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ABSTRACT: Coacervation is liquid−liquid phase separation ubiquitous in
industrial applications and cellular biology. Inspired by cellular manipulation
of coacervate droplets such as P granules, we report here a regulatory strategy
to manipulate synthetic coacervation in a spatiotemporally controllable
manner. Two oppositely charged small molecules are shown to phase separate
into coacervate droplets in water as a result of electrostatic attraction,
hydrophobic eﬀect, and entropy. We identify a down regulator, β-cyclodextrin,
to disrupt the hydrophobic eﬀect, thus dissolving the droplets, and an up
regulator, amylase, to decompose β-cyclodextrin, thus restoring the droplets.
The regulation kinetics is followed in real time on a single-droplet level, revealing diﬀusion-limited dissolution and
reaction-limited condensation, respectively, taking ∼4 s and 2−3 min. Versatility of this strategy to manipulate the
coacervation is demonstrated in two aspects: spatially distributed coacervation in virtue of amylase-grafted hydrogel
frameworks and coacervate transportation across membranes and hydrogel networks via a disassemble-to-pass strategy.
The current regulatory pairs and strategies are anticipated to be general for a wide variety of synthetic self-assembly
systems.
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Coacervation is a type of liquid−liquid phase separation
driven by intermolecular interactions or entropy to produce
coacervate droplets.3−8 These droplets were extensively studied
in basic science, such as permeable compartmentalization,9−11
ﬁber incubation,12−14 protocell modeling,15−17 and cellular
biology,18−22 and were widely applied in industries including
cosmetics, food, and pharmaceutics.3 Of particular relevance
here is their high reconﬁgurability in response to environmental
or chemical changes as a result of their membraneless
boundaries and liquid nature. It is, for example, encouraging
to notice the (de)phosphorylation-mediated reversible coacervation recently reported by Keating et al.23,24 In this paper, we
identify a pair of broad-spectrum regulators for synthetic
coacervation systems and develop strategies to manipulate
them for patterning and transportation.

ells have mastered a sophisticated self-assembly
strategy to construct structures and organelles and,
more importantly, to regulate them in a spatiotemporally precise manner in response to life cycles or external stimuli.1
For example, a cell moves by deploying diﬀerent regulatory
proteins to polymerize and depolymerize actin ﬁlaments at the
motion front and rear, respectively.1 During a division cycle of
Caenorhabditis elegans embryo cells, P granules (membraneless
assemblies or coacervates of diﬀerent RNA and proteins) start
oﬀ with a uniform distribution across the cytoplasm, then
dissolve evenly as regulated by MEX-5 that competes with RNA,
and end up with condensation at the posterior half due to the
localized PAR-1 that depletes nearby MEX-5 (Scheme 1a).2
This spatiotemporal manipulation enables the cell to unsymmetrically divide into a somatic and a germ daughter, and such
division repeats to preserve the germ line during embryo
development. Such cellular manipulation with spatiotemporal
precision and functional complexity is, however, yet to be
paralleled in synthetic self-assembly systems.
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Scheme 1. Experimental Designa

DTAB, thus restoring the droplets. Although the MEX-5/PAR-1
pair is speciﬁc for the P granule, the β-CD/amylase pair is
expected to be broadly eﬀective for amphiphilic self-assemblies
because the CD cavity can bind various hydrophobic groups. We
then use this coacervation regulation to realize spatially
controlled formation/dissolution of coacervates with a hydrogel
framework and transportation of coacervates through porous
membranes and hydrogels.

RESULTS AND DISCUSSION
Coacervation of DTAB and PTS. In a previous work, we
studied the surface properties of DTAB/PTS mixtures in detail
but only preliminarily explored their coacervation behavior.25
We thus lay out a more systematic characterization here. DTAB
has a hydrophobic tail and a positively charged headgroup,
whereas PTS has a pyrene core and four negatively charged
groups on the rim. Mixing DTAB and PTS at a near-neutral ratio
produces massive droplets that turn the clear solution into a
turbid, ﬂuorescently cyan suspension, typical for liquid−liquid
phase separation (Figure S2a). The ﬂuorescence comes from the
pyrene core of PTS that emits cyan and blue light in aggregated
and monomeric forms, respectively (Figure S3). The droplets
gradually coalesce and sediment into a bottom phase rich in
DTAB and PTS (Figure S2b).
Before complete coalescence, we identify round droplets
ranging from 2 to 10 μm (Figure 1a,b). Cryogenic transmission
electron microscopy (cryo-TEM) images at an early stage of
coacervation show ∼100 nm droplets often in the process of
coalescence (Figure 1c). Scrutiny of a single droplet (Figure 1d)
reveals rich inner textures with approximately equal amounts of
dark and light regions intertwining with each other, reminiscent
of spinodal decomposition patterns.26 The dark or light regions
are composed of threads and branches with a thickness ∼2.3 nm,
twice the length of DTAB molecules. We thus speculate a further
phase separation inside the droplets where DTAB molecules
form threadlike micelles to segregate the hydrophobic tails from
the hydrophilic regions full of charged groups and water
(Scheme 1).

