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Coacervate-Droplet Cased Synthetic Cells Regulated By
Activated Carboxylic Acids (ACAs)
Matteo Valentini,[a] Stefano Di Stefano,*[a] and Job Boekhoven*[b]

Regulating the formation and dissolution of active complex
coacervate droplets with chemical reactions offers a powerful
synthetic cell model. Such active droplets are also helpful in
understanding the non-equilibrium nature of membrane-less
organelles. Like many membrane-less organelles, these droplets
rely on high-chemical potential reagents, like ATP, to maintain
their transient nature. This study explores Activated Carboxylic
Acids (ACAs) as a high-chemical potential fuel to modulate the
lifetime of peptide-based coacervates through transient pH
changes. We demonstrate that nitroacetic acid, a commonly
used ACA, can effectively induce the formation and dissolution
of coacervates by transiently altering the solution’s pH. The

system, comprising the zwitterionic peptide Ac-FRGRGD-OH
and polyanions, forms coacervates upon protonation at low pH
and dissolves as the pH returns to neutral. Our findings indicate
that the lifetime of these synthetic cells can be fine-tuned by
varying the amount of ACA added, and the system can be
refueled multiple times without significant interference from
by-products. This ACA-driven reaction cycle is versatile, accom-
modating various coacervate compositions and enabling the
uptake of diverse compounds, making it a valuable model for
compartmentalization. The study underscores the potential of
ACA-fueled coacervates as a platform for investigating biomo-
lecular condensates and developing synthetic life systems.

Introduction

Membrane-less organelles, or biomolecular condensates, are
formed through liquid-liquid phase separation via many weak
interactions between macromolecules like proteins and RNA
interactions.1–3 Examples include the formation of the centro-
somes and Cajal bodies, which are critically important in
regulating cellular functions. These droplets find themselves in
the active, non-equilibrium environment of the cell. Moreover,
the formation of these droplets is frequently coupled to non-
equilibrium reaction cycles such as transient phosphorylation,
methylation, and acetylation.5–8 For example, phosphorylation
and dephosphorylation of a protein regulate the phase
separation of neuronal granules that, in turn, regulate mRNA
translation.9,10 Such transient phosphorylation of a protein by
consuming fuels like ATP can induce a precursor’s reversible,
transient transformation into a building block able to bind

other components like RNA to form complex coacervates. The
active droplets emerge and persist only briefly due to their low
stability. They can emerge, persist, or decay depending on the
availability of fuel. The latter regulates when and where
organelles assemble and disassemble and their shape, size, and
functions. All these exciting properties (i. e., emergence, persis-
tence, decay, collective behavior, and self-division) are pivotal
to the functioning of life.

There is a growing interest in active materials,11–21 such as
active droplets.22–24 Coacervation is sometimes coupled to
dissipative cycles involving enzymatic reactions25,26, which
require complex components and narrow conditions. In other
cases, simpler reaction cycles were designed, which resort to
smaller molecules to induce the transient formation of
coacervates in a more prebiotically plausible fashion. Carbodii-
mides are exploited as chemical fuels (here, the term “fuel” is
used for chemical species that drive the formation of active
droplets in an out-of-equilibrium state).27–31 Active droplets can
be obtained in water employing a zwitterionic peptide as a
precursor, which, in the presence of the carbodiimide, is
activated to a cationic form featured by an increased affinity for
a polyanion. When enough peptide is activated, it phase-
separates, forming droplets. The complex coacervate-based
droplets form spontaneously and decay without additional fuel.
Recently, a new reaction cycle has been reported, which uses a
monoamidophospate that transiently phosphorylates a histi-
dine–containing peptide. The latter undergoes phase separation
in the presence of different polyanions. The hydrolysis of the
peptide leads to the dissolution of the coacervates.32 A common
drawback of both reaction cycles is their sensitivity to the
presence of other compounds (i. e., electrophiles and nucleo-
philes) that can interfere, leading to detrimental side reactions.
Moreover, in the case of the carbodiimide fuel, the urea-
derivative waste product, being a denaturing agent, is usually
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problematic for refueling experiments or for other structurally
complex components like enzymes.

