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Low-molecular weight surfactants have significant

potential as building blocks for prebiotic organiza-

tion. However, reports about surfactant-based coa-

cervates as protocell models capable of reversible

transformation are scarce. Herein, we develop a

simple system made of a surfactant (–)-N-dodecyl-

N-methylephedrinium bromide (DMEB) and inorgan-

ic salts that is capable of spontaneous formation of

vesicles, coacervates, and the reversible transforma-

tion between the two states. The coacervates are

stable over a wide range of pH values and salt

concentrations, and they contain a disordered

sponge-like internal microstructure, which leads to

effective encapsulation of a broad range of solutes

and biomacromolecules such as DNA and green fluo-

rescent protein (GFP). They provide an advanta-

geous chemical environment in which the activity

of enzymes, including apyrase, is enhanced. Striking-

ly, these coacervates can undergo a reversible trans-

formation to small, well-defined vesicles by changing

the temperature and surfactant or salt concentra-

tions. Moreover, we show that this transition can be

dynamically controlled by chemical reactions. The

cycling between open (coacervates) and closed

(vesicles) compartments could facilitate the encap-

sulation of solutes within membrane-bound vesicles,

and our results demonstrate that these surfactant-

based coacervates constitute superior protocells ca-

pable of a reversible droplet-vesicle transition.

Keywords: coacervates, sequestration, microreac-

tors, reversible transformation, vesicles

Introduction
Coacervates have increasingly been recognized as one of

three main categories of protocell models or synthetic

cells besides vesicular structures and their combina-

tions.1–10 Such liquid-like microdroplets provide a promis-

ing means to spontaneously sequester a wide range of

chemical and biological components,11–13 thereby
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producing aspects of the crowded interiors of cells and

speeding up relevant protometabolic and biochemical

reactions.14–18 Their membrane-free nature also favors un-

hindered exchange of matter with their surroundings.19,20

Therefore, the design of dynamic coacervate-based sys-

tems is a vibrant research area in the synthetic cell

community.

Coacervate-based protocell models can be produced
from biological or nonbiological components, but most
of them are assembled spontaneously from aqueous
mixtures of high-molecular weight polymers, such as
biological macromolecules, multivalent proteins, poly-
saccharides, and neutral or synthetic polyelectro-
lytes.12,14,18 Recently reported hybrid models are based
on coacervates constructed by polyelectrolytes of high
concentration but covered by fatty acid or lipid mem-
branes.7,9 However, high-molecular weight components
are presumably not present in a prebiotic milieu.7,19 By
contrast, less complex and potentially abundant
lower-molecular weight surfactants with different head-
groups and hydrophobic chains have been proposed as
possible constituents of early membranes.21–24 Thus, they
could be the potential building blocks for prebiotic or-
ganization, but more effort is required to create coacer-
vates from single-chain surfactants and develop various
bioinspired functions including enhancing bioreaction
rate in such systems, which has only been found in
polymer-based coacervates.25–29

Although the lack of membranes endows coacervates
with the ability to act as open compartments and favors
exchange of matter with the environment, it also makes
coacervates potentially unstable in the long term, due to
the partitioning of passive solutes, spontaneous droplet
fusion, and so forth. Systems capable of reversible tran-
sition between coacervates and a different organization-
al state (solution, micelles, and vesicles) upon changes in
temperature, pH, concentration, and so forth provide a
promising strategy for dynamically controlling material
exchange and conferring on protocells the ability to
sustain metabolic reactions.30–36 The ability to switch
from membrane-free coacervates to membrane-bound
vesicles is an especially attractive way to combine the
advantages of efficient sequestration in coacervates with
long-term stability of compartments and a direct link to
the appearance of modern cell membranes. So far, only
one reversible coacervate-to-vesicle transition, together
with spontaneous protein encapsulation, has been real-
ized in a myristic acid/guanidine hydrochloride system
by adjusting pH.25 The dynamic control in this system is,
however, limited. As a matter of fact, coacervates as
protocell models could dynamically respond to different
environmental cues, such as concentration, temperature,
and even chemical reactions.

