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Liquid-liquid phase separation (LLPS), especially coacervation, plays a crucial role in cell
biology, as it forms numerous membraneless organelles in cells. Coacervates play an indispensable role in regulating intracellular biochemistry, and their dysfunction is associated with
several diseases. Understanding of the LLPS dynamics would greatly beneﬁt from controlled
in vitro assays that mimic cells. Here, we use a microﬂuidics-based methodology to form
coacervates inside cell-sized (~10 µm) liposomes, allowing control over the dynamics.
Protein-pore-mediated permeation of small molecules into liposomes triggers LLPS passively
or via active mechanisms like enzymatic polymerization of nucleic acids. We demonstrate
sequestration of proteins (FtsZ) and supramolecular assemblies (lipid vesicles), as well as the
possibility to host metabolic reactions (β-galactosidase activity) inside coacervates. This
coacervate-in-liposome platform provides a versatile tool to understand intracellular phase
behavior, and these hybrid systems will allow engineering complex pathways to reconstitute
cellular functions and facilitate bottom-up creation of synthetic cells.
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ecently, coacervates have aroused enormous interest as
membraneless organelles. They emanate from liquid–liquid
phase separation (LLPS), primarily of charged polymers
(such as proteins and nucleic acids), as a result of favorable
attractive interactions over a homogeneous mixture1,2. These
organelles are ubiquitous inside eukaryotic cells, both in the
nucleus as well as in the cytoplasm, a few prominent examples
being the nucleolus, germ granules, and stress granules2–5. They
play a crucial role in intracellular dynamics, regulation, organization and homeostasis, and are associated with several protein
aggregation diseases including neurodegenerative disorders such as
Alzheimer’s disease and amyotrophic lateral sclerosis (ALS)2,6–9.
One of the most commonly encountered types of condensates are
complex coacervates, which form through the electrostatic interaction between oppositely charged polyelectrolytes. Biomolecules
can speciﬁcally partition and concentrate inside or at the interface
of these compartments, depending on molecular interactions and
properties such as solubility, hydrophobic stabilization, and electrostatic complementarity10–13. Please note that, since the precise
terminology in this emerging ﬁeld is still being developed, we will,
in the current paper, use the terms coacervation/condensation
interchangeably to refer to the process of LLPS, while the terms
coacervate/condensate indicate the condensed reaction products
resulting from the process.
The presence of membraneless compartments in cells have
sprouted numerous in vitro studies to further understand their
properties and dynamics. For example, enzymatic reaction rates
have been observed to strongly increase within coacervates, as
recently shown for transcription and translation14. Additionally,
regulation in the form of initiation and dissolution of coacervation has been demonstrated through externally driven enzymatic
reactions15,16. However, capturing the onset of coacervation and
following the subsequent dynamics (nucleation, growth, dissolution, associated chemical reactions, etc.) with high spatiotemporal
resolution has found to be challenging in conventional bulk
experiments. Indeed, the possibility to induce and limit the coacervation process within a deﬁned volume through external
control is highly desirable for in vitro studies.
Here, we explore the use of liposomes as controllable containers
for in vitro studies of coacervation. Liposomes are compartments
consisting of selectively permeable phospholipid bilayers, similar to
those found in living cells in the form of cell membrane as well as
various intracellular organelles including mitochondria, plastids,
endoplasmic reticulum, and secretory vesicles. Liposomes are ideal
candidates for serving as bio-compatible micro-environments,
since one can encapsulate biomolecules in their interior and
membrane proteins (e.g., membrane pores) within the bilayer. A
temperature-regulated coacervation process was recently demonstrated inside large liposomes (~100 µm diameter), which were
produced using glass capillary devices17. However, this system did
not take advantage of the functional beneﬁts of membranous
structures, such as their selective permeability due to active or
passive protein pores. We devise a possible route to provide
exquisite control over phase separation/coacervate formation inside
liposomes. One feasible approach is to encapsulate one of the
essential coacervate components (C1) inside the liposome and
embed protein nanopores in the lipid bilayer. This will allow the
size-selective diffusion-mediated transport of remaining components (C2) into the liposomal lumen, thereby providing external
control over the onset and process of coacervate formation.
In the present paper, we show a high-throughput microﬂuidic
on-chip methodology to form untethered, micron-sized (~2 μm in
diameter) complex coacervates within cell-sized (~10 μm in diameter) lipid vesicles (Fig. 1a). It allows the production and storage
of thousands of liposomes, inside which coacervation can be
induced simultaneously to form hybrid microcontainers. We form
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the liposomes using recently developed on-chip microﬂuidic
method, Octanol-assisted Liposome Assembly (OLA)18. We
encapsulate one of the coacervate components inside the liposomes
and embed α-hemolysin pores in the bilayer. Addition of further
components in the external environment allows passive transport
into the lumen, thereby commencing the process of coacervate
formation. We demonstrate the viability of the strategy to form
coacervates-in-liposomes using two different systems: (i) Encapsulating a polycationic polyelectrolyte, such as the protein polypeptide (poly-L-lysine, pLL), and allowing the diffusive transport of
multivalent nucleotides (adenosine triphosphate, ATP), which
serve as the polyanionic component for complex coacervation. (ii)
Encapsulating an enzymatic reaction that forms a polyanionic
polymer (polyU RNA) and allowing diffusive transport of both the
substrate (uridine diphosphate, UDP) and polycationic component
(spermine), to form polyU/spermine coacervates. In both these
cases, freely diffusing coacervates are formed inside the vesicles,
where they remain stable for long times (>hours). Analysis of the
condensation dynamics shows a spontaneous homogeneous
nucleation in case of pLL/ATP and a heterogenous one in case of
polyU/spermine. We furthermore show the potential functionality
of the coacervates as rudimentary membraneless organelles by
sequestering protein molecules (FtsZ, a key protein for bacterial cell
division) as well as supramolecular assemblies such as small unilamellar vesicles (SUVs, a lipid source to potentially achieve liposome growth and form membranous sub-compartments). We also
demonstrate that it is possible to conduct speciﬁc enzymatic
reactions inside these synthetic organelles by showing the βgalactosidase-catalyzed degradation of a non-ﬂuorescent substrate
into a ﬂuorescent product. Summing up, our liposome-based
platform provides spatiotemporal control to study the process of
forming functional coacervates in sub-picoliter conﬁnements.
The described methodology to build hybrid systems comprised
of membranous and non-membranous scaffolds also opens further avenues to increase the complexity in bottom-up synthetic
biology, where one of the major goals is to establish a synthetic
cell from molecular components. Hybrid coacervate-in-liposome
systems can potentially be endowed with unique properties that
arise due to the complementarity of their constituents19–21. While
liposomes can effectively encapsulate molecules and form transmembrane gradients, coacervates enable a local heterogenous
increase of charged and hydrophilic molecules22. Thus, their
combination may allow for the creation of synthetic cells with a
degree of heterogeneity that typically is observed in living cells.
Results
On-chip experimental set-up to study coacervate dynamics. We
set out to induce the controlled formation of membraneless
coacervates inside liposomes (Fig. 1a). The idea was to encapsulate part of the necessary components (C1) inside the liposomes
and allow the transport of the remaining necessary component
(C2) through protein pores in the membrane. We produced cellsized (10–15 µm in diameter) unilamellar liposomes using OLA18.
We separated the formed liposomes from the waste product (less
dense 1-octanol droplets) using a modiﬁed version of a densitybased separation technique that we have previously reported23,24.
We implemented two major changes (Fig. 1b): Firstly, we punched a large collection well at the end of the production channel
in order to collect liposomes at its bottom and let the waste
product (1-octanol) ﬂoat to the top of the buffer-ﬁlled well.
Secondly, we made the liposomes slightly denser than the
environment by encapsulating disaccharides (sucrose) or polysaccharides (dextran), to induce sedimentation of the liposomes
within a few minutes. 50–100 mM sucrose or 3–5 mM dextran
(molecular weight (MW) 6000) was observed to be optimal in
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Fig. 1 Controlled formation of membraneless coacervates in liposomes. a A conceptual sketch showing controlled condensation within a liposome. By
inserting bilayer-spanning protein pores, one can allow passive transport of small molecules, leading to the formation of a coacervate. Such a coacervatein-liposome hybrid system can also be used as a scaffold for a synthetic cell, where the liposome represents the primary compartment (a cell), while the
coacervate represents a sub-compartment (an organelle). b Side-view schematic (not to scale) of the experimental set-up. Liposomes encapsulating one of
the coacervate component (C1) or an enzyme catalyzing the production of C1 are generated using OLA. The presence of high-density molecules, such as
dextran, efﬁciently settles them at the bottom of the collection well, while the waste products (1-octanol droplets) ﬂoat to the top. The other coacervate
component, C2, can already be present in the chamber or can be added later to induce coacervation. c A ﬂuorescence image showing monodisperse
liposomes settled at the bottom of the well. The red boundary indicates the lipid bilayer while the green lumen shows encapsulated FITC-pLL molecules.
d A ﬂuorescence image showing coacervates-in-liposomes. Transport of ATP through α-hemolysin pores led to a single pLL/ATP coacervate within each
vesicle. e A composite image showing the colocalization of FITC-pLL (green) and cy5-ATP (blue), forming a coacervate within the liposome (red). The
slight offset between pLL and ATP ﬂuorescence is due to the diffusion of the coacervate between capturing of the images. f Turbidity plot showing that the
threshold ATP concentration to commence coacervation is about 6 mM. Absorbance of three independent samples was measured (nine measurements
per sample). g Dependence of coacervate size on the amount of pLL molecules encapsulated inside the liposome (n ≥ 73 for each data point).
h Representative images of coacervates of different sizes formed within liposomes with different pLL concentrations. i Dependence of coacervate volume
on pLL concentration. The coacervate volume is seen to scale approximately linearly (R2 = 0.78) with the pLL concentration. Error bars in (f, g, i) indicate
standard deviations. Source data are provided as a Source Data ﬁle

