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Liquid—liquid phase separation (LLPS) is a cornerstone of cellular organization, driving the formation of
biomolecular condensates that regulate diverse biological processes and inspire innovative applications.
This review explores the molecular mechanisms underlying peptide-mediated LLPS, emphasizing the
roles of intermolecular interactions such as hydrophobic effects, electrostatic interactions, and n—-=n
stacking in phase separation. The influence of environmental factors, such as pH, temperature, ionic
strength, and molecular crowding on the stability and dynamics of peptide coacervates is examined,
highlighting their tunable properties. Additionally, the unique physicochemical properties of peptide
coacervates, including their viscoelastic behavior, interfacial dynamics, and stimuli-responsiveness, are
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1. Introduction

1.1. Definition and significance of liquid-liquid phase
separation (LLPS)

Liquid-liquid phase separation (LLPS) is a fundamental physi-
cochemical process in which a homogeneous solution of
macromolecules, such as polymers or biomacromolecules,
spontaneously separates into two distinct liquid phases: one
enriched in these macromolecules and the other depleted of
them."? This process results in the formation of dense, liquid-
like droplets suspended within a more dilute surrounding
phase. The phase behavior of LLPS can be represented in phase
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diagrams, which map the conditions under which phase separa-
tion occurs.>® The study of LLPS in polymers has yielded
significant insights into material science, particularly by
enabling the design of advanced materials with tunable proper-
ties derived from phase-separated structures.” More recently,
the significance of LLPS in cell biology has been recognized as
it offers a novel framework for understanding intracellular
organization and compartmentalization.”” Unlike traditional
membrane-bound organelles, LLPS-driven self-assembly gener-
ates distinct cytoplasmic and nucleoplasmic compartments,
forming biomolecular condensates, some of which evolve into
functionally specialized membraneless organelles.>® These
condensates exhibit dynamic, liquid-like properties, such as
rapid component exchange, fusion, and reformation, which are
essential for numerous cellular functions.'®"* Membraneless
organelles formed through LLPS are involved in a broad range
of physiological functions, such as the formation of hetero-
chromatin, storage of nucleic acids, regulating gene expression,
stress response, and signal transduction.’**™'” These struc-
tures are critical for maintaining cellular homeostasis and
orchestrating molecular transport and cell division.'®' The
realization that LLPS is a fundamental mechanism underlying
the formation of these compartments has revolutionized our
understanding of cell biology, prompting a reevaluation of
numerous biological processes.

The recognition of LLPS has profound implications for
human health, as it has become increasingly clear that this
fundamental biological process is intimately linked to the
pathogenesis of various diseases.”** Aberrant phase separation
has been implicated in a range of conditions, including neu-
rodegenerative disorders, cancer, and infectious diseases.>*®
In neurodegenerative diseases like Alzheimer’s disease and
amyotrophic lateral sclerosis (ALS), the dysregulation of LLPS
can result in the formation of pathological protein aggregates,
often due to the transition of biomolecular condensates from
liquid-like to solid-like states, as depicted in Fig. 1.%7?” These
aggregates are believed to arise from the inappropriate or
irreversible maturation of dynamic biomolecular condensates,
ultimately causing cellular dysfunction and neurodegeneration.”®
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Similarly, in cancer, misregulated LLPS can alter the behavior of
condensates involved in gene expression and cell cycle control,
contributing to uncontrolled cell proliferation and tumor
development.>* In infectious disease, pathogens may hijack host
cells’ LLPS mechanisms to enhance their replication or to evade
immune detection, further illustrating the broad relevance of
LLPS in disease processes.”>*® The growing body of evidence
underscores the importance of LLPS not only as a fundamental
mechanism for normal cellular function but also as a critical
factor in disease pathogenesis. Understanding the nuances of
LLPS dysregulation opens new avenues for therapeutic interven-
tion, as targeting the specific molecular interactions that govern
phase separation could provide novel strategies for treating dis-
ease associated with aberrant condensate formation.*® Thus, LLPS
represents a promising area of research with significant potential
to inform the development of new therapies to restore normal
cellular function and to prevent disease progression.