Herein, we develop a superior surfactant-based coac-

ervate system, as a membrane-free protocell model, that

can undergo a reversible transition to small, well-defined

vesicles in response to a wide variety of triggers. The

coacervates are based on the spontaneous phase

separation of a single-chain surfactant (–)-N-dodecyl-N-

methylephedrinium bromide (DMEB; Figure 1a) in the

presence of NaCl, CaCl2, or MgCl2. They are readily

formed at low DMEB concentrations and remain stable

over a broad range of pH values and as the salt concen-

tration reaches the limit of solubility. A wide range of

dyes and biomacromolecules, including enzymes, are

spontaneously taken up and remain active inside the

coacervates, assisting to enhance the reaction rate. Im-

portantly, DMEB can also form vesicles, and we use this

property to establish a reversible transition between

coacervates and vesicles. The transition can be effectu-

ated by changes in temperature, concentration, salt con-

centration, and small biological metabolites. We can

use chemical reactions to control the formation of

these metabolites and realize an active system of

morphology-changing compartments from coacervates

to vesicles and back.
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Figure 1 | Coacervation in the mixture of DMEB with

inorganic salts. (a) Chemical structure of DMEB.

(b) Schematic representation of phase transitions after

adding salts (NaCl, CaCl2, and MgCl2) to DMEB, and

schematic illustrations of the proposed molecular pack-

ing and internal microstructures of vesicles and coacer-

vates. (c) Cryo-TEM image of vesicles in 30 mM DMEB/

75 mM NaCl mixed solution. (d) Bright-field microscopy

image of coacervate droplets in 10 mM DMEB/250 mM

NaCl mixed solution. (e) Phase diagram of DMEB/NaCl

mixtures at pH 7. The coacervates exist until the satura-

tion solubility of NaCl (∼5 M). (f) Phase diagram of DMEB

with 250 mM NaCl at different pH values (2–12). Blue and

colorless areas represent coacervate and vesicle region,

respectively.
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Experimental Methods
Materials

DMEB, α-D-glucose, and glucose oxidase (Gox) from
Aspergillus niger (100 KU), L-cysteine, adenosine
5′-triphosphate (ATP) disodium, and apyrase from pota-
to (100 UN)were purchased from Sigma-Aldrich (Beijing,
China). NaCl, MgCl2, CaCl2, rhodamine 6G, fluorescein,
and calcein were obtained from J&K (Beijing, China).
Methylene blue was purchased from Alfa (Beijing, China).
Nile red was purchased from Acros (Beijing, China).
Alex488-labeled DNA was purchased from Integrated
DNA Technologies (IDT; Leuven, Belgium). Green fluo-
rescent protein (GFP) was obtained from Thermo Fisher
Scientific (Beijing, China). All the reactants were used
without further purification. All the solutions were pre-
pared in Milli-Q water (18 MΩ·cm−1).

Characterizations

The turbidity was measured using a Brinkman PC920
(Brinkmann, Westbury, USA) probe colorimeter thermo-
stat. Dynamic light scattering (DLS) was performed by a
Zetasizer Nano ZS (Malvern, Malvern, UK) equippedwith a
4 mW He–Ne laser (λ = 633 nm). Cryogenic transmission
electron microscopy (cryo-TEM) was imaged with a JEM-
2010 TEM (JEOL, Tokyo, Japan). The morphology of the
coacervate droplets was characterized by cryogenic scan-
ning electron microscopy (cryo-SEM) using a HITACHI S-
4300 SEM (Hitachi, Tokyo, Japan). Optical microscopy
imagesofthephaseseparationwerecapturedbyanoptical
microscope[XSP-8C(8CA)(Teelen,Shanghai,China)]with
a mounted digital camera. Fluorescence microscopy
images were recorded on an Olympus IX83 micro-
scope(Olympus,Tokyo,Japan).Confocalmicroscopy ima-
gingwas performed using a Leica SP5-II laser scanningmi-
croscope attached to a Leica DMI6000 (Leica, Mannheim,
Germany). NMRmeasurementswere recorded on aBruker
AV400 FT-NMR spectrometer (Bruker, Billerica, USA).