settling the liposomes quickly and effectively at the bottom of the
well (Fig. 1c). Dextran was the better choice, because of the low
concentration that was sufﬁcient and because of its inability to
diffuse out of the membrane pores due to its large size. This
improvement of encapsulating dense molecules to induce the

settling of liposomes, led
unwanted side-products of
long-term experimentation.
investigated the formation
systems.

to their complete isolation from
OLA and allowed straightforward
With this experimental set-up, we
of hybrid coacervate-in-liposome
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Coacervation within liposomes via transport through pores. To
study coacervate formation, we started with a protein polymer/
nucleotide system, where we encapsulated positively charged pLL
polymers (4.5–5 mg/mL pLL, MW 15–30 kDa) inside the liposomes, and added negatively charged ATP molecules (25 mM) in
the surrounding environment. α-Hemolysin proteins were added
to the outside (or alternatively encapsulated inside) of the liposomes, which spontaneously insert into the membrane to form
~1.4 nm diameter pores that allow diffusive transport of small
molecules (<2 kDa), such as ATP, into the vesicles25,26. By using
ﬂuorescently labeled pLL molecules (0.5 mg/mL FITC-pLL, MW
15–30 kDa or 0.25 mg/mL cy5-pLL, MW ~25 kDa), we observed
the formation of coacervates inside the liposomes (Fig. 1d). The
formation was induced within a few minutes after the liposomes
were exposed to the ATP-containing environment. The probability of forming a hybrid container was 0.76 ± 0.18 (mean ±
standard deviation, data obtained from six independent experiments; see Methods for details), suggesting efﬁcient hybrid container formation. In the absence of protein pores in the
membrane, no coacervation was observed in majority of the
liposomes, even after 30 min (Supplementary Fig. 1). A minor
fraction (11%, ntotal = 539) did develop coacervates, which we
attribute to non-speciﬁc membrane defects and the possible
formation-resealing of transient pores27,28 due to the shear
experienced when liposomes entered the collection well. We also
noted that most not-yet-fully-matured liposomes, i.e., those with
protruding 1-octanol pockets, formed coacervates (96%, ntotal =
204), even in the absence of protein pores (Supplementary Fig. 1).
This effect suggests a possible transport of ATP across the contact
region between the liposome and the 1-octanol pocket, as 1octanol is known to affect membrane tension as well as membrane permeability29–31.
To conﬁrm the intake of ATP from the environment leading to
the observed LLPS, we used ﬂuorescently labeled ATP (2.5 µM
cy5-ATP) to induce coacervation. Colocalization of the ATP
signal with that of the pLL in the condensed phase clearly proved
that the diffusion of ATP through the membrane pores led to the
formation of coacervates (Fig. 1e). We also performed a bulk
turbidity assay to estimate the ATP concentration above which
coacervation took place (see Methods). Under the given buffer
conditions, the threshold ATP concentration was observed to be
about 6 mM (Fig. 1f; three independent samples, with nine
measurements per sample). Consequently, as soon as the diffusive
transport across the porous membrane increased the internal
ATP concentration above this threshold, coacervation took place.
The microﬂuidic set-up allowed us to obtain monodisperse
coacervate-containing liposome samples. For example, within a
single experiment, we measured on a monodisperse population of
liposomes (dvesicle = 14.2 ± 0.9 µm, n = 213) and obtained monodisperse coacervates that were formed within them (dcoacervates =
2.8 ± 0.3 µm, n = 213). Indeed, the corresponding coefﬁcients of
variation of respectively 6% and 11% indicate a low degree of
variability. Since there is virtually unlimited supply of ATP (as the
volume of the well, ~30 µL ≫ volume of a liposome, ~0.5 pL), one
would expect that the size of the formed coacervates is set by
the ﬁnite amount of pLL molecules present inside the liposomes.
We tested this by varying the pLL concentration inside the
liposomes and measuring the size of the formed coacervates (see
Methods for details). As can be seen in Fig. 1g, the mean
coacervate diameter indeed increased with the amount of
encapsulated pLL; cf. representative images shown in Fig. 1h.
As expected, we obtained an approximately linear relationship
(R2 = 0.78) between the coacervate volume and the pLL
concentration (Fig. 1i). We also checked whether dextran, used
to settle the liposomes, accumulated in the coacervates. We tested
this using ﬂuorescently labeled dextran (AF647-dextran). The
4