1.2. Protein-mediated LLPS and biomolecular condensates

Protein-mediated LLPS. Biomolecular condensates formed
via protein-mediated LLPS are important for cellular spatial
organization, offering a versatile mechanism independent of
membrane-bound compartments. These condensates are built
from key molecular components: multivalent proteins or intrin-
sically disordered regions (IDRs) (Fig. 2A).*"** IDRs, in parti-
cular, lack a rigid structure and exist as dynamic ensembles of
conformations, with their primary sequences dictating their
phase separation propensity and physical properties of the
resulting condensates, such as viscoelasticity and stability.>>*
Through weak, transient interactions, including hydrophobic
effects, electrostatic interactions, and n—n stacking, IDRs drive
the assembly of dense, liquid-like condensates that remain
distinct from the surrounding dilute phase. Factors such as
sequence composition, interaction motif density and spatial
arrangement, and linker properties further tune the phase
behavior and material properties of these IDR-driven assem-
blies, underscoring their flexibility and adaptability in cellular
contexts.>**®

The concept of scaffold and client proteins is fundamental
to understanding the molecular mechanisms that govern the
formation, function, and regulation of biomolecular conden-
sates.®” Scaffold proteins are critical for initiating and main-
taining phase separation, acting as the structural backbone
of condensates by mediating multivalent interactions through
multiple interaction motifs or domains. These interactions
drive phase separation and provide a robust network that
sustains LLPS. Additionally, scaffold proteins play a key role
in recruiting client proteins, which, although unable to phase-
separate independently, can be incorporated into pre-existing
condensates. Often, these interactions involve RNA, particularly in
the formation of RNA/protein-rich membraneless organelles.*®
RNA, especially those with repetitive sequences, enhances the
multivalent interactions necessary for LLPS, acting as both struc-
tural components and functional regulators within condensates.""
The architecture of scaffold proteins typically includes either
multiple folded domains that interact with short linear motifs

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Liquid-liquid phase separation (LLPS) as a fundamental mechanism of

cellular organization. LLPS enables the formation of dynamic biomolecular

condensates, or membraneless organelles, that selectively concentrate specific molecules through controlled phase separation. These condensates
exhibit diverse behaviors, including multiphase structuring and transitions from liquid-like to solid-like states. Such condensates play significant roles in

regulating cellular functions, including RNA transcription and protein trans

lation, by creating specialized microenvironments that facilitate specific

biochemical reactions and information flow within the cell. Reprinted with permission.® Copyright 2017, The American Association for the Advancement

of Science.

in other proteins or IDRs with multiple interacting motifs or
“stickers”.>>?° These IDRs mediate weak multivalent inter-
actions essential for driving phase separation. Studies have
shown that scaffold valency lowers the saturation concentration
required for phase separation, reinforcing their pivotal role in
condensate formation.”

Examples of biomolecular condensates in biological systems.
Biomolecular condensates, formed through LLPS, represent a
diverse class of membraneless organelles crucial for cellular
organization and function. Spanning a size range from hun-
dreds of nanometers to several micrometers, biomolecular
condensates include notable examples such as nucleoli, stress
granules, P granules, and Cajal bodies.®**°™** A pivotal dis-
covery in the study of biomolecular condensates was the
observation that P granules in Caenorhabditis elegans germ cells
exhibit liquid-like behavior (Fig. 2B).*® Composed of proteins
and RNAs, P granules are notably larger (2-4 um) than many
other cellular condensates, making them ideal for quantitative
analysis.” Their liquid-like properties were first observed in
their ability to fuse into spherical shapes, flow and deform
under shear forces, and undergo fission. Photobleaching
experiments further revealed rapid internal dynamics, with

This journal is © The Royal Society of Chemistry 2025

proteins exchanging between the granule and the cytoplasm
within seconds. Subsequent studies extended these findings to
other condensates such as nucleoli, stress granules, and Cajal
bodies, all of which similarly exhibit liquid-like properties.
These discoveries suggest that LLPS is a universal mechanism
underpinning the assembly and function of many biomolecular
condensates in biological systems. Despite their dynamic nat-
ure, biomolecular condensates exhibit remarkable stability
in size and shape, often persisting for minutes to hours. This
balance between stability and fluidity is achieved through
constant molecular exchange with surrounding cytoplasm or
nucleoplasm, a process essential for their function. Moreover,
condensates are highly responsive to internal and external
stimuli, such as thermal or osmotic stress, enabling them to
form or dissolve as needed to meet cellular demands."”"*>
Role in cellular functions and physiology. Biomolecular
condensates formed via protein-mediated LLPS play a vital
role in a wide range of cellular functions and physiological
processes.’® By enabling the compartmentalization and
concentration of specific biochemical reactions without mem-
branes, these condensates facilitate spatial organization critical
for gene regulation, signal transduction, and stress response.

