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Coacervates Composed of Low-Molecular-Weight
Compounds– Molecular Design, Stimuli Responsiveness,
Confined Reaction
Sayuri L. Higashi* and Masato Ikeda*

The discovery of coacervation within living cells through liquid–liquid phase
separation has inspired scientists to investigate its fundamental principles
and significance. Indeed, coacervates composed of low-molecular-weight
compounds based on supramolecular strategy can offer valuable models for
biomolecular condensates and useful tools. This mini-review highlights recent
findings and advances in coacervates (artificial condensates), primarily
composed of low-molecular-weight compounds, with focuses on their
molecular design, stimuli responsiveness, and controlled reactions within or
leading to the coacervates.
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1. Introduction

Coacervates are micrometer-sized liquid
compartments formed through phase
separation under aqueous conditions.
The term “coacervation,” introduced by
Bungenberg de Jong and Kruyt, de-
rives from the Latin acervus, meaning
aggregation, with the prefix “co” de-
noting togetherness.[1] Coacervation be-
tween oppositely charged polymers, such
as charged proteins and polysaccharides,
was first described in 1911.[2] In 2009, the
discovery of membraneless organelles

within living cells, resulting from in vivo liquid–liquid phase sep-
aration (LLPS),[3] brought renewed attention to the biological sig-
nificance of coacervates. LLPS occurs when a homogeneous mix-
ture spontaneously separates into two distinct liquid phases with
differing component concentrations. It spurred active research
into these phenomena and their properties.[4]

Over the past 15 years, substantial developments have
been made in multidiscipline fields, including biology,[3,5]

physiology,[6,7] particularly associated with diseases such as neu-
rodegenerative disorders[8–11] and cancer,[12,13] as well as in ma-
terials science,[14,15] physics,[16] and the study of the origin
of life.[17–19] We refer readers to recent reviews for detailed
discussions.[3,5–19] In contrast, this mini-review highlights recent
progress in coacervates, primarily composed of low-molecular-
weight compounds (coacervators; in this review, we deal with
compounds with their molecular weight up to ≈2500 as low-
molecular-weight compounds) rather than polymers or proteins.
Such coacervates are of increasing interest due to their poten-
tial applications in both biological systems andmaterials science.
This review focuses specifically on coacervates (artificial conden-
sates) composed of low-molecular-weight compounds, exploring
their molecular design, stimuli-responsive behavior, and ability
to control chemical reactions as illustrated in Figure 1.

2. Simple and Complex Coacervates

2.1. Molecular Design of Single Low-Molecular-Weight Building
Blocks for Coacervates Formation–Simple Coacervates

In general, coacervates are divided into two typical types; simple
coacervates and complex coacervates.[18] The simple coacervates
are composed of single molecular components (e.g., sticker-
spacer type molecules, amphiphilic molecules, and peptides; the
chemical structures of 12 compounds capable of forming simple
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Figure 1. Coacervates (artificial condensates) are composed of low-molecular-weight compounds as building blocks and their applications.

coacervates are shown in Figure 2) whereas complex coacervates
are composed of plural molecular components. The sticker-
spacer model, where the sticker is a cohesive moiety and the
spacer is a hydrophilic linear moiety, is one of the simplest to de-
scribe protein-mediated biomolecular condensate formation.[19]

