] Significantly, when formed
in this manner, the membrane-free polymer/nucleotide or
polymer/polysaccharide coacervate droplets did not merge
readily when coming into contact, even over prolonged
periods of time (Figures 2 a and S1a). Long-term incubation

studies demonstrated that populations of closely packed
droplets in water persisted with little or no coalescence for
more than six days at room temperature (Figure S2). This is in
stark contrast to PDDA/ATP (Figure 2 c) or PDDA/CM-
dextran coacervate droplets (Figure S1b) formed under
turbulent flow conditions (i.e., formed by vortex-induced
mixing of a bulk coacervate liquid and water), which readily
coalesced over seconds (Figure S1b). Figure S3 shows the
equivalent data for the formation of PDDA/CM-dextran
coacervate microdroplets. Size analysis of droplets (see
Supporting Information), collected into 96-well plates, indi-
cated that dispersion of the coacervate using a microfluidic
flow-focusing geometry results in a significantly narrower
droplet size distribution when compared to populations
produced using the vortex method (Figure 2a–d, Table S1).
PDDA/ATP droplets obtained by microfluidic flow-focusing
were on average 4 mm in diameter with a relative standard
deviation (RSD) of 17%; by comparison, PDDA/ATP
droplets formed by the vortex method had a mean diameter
of 13 mm and a RSD of 62%. Likewise, droplets from the
PDDA/CM-dextran coacervate population had a mean dia-
meter of 8 mm with a RSD of 17 % when prepared by the
microfluidic method, and a mean diameter of 6 mm with
a 45% RSD when prepared by vortexing.

We then used a device containing two parallel flow-
focusing geometries that converge close to the exit to prepare
two distinct populations of polymer/nucleotide or polymer/
polysaccharide coacervate droplets simultaneously which
then mixed whilst exiting the device. Moreover, to test
whether genetic information could be immobilized within or
transferred between adjacent droplets, single-stranded (ss)
DNA oligonucleotides labeled with either fluorescein or
cyanine 5 (Cy5) (on the 3’ or 5’ ends, respectively) were added
to the continuous coacervate streams (Figure 3a). The mixed
droplets were then loaded into 96-well plates for storage,
imaging, and analysis. Following collection, fluorescence
images of the ssDNA-containing PDDA/ATP (Figure 3b–e)
or PDDA/CM-dextran (Figure S4) coacervate droplets were

Figure 1. a) Schematic of the microfluidic flow-focusing channel struc-
ture used to disperse bulk coacervates into water. All channels are
40 mm in height. The main channel is 10.85 mm long and 100 mm
wide, whereas the three channels entering the junction are 40 mm
wide. b) The bulk coacervate phase enters the junction from the
channel to the left, and is pinched and focused by a much faster
sheath flow of water entering the junction from the channels at the top
and bottom. The focused jet of coacervate flows along the channel to
the right, in which c) it breaks into segments and d) recoils into
spherical droplets. Scale bars are 50 mm. The exact location of the
break-up along the channel varies, depending on pressure and
coacervate viscosity.

Figure 2. A comparison of the size distribution of PDDA/ATP coacer-
vate droplets formed a) in the microfluidic device shown in Figure 1
and c) using the vortex method, with respective histograms (b and d)
showing the size distribution for each population. All scale bars are
25 mm.
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measured using filter sets for both dyes (see the Experimental
Section). Analysis of the populations of droplets indicated
that droplets from both populations remain distinct with little
to no change in the number of droplets exhibiting both Cy5 or
fluorescein between t = 0 and t = 48 h (Table S2). Control
experiments performed with coacervate droplets containing
a mixture of both dyes showed fluorescence signals from both
Cy5- and fluorescein-labeled DNA oligonucleotides (Fig-
ure S5), indicating that any significant exchange of the genetic
polymers between distinct populations would be detectable
using the filter sets employed.