Soft Matter, 2025, 21,1781-1812 | 1783


https://doi.org/10.1039/d4sm01477d

Published on 15 February 2025. Downloaded on 11/11/2025 3:27:27 AM.

Review

Scaffolding block

. Multivalent ®_®_® :
| proteins AA—AA :
' IDRs

View Article Online

Soft Matter

Responsive block

< P4
< , Assembly
— v
A T
> 5 Disassembly &=
FAY

Responsive to light, chemicals, etc.

%

(O Recruiting

<©
b
" Release

< o>

Scaffolding Responsive Client

Fig. 2 Protein-mediated liquid—liquid phase separation and biomolecular condensates. (A) Building blocks and functional responsiveness of biomo-
lecular condensates. Multivalent proteins or intrinsically disordered regions (IDRs) act as scaffolds to drive phase separation and condensate formation.
These condensates exhibit responsiveness to environmental stimuli, enabling controlled assembly and disassembly as well as the selective recruitment
and release of client proteins, highlighting their adaptability to dynamic biological processes. Reprinted with permission.*? Copyright 2022 Springer
Nature. (B) Dynamic liquid-like properties of P granules in Caenorhabditis elegans germ cells. Time-lapse imaging demonstrates the deformation,
dripping, and fusion of P granules (outlined in red) under shear force (indicated by arrows, top left). These perinuclear granules, surrounding the nucleus
(N, outlined in white), exhibit characteristic liquid-like behaviors over time, as shown at 0, 21, 32, 36, and 46 seconds. Reprinted with permission.*®

Copyright 2009, The American Association for the Advancement of Science.

This dynamic organization allows cells to rapidly adapt to
environmental and metabolic changes.*”

In gene regulation, LLPS drives the formation of transcrip-
tional condensates at specific genomic loci. These condensates
concentrate transcription factors, RNA polymerase, and other
regulatory proteins, thereby enhancing the efficiency and spe-
cificity of gene expression.' The ability of these condensates
to assemble and disassemble in response to signaling cues
ensures that gene expression can be dynamically modulated to
meet changing cellular demands.*® LLPS also contribute to the
formation of heterochromatin, where it organizes and silences
large genomic regions. This LLPS-mediated chromatin organi-
zation restricts access to specific genes, enabling cells to
regulate gene expression at a broader, genome-wide scale.'
Biomolecular condensates are equally critical for cellular
stress responses.*® Stress granules, for instance, form under
stress conditions such as heat shock or oxidative stress.*”

1784 | Soft Matter, 2025, 21,1781-1812

These condensates temporarily sequester mRNA and transla-
tion-related proteins, preventing mRNA degradation and con-
serving cellular resources. Once the stress is alleviated, stress
granules disassemble, releasing the sequestered mRNA for
translation and enabling a rapid recovery of protein synthesis.
This transient and reversible sequestration mechanism high-
lights the adaptive flexibility of condensates in protecting
cellular functions under stress. Beyond gene regulation and
stress responses, biomolecular condensates are also involved in
the regulation of signaling pathways.’® Signaling condensates
form at the plasma membrane in response to receptor activa-
tion, where they concentrate signaling molecules to amplify
and spatially constrain signaling events and ensure signaling
precision.

The dynamic and responsive nature of biomolecular con-
densates makes them indispensable for maintaining cellular
homeostasis. However, when the mechanisms governing LLPS

This journal is © The Royal Society of Chemistry 2025
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become dysregulated, condensates can transition from func-
tional liquid-like states to pathological solid-like aggregates.”®
This aberrant phase behavior has been implicated in neuro-
degenerative diseases such as ALS, Alzheimer’s disease, fronto-
temporal dementia (FTD), and Huntington’s disease.®>*
Understanding the molecular mechanisms that regulate LLPS
is therefore critical not only for uncovering fundamental cel-
lular principles but also for developing therapeutic approaches
to mitigate diseases arising from condensate dysfunction.