In nature, liquid-liquid phase separation to form membrane-
less organelles can also be obtained through cytoplasmic pH
variations in response to cellular stress.33,34 This approach has
been widely used to control the behavior of active materials,
and in particular, it has been shown that activated carboxylic
acids (ACAs)35 can drive chemical reaction cycles by temporarily
changing the pH of the solution in a dissipative fashion.36–38

Upon addition of the ACA, the solution goes through a fast pH
drop, and the components in the system pass from a neutral
resting state A to a protonated state B. Decarboxylation of the
unstable conjugate base of the ACA, and the consequent back
proton transfer restore both the initial pH and the resting state
of the system (state A). Remarkably, the duration of the
protonated state can be modulated by varying the nature and
amount of the added ACA.39–48

In this work, we show that the ACA reaction cycle can
change the solution pH transiently and, consequently, control
the emergence, persistence, and decay of peptide-based
coacervates over time. Moreover, we demonstrate the compat-

ibility of this reaction cycle with different coacervate composi-
tions and with other compounds, showing that it is a
convenient, versatile, and simple reaction cycle to study active
droplet evolution as a protocell model. To achieve this aim,
nitroacetic acid–an ACA commonly used in water–reaction cycle
was coupled with the protonation and deprotonation of Ac-
FRGRGD-OH (1) to transiently control the emergence and decay
of peptide-based coacervates over time. Initially, at neutral pH,
the system is found in an equilibrium state where the
zwitterionic peptide, with a net charge equal to 0, weakly
interacts with a benchmark polyanion present in the solution.
When nitroacetic acid (ACA) is added, the pH drops to acidic
values, and 1 gets protonated (1 · 2H+). Under these conditions,
the peptide has a net charge of +2, which allows it to strongly
interact with the polyanion and phase-separate into a dense
coacervate phase. As the decarboxylation and back proton
transfer occur, the pH rises to its initial value, and the peptide
starts to deprotonate again, losing affinity for the polyanion.
Consequently, the coacervate dissolves, returning the system to
its initial equilibrium state (Scheme 1).

Scheme 1. Schematic representation of the nitroacetic acid (ACA) reaction cycle coupled to Ac-F(RG)2D-OH (1) protonation and deprotonation to induce
coacervation through a transient pH variation. A) Upon addition of ACA to a neutral solution of 1, the pH drops, resulting in a transient cationic peptide (1*2H
+) that can bind an anionic polymer (blue strand) and phase–separate into a coacervate-based droplet (B). Decarboxylation and back proton transfer of the
conjugate base of ACA raise the pH, bringing the system back to its initial equilibrium state. C) These transient coacervates can ideally be used to uptake a
wide range of compounds, such as latex beads, DNA nanostructures, and enzymes, for further applications.
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Results and Discussion

First, different ratios of 1 to pSS17 (poly(styrene sulfonate),
17 kgmol� 1) were screened at the plate reader. We fixed the pH
at 2 in the presence of 50 mM NaCl and the plate reader
measures the solution’s turbidity at 600 nm as a measure of
droplet formation. A well-defined phase diagram at pH 2 was
obtained, showing the formation of droplets in acidic con-
ditions (Figure S1). The specific 1 to pSS17 ratio 1.25 (10 mM 1,
8 mM pSS17 (expressed in monomer concentration), 50 mM
NaCl at neutral pH) was then chosen in the middle of the phase
diagram to monitor the turbidity as a function of pH. The pH
was varied by adding small amounts of NaOH or HCl (Figure S2).
This data shows droplet formation starts when a pH value of 3.6
or lower is reached. An experiment was then performed under
the same conditions, but 30 mM ACA was used to change the

pH transiently. The solution, initially at pH 7 and thus trans-
parent, got turbid upon adding ACA due to the protonation of
1 and the formation of coacervates (Figure 1A). However, as the
decarboxylation and back proton transfer occur, the pH rises to
a high value, causing the slow dissolution of the coacervate
phase and, eventually, restoring the initial clear solution (see
Figure S3 for pH traces over time). Turbidity at 600 nm was
measured over time in different fueling conditions (Figure 1B).
We found that the droplet’s lifetime could be tuned by
changing the amount of ACA added to the solution (Figure 1C).
The more fuel added, the longer the life cycle of the droplets.
Notably, subsequent multiple fueling experiments could be
performed without losing the system’s efficiency, demonstrat-
ing that nitromethane (2), the waste product of this reaction
cycle, did not significantly interfere with the droplet’s lifetime
cycle (Figure 1D).