a

Conditions: (a) During an unsymmetrical cellular division, P
granules (green spheres) start with a uniform distribution across the
cytoplasm, then dissolve evenly in the presence of MEX-5, and
selectively condensate at the posterior half as a result of depletion of
MEX-5 caused by localized PAR-1. Eventually, one daughter is
somatic and free of the P granule, and the other one is germ and rich
in P granule. (b) Oppositely charged DTAB and PTS form coacervate
droplets at a near-neutral ratio as a result of hydrophobic eﬀect,
electrostatic attraction, and entropy. Inside a droplet, DTAB
molecules arrange themselves into threadlike micelles to separate
the hydrophobic region (blue) from the hydrophilic region (pink). As
a down regulator, β-CD disassembles the droplets by extracting
DTAB from the droplets into its cavity. As an up regulator, amylase
reassembles the droplets by decomposing β-CD into glucose.

Our design involves two ingredients for coacervation and two
regulators (Scheme 1b): dodecyltrimethylammonium bromide
(DTAB; see Figure S1 for molecular structures), pyrenetetrasulfonate tetrasodium (PTS), β-cyclodextrin (β-CD), and
amylase. β-CD can extract DTAB into its cavity, thus dissolving
the droplets, and amylase can decompose β-CD to release

Figure 1. Microscopic pictures of the DTAB/PTS coacervate droplets. (a) Confocal images of the droplets in white light and ﬂuorescence
modes. Scale bar = 15 μm. (b) 3D confocal scan of the droplets on a glass surface. Scanning box = 70 × 70 × 15 μm. Color bar indicates height in
z axis. (c) Cryo-TEM pictures of newly formed droplets that are coalescing. Scale bars = 40 (left) and 80 (right) nm. (d) Single droplet with its
inner textures enhanced on the right. Scale bar = 20 nm.
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Figure 2. Coacervation regulation by β-CD and amylase. (a) Scattering intensity of a DTAB/PTS suspension as a function of time with the
arrows indicating β-CD or amylase addition. The sample is held at 55 °C in this the entire experiment for enzymatic activity. (b−d) Dissolution
kinetics followed on single-droplet level, showing two 3.2 × 3.2 μm regions of interest (ROIs) (b), a 25 × 25 μm map of color-coded droplet
contours (c), and time dependence of normalized ﬂuorescence intensity of ROIs and droplet area (d) as a function of time. (e−g) Condensation
kinetics followed on single-droplet level. The ROIs in (e) are 4.5 × 4.5 μm, and the map in (f) is 25 × 25 μm. The droplet area jumps at merging
events but increases linearly otherwise (g), where the inset shows droplet area curves for cases of simple expansion.

Regulation of Coacervation by β-CD and Amylase. As a
donut-like oligosaccharide with a hydrophilic outer surface and a
hydrophobic cavity, β-CD can thread the hydrocarbon chain of
DTAB into its cavity in a 1:1 stoichiometry with a high binding
constant of ∼2 × 104 M−1.27−29 Addition of β-CD to a DTAB/
PTS mixture dissolves the coacervates and produces a clear,
ﬂuorescently blue solution (Figure S2c). Two other cyclodextrins, α-CD and γ-CD, have a similar eﬀect on DTAB/PTS
coacervation. Macroscopic dissolution of the droplets ﬁnishes
within 2 min (Figure 2a). α-Amylase is an enzyme that cleaves α1,4 linkages between glucose units of linear and cyclic starch
molecules such as CDs.30−32 Incubation of amylase in a DTAB/
PTS/β-CD solution slowly degrades β-CD and releases DTAB
to re-form the coacervate droplets in ∼10 min (Figure 2a). The
enzymatic reaction reaches optimum eﬃciency at 55 °C but
barely proceeds at 25 °C (Figure S4a), providing us a convenient
handle to activate or deactivate amylase. Amylase activity is
moderate for β-CD and γ-CD but quite low for α-CD that is too
small to ﬁt in the enzymatic binding site (Figure S4b).32
We follow the dissolution and condensation on glass surfaces
in real time on single-droplet level. In dissolution experiments, a
concentrated β-CD solution is gently injected onto the top layer
of a coacervate suspension. After a waiting period for β-CD to
diﬀuse to the sample−glass surface, the droplets start to shrink