1.3. Peptide-mediated LLPS and coacervates

Peptide-mediated LLPS. Peptide-mediated LLPS is a rapidly
growing research area that investigates how peptides self-
assemble into dynamic liquid-like phases through weak mole-
cular interactions.”® Unlike proteins, peptides offer a simpler
yet highly tunable platform for studying the fundamental
principles of phase separation.>® Depending on the compo-
nents and the nature of molecular interactions, LLPS can be
categorized into segregative LLPS, associative LLPS (complex
coacervation), and simple coacervation (Fig. 3A), each with
distinct mechanisms and applications.’*”* Segregative LLPS
occurs when mutual repulsion between soluble molecules
drives their separation into distinct phases.>> Associative LLPS,
commonly termed complex coacervation, involves attractive
interactions between different peptides that facilitate their
complexation, resulting in a solute-rich phase and a solute-
depleted phase.’® In contrast, simple coacervation arises from
the self-association of individual peptides, driven by inter-
molecular attractive interactions.>” These processes are influ-
enced by peptide sequence, length, and secondary structures,

~-
simple coacervation
-~ —
"\_:/. \ f LLPS
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such as o-helices or B-sheets, which can further determine
whether peptide coacervates remain liquid-like states or transi-
tion into solid-like states.>® Additionally, environmental factors
like pH, temperature, and ionic strength modulate the stability
and dynamics of peptide coacervates, making LLPS a versatile
mechanism for both synthetic and biological applications.’®
Examples and importance of peptide coacervates. Peptide
coacervates are a key example of materials formed through
LLPS, holding substantial importance in both scientific
research and practical applications.>®>® These coacervates
result from the interactions of complementary charged pep-
tides or intrinsic peptide properties, leading to the formation of
dense, liquid-like phases capable of encapsulating bioactive
molecules. A notable instance is seen with o-helical polypep-
tides, which, when combined with oppositely charged partners,
form coacervates that remain stable despite environmental
fluctuations, such as changes in salt concentration.’® This
stability is due to the structural characteristics of peptides,
including charge density and conformational rigidity. Such
stability is particularly advantageous in applications like drug
delivery, where the ability to encapsulate and release therapeu-
tic agents in a controlled manner is essential.>*®" This level of
control is especially valuable in treatments requiring localized
delivery, like cancer therapy, where reducing side effects and
maximizing therapeutic efficacy are critical goals.
Peptide-based coacervates can effectively encapsulate a vari-
ety of molecules, including nucleic acids, proteins, and small
drugs, protecting them from degradation and facilitating their
release in response to specific environmental stimuli.®*™
The tunability of peptide sequences further enhances the utility
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Fig. 3 Peptide-mediated liquid-liquid phase separation (LLPS) and coacervates. (A) Schematic representation of the types of LLPS that lead to the
formation of coacervates. Segregative LLPS arises from repulsive interactions between distinct solute molecules, resulting in separate solute-enriched
compartments. Associative LLPS, also known as complex coacervation, is driven by attractive interactions between solutes, forming coacervates enriched
with multiple components. Simple coacervation involves the self-association of a single molecular species into dense, dynamic droplets. Reprinted with
permission.>® Copyright 2021 Royal Society of Chemistry. (B) Key molecular interactions driving peptide LLPS. The schematic highlights the primary
interactions, including electrostatic interactions between charged residues, hydrogen bonding involving polar groups, hydrophobic interactions between
nonpolar residues, m—n stacking between aromatic residues, and m-cation interactions between aromatic and positively charged residues. These
interactions collectively determine the phase behavior and functional properties of peptide coacervates. Reprinted with permission.>* Copyright 2023
Elsevier.
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of these systems, allowing precise control over coacervate for-
mation and dissolution to meet diverse functional requirements.
Furthermore, the inherent biocompatibility and straightforward
synthesis of peptides make them ideal candidates for developing
new biomaterials and therapeutic platforms.®®®” Their ability to
form dynamic, responsive scaffolds that mimic the extracellular
matrix supports cell growth and tissue regeneration, making them
suitable for use in wound healing, cartilage repair, and other
regenerative therapies. Additionally, the biodegradability of
peptide-based materials ensures that they can be safely integrated
into biological systems and eventually resorbed by the body.