Other characterization methods and experimental

details (including preparation of coacervate droplets,

phase diagram, sequestration of hydrophilic/hydropho-

bic dyes and biomacromolecules in coacervates, parti-

tion coefficients of dye and biomacromolecule in

coacervates, enhancement of bioreaction rate within

coacervates, and multiresponsive phase transitions) are

available in the Supporting Information.

Results and Discussion
Coacervation in the mixture of DMEB with
inorganic salt

The transition from vesicles to coacervates of DMEB

aqueous solutions was investigated by turbidity titra-

tions, cryo-TEM, and light microscopy. DMEB had low

solubility at room temperature, but when dissolved in

H2O, formed vesicles when the concentration was above

its criticalmicelle concentration (4mM) andbelow50mM

at 30 °C.37,38 By increasing the concentration of DMEB,

the size (Supporting Information Figure S1a) sharply

increased from 20–50 nm of vesicle (Supporting

Information Figure S1b) to 5–20 μm of coacervate

(Supporting Information Figure S1c) at 50 mM DMEB,

which corresponded to the vesicle-to-coacervate transi-

tion. Whenmonovalent salt was added (CNaCl > 100 mM),

either vesicles or coacervates stably existed at 25 °C by

mixing the transparent DMEB and NaCl stock solutions.

The DMEB concentration at which this transition oc-

curred decreased by two orders of magnitude at pH 7,

down to 0.5 mM (Figure 1b), which was evidenced by the

transformation of 30–40 nm vesicles (Figure 1c and

Supporting Information Figure S2) into turbid disper-

sions of 20–70 μm-sized spherical droplets (Figure 1d

and Supporting Information Figures S3a–S3c). The

fusion and enlargement of the coacervate droplets con-

firmed their liquid, membrane-free state (Supporting

Information Figure S4 and Movie S1). The droplets were

larger than observed in salt-free DMEB solutions and in

general polymer-based coacervates, and the condensed

coacervate phase was transparent and nonbirefringent.

Furthermore, the coacervate droplets were stable over a

wide range of DMEB concentration, NaCl concentration,

and pH values as depicted in phase diagrams (Figures 1e

and 1f) derived from the turbidity curves of the DMEB/

NaCl aqueous solution as a function of NaCl concentra-

tion at pH 7 (Supporting Information Figure S5a) or as a

function of pH at 250 mM NaCl (Supporting Information

Figure S6a). The suspensions were diluted up to 10-fold

(e.g., 30 mM DMEB/3 M NaCl) without destabilizing the

droplets. Notably, a small but perceptible dependence on

pH is shown in the turbidity curve for 5 mM DMEB/

250 mM NaCl. Under alkali conditions, the Br− was

replaced by OH− inducing better DMEB solubility and a

larger headgroup area because the associated OH− ion

had stronger affinity for water and stayed further from

the charged surface than Br−.

Generally, multivalent cationic metal ions such as Ca2+

and Mg2+ can significantly decrease the solubility of a

surfactant in water.39 As a consequence, coacervation of

DMEB was enhanced by divalent salts (CaCl2 and MgCl2;

Supporting Information Figures S3d and S3e), and the

coacervates remained stable until the solubility limit of

both salts (Supporting Information Figures S5b, S5c, S7a,

and S7c), at pH 2–12 for CaCl2 (Supporting Information

Figures S6b and S7b), or 2–10 for MgCl2 (Supporting

Information Figures S6c and S7d). Since many bioreac-

tions require Ca2+40,41 and Mg2+42,43 as catalyst, we hypoth-

esize that the enhanced DMEB coacervate formation by

NaCl, CaCl2, and MgCl2 could be the basis for a new type

of protocell model with catalytic functions, and their
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stability in a large pH range facilitates various bioreac-

tions requiring different pH conditions.