Figure 1. A) The change of solution turbidity over time upon adding 30 mM ACA to 10 mM 1, 8 mM pSS, 50 mM NaCl at pH =7.0. B). The evolution of
turbidity at 600 nm of a 10 mM 1, 8 mM pSS (50 mM NaCl, neutral pH) solution when 5 mM (light blue trace), 10 mM (light green trace), 20 mM (yellow trace),
30 mM (orange trace) of ACA are added (see also Figure S4–7) and (C) related lifetimes defined as the time needed for the turbidity to reach a value below 0.1
(a.u.) (N =3). D) The evolution of turbidity by subsequent shots of 30 mM ACA. After each cycle, the pH was autonomously allowed to reach a value above
6.0). The lifetime of each refueling experiment is shown in Figure S8 (N=2). The black line is a guideline for the eyes.
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Microscopy experiments were carried out under the same
conditions to bring visual evidence of the properties of the
active droplets, i. e., their emergence, decay, and collective
behavior. When 30 mM of ACA was used, many droplets
appeared due to the initial pH drop (Figure 2A). As the
decarboxylation and back proton transfer proceed, the pH
returns to the initial value. Throughout this time, droplets can
grow through fusion (Figure 2B). Eventually, when the pH
reaches a value of around 4.5, the droplets start to dissolve,
passing through an out-of-equilibrium hollow shape (Fig-
ure 2D). The relatively high viscosity of these droplets (as shown
by FRAP experiments in Figure 2C) compared to the ones
induced by other reaction cycles28,30,32 and the relatively fast pH
increase due to the decarboxylation and back proton transfer
reactions could explain why hollow coacervates are formed
throughout the reaction cycle. As the pH increases, 1 gets
deprotonated, and droplets tend to dissolve. However, the
dissolution process, whose rate is correlated to the droplet
viscosity, might be relatively slow, and it could prevent the
droplets from being dissolved as quickly as the pH increases.
Therefore, the droplets find themselves in a non-equilibrium
state, and to overcome their instability, they assume the above
hollow, transient shape. Indeed, we confirmed the slow
dissolution process as the droplets in the reaction cycle are still
in solution at a pH where they could not exist in in-equilibrium
experiments. (see Figure S9 for further details). The appearance
time of the hollow coacervates can eventually be controlled
over time by using different amounts of ACA (Figure S10–11).

Eventually, to demonstrate that the ACA reaction cycle
coupled to peptide-based coacervates can be used as an easy
tool to study active coacervates, different polyanions with
varying lengths and monomer designs, and the uptake of a
wide range of chemical compounds like modified latex beads,
DNA nanotubes, and enzymes were investigated. To show the
wide applicability of this reaction cycle, we explored different
polyanions to generate transient peptide–based coacervates.
We employed the above-optimized conditions, varying the
polymer design and length. When varying the polyanion length,
we found the droplet lifetime increased with the polymer
length (Figure 3B).28 Noteworthy, we maintained a constant
concentration of negative charges, i. e., the monomer concen-
tration remained constant. Then, different polyanions designs
were investigated, including some pH-responsive polymers like
poly(styrene sulfonate-co-maleate), poly(styrene-alt-maleate),
(poly(acrylic-co-maleic acid)), and polyacrylate. In many of the
explored kinetics, i. e., dextran sulfate, polyuridylic acid, poly-
(styrene sulfonate-co-maleate), the turbidity measurements and
confocal microscopy suggested that droplets emerge upon the
addition of 30 mM ACA to subsequently dissolve (Figure 3B and
S16).49 With other polyanions, i. e., poly(anetholesulfonate), poly-
(styrene-alt-maleate), the solution got turbid after the addition
of ACA, but confocal microscopy showed the formation of
aggregates instead of droplets, probably due to the non-
optimized conditions for these polymers (Figure S16). When
polyacrylate, or its derivative combined with polymaleate acid,
was employed, no emergence of coacervate was observed,
probably due to the high protonation of the acrylate monomer