Biomolecular condensate has been known as an intracellular
compartment called a membraneless organelle formed through
LLPS. Biomolecular condensates are composed of various
biomolecules (e.g., protein, nucleic acids), which spontaneously
assemble into dense, liquid droplets that exist alongside the
surrounding cytoplasm or nucleoplasm.[3,5] Successful develop-
ments in artificial condensates as simple coacervates have been
made in the sticker-spacer model, particularly where two sticker
sites are connected by a single linear spacer, which serves as
the minimum structural requirement. A pioneering example
by M. Abbas et al. demonstrated that introducing dipeptides at
both ends of a spacer (Figure 2A-i) can lead to the formation of
liquid droplets.[21,22] The amino acid compositions of the sticker
dipeptides strongly influence the formation of coacervates as
liquid droplets, with LL, LF, FL, and FF (1) sequences (F =
phenylalanine, L = leucine) forming coacervates, while WF, FW,
andWW (W= tryptophan) form aggregatesmost probably due to
their excessive hydrophobicity. Beyond the properties of sticker
dipeptides, the linear spacer’s polarity also plays a crucial role in
forming liquid-like coacervates. In detail, the authors disclosed
the clear boundary between polar spacers with a zero or negative
solvation-free energy, capable of forming coacervates, and apolar
spacers with a positive solvation-free energy and limited aqueous
solubility, resulting in aggregates. In a similar molecular design,
Y. Bao et al. developed photo-responsive artificial condensates
from a small molecule (2) comprising an oligoethylene glycol
spacer bearing two hydrophobic pyrene groups instead of dipep-
tides (Figure 2A-ii).[23] In addition to this sticker-spacer model,
Y. Tang et al. discovered that a simple dipeptide, QW (3; Q =
glutamine, Figure 2A-iii), can form liquid droplets. This was
achieved by carefully combining theoretical predictions using
molecular dynamics simulations and experimental validation for
selected dipeptides.[24] On the other hand, S. H. Hiew et al. re-
ported that a longer bio-inspired peptide (Ac-GLYGGYGW-NH2;
G = glycine, Y = tyrosine), which is derived from the parent
octapeptides (Ac-GLYGGYGX-NH2; where X can be varied)
from suckerin-19,[25] can also form coacervates.[26] This research
emphasizes the critical importance of single amino acid residues
in peptide sequences for coacervate formation. Deviations in the
sequence may result in the formation of other self-assembled
structures, such as fiber networks. This review primarily focuses

on oligopeptides and their derivatives consisting of fewer than
10 amino acids. We direct readers to recent reviews for a more
comprehensive discussion on natural and synthetic polypeptides
and proteins.[27,28]

Further advancements in molecular engineering toward
oligopeptides have proven effective for developing coacervates. C.
Yuan et al. reported that a simple dipeptide derivative, Z-FF (4, Z
= 4-benzyloxycarbonyl) (Figure 2A-iv), can form coacervates in a
metastable state before the transition into fibrous structures (vide
infra, Section 2.3.1).[29] In contrast, R. Kubota et al. discovered
that a dipeptide (FF) derivative (5) with a tert-butyl ester (OtBu)
at the C-terminus and a 4-phenyl-pyridinium cation at the N-
terminus (Figure 2A-v) forms coacervates as liquid droplets.[30]

Presumably, the bulky OtBu moiety of compound 5 plays an
important role in the formation of liquid droplets as a stable
state to avoid the transition to aggregates or fibrous structures.
Recently, the same research group reported the formation of a
unique sponge-like network within coacervates made from an in
situ generated dipeptide (6) containing an oligo ethylene group
instead of the 4-phenyl-pyridinium cation (Figure 2A-vi), reveal-
ing new insights into their structural dynamics.[31] Additionally,
S. Cao et al. found that an FF-based molecule (7) with ester
groups at its C-terminus (Figure 2A-vii) forms coacervates, which
were utilized as active artificial organelles in both artificial cell
models and living cells (discussed further in Section 2.4).[32] Be-
sides oligopeptides, simple amino acids bearing aromatic groups,
such as Fmoc-A, Fmoc-P, Fmoc-L,[29] and Fmoc-K[33] (Fmoc = 9-
fluorenylmethoxycarbonyl, A = alanine, P = proline, K = lysine),
can also form coacervates. Recently, S. Paul et al. elucidated the
pathway complexity of pH-shift-induced self-assembly of Fmoc-
L, with coacervates serving as key intermediates.[34] Most of the
molecules above form coacervates as metastable states, a point
further discussed later (Section 2.4).
Amphiphilicmolecules have significant potential to form coac-

ervates under specific aqueous conditions, particularly at higher
concentrations.[35,36,37] A recent example involves the cationic
single-chain surfactant,N-methylephedrinium bromide (DMEB,
8, Figure 2B-i), which undergoes spontaneous phase separation
to form coacervates in the presence of NaCl, CaCl2, or MgCl2.