It is widely believed that surfactant-based coacervates

have a sponge-like bicontinuous structure, and their for-

mation requires the negative Gaussian curvature (H0) of

bilayers.44,45 This structure is made of randomly con-

nected bilayer networks, locally resembling the topology

of a bicontinuous cubic phase with short-range order.

With addition of salts, the electrostatic repulsion be-

tween the charged headgroups of DMEB can be effec-

tively screened, and the hydrophobic part becomes

bulkier compared with its hydrophilic headgroup, there-

by inducing the transition to coacervates with internal

sponge-likemicrostructure (Figure 1b). Indeed, cryo-SEM

images of the coacervates confirmed this sponge-like

microstructure (Supporting Information Figure S3a). We

hypothesized that the bicontinuous nature of the coa-

cervates simultaneously facilitated the uptake and con-

centration of both hydrophobic and hydrophilic guest

molecules.

Sequestration of hydrophilic/hydrophobic
dyes and biomacromolecules in DMEB/salt
coacervates

As a proof of concept, we tested if coacervates could

encapsulate freely dissolved small molecules from the

outside liquid phasewithout the need of dedicated trans-

porters and localize high concentrations of macromole-

cules from a dilute external phase without a physical

barrier, in which case both the small molecules and bio-

macromolecules of high concentrations can be compart-

mentalized. Indeed, cationic dyes (methylene blue and

rhodamine 6G), anionic dyes (calcein and fluorescein),

and hydrophobic dye (nile red) preferentially partitioned

into the coacervates of DMEB/NaCl (Figures 2a and 2b),

DMEB/CaCl2 (Supporting Information Figure S8), and

DMEB/MgCl2 (Supporting Information Figure S9) at dif-

ferent pH values (pH <11 for DMEB/MgCl2 because of

solubility limit). Moreover, Alex488-labeled dsDNA

(Mw = 15 kDa) and GFP (Mw = 27 kDa) were also trapped

in the coacervates at pH 7. The partition coefficients (K)

of the dyes46,47 were quantified by UV–vis absorption

spectroscopy in the two phases and summarized in

Supporting Information Figure S10. The results indicated

that the negatively charged and hydrophobic dyes were

the most strongly sequestered (K > 200) into the coa-

cervates, whereas positively charged dyes showed

weaker, but still significant, partitioning (K close to

100). Meanwhile, the partition coefficients of DNA and

GFP were estimated by the ratios of the fluorescence

intensities inside and out of the droplets. The K values

were all larger than 1000, also suggesting that the bio-

macromolecules were mainly sequestrated into the coa-

cervates regardless of molecular weight. The efficient

and broad-spectrum sequestration of solutes stands in

sharp contrast to similar studies using single-component

coacervates composed of fatty acids that showed no

uptake of negatively charged dyes.25,48 Improved seques-

tration could be attributed to the screening of surfactant
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Figure 2 | Sequestration of hydrophilic/hydrophobic dyes and biomacromolecules in DMEB/NaCl coacervates.

(a) Confocal fluorescence images of 0.05 mM cationic dyes (methylene blue and rhodamine 6G), anionic dyes

(calcein and fluorescein), and hydrophobic dye (nile red) at pH 3, 7, and 11, and biomacromolecules (5 μM Alex488-

labeled dsDNA and 0.1 mg/mL GFP) at pH 7 in 10 mM DMEB/250 mM NaCl coacervates. The dyes and biomacro-

molecules all preferentially partition into the coacervates. Scale bar = 100 μm for all images. (b) Schematic illustration

of sequestration of dyes and biomacromolecules in coacervate droplets.
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charges by inorganic salt ions and the disordered

sponge-like internal microstructure of droplets with both

hydrophilic and hydrophobic domains.