results showed no signiﬁcant sequestration of dextran molecules
inside the coacervates but instead showed a similar ﬂuorescence
intensity as in the rest of the liposomal lumen, with a slight
accumulation at the coacervate interface (Supplementary Fig. 2).
This observed accumulation at the interface clearly did not alter
the coacervation process, as the coacervation dynamics remained
unchanged, independent of whether we used sucrose or dextran
to settle the liposomes. We also note that technical problems in
liposome production, such as an undesirable bursting of doubleemulsion droplets, can release some encapsulated coacervate
components (e.g., pLL) into the collection well, leading to a
residual amount of unwanted coacervation outside the liposomes,
as can for example be noted in Fig. 1e. A detailed troubleshooting
to ensure stable liposome production can be found in our online
protocol24.
Our approach enables to measure the time dependence of the
coacervation process. We captured time-lapse movies by gently
introducing the ATP-containing solution into the well after the
liposomes were settled to the bottom. The process is shown
schematically in Fig. 2a, and the time-lapse images, visualized by
the ﬂuorescence of FITC-pLL, are shown in Fig. 2b (also see
Supplementary Movie 1). ATP molecules rapidly diffused
throughout the well, and entered the liposomes through the
pores. Once the threshold ATP concentration required for
coacervation was reached inside the vesicle, a rapid phase
transition was observed. Small, discrete condensates appeared
throughout the liposomal lumen, with a bright ﬂuorescence
indicating a high concentration of pLL molecules inside them.
These small condensates fused with each other—incidentally
conﬁrming their liquid nature—to form a single coacervate
(Fig. 2c). Importantly, this single liquid droplet continued to
diffuse inside the liposome without adhering to the inner leaﬂet of
the lipid bilayer. The coacervation process did not commence
simultaneously in the entire liposome population, but its onset
was randomly distributed and occurred over a period of about 10
min. We observed coacervates within 88% (ntotal = 218) of the
liposome population.
In order to quantify the coacervation process, we analyzed the
number and the average size of the coacervates formed as a
function of time as well as the time evolution of the ﬂuorescence
intensity belonging to the condensed phase and that belonging to
the dilute phase (Fig. 2d–g, see Methods for details). The start of
the coacervation process was marked by the appearance of
multiple (~8) small coacervates, throughout the liposomal lumen
(Fig. 2d, n = 12). After this homogenous nucleation event, the
formed small coacervates rapidly fused with each other, reducing
the number of freely diffusing coacervates to ~4 over the next 2
min. The average number further halved within the next 3 min
and already resulted in a single, large coacervate in a few cases.
Complementary to the decrease in the number, the average
coacervate size increased steadily from 0.8 µm to about 2.1 µm
(Fig. 2e). The start of the coacervation was also clearly observed in
the form of a sudden rise in the coacervate-phase intensity, a
quantity corresponding to the amount of phase-separated
coacervate material based on ﬂuorescence intensity (Fig. 2f).
The value plateaued within 2 min and stayed constant thereafter,
thus not getting affected by the latter coalescence of coacervates
into a single entity. Next, we attempted to detect the nucleation
events that led to the formation of condensates by plotting the
dilute-phase intensity over time, a quantity which corresponds to
the less-bright ﬂuorescence background intensity inside the
liposomes. We observed a rapid decay, complementary with the
formation of the coacervate phase (Fig. 2g). This is expected, as
coacervation considerably decreases the fraction of pLL molecules
that reside in the dilute phase, decreasing the background
intensity in the liposomal lumen. More interestingly, we identiﬁed
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Fig. 2 pLL/ATP coacervate formation within liposomes through inﬂux of ATP. a A schematic showing the formation of a pLL/ATP coacervate within a
liposome. ATP from the environment diffuses inside the liposome through α-hemolysin pores. It interacts with pLL molecules present inside the liposome,
initiating coacervation throughout the liposome. Over time, individual coacervates coalesce to form a single coacervate. b Time-lapse ﬂuorescence images
(red: lipid bilayer; green: FITC-pLL) showing the coacervation process inside a liposome. Note the simultaneous formation of multiple coacervates that
further coalesce to form one single entity. Time zero (t0) corresponds to the ﬁrst visible sign of coacervation. c Schematic and a typical example showing
coalescence of two coacervates, a characteristic feature of liquid droplets. d Average number of coacervates present inside a liposome as a function of
time. After the initial burst of multiple coacervates (~8) throughout the liposome, the average number decreased to about 2 within the next 5 min.
e Evolution of the average coacervate size with time. Initially formed small coacervates (~1 µm) subsequently fuse with each other, to ultimately form a
~2 µm coacervate that freely diffuses inside the liposome. f Coacervate-phase intensity versus time (n = 12 liposomes, obtained from a single experiment).
The rapid transition from a homogeneous solution to a condensed phase leads to sudden rise in the ﬂuorescence intensity, which plateaus over time.
g A plot of the dilute-phase intensity over time (n = 12), showing a complementary rapid decay. The horizontal dashed lines indicate the decrease in the
ﬂuorescence intensity just before coacervation takes place, providing evidence for nucleation events. See Methods for details of the analyses involved for
panels (d–g). Error bars in (d, e) indicate standard deviations. Dashed vertical lines in (f, g) indicate the onset of coacervation, the plots show the average
values, with the shaded regions indicating standard deviations. Source data are provided as a Source Data ﬁle

a short regime (~30 s), prior to the emergence of ﬁrst coacervates
(before t0), that showed a marked intensity decrease of the dilute
phase. We speculate that this ﬂuorescence intensity loss, just
before the coacervates are observed, indicates the nucleation
process that precedes the observable formation of coacervates.
The ~20% decrease at the moment of appearance of visible
structures would mean that about 20% of the pLL molecules had
already nucleated before any visibly detectable coacervates. The
observed changes in the ﬂuorescence intensity were not a result of
photobleaching, as the total ﬂuorescence counts of a liposome not
showing coacervation stayed constant over a similar period of
time (Supplementary Fig. 3).
Along with capturing the coacervation dynamics, we simultaneously assessed the continuous interaction of the formed
coacervate with the surrounding dilute phase. We did this by
encapsulating apyrase inside the liposome, an enzyme that

degrades ATP into adenosine diphosphate (ADP) and ﬁnally
into adenosine monophosphate (AMP). ADP or AMP cannot
coacervate with pLL in the presence of a sufﬁcient concentration
of screening ions (150 mM KCl and 5 mM MgCl2 in our case, see
Supplementary Fig. 4). One would thus expect the coacervate to
dissolve over time in the presence of apyrase, unless the degraded
ATP was constantly replenished from the environment. Indeed, a
bulk experiment, where an apyrase-containing solution (without
any ATP) was ﬂown over pre-formed pLL/ATP coacervates, led
to coacervate dissolution in minutes (Supplementary Movie 2). In
contrast, the coacervates inside the liposomes remained highly
stable in the presence of apyrase, even over a course of hours
(Supplementary Movie 3). This showed that there was a constant
exchange of coacervate material with the environment, i.e., ATP
was continuously replenished. Note that in the absence of
apyrase, the coacervation progressed in an exactly similar fashion,
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both in terms of the dynamics and the time scale (Supplementary
Fig. 5). Clearly, the degradation activity of apyrase was not strong
enough to counterbalance the inﬂux of ATP through the pores
and thus did not affect the induction of coacervation. As a side
note, the onset and subsequent progression of coacervation seen
in a minor fraction of leaky liposomes, in the absence of
membrane pores, was similar to that seen in pore-containing
liposomes (Supplementary Fig. 6). Overall, we conclude that
pore-permeated liposomes present a viable strategy to form stable
coacervates in a controlled manner.
Enzyme-catalyzed coacervation inside porous liposomes. Next,
we constructed a system where the inﬂux of substrate triggered an
enzymatic reaction, which subsequently induced complex coacervation (Fig. 3a). We chose a biochemical reaction catalyzed by