[38]

Similarly, an amphiphilic ruthenium (II) tris(bipyridine) com-
plex (9) bearing two hydrophobic alkyl chains (Figure 2B-ii) was
shown to form coacervates in the presence of chaotropic counte-
rions with larger radii and polarizability (e.g., NO3

–, I–), which
reduce charge repulsion between cationic headgroups due to
stronger binding affinity.[39] Likewise, most coacervates com-
posed of ionic amphiphilic molecules can be obtained in the
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Figure 2. Molecular design for the construction of simple coacervates; A (i) Chemical structure of compound 1[21] and schematic representation of
redox-responsive coacervates composed of 1. Chemical structures of (ii) compound 2[23] and (iii) compound 3,[24] both forming liquid droplets. (iv,
v, vi) Chemical structures and schematic representations of coacervates composed of (iv) Z-FF (4),[29] (v) compound 5,[30] and (vi) compound 6.[31]

vii) Chemical structure of compound 7 and schematic illustration of coacervates composed of 7, entrapping a hydrophobic catalyst (Ru). Coacervates
formed with Ru catalysts (Ru organelles) enabled the decaging of non-fluorescent Rho-pro, producing fluorescent rhodamine 110 (Rho). The scheme
shows the construction of a catalytic cell mimic containing Ru organelles as artificial organelles. Confocal laser scanning microscopy (CLSM) images
display the time-dependent formation of Rho (green fluorescence) by the cell mimics; scale bar: 20 μm. Reproduced under terms of the CC-BY license.[32]

Copyright 2024, The Authors, published by Springer Nature. B Chemical structures of amphiphilic molecules forming coacervates: (i) compound 8,[38]

(ii) compound 9,[39] and (iii) compound 10.[40] Adapted with permission.[40] Copyright 2024 American Chemical Society. C (i) Chemical structure of
compound 11,[41] which formsmetastable coacervates at alkaline pH. (ii) Chemical structure of compound 12,[42] which forms anisotropic liquid droplets
in the presence of a macromolecular crowder (dextran), accompanied by CLSM images. Reproduced under terms of the CC-BY license.[42] Copyright
2024, The Authors, published by Springer Nature.
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Figure 3. Molecular design for the construction of complex coacervates; A (i) Chemical structures of ADM (13) and CTAB (14),[43] and (ii) a scheme
illustrating the process leading complex coacervates. B (i) Chemical structures of DTAB (15) and 5-MS (16),[44] and (ii) schematics representation for
the formation of supramolecular architectures (spherical micelles, wormlike micelles, or complex coacervates) depending on the 5-MS/DTAB ratio.
Adapted from.[44] Copyright 2023 Wiley VCH GmbH. C (i) Cryo-TEM image of rodlike micelles in a mixture of 20 mM NaDC (17, panel iv shows the
chemical structure) with 20 mM of the oppositely charged surfactant (DOAB, 18). (ii) Bright-field optical microscopic image and (iii) cryo-SEM image of
coacervate microdroplets in a 30 mM NaDC/30 mM DOAB mixed solution. (iv) A scheme illustrating the strategy for constructing complex coacervates
and controlling water-based pesticide spray on the superhydrophobic abaxial side of tomato leaves. Reproduced under terms of the CC-BY license.[45]

Copyright 2023, The Authors, published by Wiley VCH GmbH.
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Figure 4. Transformations from coacervates to (aligned) fibrous structures induced by stimuli, i.e., pH, ionic strength, the Hofmeister effect, and shear
flow.

presence of oppositely charged species; further examples related
to complex coacervate formation are discussed in Section 2.2.
In a different approach, S. Yu et al. reported that a peptide am-
phiphile bearing phenylboronic acid (PA-PBA, 10) (Figure 2B-iii)
could form coacervates in the presence of glucose (vide infra).[40]

More recently, S. Patra et al. designed a naphthalene diimide
(NDI)-derived molecule (11), which includes boronic acid and
ammonium cation moieties, to form metastable droplets in a
zwitterionic state at alkaline pH (Figure 2C-i).[41] Furthermore,
a gradual transformation from droplets to fibrous structures
over several days was manifested, which would be triggered
by dominant 𝜋-𝜋 interactions between the 𝜋-conjugated NDI
core. In most cases, coacervates appear as isotropic droplets;
however, highly anisotropic liquid droplets were recently discov-
ered in supramolecular polymers composed of ureidopyrimidi-
none glycine (Upy-Gly, 12, Figure 2C-ii).[42] In the anisotropic
liquid droplets, a highly ordered aqueous phase composed of
the supramolecular polymers as high-aspect-ratio fibrils, like a
liquid crystalline state, is generated. Interestingly, the shape of
the anisotropic liquid droplet is not spherical but spindle-like as
shown in CLSM images Figure 2C-ii.