Kinetics for ATP hydrolysis in different phases

Because the compartmentalization increases the local

concentrations of both small molecules and biomacro-

molecules, the coacervates could serve as a favorable

medium for enzymatic reactions that otherwise would

not occur or be limited in water.49,50 As an example, we

investigated the stepwise dephosphorylation of ATP via

ADP to AMP by the enzyme apyrase, which requires

calcium. Calcium-induced DMEB coacervates could se-

quester both the enzyme and substrates and provide an

ideal environment for this reaction. We measured the

rate of ATP hydrolysis in 10 mM DMEB/125 mM CaCl2
coacervates and compared it with the rates in purewater,

10 mM DMEB vesicular solution, and 125 mM CaCl2 aque-

ous solution (Figure 3a). Kinetics of this enzymatic reac-

tion monitored by 31P NMR showed a gradual increase in

the yield of AMP versus time (Figure 3b and Supporting

Information Figure S11). Without Ca2+, the ATP hydrolysis

was almost halted in pure water and 10 mM DMEB vesicu-

lar solution because Ca2+ is required to produce the

active metal ion-nucleotide complex with the ATP

substrate.40,41 As expected, the hydrolysis rate was

markedly enhanced with the addition of 125 mM Ca2+ in

water. Interestingly, the rates were even further enhanced

in 10mMDMEB/125mMCaCl2 coacervates. The hydrolysis

in solution in the presence and absence of calcium was

fitted with a single exponential, and the fold change

between them krel (kCa/kH2O) was 1300 ± 400. In the case

of coacervates, the hydrolysis data were fitted with a

double exponential equation, corresponding to the reac-

tion taking place inside and outside of the coacervates.

The fold change of the two rate constants with respect to

the vesicular solution without calciumwas 18,000 ± 9000

and 2100 ± 600, respectively (Supporting Information

Table S1). In the presence of coacervate, the ATP concen-

tration was enriched to 320 mM in the coacervate phase,

about 60-fold higher than that of the initial concentration

(5 mM; Supporting Information Figure S12). The approxi-

mately 14-fold difference in effective rate between CaCl2
solution and coacervate droplet could be attributed to the

increased local concentration of substrate and enzyme

due to compartmentalization inside the coacervates

(Figure 3c). On the other hand, the weakly charged ADP

and AMP may be more easily released from the DMEB

coacervates than ATP, which would facilitate the separa-

tion of ADP or AMP from ATP and enhance the reaction

rate along with the comparable production yields. In ad-

dition to the biocatalysis of these inorganic ions in many

other bioreactions,51,52 the DMEB/CaCl2 and DMEB/MgCl2
coacervates have the potential to accelerate the bioreac-

tion rates as metabolic protocell models endowing se-

questration ability and catalytic activity simultaneously.

Phase transitions between vesicles and
coacervates

Coacervates as protocell models are inherently dynamic

and can form or disassemble in response to environmen-

tal cues, when and where needed. The systems capable

of reversible transition betweenmembrane-free (coacer-

vates) to membrane-bound one (vesicles) provide an

alternative strategy for dynamically controlling the ex-

change of matter and long-term solute segregation in a

closed compartment.25,34 To prove that this type of phase

transition can be controlled in a reversible way using

various mechanisms in our surfactant-based system, we

designed a reversible cycle between coacervates and

vesicles triggered by temperature, concentration, and

chemical reactions (Figure 4a).

The turbidity titration curves corresponding to heating

and cooling processes are almost symmetric without

obvious hysteresis, displaying that the DMEB/salt system
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Figure 3 | Kinetics for ATP hydrolysis in different phases.

(a) Schematic representation of the process of ATP hy-

drolysis to AMP through a stepwise dephosphorylation

with ADP as an intermediate, and calcium ion as a potent

activator of potato apyrase. (b) Yield of AMP from the

hydrolysis of 5 mM ATP as a function of time in pure

water, 10 mM DMEB solution, 125 mM CaCl2 solution, and

10 mM DMEB/125 mM CaCl2 coacervates. (c) Schematic

illustration of the effect of compartmentalization. The

hydrolysis rate is enhanced by coacervates with compart-

mentalization of the enzyme, ATP, and Ca2+, that is, an

approximately 14-fold difference in effective rate be-

tween CaCl2 solution and coacervate droplet.
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had rapid and highly reproducible responsiveness to