In summary, we have shown that membrane-free aqueous
polymer/nucleotide or polymer/polysaccharide coacervate
droplets can be formed in water using a microfluidic flow-
focusing channel structure, and that this technique offers
unique advantages compared to traditional vortexing meth-
ods. The excellent stability of the droplet suspensions at room
temperature and for periods longer than six days was
achieved through the laminar flow break-up process afforded
by the low Reynolds number (Re< 2100) regime encountered
in the microfluidic system. The approach also offers the
ability to form distinct coacervate populations of differing

chemical composition in parallel, without detriment to
coacervate stability or size distribution. Droplets formed
using two parallel flow-focusing channels also exhibit a nar-
rower size distribution (Figure S6)—albeit with a small var-
iation in mean droplet diameter between channels due to
small differences in flow rates—and improved droplet
stability when compared to those formed using the vortex
method, confirming that the advantages conferred by the
single-channel device are preserved when the process is
scaled. The ability to simultaneously produce distinct droplet
populations with similar characteristics is an additional and
unique capability of the microfluidic method that cannot be
reproduced using other techniques, and which opens up
opportunities to perform studies involving transport as well as
chemical and biological interactions between droplets loaded
with different materials. In particular, we have demonstrated
that it is possible to prepare and co-locate simultaneously two
populations of coacervate droplets containing different DNA
oligonucleotides, and that the populations can coexist in close
proximity for up to 48 h without detectable exchange of
genetic information. These observations suggest that our
method may be adapted for the study of directed evolution
processes in membrane-free coacervate droplets,[36, 37] and
thus provides a significant step toward studying interactions
between coacervate droplets hosting diverse functional mate-
rials. In this regard, we are currently investigating the
encapsulation of cellular components such as machinery for
gene expression and protein synthesis to test the viability of
coacervate droplets as artificial protocellular systems.

Experimental Section
Coacervate preparation and dispersion. Bulk coacervate phase was
prepared for dispersion within the microfluidic device by adopting the
following procedure. Coacervate droplets were prepared by mixing
equimolar solutions (100 mm) of 8.5 kDa poly(diallyldimethylammo-
nium chloride) (PDDA) with either carboxymethyl-dextran or
adenosine triphosphate (ATP) prepared at pH 8 to obtain a final
total PDDA monomer:ATP molar ratio of 4:1 or a total PDDA
monomer:CM-dextran monomer ratio of 1:3. The coacervate phase
was then separated by centrifugation of the dispersion for at least
20 min at 5000 rpm and isolated by removing the supernatant. For
fluorescence experiments, dye-labeled oligonucleotides GTTAG-
CAGCCGGATCTCAGTGGT with fluorescein on 3’ end, MW=
7662 gmol¢1, and ACCACTGAGATCCGGCTGCTAAC with Cy5
on 5’ end, MW= 7635 gmol¢1, Eurofins Genomics, Germany) were
mixed into different coacervate dispersions prior to centrifugation
and isolation. For control experiments the two dye-labeled oligos
were premixed and then added to the coacervate dispersion prior to
bulk phase preparation. In all instances the initial oligonucleotide
stock solution (16.7 mm) was diluted 2500 times (PDDA/ATP) or 6000
times (CM-dextran/PDDA). Bulk coacervate (with and without
oligonucleotides) was dispersed in DI water within the microfluidic
device using Dolomite pressure pumps.

Fluorescence imaging. Fluorescence images of ssDNA-contain-
ing droplets were measured using appropriate filter sets for each dye
(for fluorescein, 475/28 nm excitation and 560/40 nm emission,
518 nm dichroic mirror; for Cy5, 626/40 nm excitation and 655 nm
long-pass emission, 648 nm dichroic mirror). Imaging was performed
using an inverted microscope (Eclipse Ti-U, Nikon, Japan) with
a wide-field camera (CoolSNAP HQ2, Photometrics, USA). Expo-
sure and acquisition was controlled using Micro Manager software.[38]

Figure 3. a) A schematic diagram of the parallel flow-focusing micro-
fluidic channel structure. Bulk coacervate containing Cyanine 5 and
fluorescein-labeled ssDNA oligonucleotides are simultaneously
focused into streams of water in the top and bottom channels
respectively. The two parallel streams then converge at the outlet on
the right hand side. b) A bright-field micrograph of PDDA/ATP
coacervate droplets containing the different labels collected from the
parallel device. c) A composite image of both Cyanine 5 (red) and
fluorescein (green) fluorescence imaging channels showing the two
separate populations of ssDNA-containing droplets coexisting without
merging. d) and e) show the single channel images for Cyanine 5 and
fluorescein, respectively. All scale bars are 25 mm.
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