2.2. Molecular Design of Ionic Low-Molecular-Weight Building
Blocks to Give Coacervates by Complexation With Oppositely
Charged Substances–Complex Coacervates

The low stability of the simple coacervates described above,
mainly due to weak intermolecular forces (e.g., van der Waals,
hydrogen bonding, 𝜋–𝜋, and cation-𝜋 interactions), may present
intrinsic challenges for low-molecular-weight compounds, which
offer limited interaction sites at the molecular level. This can be
a drawback when exploring their (bio) applications. Increasing
intermolecular interactions is a reasonable strategy to enhance
the stability of coacervates. Complex coacervations, fabricated via
multiple ionic interactions in less polar environments formed
by aggregated substances under aqueous conditions, may solve
these stability issues.
Recently, J. Yu et al. reported that an anionic cyclic molecule

(ADM, 13), composed of azobenzene and cysteine for disulfide
bond formation (Figure 3A), forms coacervates in the pres-
ence of a typical cationic amphiphile cetyltrimethylammonium
bromide (CTAB, 14).[43] The stoichiometric ratio between the
anionic cyclic molecule (4–) and the cationic amphiphile (1+)
is crucial, with a 1:4 molar ratio effectively neutralizing the
charge. Notably, the study demonstrated that the coacervate-
derived supramolecular materials were robust enough to exhibit
macroscopic adhesive properties while remaining dynamic
due to the disulfide bond’s reducible nature, transforming into

thiol groups. Similarly, Z. Liu et al. reported that a cationic
surfactant, dodecyl trimethyl ammonium bromide (DTAB,
15), formed coacervates when mixed with an excess amount
of 5-methyl salicylate (5-MS, 16), with a 30 mm concentration
of 5-MS (against 20 mm DTAB) (Figure 3B).[44] Remarkably,
these coacervates exhibited ice growth inhibition properties,
which were utilized for effective cryopreservation of human
mesenchymal stem cells. A systematic investigation of sodium
(doxy)cholates, or Na(D)C, and ammonium cations revealed the
formation of coacervates when Na(D)C (e.g., 17) were mixed
with alkylammonium halides bearing two alkyl chains (e.g., 18)
at higher concentrations (Figure 3C).[45] The coacervates demon-
strated efficient encapsulation of various solutes, including
pesticides, and showed strong adhesion to surfaces with nano-
and micro-morphologies, facilitating effective pesticide deposi-
tion on tomato leaves (Figure 3C-iv). As an example of converting
cationic amphiphiles to anionic ones, L. Zhou et al. reported the
formation of coacervates bymixing decanoic acid with dopamine.
The optimization of coacervate formation was explored in terms
of concentration, molar ratio, pH, and temperature.[46]

Polyoxometalates (POMs) are an attractive class of polyan-
ionic materials with well-defined topologies and useful proper-
ties. Mixing a cationic amino acid, arginine, with K8[𝛼-SiW11O39]
(SiW11), a representative POM, formed coacervate.[47] Addition-
ally, cationic tripeptides (GHK, GFK, GVK; H = histidine) also
formed coacervates when mixed with SiW11.

[48]

Other than those above, coating coacervates with lipid
membranes,[49] polymers,[40,50–52] or proteins[53] is a promising
strategy to enhance their stability further, though this may com-
promise their dynamic characteristics.