temperature change, which yields a critical temperature

(Tφ) of 43 °C for 10 mM DMEB/250 mM NaCl and slightly

lower ones for the two divalent salts (Figure 4b). Due to

the weak permeability of vesicular membranes, 20 μM
rhodamine 6G dispersed homogeneously in the vesicular

bulk solution, not in the vesicles. As the temperature

decreased from 45 to 15 °C, the homogeneous fluores-

cence signal disappeared gradually accompanied by the

subsequent formation of coacervate droplets(Figure 4c

and Supporting Information Movie S2). Upon increasing

the temperature to 45 °C, the large red dots again be-

came smaller and fewer, and the dots of about a few

hundred nanometers were observed finally (Supporting

InformationMovie S3 and Figure S13). This might indicate

that rhodamine 6G was encapsulated into the vesicles

through this coacervate-to-vesicle transition process. It

reveals that all the three DMEB/salt coacervates

responded to temperature changes rapidly and the

phase transitions were fully reversible and highly repro-

ducible. Concentration is another readily variable envi-

ronmental parameter. The phase diagrams of DMEB/salt

systems show that the droplets transformed into vesicles

and back into coacervates through diluting or concen-

trating. For example, a transparent 10 mMDMEB/180mM

NaCl solution became turbid after evaporation at room
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Figure 4 | Phase transitions between vesicles and coacervates triggered by concentration, temperature, and enzy-

matic reactions. (a) Schematic representation of phase transitions in three approaches, including diluting or concen-

trating, heating or cooling, and chemical reactions. (b) Turbidimetric curves of 10 mM DMEB/250 mM NaCl, 10 mM

DMEB/125 mM CaCl2, and 10 mM DMEB/125 mM MgCl2 mixtures at different temperature with heating and cooling,

which independently induce the formation of vesicles or coacervates. (c) Confocal fluorescence images of the vesicle-

to-coacervate and coacervate-to-vesicle transitions over time for 10 mM DMEB/140 mM NaCl solution with 20 μM
rhodamine 6G by cooling and heating between 15 and 45 °C, respectively. The inset is a cryo-TEM image of vesicles in

10mMDMEB/140mMNaCl solution at 45 °C. Scale bar = 20 μm for all images. (d) Schematic representation of the ATP

hydrolysis reaction, 31P NMR of 10 mM DMEB/5 mM CaCl2/5 mM ATP coacervates before and after the hydrolysis

reaction, and schematic illustration of phase transition induced by ATP hydrolysis and the appearance of samples for

each phase. (e) Schematic representation of a cascade reaction, in which glucose is oxidized to gluconate catalyzed by

Gox, accompanied by the reduction of cysteine into cystine; the 1H NMR of 20 mM DMEB/85 mM NaCl coacervates

during the cascade reaction; and schematic illustration of the phase transition induced by the cascade reaction and the

appearance of samples for each phase.
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temperature for 3 min. Vesicles were not large enough

to be observed by optical microscopy, but the droplets

became visible at higher total concentration (Supporting

Information Figures S14a and S14b and Movie S4). On the

contrary, the dilution processes induced the coacervate-

to-vesicle transition, during which first, hollows appeared

inside the droplet and then, the droplet became gradually

smaller (Supporting Information Figure S14c and

Movie S5).

Moreover, the formation and disassembly of coacer-

vate droplets were controlled in an active manner by

chemical reactions. First, we tested whether the ATP

hydrolysis discussed above induced the transformation

by converting a highly charged ATP into the weaker

charged AMP (Figure 4d). Upon addition of 20 μL of

250 mM ATP solution, a 1 mL, 10 mM DMEB/5 mM CaCl2
vesicular solution (Supporting Information Figure S15a)