dramatically (Movie S1). Droplet contours are tracked during
the process (Figure 2c), where droplet shrinkage and centroid
shifting are notable. Figure 2b highlights time sequences of two
regions of interest (ROIs) of the original movie. Single-droplet
tracking suggests that most of the droplets are synchronized to
vanish within a short time of ∼4 s (Figure 2d). In condensation
experiments, the DTAB/PTS/β-CD/amylase mixture is heated
to 55 °C to initiate the enzymatic reaction while a video is
recorded (Movie S2). A time-coded map of droplet contours
demonstrates droplet expansion and frequent merging events in
120 s (Figure 2f). Figure 2e highlights stepwise merging events
(for example, 6 small droplets gradually turns into one big
droplet in the two top rows), vanishing events (the two top-right
droplets fully disappear at 124 s in the two top rows), and simple
expansion without merging (the lower row). Interestingly,
although ﬂuorescence intensity of a ROI increases constantly
and linearly irrespective of merging events, droplet area tracking
picks up the merging events nicely (Figure 2f). For a single
droplet, its dissolution and condensation are presumably limited
by β-CD diﬀusion (∼4 s) and by β-CD decomposition (2−3
min), respectively.
̈ attempt to realize
Spatiotemporal Regulation. In a naive
spatially controlled coacervation, we built an asymmetrical
chamber with half of its bottom glass coated by amylase and the
C
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Figure 3. Spatially controlled coacervate formation in amylase-grafted hydrogels. (a) Amylase is grafted to a double-network hydrogel. (b) 3D
confocal scan of the droplets formed in a DTAB/PTS/β-CD-loaded and amylase-grafted hydrogel. Scanning box = 150 × 150 × 20 μm. (c)
Amylase grafting is localized to a 2 mm spherical region in a hydrogel such that droplet formation is also localized. Edge of the spherical region
(120 × 120 × 30 μm) is scanned in 3D, where a clear transition from no droplet to abundant droplets can be observed. Color bars in (b,c)
indicate height in z axis. (d) Schematic design for the paper-pencil-eraser system. (e−h) Pentagram (f) and three-circle (g) patterns are written
on blank paper (e) and then erased (h). Top and bottom rows are pictures under white and UV light, respectively.

Figure 4. Disassemble-to-pass strategy. (a) Schematic illustration of the strategy, where large coacervate droplets have to be disassembled into
monomers to pass through a semipermeable membrane and to be restored on the other side. (b) Experimental realization of the strategy. Top to
bottom rows: DTAB/PTS droplets restrained to the left chamber by the membrane (denoted by the red arrow); droplets dissolved; droplets
condensed in the right chamber. (c) Right half of the hydrogel is grafted with amylase. Initially uniformly distributed droplets are dissolved and
then restored on the right half. (d) DTAB/PTS coacervate cannot pass through a 100 nm ﬁlter. (e) DTAB/PTS/β-CD monomers can pass
through a ﬁlter and can then be turned into a coacervate suspension upon amylase treatment.

other half uncoated. Incubation of DTAB/PTS/β-CD solution
in this chamber produced coacervate droplets that were spread
at both halves rather than localized to the coated half. We reason
that the monomers, regulators, and coacervate droplets would

do unbounded Brownian motion in a free solution, disfavoring a
speciﬁc spatial distribution. Noticing the crowded cellular
environment full of ﬁlaments and membranes to localize
regulatory proteins,1 we seek an ideal hydrogel framework that
D
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temperature. Incubation of the hydrogel at 55 °C activates
amylase that produces coacervate droplets on the right half.
Complementary to this strategy, one can further impose an
external ﬁeld (e.g., electric, magnetic, or ﬂow) on the monomers
to migrate them along the gradient swiftly and eﬃciently. For
example, a forced ﬂow carries the DTAB/β-CD and PTS
monomers across a ﬁlter completely in 1 min, and droplets are
restored at the receiver by amylase. Speciﬁcally, pushing a
DTAB/PTS coacervate suspension through a 100 nm ﬁlter traps
all the coacervates in the ﬁlter and gives a clear solution (Figure
4d). Pushing a DTAB/PTS/β-CD solution through a ﬁlter traps
nothing in the ﬁlter and gives a solution that can be turned into a
coacervate suspension by amylase treatment (Figure 4e).