polynucleotide phosphorylase (PNPase), which polymerizes RNA
by the incorporation of uridine monophosphate (UMP) from
UDP at the 3′-end of an oligomeric RNA template32,33. We
encapsulated PNPase along with 5′-ﬂuorescently labeled
20-nucleotide long RNA seed oligomers (cy5-U20). UDP was
provided externally, and spermine was present inside and outside
of the vesicle, serving as a positively charged polyelectrolyte. UDP
readily entered the liposome through the pores, and was consumed by the PNPase to form long (200–10,000 nucleotides32)
RNA polymers. In contrast to the short cy5-U20 RNA, the
elongated polyU polymers phase-separate with spermine into
polyU/spermine coacervates34 (Fig. 3b). Again, several small
condensates formed simultaneously which ultimately coalesced
into a single droplet (Supplementary Movie 4). We observed
coacervates within 86% (ntotal = 159) of the liposome population,
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Fig. 3 Enzymatically catalyzed polyU/spermine coacervate formation inside liposomes. a A schematic showing polyU/spermine coacervation within a
liposome. UDP diffuses inside the liposome through α-hemolysin pores and is consumed by the enzyme PNPase to elongate encapsulated cy5-U20 seed
oligomers. The formed polyU RNA further interacts with spermine to form polyU/spermine coacervates, which fuse together to form a single condensate
over time. b Time-lapse ﬂuorescence images (red: lipid bilayer; green: cy5-U20) showing polyU/spermine coacervation process inside a liposome. Note
the simultaneous formation of several coacervates that further coalesce to form one single entity. Compared to pLL/ATP coacervation, the process
proceeds slowly, as it is primarily dictated by the RNA elongation process. c Average number of coacervates present within the liposomes as a function of
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experiment). The transition from a homogeneous solution into a condensed coacervate phase leads to a gradual increase in the ﬂuorescence. f Dilutephase intensity versus time (n = 11). As the coacervates continue to grow, there is a gradual, linear decrease in the ﬂuorescence of the dilute phase. See
Methods for details of the analyses involved for panels (c–f). Error bars in (c, d) indicate standard deviations. Dashed vertical lines in (e, f) indicate the
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Data ﬁle
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suggesting the same level of efﬁciency as observed for the pLL/
ATP system. Note that the polyU/spermine system is fundamentally different from the pLL/ATP system: in the case of pLL/
ATP coacervates, both components were already present at a
constant concentration and the reaction was mainly limited by
the diffusion of ATP into the container. In case of polyU/spermine, however, one of the components (polyU) was produced
locally, which simultaneously triggered the coacervation process.
Also, the rate-limiting step was PNPase activity rather than diffusion of UDP into the coacervate, and as a result, the coacervation dynamics were, in general, slower.
This inherent difference between the two systems (RNA/
spermine versus pLL/ATP) became further evident by doing
similar analyses as in case of pLL/ATP system (Fig. 3c–f, see
Methods for details). The number of coacervates formed initially
(~4) was much lower than that observed for the pLL/ATP system
(Fig. 3c, n = 11), suggesting heterogeneous nucleation where
coacervation commenced at places with locally high polyU
concentration due to the ongoing local PNPase activity. The
average coacervate size increased from ~0.5 µm in the beginning
to about 1.5 µm after 6 min, when the majority of the liposomes
already contained a single coacervate (Fig. 3d). Thus, the size of
the coacervates remained relatively small as compared to the pLL/
ATP system. We observed that the coacervates remained stable
and did not increase in size even after a few hours (Supplementary Movie 5, Supplementary Fig. 7). With virtually unlimited
supply of spermine and UDP, one would expect the coacervates
to continuously grow. However, a limited polymerization activity
of PNPase and activation of the RNA exoribonuclease activity of
the enzyme33 possibly inhibited further growth. A time-series plot
of the coacervate-phase intensity also showed an altogether
different behavior compared to the pLL/ATP system: a gradual
increase was observed for an initial time period of about 1 min,
corresponding to the formation of multiple small coacervates
(Fig. 3e). This lack of a burst-like nucleation pattern ﬁts the
gradual synthesis of polyU RNA polymer which starts forming a
coacervate only after sufﬁcient elongation. The ﬂuorescence
intensity remained relatively constant after the initial increase.
The plot of the dilute-phase intensity remained relatively constant
at the beginning and subsequently showed a monotonous
decrease, without any discontinuous transition as was seen in
the case of pLL/ATP coacervation (Fig. 3f). The observed changes
in the ﬂuorescence intensity did not result from photobleaching,
as conﬁrmed by the constant total ﬂuorescence counts of a
liposome not showing coacervation, over a similar period of time
(Supplementary Fig. 3). In conclusion, we successfully triggered
the formation of stable condensates inside liposomes, through the
inﬂux of substrate that induced a biochemical reaction and
subsequent complex coacervation.
Sequestration and compartmentalization in hybrid containers.
After successfully forming condensates inside vesicles using two
different systems (pLL/ATP and polyU/spermine), we set out to
demonstrate the functional utilities of such hybrid containers. We
focused on two salient and well-known features of condensates
that bring out their potential to act as membraneless organelles:
the speciﬁc sequestration of biomolecules and their use as reaction centers6,10,12,14,34. We used pLL/ATP condensates (5 mg/mL
pLL and 0.25 mg/mL cy5-pLL encapsulated inside, with 10 mM
ATP present in the external environment) for the experiments
that follow.
First, we encapsulated FtsZ protein inside the liposomes. FtsZ
is a bacterial protein crucially involved in the process of cell
division35. We observed that FtsZ sequestration occurred in a
highly efﬁcient way. Its concentration was concomitant with the
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coacervate formation and the FtsZ ﬂuorescence was distributed
homogenously throughout the coacervate (Fig. 4a). As a means to
quantify the degree of protein localization in a host condensate,
we measured the partition coefﬁcient of the protein to be PFtsZ =
14.2 ± 3.8 (n = 25, see Methods for details). The observed
homogenous distribution contrasts the FtsZ localization at the
interface of pLL/ATP coacervates that was reported recently11,
where FtsZ was added to a solution containing pre-formed, stable
coacervates. In the current case, however, FtsZ was already
present when the phase separation occurred. We observed a
similar homogenous distribution of FtsZ inside the coacervates,
when the coacervates were prepared in the absence of any vesicles
(Supplementary Fig. 8). This ruled out any effect of the
membranous conﬁnement on the spatial organization of FtsZ
within the coacervate. These experiments suggest that the spatial
organization of sequestered molecules within the coacervate
depends on the sequence and timing of the addition of parts.
Next, we probed the possible sequestration of SUVs (~30 nm
diameter), self-assembled supramolecular lipid assemblies.
Encapsulating the SUVs inside liposomes and triggering pLL/
ATP coacervation did concentrate the SUVs within the
coacervates (Fig. 4b). We measured a partition coefﬁcient
PSUVs = 2.9 ± 0.6 (n = 35), indicating that the coacervates acted
as an efﬁcient lipid reservoir. The SUVs were distributed
homogenously within the coacervate, as opposed to previously
reported localization of SUVs at the interface of polyU/spermine
coacervates, where the coacervates were prepared before adding
the SUVs34. A similar homogenous SUV distribution was
obtained, when the coacervates were prepared in the absence of
any vesicles, ruling out any effect by the compartmentalization
(Supplementary Fig. 9). Our experiments with FtsZ and SUVs
suggest that the sequence of reactions plays an important role in
determining the nature of sequestration. While sequential
addition of components favors the accumulation of material at
the coacervate–solvent interface, co-condensation is favored when
the biomolecules are present before coacervation is triggered
through external cues.
Finally, we investigated the possibility to carry out a
biochemical reaction speciﬁcally inside the coacervates. We chose
the enzyme β-galactosidase, which converts β-galactosides into
monosaccharides by cleaving the glycosidic bond. To monitor the
enzyme activity, we used ﬂuorescein di-β-D-galactopyranoside
(FDG), a non-ﬂuorescent substrate that upon cleavage by βgalactosidase releases ﬂuorescein and thus induces ﬂuorescence.
We encapsulated β-galactosidase, along with pLL, inside
liposomes, and induced coacervate formation by allowing the
ATP molecules from the external environment to diffuse in
through the protein pores. In the absence of FDG in the
environment, we did not detect any enzymatic activity, based on
the lack of ﬂuorescent signal (Fig. 4c). However, the presence of
FDG molecules in the external solution resulted in their diffusion
through the porous membrane to trigger the enzymatic reaction,
as seen by the increase in the ﬂuorescence emitted by ﬂuorescein
(Fig. 4c). While we observed ﬂuorescent signal throughout the
liposome, the signal obtained from the coacervate phase was
clearly stronger than the one obtained from the surrounding
dilute phase, which indicates that β-galactosidase had a higher
afﬁnity to reside within the coacervate phase. The partition
coefﬁcient of ﬂuorescein after 2 h of reaction time was found to be
Pﬂuorescein = 1.3 ± 0.1 (n = 31). The ﬂuorescein intensity within
the coacervate phase increased roughly 14-fold over a course of 2
h (Fig. 4d, n = 31 in both the cases). The reaction product
(ﬂuorescein) likely remained conﬁned within the condensed
phase due to hydrophobic stabilization and potential electrostatic
interactions with cationic groups of pLL12. Performing the
experiment in bulk, in the absence of any conﬁnement, led to a
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Fig. 4 Sequestration of biomolecules and compartmentalization of reactions within coacervates. The pLL/ATP coacervate (green) formed within the
liposome (red) serves multiple purposes, from concentrating proteins and supramolecular assemblies to facilitating enzymatic reactions. a Fluorescence
time-lapse images showing coacervation dynamics (upper panel) and simultaneous sequestration of FtsZ (cyan) within the coacervates (lower panel).
b SUVs (in white) get sequestered inside the condensates. c The β-galactosidase reaction is getting carried out predominantly within the coacervate. No
ﬂuorescent product is observed before the addition of the FDG substrate (t0)—two left panels. Addition of FDG induces the enzymatic reaction inside the
liposome, particularly in the condensed phase, as can be seen from the colocalization of the ﬂuorescent product, ﬂuorescein (in magenta) with the
coacervate—two right panels. d Fluorescein intensity within the coacervate phase increases about 14-fold in 2 h after the addition of the substrate (n = 31
in both the cases). The circles represent the individual data points, bars represent the mean ﬂuorescence intensity, and the error bars indicate
corresponding standard deviations. Source data are provided as a Source Data ﬁle