In synthetic biology, peptide-mediated LLPS has been utilized
to create artificial compartments and functional biomaterials.®>®®
These synthetic systems can be designed to perform specific tasks,
such as catalyzing reactions or sequestering molecules, in a
manner similar to natural cellular processes. The ability to engi-
neer peptide-based coacervates with specific properties opens up
new possibilities for the development of advanced materials that
mimic or enhance natural biological functions. As research into
peptide-mediated LLPS continues to advance, the potential appli-
cations of these systems in biotechnology and medicine are
expected to grow, offering innovative solutions for drug delivery,
tissue engineering, synthetic biology, and beyond. The ability to
design and manipulate these systems at the molecular level holds
great promise for enhancing our understanding of biological
processes and developing novel therapeutic interventions.

1.4. Scope and objectives of the review

This review aims to provide a comprehensive overview of
peptide-mediated LLPS, examining its implications in both
biological systems and synthetic applications. The review seeks
to elucidate the thermodynamic and molecular mechanisms
driving peptide-mediated LLPS, explore how environmental
factors such as pH, temperature, and ionic strength, influence
phase separation, and analyze the transition of peptide coacer-
vates from liquid-like to solid-like states. Furthermore, it will
assess how external stimuli modulate LLPS and discuss the
physicochemical properties of peptide coacervates, and their
applications in drug delivery, tissue engineering, and synthetic
biology. Through this detailed exploration, the review aims to
enhance our understanding of peptide-mediated LLPS and
underscore its potential for driving innovation in biotechnology
and medicine.

2. Mechanisms of peptide-mediated
LLPS
2.1. Thermodynamics and driving forces

The thermodynamics of peptide-mediated LLPS can be
described using free energy considerations, where the system
seeks to minimize its total free energy. The relevant free energy
is the Gibbs free energy of mixing (AG,,), determined by both
enthalpic (AH,,) and entropic (AS,,) contributions:

AG,, = AH,, — TAS,, (1)
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The enthalpy reflects the interaction potentials between
peptide and solvent, while the entropy represents the available
degrees of freedom for both peptide and solvent molecules.
It is also crucial to recognize that the enthalpic contribution
can be driven by specific molecular interactions, such as
hydrogen bonding, aromatic stacking, or hydrophobic effects,
depending on the peptide’s sequence composition.®® The mix-
ing entropy specifically accounts for the entropic cost asso-
ciated with confining peptide molecules in a dense phase. For
phase separation to occur, the Gibbs free energy (AG,,) must be
negative, indicating that the system can lower its energy by
separating into two distinct phases, a peptide-rich dense phase,
and a peptide-poor dilute phase. In LLPS, entropy generally
favors a well-mixed state due to the greater number of possible
configurations. However, the formation of a condensed phase
results in a decrease in entropy, which must be compensated
by a favorable enthalpic contribution, often driven by strong
peptide-peptide interactions that replace less favorable
peptide-solvent interactions. The thermodynamics of LLPS are
influenced by the sequence-specific properties of the peptides,
which can modulate the strength and nature of these
interactions.®® Additionally, the release of water molecules
from the peptide surfaces into the bulk phase during conden-
sate formation contributes an entropy gain that partially offsets
the overall entropy loss, thereby facilitating phase separation.”®

The Flory-Huggins theory extends the classical Gibbs free
energy approach to describe the phase behavior of peptides in
solution.”"”? This theory considers the size difference between
peptide and solvent molecules, as well as the specific inter-
actions between them. In this model, the free energy of mixing
is given by:

AGn,
Bl _ P g, + 6,00, + 18y, @

ksT
where ¢, and ¢, are the volume fractions of the peptide and
the solvent, respectively. N corresponds to the length of the
peptide. kg is the Boltzmann constant and T is the temperature.
« is the Flory interaction parameter that quantifies peptide-
solvent interactions. y is further defined as:

z 1
= kB—T Eps — _(Epp + ESS) (3)

x 2
where z is the coordination number, and Eyg, Epp, and Eg
represent interaction energies per site for peptide-solvent,
peptide-peptide, and solvent-solvent interactions, respectively.

The first two terms in eqn (2) account for the entropy change
due to mixing, which is generally positive and favors mixing.
However, for large polymers and peptides, this entropic contri-
bution is relatively small due to the limited number of configura-
tions available to these molecules. The third term represents the
enthalpy of mixing, which may favor or oppose mixing depending
on the sign and magnitude of y. This parameter is highly sensitive
to the specific sequence and chemical nature of the peptides
involved, influencing their propensity for demixing under various
conditions.