fulﬁlls the following criteria: does not impede coacervate
formation, traps coacervate droplets in position once they
grow into certain sizes, limits monomer diﬀusion, and provides a
backbone to covalently graft amylase.
To this end, we synthesize acrylamide-modiﬁed amylase
(Figures 3a and S5), copolymerize it with acrylamide and crosslinkers to produce a polyacrylamide-amylase network, and
impose a second network of agarose to render the ﬁnal hydrogel
mechanically stable and water-nonswellable. The amylasegrafted hydrogel is further loaded with DTAB/PTS/β-CD,
followed by incubation at 55 °C for enzymatic decomposition of
β-CD. The incubation turns the hydrogel from transparent and
ﬂuorescently blue to turbid and ﬂuorescently cyan, indicative of
coacervation. Massive, stationary coacervate droplets (5−10 μm
in diameter and roughly spherical in shape) are distributed
evenly in the hydrogel (Figure 3b and Movie S3). The droplets
remain stable against coalescence or sedimentation for weeks
but do slowly age due to Ostwald ripening. Localization of
amylase to a 2 mm spherical region of a hydrogel piece produces
colocalized coacervate droplets (Figure 3c and Movie S4).
Then we design a paper-pencil-eraser system where a sheet of
DTAB/PTS/β-CD-loaded, amylase-free hydrogel is a blank
paper, a piece of amylase-grafted hydrogel is a pencil, and a piece
of β-CD-loaded hydrogel is an eraser (Figure 3d). Applying the
pencil to the paper allows β-CD in the paper to continually
diﬀuse into the pencil to be decomposed by amylase. Such
decomposition generates localized coacervate droplets that
produce turbid and ﬂuorescently cyan trajectories. Applying the
eraser to the trajectories releases β-CD locally to dissolve the
coacervates, restoring the hydrogel transparency. This paperpencil-eraser system would, in principle, enable us to create
arbitrary shapes and patterns. For example, on blank paper
(Figure 3e) is written a pentagram (Figure 3f) or a three-circle
pattern (Figure 3g), and the patterns are then fully removed by
the eraser (Figure 3h).
Disassemble To Pass Through. When we have to relocate
bulky furniture to a new house, one way is to move it in one piece
by powerful machines at a high cost, but a more convenient way
would be to dismantle it into small pieces for transportation and
to reassemble it at the destination. In the microscopic world,
cells can aﬀord the costly way of active transportation of large
cargos by ATP-powered motor proteins in a crowded environment.1 We demonstrate here a disassemble-to-pass strategy as
schematically illustrated in Figure 4a, where coacervate droplets
are too large to pass a membrane by direct diﬀusion, but a
disassembly−reassembly detour would allow the cross-membrane transportation. In one experimental setup, DTAB/PTS
coacervate droplets in the left chamber are restrained from the
right by a semipermeable membrane in the middle (Figure 4b).
Addition of β-CD to the left disassembles the droplets into
monomers that can easily diﬀuse through the membrane to
reach an equilibrium on both sides. Addition of amylase to the
right cleaves β-CD molecules and produces droplets on the
right. The transportation eﬃciency is dictated by monomer
diﬀusion, where one disassembly/assembly cycle usually moves
roughly 50% droplets to the other side and more cycles move
more percentages. In another setup, the strategy is employed to
transport the droplets across a hydrogel that would otherwise ﬁx
them in position (Figure 4c). A circular piece of hydrogel is
grafted with amylase on the right half and is loaded with DTAB/
PTS droplets uniformly. Inﬁltration of β-CD to both sides
dissolves the droplets evenly as amylase is inactive at room