similar result (Supplementary Fig. 10): We observed an increase
in the ﬂuorescence intensity in both the dilute and the condensed
phase, but always with a higher intensity in the latter, which again
suggested that β-galactosidase was partitioned more into the
condensed phase. Summing up, we successfully demonstrated two
important attributes of coacervates: sequestering and concentrating biomolecules, and serving as hubs for biochemical reactions.
Discussion
In this paper, we reported the controlled formation of hybrid
microcontainers, viz., coacervates-in-liposomes. We show that these
are ideal systems to study the dynamics of LLPS, and are also well
suited as potential architectural scaffolds for the design of future
synthetic cells. We used two different (poly)nucleotide–(poly)peptide/(poly)amine systems to form freely diffusing coacervates, a
model system for membraneless organelles within the liposomes.
The nucleation of condensates inside sub-picoliter liposomes was
triggered by the diffusive transport of small polyelectrolytes or
coacervate precursors into the liposomes through α-hemolysin
protein pores embedded in the liposomal membrane.
We employed the on-chip microﬂuidic method OLA18 to
produce liposomes, where a collection well at the end of the
production channel allowed to immediately settle and visualize
the liposomes, a process facilitated by making the liposomes
denser by encapsulating sucrose or dextran. With this platform at
hand, we obtained temporal control over the onset of coacervation as well as the ﬁnal size of condensates. The temporal control
was obtained by the addition of essential components for condensation from the outside, and their entry into the liposomes
through protein nanopores present in the lipid bilayer, in order to
trigger LLPS. Control over the condensate size was achieved by
8