Figure 2. A) Confocal microscopy images of a 10 mM 1, 8 mM pSS, 50 mM NaCl, and 0.1 μM sulforhodamine B solution at neutral pH after adding 30 mM ACA.
The emergence of droplets can be observed upon fuel addition, and subsequent fusion events lead to the formation of bigger droplets. As the pH rises back
to its initial value, droplets start to dissolve, and hollow coacervates can be observed as a transient morphology before the complete dissolution of the
droplets. B) Confocal microscopy images showing a fusion event between two droplets. C) FRAP experiment with the fluorescently labeled peptide NBD-
G(RG)2D-OH shows a slow recovery with a diffusion coefficient of 0.06 μm2 s¬1 (N =3, see Figure S12–14 for each FRAP experiment). D) A hollow droplet line
profile was obtained by measuring the fluorescence along the dotted line. All experiments were performed in triplicate (N =3), and all images’ scale bars
represent 5 μm.
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that causes a net decrease in the negative charge concentration
(see Figure S15–16).

Active droplets have been proposed as a powerful platform
for synthetic life or a model for membrane-less organelles. In
these systems, the droplet functionality originates from the
ability to partition reagents. We thus tested whether other
components could partition into these droplets. Besides, the
ability to control the partitioning in a microcompartment of
different environmentally available components has always
been of primary importance in explaining the emergence of
functional complexity that has brought about the origin of
life.50–53 We performed a series of experiments in which the
emergence and decay of droplets in the optimized conditions
were coupled with the uptake of different components such as
latex beads, DNA nanostructures, and enzymes (Figure 4).
Amine-modified and carboxylate-modified polystyrene latex
beads were partitioned inside the droplets and released after
their dissolution (Figure 4 A and B, see also Figure S17–18).
Remarkably, in the case of DNA nanotubes, some tubes could
be observed inside the droplets immediately after adding
30 mM ACA (Figure 4 C). Furthermore, the DNA material was
found to be organized in a spherical shell around the droplets,
and it persisted even when the fuel was completely exhausted
(Figure S19).

Analogously, in the case of the two enzymes, Cy5-Glucose
Oxidase and Cy5-Urease were observed to be taken up by the
transient droplets (Figure 4D and E, see also Figure S20–21) and
eventually released after their dissolution, giving aggregates
that partially retain the enzymatic activity (Figure S22). In all
cases, the time interval for the dissolution of the droplets is
brief and cannot be tuned by varying the concentration of ACA.
We attempted to refuel the system by adding the second shot

of ACA. The droplets re-emerged and uptake both the free
enzyme and the enzymatic aggregates, which stick to the
boundaries of the droplets and facilitate their fusion process
(Figure S23). The subsequent rise of pH dissolves the droplets
and brings the formation of the solid aggregates again. The
data shows that droplets can be reformed after fueling. They do
show different behavior which we ascribe to the enzyme
aggregate formation after the first shot.

Conclusions

We showed that activated carboxylic acid, like nitroacetic acid,
can regulate the emergence and decay of peptide-based
coacervates, representing a valuable approach for further
investigation as synthetic cells. Our study demonstrates that an
ACA-driven reaction cycle can precisely control the lifetime of
the synthetic cells phase, providing a robust platform for
examining early protocell-like systems. The new reaction cycles
produce waste products that do not interfere with the synthetic
cells. We also show that the synthetic cells readily take up
functional molecules from their environment. In future works,
we will functionalize these fuel-dependent, non-equilibrium
synthetic cells with active molecules, like self-replicating RNA,
which will be a critical step toward synthetic life.
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