CONCLUSION
We demonstrated versatility of a regulator-based strategy in a
synthetic model coacervation system: Spatially distributed
formation of droplets was achieved in amylase-grafted hydrogels,
and transportation across membranes and hydrogel networks
were realized by a disassemble-to-pass strategy. Looking
forward, we argue generality of the current strategy for synthetic
self-assembly systems. First, CDs can interact with various
hydrophobic moieties, and amylase serves speciﬁcally and
eﬃciently to counteract CDs’ eﬀects. They are thus envisioned
to be broad-spectrum regulators for a wide range of molecular
assemblies, such as surface monolayers, micelles, vesicles, and
ﬁbers,30,33 and nanoparticle−molecule hybrid structures.34,35
Second, the patterning scheme here goes beyond the coacervate
droplets to distribute assemblies like micelles and vesicles in
space at will because the introduced hydrogel frameworks can ﬁx
the assemblies in position and limit monomer diﬀusion. It may
even empower us to create a combination of spatially separated
colonies of diﬀerent assemblies, where intercolony communications can then be studied. Finally, the transportation scheme
here is anticipated to be valid to a vast variety of smart systems
responsive to diﬀerent cues such as light, temperature, and pH.
EXPERIMENTAL SECTION
Materials. All chemicals purchased were of the highest available
purity and were used as received. 1,3,6,8-Pyrenetetrasulfonic acid
tetrasodium salt hydrate (PTS, ≥98%), α-amylase (∼30 U/mg, from
Aspergillus oryzae), and agarose (for molecular biology) were purchased
from Sigma, USA. Dodecyltrimethylammonium bromide (DTAB,
>98.0%) was purchased from TCI, Japan. Cyclodextrins (CDs, >98%),
N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDC, 98.0%), N-hydroxysuccinimide (NHS, 98.0%), acrylic acid
(AAc, >99.7%), and acrylamide (AAm, >99.8%) were purchased from
Aladdin, China. All aqueous solutions were prepared with 18.2 MΩ·cm
deionized water produced by a Milli-Q System (Millipore, USA).
Coacervate samples were prepared by weighing desired amount of
powders into a buﬀer solution (20 mM sodium phosphate, 6.7 mM
sodium chloride, pH 6.9 for amylase activity). The temperature was
held at 55 °C for amylase to decompose CD and at 25 °C otherwise.
General Methods. Fluorescence spectra were acquired by a
Hitachi F-4500 ﬂuorescence spectrometer with excitation at 350 nm.
Scattering light intensity and ζ-potential were measured by a Zetasizer
NanoZS (Malvern, UK). Absorbance was acquired by an Agilent 8453
diode array UV−vis spectrophotometer. 2D slices or 3D z-stacks of the
coacervate droplets were captured with a Leica TCS SP8 confocal
microscope (60× oil objective, 1.4 NA). A 405 nm laser was used to
excite DTAB/PTS coacervates.
Cryogenic Transmission Electronic Microscope. A few microliters of samples was mounted onto a lacey carbon copper ﬁlm TEM
grid, and the excess solution was removed with ﬁlter paper. The
specimen was immersed into liquid ethane with the help of a cryo-box
E
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(Carl Zeiss Microscopy GmbH, Jena, Germany), to be rapidly cryoﬁxed
between −170 and −180 °C. The specimen was then transferred to a
Zeiss/LEO EM922 Omega EFTEM (Zeiss Microscopy GmbH) by an
Oxford cryo-transfer holder (CT3500, Gatan, Munich, Germany).
TEM observation was made around −180 °C with an acceleration
voltage of 200 kV. Reduced electron doses (500−2000 e nm−2) were
used to obtain zero-loss ﬁltered micrographs. A bottom-mounted CCD
camera system (UltraScan 1000, Gatan) was employed to record all
images, which were then processed by GMS 1.9 (Gatan).
Epiﬂuorescence Microscopy and Droplet Contour Tracking.
We visualized the dissolution and condensation of coacervate droplets
on glass surfaces using a Zeiss inverted epiﬂuorescence microscope
(Andor EMCCD camera) with a 100× oil objective. The ﬁeld of view
was 82 × 82 μm, and depth of focus was 1.5 μm. Videos were collected
typically at 20 fps for 2000−3000 frames, which were then analyzed by
IDL codes written in-house (Figure S6).
Synthesis of Amylase-Grafted Hydrogel. Amylase was ﬁrst
modiﬁed with acrylic acid. Typically, a mixture of amylase (25 mg), AAc
(100 μL), and EDC (532 mg) in 5 mL of MES buﬀer (pH adjusted to
6.5 ± 0.2 with NaOH) was incubated ∼2 h for the reaction to ﬁnish.
Unreacted AAc was washed oﬀ by dialysis (membrane cutoﬀ MW
2000). The solution was freeze-dried and stored at 4 °C before use. The
product was conﬁrmed by FTIR and NMR. Second, the modiﬁed
amylase was grafted to a double-network hydrogel. Typically, 5 mL of
pregel aqueous solution that contained 0.75 wt % agarose, 5 wt % AAm,
0.019 wt % MBAA, and 0.2 wt % I2959 was heated at 90 °C until the
agarose powder was dissolved. The pregel solution was cooled to 55 °C
in a water bath, and 17 mg of AAc-modiﬁed amylase (30 U/mg) was
added and mixed evenly. Then the resulting solution was injected into a
mold to cool at room temperature so the agarose forms ﬁbers that gel
the sample. Finally, the sample was irradiated under UV light (365 nm,
100 W) for 10 min such that AAm, modiﬁed amylase, and MBAA were
polymerized to form another network.
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