encapsulating a precise and ﬁnite amount of material within the
liposome. The ability to induce and selectively limit the coacervation process presents a crucial advantage for experiments in
which spatiotemporal control and monitoring is desirable. For
example, using ﬂuorescence intensity analyses, we were able to
detect the de novo nucleation of condensates in real time, a
process which has been difﬁcult to study and control so far1,36.
We were further able to follow and compare the dynamics of two
different coacervate systems to demonstrate the strength of our
experimental setting: (i) A straightforward coacervation reaction
mediated through diffusive transport of a necessary component
across the membrane. (ii) A more complex scenario where realtime production of a multivalent polymer subsequently triggered
the coacervation process. We analyzed and quantiﬁed the differences between the two systems, in terms of the evolution of the
condensed and the dilute phase, as well as the number and size of
the formed coacervates. Our on-chip set-up is ideally suited to
follow coacervation dynamics (formation, dissolution, reentrant
transitions) in a micro-conﬁnement, without any unwanted surface interactions or other external interfering agents. The conﬁnement volume can be changed by modulating the liposome
diameter, and surface interactions, if desired, can be introduced
using charged lipids. The approach also allows to modulate a
variety of reaction parameters (pH, salt concentration, etc.), and
study a variety of phenomena relevant to intracellular phase
transitions such as concentration buffering, signal ampliﬁcation,
and spatiotemporal regulation7.
We used a well-known polypeptide-nucleotide system (pLL/
ATP) to demonstrate the formation of coacervates inside liposomes. We observed that the condensation process could be
divided into two distinct regimes: (i) Spontaneous and sudden
nucleation transition in which condensation was triggered at
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several locations throughout the liposome, giving rise to multiple
coacervates. The nucleation was primarily dictated by the inﬂux
of ATP through the membrane pores. After a threshold concentration of ATP (~6 mM) was reached, spontaneous LLPS was
observed throughout the liposomal lumen. (ii) Coalescence
regime, in which a single, large condensate was formed as a result
of the fusion of small coacervates. The signature of the second
regime was the diffusive motion of coacervates and their coalescence, consisting of consecutive merging events towards one
single coacervate. We further conﬁrmed the stability of the
formed coacervates by promoting an enzymatic ATP degradation
reaction within the liposome. The highly stable nature of the
coacervates indicated that there is a continuous exchange of
molecules between the coacervate and their surroundings, as
expected for liquid–liquid phase separated mixtures.
Thereafter, we demonstrated a more complex enzymecatalyzed coacervation process. By encapsulating PNPase, an
enzyme that efﬁciently produces long (>200 nucleotides) singlestranded RNA molecules from short primers and nucleotide
diphosphates, we induced polyU/spermine coacervation. Compared to the pLL/ATP coacervation, the condensation process
was more gradual in the RNA/spermine mixture, as it was limited
by the RNA polymerization rate. The coacervates did not grow
indeﬁnitely but soon reached a stable size, despite the fact that
neither of the coacervate components were limited. This could be
a result of a limited polymerization activity of PNPase along with
the activation of the exoribonuclease activity of the enzyme33,
which would become more pronounced over time as the polyU
concentration increased, degrading the long polyU polymers into
progressively shorter fragments and making them unsuitable for
coacervation. Thus, we found pronounced differences between
the pLL/ATP and RNA/spermine condensation dynamics, suggesting that they differ fundamentally in their nucleation behavior
and dynamics. Since both the components were already present
in case of pLL/ATP system, the nucleation was homogenous
without any particular spatial preference. In case of polyU/spermine system, however, coacervation could only commence at a
position where PNPase had synthesized enough polyU to trigger
LLPS. The pLL/ATP and PNPase-induced polyU/spermine coacervation may thus be regarded as cases of homogeneous and
heterogeneous nucleation, respectively37.
Next to its importance as a tool to examine the process of
coacervation with excellent spatiotemporal control, our study also
has potential to impact research directed at creating synthetic
cells. Architectural scaffolds of sufﬁcient complexity and versatility are essential for designing artiﬁcial cells to exhibit the basic
characteristics and dynamic organization of natural cells. We
showed two main functional utilities of coacervate-in-liposome
scaffolds: sequestration/concentration of biomolecules and the
compartmentalization of biochemical reactions. We achieved, for
example, successful sequestration of FtsZ, an important bacterial
division protein, in coacervates. Possible applications of condensates in this context may be the temporal control of supply
and release of protein and necessary metabolites from the coacervate. In this way, the process of liposome constriction will
commence only when FtsZ is released. Similarly, we showed
sequestration of SUVs inside the coacervates. The release of SUVs
at a given time point can be used to feed the membrane and
control membrane composition, eventually leading to liposome
growth or form membranous sub-compartments. A possible
strategy for the release of materials would be to re-dissolve the
coacervate. This could be achieved in many ways: enzymatically
degrading one of the coacervate components16, altering the
charge density of the components15, increasing the salt concentration16, altering temperature-dependent component
interactions17,34, or through reentrant phase transition38. Lastly,
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we showed a compartmentalized biochemical reaction, βgalactosidase converting its non-ﬂuorescent substrate into ﬂuorescein that remained conﬁned within the coacervate. This
exemplary reaction demonstrates the potential to carry out chemical reactions, even multiple ones that are mutually incompatible with each other, within the same liposome but residing in
different microenvironments.
Future research may expand in a variety of directions. For
example, in situ observation of nucleation processes is challenging
due to their intrinsic stochastic nature39. The possibility to observe
such processes in a microcontainer with high spatiotemporal
resolution provides an ideal system for future studies on a variety
of related phase-separation processes. Our technique may be
adapted in a high-throughput manner to design synthetic molecules in order to gain control over condensate properties, potentially leading to therapeutic targets6,40. Furthermore, the described
system of untethered coacervates conﬁned within a semipermeable compartment can be employed to engineer gradients
of coacervate material across the membrane that keep the coacervate constantly out of equilibrium, by setting up a degradation
reaction inside and a regeneration reaction outside. This may, for
example, allow the investigation of growth and division of liquid
droplets, as recently described theoretically41. Lastly, our technique
of creating a vesicle system with synthetic organelles has the
required versatility and potential to be a valuable tool in
the bottom-up construction of synthetic cells. Inﬂux of substrate,
the reaction pathway, and the coacervation process can be seen as
rudimentary analogues of the uptake of nutrients, metabolism, and
spatial organization, similar to what is seen in natural cells. Hence,
we believe that the ability to trigger coacervate formation inside
vesicles through the inﬂux of components, biochemical reactions,
and subsequent coacervation is a step forward in the bottom-up
creation of a synthetic cell, and opens up interesting avenues for
better understanding of LLPS and biomolecular condensates.
Methods
Materials and solution compositions. Polyvinyl alcohol (PVA; MW
30,000–70,000, 87–90% hydrolyzed), glycerol, poloxamer 188 (P188), 1-octanol,
KCl, MgCl2, Tris–HCl, EDTA, sucrose, glucose, dextran (MW 6000), pLL hydrobromide (MW 15–30 kDa), FITC-pLL (MW 15–30 kDa), ATP disodium salt, ADP
sodium salt, apyrase from potato, cy5-U20 (labeled on 5′-end), UDP disodium salt,
spermine tetrahydrochloride, polynucleotide phosphorylase (from Synechocystis
sp.), and β-galactosidase aqueous glycerol suspension (from Escherichia coli) were
purchased from Sigma-Aldrich. Cy5-pLL (MW ~25 kDa) was bought from Nanocs
Inc. N6-(6-amino)hexyl-ATP-Cy5 was bought from Jena Bioscience. AF647dextran (MW 10,000) and ﬂuorescein di-β-D-galactopyranoside was purchased
from Thermo Fisher Scientiﬁc. Lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoylsn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE),
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyﬂuorescein)
ammonium salt (PE-CF) were purchased from Avanti Polar Lipids. FtsZ puriﬁcation and labeling (conjugated to Alexa Fluor 488, with 46% labeling efﬁciency)
were performed in the lab following the protocol described elsewhere42. Protein
plasmids were a kind gift from Germán Rivas (Centro de Investigaciones BiológicaCSIC, Madrid). The protein aliquots (FtsZ: AF488-FtsZ = 82:18, molar ratio) were
ﬂash-frozen in liquid nitrogen and stored at −80 °C.
The inner aqueous compositions were as follows: 15% v/v glycerol, 100 mM
sucrose, 150 mM KCl, 25 mM Tris–Cl (pH 7.4), 4.5 mg/mL pLL, 0.5 mg/mL FITCpLL, 30 units/mL apyrase (Figs. 1c–e and 2, Supplementary Movie 1–2); 15.6% v/v
glycerol, 100 mM sucrose, 49.4 mM spermine, 1 mM EDTA, 16.8 mM KCl, 5.4 mM
MgCl2, 102.5 mM Tris–Cl (pH 9.0), 5 µM cy5-U20, 2.2 µM PNPase, 0.6 mM
HEPES, 1.5 µM α-hemolysin (Fig. 3, Supplementary Fig. 7, Supplementary
Movie 4); 15% v/v glycerol, 5 mM dextran, 150 mM KCl, 5 mM MgCl2, 25 mM
Tris–Cl (pH 7.4), 5 mg/mL pLL, 0.25 mg/mL cy5-pLL, 1.5 µM α-hemolysin (Fig. 4,
with additional speciﬁc components: 10 µM FtsZ (Fig. 4a); 3.5 mg/mL SUVs
(Fig. 4b); 300 units/mL β-galactosidase (Fig. 4c)); 15% v/v glycerol, 5 mM dextran,
150 mM KCl, 5 mM MgCl2, 25 mM Tris–Cl (pH 7.4), 5 mg/mL pLL, 0.25 mg/mL
cy5-pLL (Supplementary Fig. 1); 15% v/v glycerol, 5 mM dextran, 2 µM AF647dextran, 150 mM KCl, 5 mM MgCl2, 25 mM Tris–Cl (pH 7.4), 5 mg/mL pLL,
0.5 mg/mL FITC-pLL, 1.5 µM α-hemolysin (Supplementary Fig. 2); 15% v/v
glycerol, 5 mM dextran, 150 mM KCl, 5 mM MgCl2, 25 mM Tris–Cl (pH 7.4),
5 mg/mL pLL, 0.5 mg/mL FITC-pLL, 1.5 µM α-hemolysin (Supplementary Fig. 5);
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15% v/v glycerol, 5 mM dextran, 150 mM KCl, 5 mM MgCl2, 25 mM Tris–Cl (pH
7.4), 5 mg/mL pLL, 0.2 mg/mL cy5-pLL (Supplementary Fig. 6); 15.6% v/v glycerol,
5 mM dextran, 49.4 mM spermine, 1 mM EDTA, 16.8 mM KCl, 5.4 mM MgCl2,
102.5 mM Tris–Cl (pH 9.0), 5 µM cy5-U20, 2.2 µM PNPase, 0.6 mM HEPES,
1.5 µM α-hemolysin (Supplementary Movie 5).
DOPC was the lipid of choice for all the experiments. A ﬂuorescent lipid, Rh-PE,
was additionally used for visualization (DOPC: Rh-PE = 99.9:0.1, molar ratio). Lipid
stock solution (100 mg/mL in ethanol) was prepared as described elsewhere24 and
was dissolved in 1-octanol to a ﬁnal concentration of 2 mg/mL for experimentation.
The outer aqueous solution consisted of 15% v/v glycerol, 100 mM sucrose, 150
mM KCl, 25 mM Tris–Cl (pH 7.4), 5% w/v P188 (Figs. 1c–e and 2, Supplementary
Movie 1–2); 15% v/v glycerol, 49.4 mM spermine, 100 mM sucrose, 1 mM EDTA,
5 mM MgCl2, 100 mM Tris–Cl (pH 9.0), 5% w/v P188 (Fig. 3, Supplementary
Fig. 7, Supplementary Movie 4); 15% v/v glycerol, 150 mM KCl, 5 mM MgCl2,
25 mM Tris–Cl (pH 7.4), 5% w/v P188 (Fig. 4, Supplementary Figs. 1, 2, 5, 6); 15%
v/v glycerol, 49.4 mM spermine, 22.5 mM KCl, 5 mM MgCl2, 100 mM Tris–Cl
(pH 9.0), 5% w/v P188 (Supplementary Movie 5).
The exit solution, i.e., the buffer dispensed in the collection well consisted of
15% v/v glycerol, 150 mM KCl, 25 mM Tris–Cl (pH 7.4) (Figs. 1c–e and 2,
Supplementary Movie 1–2; with subsequent addition of MgCl2 (5 mM ﬁnal
concentration), ATP (25 mM ﬁnal concentration), cy5-ATP (2.5 µM ﬁnal
concentration) and α-hemolysin (3.75 µM ﬁnal concentration)); 15% v/v glycerol,
49.4 mM spermine, 5 mM MgCl2, 100 mM Tris–Cl (pH 9.0), 1 mM EDTA (Fig. 3,
Supplementary Fig. 7, Supplementary Movie 4 with subsequent addition of UDP to
a 40 mM ﬁnal concentration); 15% v/v glycerol, 150 mM KCl, 5 mM MgCl2, 25
mM Tris–Cl (pH 7.4), 10 mM ATP (Fig. 4a–c, Supplementary Figs. 1, 2, 5, 6; Fig. 4c
also contained 210 µM FDG); 15% v/v glycerol, 49.4 mM spermine, 5 mM MgCl2,
100 mM Tris–Cl (pH 9.0), 1 mM EDTA (Supplementary Movie 5 with subsequent
addition of UDP to a 15 mM ﬁnal concentration). Varying amounts of glucose
were additionally present in the outer aqueous and the exit solution with the
intention to maintain isotonic conditions.
For the bulk experiment showing dissolution of pLL/ATP coacervates by
apyrase (Supplementary Movie 3), 10 mg/mL FITC-pLL and 22.8 mM ATP were
mixed together in equal volumes in a PDMS-coated microﬂuidic chamber to form
coacervates. The chamber was ﬂushed with 5 mM CaCl2 solution to remove excess
ATP present in the environment. Apyrase solution (75 units/mL in 4.3 mM CaCl2
solution) was then ﬂushed into the chamber, leading to the dissolution of
coacervates.