rapidly transformed into coacervates within a few sec-

onds. Subsequently, 45 μL potato apyrase stock solution

of 100 U/mL was added and the coacervate phase dis-

solved again along with the apyrase-catalyzed ATP hy-

drolysis into AMP, also confirmed by 31P NMR (Figure 4d

and Supporting Information S16). The highly charged

ATP assisted the formation of coacervates due to the

strong electrostatic interaction with oppositely charged

DMEB and promoted the sequestration of enzymes,

while product AMP with weaker charges had a destabi-

lizing effect on coacervates by less electrostatic neutrali-

zation of DMEB headgroups. Next, we investigated

whether the synthesis of complex molecules from simple

ones could proceed in our coacervates and give rise to

the opposite transformation, that is, coacervate→ vesicle

→ coacervate. We designed a reaction pathway in which

glucose oxidization to gluconate was catalyzed by Gox,

accompanied by the reduction of cysteine into cystine

triggered by the product in the last step (Figure 4e).

Approximately, 20 μL of 250 mM cysteine solution

resulted in the transition from coacervate phase to ve-

sicular solution (20 mM DMEB/85 mM NaCl/0.1 mM NaI/

5 mM glucose; Supporting Information Figure S15b). The

negatively chargedmolecules predominantly localized in

the headgroup region of DMEB, causing the packing

parameter to become smaller and facilitating the forma-

tion of vesicles. Then 5 μL Gox solution of 4 mg/mL

oxidized cysteine to cystine, resulting in the transforma-

tion of vesicles back into coacervates (Supporting

Information Figure S17). The weakly water-soluble cys-

tine was likely solubilized in the hydrophobic tail region

of DMEB, causing it to swell and the curvature to become

negative again. The coacervates that were formed pro-

vide a favorable environment for the weakly

water-soluble cystine, coincidentally.

All above results confirmed that the surfactant-based

coacervates were highly dynamic and capable of under-

going dynamic, reversible transition between a coacer-

vate and vesicle, both of which can be viewed as an

appearance state of this unique protocell. The transition

was controlled by concentration, temperature, and

chemical reactions, all of which could have been relevant

mechanisms during the emergence of cell-like compart-

ments from nonliving building blocks. Significantly, the

coacervate-to-vesicle transition not only allowed for se-

quentially encapsulating solutes inside vesicles, but also

demonstrated that small amphiphilic molecules can act

as different functions during the evolution from protocell

to modern cell.

Conclusion
We have developed a unique protocell capable of revers-

ible transformation from a membrane-bound vesicle

form to an open coacervate droplet form, based on a

single-chain surfactant (DMEB) and monovalent or diva-

lent inorganic salt in pure water. The coacervates can

form at low DMEB concentration (>0.5 mM) and remain

stable over a very broad range of salt concentration (up

to saturation) and pH, facilitating adaptation to various

environments and reaction conditions. Besides, a wide

range of small molecular solutes (cationic, anionic, and

hydrophobic dyes) and biomacromolecules (DNA and

GFP) can be sequestrated within the coacervates at

different pHs, attributed to the disordered sponge-like

internal microstructure containing hydrophilic and hy-

drophobic domains. For the strong encapsulation ability

of different species, the hydrolysis rate of ATP in coa-

cervates has been enhanced compared with pure water,

DMEB vesicles, and CaCl2 aqueous solution, acting as an

efficient bioreactor. Moreover, this reaction can drive the

transition from coacervate to vesicle phase, whereas a

cascade reaction to synthesize cystine from cysteine can

induce the phase transition in the opposite direction.

Adjusting concentration or temperature can also cause

reversible and highly reproducible phase transition be-

tween vesicles and coacervates. These results demon-

strate that simple surfactants can form coacervates only

by the aid of inorganic salts. More importantly, the

surfactant-based protocell model exhibits integrated

features like polymer or polyelectrolyte systems, includ-

ing easy formation, broad-spectrum sequestration, rate

enhancement of enzymatic reactions, and coacervate-

vesicle transition. Hence, this work represents a

bottom-up approach to build protocell with simple com-

ponents and could provide novel insights into the

mechanisms of how surfactant-based protocells spatio-

temporally control chemical reactions and coacervate–

vesicle transitions.
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