2.3. Stimuli Responsiveness of Coacervates

2.3.1. Transformation From Metastable Coacervates Into More
Thermodynamically Stable Structures

Similar to the behavior of biomolecular condensates, particularly
those related to disease-associated proteins,[4,8] coacervates
(artificial condensates) can occasionally transform fibrous struc-
tures. This transformation is often driven by common aqueous
conditions such as pH, ionic strength, and the Hofmeister
effect (Figure 4). These are closely linked to forming metastable
coacervates that eventually evolve into fibrous structures.[34,41]

In this context, metastable coacervates refer to intermediate
states that are not fully stable but can exist long enough to
undergo structural transitions, such as phase separation into
more thermodynamically stable forms. Notably, shear-mediated
transformations from coacervates to fibrous structures have
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Figure 5. Disassembly of coacervates in response to stimuli; A (i) Chemical structures of compound 9[39] in different redox states, and (ii) a
schematic diagram showing the oxidation-triggered coacervate–to–expanded coacervate–to–micelle transition. Adapted with permission.[39] Copy-
right 2023 Wiley VCH GmbH. B (i) Complex formation of PA-PBA (10)[40] with glucose, leading to micelle formation, (ii) schematic representation
of hypoglycemia-triggered disassembly of coacervates (LLPS droplets) composed of 10-glucose micelles and dasiglucagon, and (iii) hypoglycemia-
dependent dasiglucagon release (%) profiles. Adapted with permission.[40] Copyright 2024 American Chemical Society. C (i) Photo-induced Norrish type
II reaction of compound 2,[23] and (ii) schematic representations of the photo-responsive disassembly of coacervates formed by compound 2.

been observed, emphasizing the significant role of physical and
chemical factors in facilitating these transitions.[54] Importantly,
the role of shear stress and LLPS in forming spider silk from
polypeptides have also been studied, highlighting the relevance
of these factors in biological contexts.[55]

2.3.2. Controlled Transformation or Disassembly of Coacervates in
Response to Stimuli

Controlled transformation or disassembly of coacervates is
advantageous for various (bio) applications, such as the
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Figure 6. Controlled reactions in coacervates and to form coacervates; A (i) Chemical reaction scheme of hydrazone formation between phenyl-
hydrazine and p-nitrobenzaldehyde. (ii) Time-dependent hydrazone formation with (gray) and without (blue) coacervates, and (iii) schematic illus-
trating the compartmentalization effect of coacervates on hydrazone formation (coacervates enhance the hydrazone production through substrate
compartmentalization).[21] B Enhanced ATP hydrolysis by apyrase in the presence of amphiphile(8)-based coacervates.[38] C (i) Chemical structure of
DTB (photocatalyst) and schematic representations of dipeptide(7)-based photocatalytic microreactor containing DTB (DTB-microreactor) for methy-
lene blue dye degradation.[32] (ii) (left) Absorption spectral changes during the photocatalytic degradation of methylene blue by the DTB-microreactor
and (right) the corresponding time-dependent absorbance changes with (W/) and without (W/O) the DTB-microreactor. Reproduced under the terms
of the CC-BY license.[32] Copyright 2024, The Authors, published by Springer Nature. D Autocatalytic reaction and molecular assembly starting from an
amino acid thioester (19) leading to self-reproducing coacervates. (i) Chemical reactions producing oligopeptides (20) for coacervate formation, (ii) the
growth–division cycle of self-reproducing coacervates, and (iii) the cycle of coacervates growth with the addition of amino acid thioester (19; nutrient,
white triangle) and coacervate division in response to an applied stimulus (shear, black triangle). Reproduced under the terms of the CC-BY license.[58]

Copyright 2021, The Authors, published by Springer Nature.

active release of encapsulated substances. For example, pH-
responsiveness is commonly implemented in coacervates
constructed from molecules bearing ionizable groups, such
as amino groups.[21,32] In contrast, reduction responsiveness
has been achieved more purposely by introducing disulfide
groups into the spacer of sticker-spacer model molecules, such
as the peptide derivative (1) mentioned earlier (Figure 2A-i).[21]