codes will be made available upon request. If required, the liposomes were tracked
using a combination of FIJI plug-in (HyperStackReg) and manual tracking.
The individual values used for calculating the probability of forming a hybrid
container were 60% (ntotal = 205), 58% (ntotal = 293), 100% (ntotal = 334), 61%
(ntotal = 994), 88% (ntotal = 218), and 89% (ntotal = 318).
For calculating the coacervate-phase and dilute-phase ﬂuorescence intensities
(Figs. 2d, e and 3c, d), the movies were aligned to have the same time point for the
initiation of coacervation, and the average non-speciﬁc background intensity was
subtracted from the entire movie. The maximum ﬂuorescence value present at the
start of the movie, before the onset of the coacervation, was selected as the
threshold value to differentiate between the two phases. A cumulative ﬂuorescence
intensity above (corresponding to the coacervate phase) and below (corresponding
to the dilute phase) the threshold was measured and these values were divided by
the area of the liposome to obtain a measure for the amount of coacervate and
dilute phase present at each time point. The number of coacervates were calculated
for seven distinct time points for each of the movies and the areas of strictly infocus coacervates were also measured.
The
pﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ corresponding diameters were
calculated from the area as d ¼ 2 A=π . Due to minor variations in the exact
frame numbers chosen for the different movies, the time points were averaged
(Figs. 2f, g and 3e, f); the maximum standard deviation for a time point was 0.4
min. It should be noted that since we are using wide-ﬁeld microscopy, we are
observing a limited fraction of the liposome volume and the obtained intensity
values do not reﬂect the total ﬂuorescence intensity of the entire liposome but a
representative sample. Also, the obtained values of the coacervate phase as well as
the dilute phase are potentially inﬂuenced by the out-of-focus objects to some
extent.
For assessing the dependence of the coacervate size on pLL concentration, the
areas (A) of in-focus liposomes and coacervates were obtained from the
ﬂuorescence
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ images. The corresponding diameters were calculated from the area as
d ¼ 2 A=π . The data was obtained for three different pLL concentrations: 1.2 mg/
mL pLL (dvesicle = 10.3 ± 1.4 µm, dcoacervate = 1.5 ± 0.3 µm, n = 73); 5.5 mg/mL pLL
(dvesicle = 14.2 ± 0.9 µm, dcoacervate = 2.8 ± 0.3 µm, n = 213); 15.2 mg/mL pLL
(dvesicle = 10.9 ± 1.1 µm, dcoacervate = 2.4 ± 0.3 µm, n = 213). The coacervate
diameters were then re-scaled to a liposome diameter of 10 µm to obtain the
following values, respectively: dcoacervate = 1.5 ± 0.3 µm (1.2 mg/mL pLL); dcoacervate
= 2.0 ± 0.2 µm (5.5 mg/mL pLL); dcoacervate = 2.2 ± 0.3 µm (15.2 mg/mL pLL).
Displayed ﬂuorescence images are false-colored, subjected to background
subtraction if needed, and contrast is enhanced for better visualization.

Liposome production using OLA. For detailed working of OLA and troubleshooting, please refer to our online protocol24. Brieﬂy, the channel designs were
fabricated in silicon using e-beam lithography, followed by a dry etching procedure,
and surface silanization. The height of the patterned structures, measured using a
stylus proﬁler DektakXT (Bruker Corporation), was 6.8 and 9.4 µm for two different masters. Polydimethylsiloxane (PDMS)-based microﬂuidic devices were
prepared as described in our protocol, with the following change. Instead of having
a small separation hole and a downstream exit hole, a collection well was punched
using a biopsy punch (World Precision Instruments, inner diameter 4 mm),
between 5 and 8 mm away from the production junction. This well later acted as
the experimental chamber. Subsequent surface treatment of the channels downstream of the production junction using 5% w/v PVA solution was slightly modiﬁed: after the PVA solution had ﬁlled the entire post-junction channel, the
collection well was ﬁlled with ~30 µL of the PVA solution and incubated for 5 min,
before applying vacuum suction. PEEK tubing (Inacom) was preferred to ﬂow the
inner aqueous solution, especially in case of enzyme-containing solutions.

Estimating the threshold ATP concentration for coacervation. To estimate the
ATP concentration above which pLL/ATP coacervation takes place, we performed
a commonly used turbidity assay15,34,45. The absorbance (λ = 500 nm) was measured using DS-11+ Spectrophotometer (DeNovix), for samples containing 15%
glycerol, 5 mM dextran, 150 mM KCl, 5 mM MgCl2, 25 mM Tris–HCl (pH 7.4), 5
mg/mL pLL, and a variable ATP concentration, ranging between 0 and 10 mM.
Samples were incubated at room temperature for 15 min prior to measurements.
Absorbance measurements were done against a blank containing 15% glycerol, 5
mM dextran, 150 mM KCl, 5 mM MgCl2, 25 mM Tris–Cl (pH 7.4). The absorbance
(A) was converted to turbidity as 100ð1  eA Þ.

Preparation of small unilamellar vesicles (SUVs). SUVs were prepared by lipid
ﬁlm hydration and subsequent extrusion. Appropriate amounts of DOPC, DOPE,
and PE-CF stock solutions were added to a round bottom ﬂask (DOPC: DOPE: PECF = 700:300:4, molar ratio). Chloroform was evaporated with a gentle stream of
nitrogen while simultaneously spreading the lipids to form a thin ﬁlm. Remaining
trace of chloroform was removed by keeping the ﬂask under vacuum for at least 2 h
in a desiccator. The obtained thin ﬁlm was hydrated with a solution of 4 mM dextran
and 15% v/v glycerol, to a ﬁnal lipid concentration of 20 mg/mL. The hydration was
facilitated by incubating at 37 °C while shaking for at least 30 min till the entire ﬁlm
was dispersed in the solution. The dispersed ﬁlm was then sonicated for 30 min in an
ultrasonic bath in order to break large aggregates and thus ease the subsequent
extrusion step. A mini-extruder (Avanti Polar Lipids) was assembled and set on a
heating block at 70 °C43. The lipid suspension was then sequentially passed through,
ﬁrst, a 100 nm and then a 30 nm polycarbonate track-etched membrane (Whatman)
21 times each. The extruded SUVs were then stored at 4 °C for use.
Image acquisition and analyses. An Olympus IX81 inverted microscope equipped with wide-ﬁeld epiﬂuorescence illumination was used to conduct the experiments, using ×10 (UPlanFL N, numerical aperture (NA) 0.30), ×20 (UPlanSApo,
NA 0.75), and ×60 (PlanApoN, NA 1.45) objectives (Olympus). Fluorescence
images were recorded using a Zyla 4.2 PLUS CMOS camera (Andor Technology)
and a micromanager software (version 1.4.14)44. Images were processed and
analyzed in FIJI (ImageJ) and MATLAB (Mathworks) using self-written scripts; the
10

Calculation of partition coefﬁcients. Average ﬂuorescence intensity of the entity
in consideration (FtsZ, SUVs, or ﬂuorescein) within the coacervate (Icoacervate),
along with the average ﬂuorescence intensity within the liposome (Iliposome), and
average non-speciﬁc background intensity (Ibackground) were measured. The partition coefﬁcient was then calculated as P = (Icoacervate − Ibackground)/(Iliposome –
Ibackground).
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The source data underlying Figs. 1f–g, i, 2d–g, 3c–f, 4d and Supplementary Figs. 2b–c,
3a–b, 5b–c are provided as a Source Data ﬁle. All other data are available from the
authors upon reasonable request.

Received: 17 September 2018 Accepted: 26 March 2019

References
1.
2.

Hyman, A. A., Weber, C. A. & Jülicher, F. Liquid–liquid phase separation in
biology. Annu. Rev. Cell Dev. Biol. 30, 39–58 (2014).
Banani, S. F., Lee, H. O., Hyman, A. A. & Rosen, M. K. Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,
285–298 (2017).

NATURE COMMUNICATIONS | (2019)10:1800 | https://doi.org/10.1038/s41467-019-09855-x | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09855-x

3.

4.

5.
6.
7.
8.
9.
10.

11.
12.
13.
14.

15.

16.
17.
18.
19.

20.
21.

22.
23.
24.
25.
26.
27.

28.
29.
30.

31.

32.

33.

34.