This journal is © The Royal Society of Chemistry 2025
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When charged peptides are involved, long-range electro-
static interactions significantly affect phase behavior. The Over-
beek and Voorn extension of the Flory-Huggins model
introduces a term related to charge density (o) to account for
these effects.””

3
AG 5

Here, o represents the charge density, calculated according
to Debye-Hiickel theory, with o as a solvent constant deter-
mined by thermal energy kg7 and solvent molar volume. Strong
interactions, typically lead to a first-order phase transition,
resulting in two coexisting liquid phases. The extent of the
two-phase region is modulated by interaction strength, which is
further influenced by factors such as temperature, pH, peptide
chemical groups, and salt concentration. In simple coacerva-
tion, the strength is primarily governed by y, while in complex
coacervation, it is determined by as*. Although the mean-field
approach is a fundamental framework, it overlooks various
factors like sequence specificity and nuanced interactions.
Recent studies show that the sequence-dependent patterns of
charged and aromatic residues can significantly alter the phase
behavior, introducing complexities beyond the classical model.*®
While more advanced theories have been developed to address
these complexities, they do not yet fully explain all types of LLPS in
peptides, proteins, and polymers.”* Consequently, the classical
mean-field approach remains a valuable tool for understanding
phase separation.

2.2. Molecular interactions in peptide-mediated LLPS

The multivalent forces driving peptide-mediated LLPS involve
various molecular interactions, including electrostatic inter-
actions between charged residues, hydrogen bonds involving
polar groups, hydrophobic interactions between nonpolar resi-
dues, aromatic stacking (n-m) interactions between aromatic
residues, and cation-n interactions between positively charged
residues and aromatic groups (Fig. 3B).>°“”> These forces
collectively contribute to the assembly and stabilization of
peptide coacervates under different environmental conditions.

Electrostatic interactions. Electrostatic interactions are cru-
cial for LLPS, especially in peptides with charged residues.”
These interactions occur between oppositely charged amino
acids, such as lysine, aspartate, or glutamate, forming ionic
bonds that drive phase separation. In disordered RNA-binding
proteins, for instance, electrostatic interactions between posi-
tively charged arginine residues and negatively charged RNA
molecules promote the formation and stabilization of phase-
separated droplets, which are essential for RNA processing and
storage. The guanidinium group of arginine is particularly
important because it facilitates strong electrostatic interactions.
Substitution studies show that replacing arginine with lysine,
which lacks the planar guanidinium group, significantly impairs
LLPS.*>”” Additionally, in mussel-derived peptides, the balance
between attractive and repulsive electrostatic interactions is key to
maintaining the liquid state of the coacervates under different

This journal is © The Royal Society of Chemistry 2025
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environmental conditions.”® Adjusting pH or ionic strength signifi-
cantly influences the LLPS behavior of these peptides, underscor-
ing the importance of electrostatic forces in modulating phase
behavior.

Hydrogen bonding. Hydrogen bonding is another key inter-
action that drives LLPS, especially in peptides containing
amino acids capable of forming strong hydrogen bonds. In
prion-like domains of RNA-binding proteins such as fused in
sarcoma (FUS), tyrosine residues are indispensable for the
formation and stabilization of condensates. Substitution stu-
dies reveal that replacing tyrosine with phenylalanine, which
cannot participate in hydrogen bonding, impairs LLPS, while
alanine substitution disrupts it entirely.*> In histidine-rich
peptides, hydrogen bonds between deprotonated histidine
and tyrosine residues stabilize phase-separated droplets, acting
as a molecular switch during LLPS.”® In elastin-like polypep-
tides, hydrogen bonding between specific residues drives rever-
sible phase separation, which underlies the formation of
temperature-sensitive hydrogels. Similarly, in mussel-derived
peptides, hydrogen bonds involving t-3,4-dihydroxyphenyl-
alanine (Dopa) residues are critical not only for phase separa-
tion but also for determining the mechanical properties of
coacervates.”® The disruption of these bonds can lead to droplet
dissolution, emphasizing their role in maintaining the struc-
ture and function of the peptide coacervates.