Additionally, controlling the redox state of the metal center
in the amphiphile (9) enabled the manipulation of coacervate
structures (Figure 5A-i).[39] Specifically, oxidation of the metal
center (from RuII to RuIII) induced non-monotonic morpho-
logical changes, i.e., the coacervate expansion, contraction, and
eventually transformation into small micelles with the formation
of hydrophobic core fabricated by alkyl chains (Figure 5A-ii).
Host-guest interactions are also useful for incorporating more

specific chemical stimuli responsiveness. For instance, coac-
ervates composed of PA-PBA (10), which bears boronic acids
(Figure 5B), were sensitive to glucose concentration. This en-
abled the controlled release of encapsulated biologics, such as
dasiglucagon (a therapeutic hormone analog), in response to
lowered glucose levels (hypoglycemia) (Figure 5B-ii,iii).[40]

Photo-responsiveness allows for spatiotemporally controlled
transformation or disassembly of coacervates. For exam-
ple, a Norrish carbonyl group introduced into compound 2
(Figure 5C-i) enabled photocleavage of the linker between the
sticker and the spacer via the Norrish type II reaction, which
led to the disassembly of the coacervate (Figure 5C-ii).[23] Since
coacervates can encapsulate a variety of proteins and facilitate
intracellular protein delivery, photo-responsive disassembly (in-
duced by 405 nm light, but not by 488, 456, or 440 nm) resulted
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in the intracellular, cytosolic distribution of the encapsulated
payloads. Among the different stimuli-responsive systems dis-
cussed, photo- and redox-responsive coacervates could offer the
advantage of selective control over disassembly. Each approach
has its trade-offs in terms of versatility and reliability in its
molecular design.

2.4. Controlled Reactions in Coacervates

Compartmentalization within the microenvironments of coac-
ervates enables the encapsulation of client molecules, including
reactants and (bio) catalysts, which increases the local concen-
trations and modulates the microscale conditions around the
reactants. This is expected to control the rate of target reactions
effectively.[56,57] For example, the hydrazone formation reaction
between an aldehyde and hydrazine is accelerated in the pres-
ence of peptide(1)-based coacervates (Figure 6A).[21] Similarly,
the rate enhancement of ATP hydrolysis by apyrase is observed
in amphiphile(8)-based coacervates (Figure 6B).[38] A more
specific example includes the enhanced activity of a hydrophobic
photocatalyst (DTB: 4,7-di(2-thienyl)-2,1,3-benzothiadiazole)
within peptide(7)-based coacervates (Figure 6C).[32] DTB was
efficiently sequestered within the peptide-based coacervates
and showed higher performance of dye degradation by ROS
(reactive oxygen species) generated upon light irradiation
within the coacervates, compared to free DTB without the
coacervates. This is a representative example that coacervates
provide a suitable microenvironment that maintains the activity
of a water-insoluble catalyst in the aqueous media. Addi-
tionally, encapsulating a hydrophobic ruthenium (II) catalyst,
chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II)
[CPRu(cod)Cl], inside these coacervates has allowed for the de-
velopment of artificial organelles that function as even inside
living cells (Figure 2A-vii). In another example, M. Matsuo
et al. reported the spontaneous formation of coacervates during
oligopeptide synthesis, starting from an initial amino acid
thioester (19) (Figure 6D).[58] Interestingly, an autocatalytic
process producing oligopeptides (20), primarily di-, tri-, and
tetrapeptides, was revealed, allowing for self-reproduction via a
growth–division cycle through the periodic addition of thioester
monomers (Figure 6D-iii). This system supports the research di-
rection of the origins-of-life theories, particularly the coacervate
or droplet world hypothesis.

3. Conclusion

This review highlights recent research on the molecular design
for coacervate development, incorporating stimuli responsive-
ness and controlled reactions within coacervates. The revisited
supramolecular strategy, employing a bottom-up approach to cre-
ate new coacervates, offers valuable models for biomolecular
condensates and useful tools. However, the availability of low-
molecular-weight compounds remains limited, and their applica-
tions are still in the early stages of exploration. Thus, academics
and industrial scientists need to conduct further research on this
promising class of materials to expand the scope of future ap-
plications. The stimuli-responsive coacervates discussed in this

review hold significant potential for applications in areas such
as controlled drug delivery, where pH- and redox-responsive sys-
tems could allow for targeted release in different physiological en-
vironments. Additionally, the enhanced catalytic activity observed
in peptide-based coacervates suggests their utility in industrial
catalysis and environmental remediation.
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