Nott, T. J. et al. Phase transition of a disordered nuage protein generates
environmentally responsive membraneless organelles. Mol. Cell 57, 936–947
(2015).
Saha, S. et al. Polar positioning of phase-separated liquid compartments in
cells regulated by an mRNA competition mechanism. Cell 166, 1572–1584
(2016).
Brangwynne, C. P. et al. Germline P granules are liquid droplets that localize
by controlled dissolution/condensation. Science 324, 1729–1732 (2009).
Shin, Y. & Brangwynne, C. P. Liquid phase condensation in cell physiology
and disease. Science 357, eaaf4382 (2017).
Holehouse, A. S. & Pappu, R. V. Functional implications of intracellular phase
transitions. Biochemistry 57, 2415–2423 (2018).
Li, Y. R., King, O. D., Shorter, J. & Gitler, A. D. Stress granules as crucibles of
ALS pathogenesis. J. Cell Biol. 201, 361–372 (2013).
Aguzzi, A. & Altmeyer, M. Phase separation: linking cellular
compartmentalization to disease. Trends Cell Biol. 26, 547–558 (2016).
Koga, S., Williams, D. S., Perriman, A. W. & Mann, S. Peptide–nucleotide
microdroplets as a step towards a membrane-free protocell model. Nat. Chem.
3, 720–724 (2011).
Fanalista, F., Deshpande, S., Pawlik, G., Dekker, C. & Lau, A. FtsZ-induced
shape transformation of coacervates. Adv. Biosyst. 2, 1800136 (2018).
Williams, D. S. et al. Polymer/nucleotide droplets as bio-inspired functional
micro-compartments. Soft Matter 8, 6004 (2012).
McCall, P. M. et al. Partitioning and enhanced self-assembly of actin in
polypeptide coacervates. Biophys. J. 114, 1636–1645 (2018).
Sokolova, E. et al. Enhanced transcription rates in membrane-free protocells
formed by coacervation of cell lysate. Proc. Natl. Acad. Sci. USA 110,
11692–11697 (2013).
Aumiller, W. M. & Keating, C. D. Phosphorylation-mediated RNA/peptide
complex coacervation as a model for intracellular liquid organelles. Nat.
Chem. 8, 129–137 (2016).
Nakashima, K. K., Baaij, J. F. & Spruijt, E. Reversible generation of coacervate
droplets in an enzymatic network. Soft Matter 14, 361–367 (2018).
Deng, N.-N. & Huck, W. T. S. Microﬂuidic formation of monodisperse
coacervate organelles in liposomes. Angew. Chem. Int. Ed. 56, 1–6 (2017).
Deshpande, S., Caspi, Y., Meijering, A. E. C. & Dekker, C. Octanol-assisted
liposome assembly on chip. Nat. Commun. 7, 10447 (2016).
Li, M., Huang, X., Tang, T. Y. D. & Mann, S. Synthetic cellularity based on
non-lipid micro-compartments and protocell models. Curr. Opin. Chem. Biol.
22, 1–11 (2014).
Spoelstra, W. K., Deshpande, S. & Dekker, C. Tailoring the appearance: what
will synthetic cells look like? Curr. Opin. Biotechnol. 51, 47–56 (2018).
Brea, R. J., Hardy, M. D. & Devaraj, N. K. Towards self-assembled hybrid
artiﬁcial cells: novel bottom-up approaches to functional synthetic
membranes. Chem. – Eur. J. 21, 12564–12570 (2015).
Vieregg, J. R. & Tang, T. Y. D. Polynucleotides in cellular mimics: coacervates
and lipid vesicles. Curr. Opin. Colloid Interface Sci. 26, 50–57 (2016).
Deshpande, S., Birnie, A. & Dekker, C. On-chip density-based puriﬁcation of
liposomes. Biomicroﬂuidics 11, 034106 (2017).
Deshpande, S. & Dekker, C. On-chip microﬂuidic production of cell-sized
liposomes. Nat. Protoc. 13, 856–874 (2018).
Ma, L. & Cockroft, S. L. Biological nanopores for single-molecule biophysics.
ChemBioChem 11, 25–34 (2010).
Lemière, J., Guevorkian, K., Campillo, C., Sykes, C. & Betz, T. α-Hemolysin
membrane pore density measured on liposomes. Soft Matter 9, 3181 (2013).
Oglęcka, K., Rangamani, P., Liedberg, B., Kraut, R. S. & Parikh, A. N.
Oscillatory phase separation in giant lipid vesicles induced by transmembrane
osmotic differentials. eLife 3, e03695 (2014).
Karatekin, E. et al. Cascades of transient pores in giant vesicles: line tension
and transport. Biophys. J. 84, 1734–1749 (2003).
Elliott, J. R. & Haydon, D. A. The interaction of n-octanol with black lipid
bilayer membranes. Biochim. Biophys. Acta 557, 259–263 (1979).
Wodzinska, K., Winterhalter, M., Heimburg, T., Blicher, A. & Fidorra, M. The
temperature dependence of lipid membrane permeability, its quantized
nature, and the inﬂuence of anesthetics. Biophys. J. 96, 4581–4591 (2009).
Gutknecht, J. Ionic permeability of thin lipid membranes: effects of n-alkyl
alcohols, polyvalent cations, and a secondary amine. J. Gen. Physiol. 55,
359–374 (1970).
Beren, C., Dreesens, L. L., Liu, K. N., Knobler, C. M. & Gelbart, W. M. The
effect of RNA secondary structure on the self-assembly of viral capsids.
Biophys. J. 113, 339–347 (2017).
Yehudai-Resheff, S., Hirsh, M. & Schuster, G. Polynucleotide phosphorylase
functions as both an exonuclease and a Poly (A) polymerase in spinach
chloroplasts. Mol. Cell. Biol. 21, 5408–5416 (2001).
Aumiller, W. M., Pir Cakmak, F., Davis, B. W. & Keating, C. D. RNA-based
coacervates as a model for membraneless organelles: formation, properties,
and interfacial liposome assembly. Langmuir 32, 10042–10053 (2016).

ARTICLE

35. den Blaauwen, T., Hamoen, L. W. & Levin, P. A. The divisome at 25: the road
ahead. Curr. Opin. Microbiol. 36, 85–94 (2017).
36. Sanchez, C., Mekhlouﬁ, G. & Renard, D. Complex coacervation between βlactoglobulin and Acacia gum: a nucleation and growth mechanism. J. Colloid
Interface Sci. 299, 867–873 (2006).
37. Kashchiev, D. Nucleation: Basic Theory with Applications (ButterworthHeinemann, 2000). https://doi.org/10.1088/0031-9120/15/2/102.
38. Banerjee, P. R., Milin, A. N., Moosa, M. M., Onuchic, P. L. & Deniz, A. A.
Reentrant phase transition drives dynamic substructure formation in
ribonucleoprotein droplets. Angew. Chem. Int. Ed. 56, 11354–11359 (2017).
39. Sajfutdinow, M., Jacobs, W. M., Reinhardt, A., Schneider, C. & Smith, D. M.
Direct observation and rational design of nucleation behavior in addressable
self-assembly. Proc. Natl. Acad. Sci. USA 115, E5877–E5886 (2018).
40. Wheeler, R. J. & Hyman, A. A. Controlling compartmentalization by nonmembrane-bound organelles. Philos. Trans. R. Soc. B Biol. Sci. 373, 20170193
(2018).
41. Zwicker, D., Seyboldt, R., Weber, C. A., Hyman, A. A. & Jülicher, F. Growth
and division of active droplets provides a model for protocells. Nat. Phys. 13,
408–413 (2016).
42. González, J. M. et al. Essential cell division protein FtsZ assembles into one
monomer-thick ribbons under conditions resembling the crowded
intracellular environment. J. Biol. Chem. 278, 37664–37671 (2003).
43. Zhu, T. F., Budin, I. & Szostak, J. W. Vesicle extrusion through polycarbonate
track-etched membranes using a hand-held mini-extruder. Methods Enzymol.
533, 275–282 (2013).
44. Edelstein, A., Amodaj, N., Hoover, K., Vale, R. & Stuurman, N. Computer
control of microscopes using manager. Curr. Protoc. Mol. Biol. https://doi.org/
10.1002/0471142727.mb1420s92 (2010).
45. Frankel, E. A., Bevilacqua, P. C. & Keating, C. D. Polyamine/nucleotide
coacervates provide strong compartmentalization of Mg2+, nucleotides, and
RNA. Langmuir 32, 2041–2049 (2016).

Acknowledgements
The authors would like to thank Jacob Kerssemakers and Federico Fanalista for help and
fruitful discussions, and Eli van der Sluis for puriﬁcation of FtsZ. This work was supported by the NWO TOP-PUNT grant (No. 718014001), the Netherlands Organisation
for Scientiﬁc Research (NWO/OCW) as part of the NanoFront, Basyc and FOM (No.
110) programs, and European Research Council Advanced Grant SynDiv (No. 669598).

Author contributions
S.D. and C.D. conceived the experiments. S.D., F.B., A.L., M.G.F.L., W.K.S., and S.W.
performed the experiments. S.D., F.B., S.W., and L.R. analyzed the data. S.D., A.L., and
C.D. wrote the paper, with input from the rest of the authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-09855-x.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:1800 | https://doi.org/10.1038/s41467-019-09855-x | www.nature.com/naturecommunications

11