Hydrophobic effect. Hydrophobic effect is a major driving
force in the LLPS of many peptides, driving the aggregation of
hydrophobic amino acid residues to minimize their exposure
to water, resulting in the formation of dense coacervate
phases.®®! For example, in mussel-derived adhesive peptides,
the hydrophobic effect is indispensable for the self-assembly
of peptides into coacervates that enable robust underwater
adhesion.®® These interactions highlight the importance of
hydrophobic residues in forming stable and functional peptide
assemblies. Wu et al further emphasize the influence of
hydrophobic interactions on peptide phase behavior by using
GY23, a synthetic peptide derived from mussel foot protein, as
a model system.®” Their study demonstrates that increasing
hydrophobicity through targeted amino acid mutations (e.g.,
alanine to phenylalanine) significantly enhances phase separa-
tion, reduces the critical concentration required for coacerva-
tion, and strengthens the viscoelastic properties of the resulting
coacervates. These effects are further amplified by the for-
mation of B-sheet structures, which stabilize the dense phase
and enhance its mechanical robustness. Environmental fac-
tors, such as ionic strength and kosmotropicity, also modulate
the strength of hydrophobic interactions. Higher ionic strength
and kosmotropic salts promote phase separation by facilitating
peptide-peptide interactions and enhancing hydrophobic
effects.®”

n-n interactions. m-m interactions, which occur between
aromatic rings of amino acids such as phenylalanine, tyrosine,
and tryptophan, play a fundamental role in peptide-mediated
LLPS.>>’® These interactions contribute to the structuring
and stabilization of phase-separated droplets by facilitating
tight aromatic stacking within the dense phase. For example,
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in mussel-derived peptides, Dopa residues engage in n-m inter-
actions that enhance cohesion within coacervates.** In synthetic
peptides such as W,R, and W3R, n-7 stacking among tryptophan
residues drives the formation and compaction of coacervates, as
evidenced by circular dichroism spectroscopy and molecular
dynamics simulations.®* Similarly, in low-complexity domains
of RNA-binding proteins like FUS, tyrosine-mediated n-m inter-
actions are critical for phase separation and condensate
stabilization.?* These interactions dictate the physical properties
of the condensates and their functional versatility in both
natural and engineered systems.

Cation-r interactions. Cation-r interactions occur between
positively charged residues, such as arginine or lysine, and the
electron-rich © systems of aromatic residues like tyrosine.®*™®”
These interactions significantly influence the stability, dynamics,
and structural organization of phase-separated droplets.
Importantly, the specific chemical properties of these residues
determine the strength and directionality of cation-r interactions,
as highlighted in studies of FUS family proteins.*>*® A study on
FUS variants demonstrates the selective nature of cation-n
interactions. Tyrosine-to-phenylalanine and arginine-to-lysine
mutations revealed that phase separation is strongly driven by
tyrosine-arginine interactions, with weaker contributions from
tyrosine-lysine or phenylalanine-arginine pairs. This hierarchy
emphasizes the importance of the planar guanidinium group
of arginine, which enables delocalized electron-cloud inter-
actions with aromatic residues, creating stronger and more
directional cation-n interactions compared to the less deloca-
lized amine group of lysine.”” The driving forces for phase
separation, quantified by saturation concentration, confirm the
preference for tyrosine-arginine pairs over other combinations.
These findings highlight that cation-n interactions are not
merely generic electrostatic attractions but are dictated by the
specific chemical structures of the interacting residues.

2.3. Role of amino acid sequence

While individual amino acids contribute to molecular interac-
tions that drive and sustain LLPS, the sequence and arrange-
ment of amino acids also determine the phase behavior and
material properties of the resulting condensates.””*°%* Recent
studies have revealed that proteins undergoing LLPS are intrin-
sically disordered or contain IDRs characterized by low-
complexity sequences and enriched in polar, aromatic, proline,
and glycine residues.®®**"” For example, peptides with repeti-
tive arginine-glycine motifs exhibit a strong propensity for LLPS
due to the molecular flexibility provided by glycine and the
electrostatic interactions facilitated by arginine.’” However, the
number and distribution of these motifs are critical, as exces-
sive repeats may increase electrostatic repulsion, hindering
phase separation.’”®%® Histidine-rich beak proteins (HBPs)
provide a notable example, with the presence of repetitive
regions of low complexity amino acid sequence in their
C-termini.”® The motif repeat GHGLY drives the LLPS of HBPs
and requires at least two copies and a linker sequence for
broader phase separation conditions, such as variations in
pH and salt concentration. Alternatively, four GHGLY tandem
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repeats can independently trigger self-coacervation. LLPS can
occur even in sequences lacking traditionally considered essen-
tial residues, such as charged or aromatic amino acids. For
example, the peptide variant of (GRGDSPYS),; undergoes LLPS
despite the absence of charged, aromatic, arginine, or glycine
residues, challenging previous assumptions about strict
sequence requirements.®® The sequence not only dictates phase
behavior but also impacts the material properties of conden-
sates. (GRGDSPYS),; shows a viscosity of 11 Pa s, while the
variants GRGASPYA and GRGNSPWS exhibit viscosities of 2 and
40 Pa s, respectively.

Contrary to earlier assumptions that LLPS requires a longer
peptide sequence, LLPS can occur with ultrashort peptides,
such as tetrapeptide W,R, and hexapeptide W3R3, suggesting
that phase separation is a general property of peptides, inde-
pendent of sequence length.®* These peptides undergo self-
coacervation under specific conditions, such as high pH and
sufficient concentration. Even shorter sequences, like dipeptide
WR, can achieve LLPS through interactions with ATP. A compre-
hensive screening of 400 dipeptides derived from the 20 natural
amino acids identified QW as a particularly promising LLPS
candidate.”® Both experimental and computational studies con-
firmed its strong phase separation potential. Other short peptides,
such as tert-butyl diphenylalanine and methoxylated diphenyl-
alanine derivatives, also exhibit LLPS capacity.®>'*® Additionally,
the distribution of amino acid residues further influences LLPS
behavior. For example, spacer sequences such as GSG, GLG, or
SGS can promote, inhibit, or alter phase-separated structures.™"
Peptides with GLG spacers form liquid droplets, while those with
GSG spacers remain soluble, and those with SGS spacers form
aggregates and hydrogels. These findings emphasize the critical
role of sequence and arrangement in determining phase behavior
and material properties.

3. Methods for studying LLPS and
biomolecular condensates
3.1. Experimental techniques

Fluorescence recovery after photobleaching. Fluorescence
recovery after photobleaching (FRAP) is a straightforward method
for assessing whether a biomolecular condensate exhibits liquid-
like or solid-like properties.*>*** It is also one of the few techni-
ques available for measuring molecular diffusivity within biomo-
lecular condensates in vivo."®'** FRAP involves using a high-
power laser to selectively photobleach a specific region within a
fluorescently labeled condensate and then monitoring the fluores-
cence recovery to evaluate the liquidity of condensates (Fig. 4A
and B).>'® A short recovery time indicates a high exchange rate
between the bleached region and its surroundings, suggesting
high fluidity. In contrast, a prolonged recovery period reflects
slower diffusivity, indicating reduced fluidity. This technique
effectively distinguishes between different physical states, such
as liquid-like droplets with rapid fluorescence recovery and
solid-like or gel-like condensates where recovery is slower or
incomplete.’***°® FRAP has been extensively applied to study
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(F) Reprinted with permission under a Creative Commons Attribution 4.0 International License.™* Copyright 2022 by the authors.

the dynamics of various biomolecular condensates.'®”*'° It has
revealed that many condensates exist in a dynamic equilibrium,
where molecules continuously exchange between the conden-
sate and the surrounding solution (Fig. 4B).

Although FRAP is widely used, several limitations and
challenges must be considered when interpreting FRAP data.
A common misconception is the assumption that the recovery
rate solely reflects the exchange rate between the dilute and
dense phases. In reality, the recovery rate is also influenced by
factors such as the size of the photobleached droplet, the
mobility of molecules within the droplet, and the dimensions
of the bleached area, which are often overlooked. Additionally,
interpreting FRAP results requires careful consideration, espe-
cially for heterotypic condensates composed of multiple mole-
cular species. In these cases, different components may exhibit

This journal is © The Royal Society of Chemistry 2025

varying recovery behaviors due to distinct intermolecular inter-
actions and spatial heterogeneities. The scaffold-client model
explains this differential behavior, with scaffolds, which have
multivalent binding capabilities, showing slower mobility com-
pared to clients that interact through monovalent scaffold-
binding modules.*”"*** Despite these limitations, FRAP remains
popular due to its simplicity, accessibility, and convenience,
offering a qualitative assessment of molecular diffusivity within
condensates. FRAP is often used in conjunction with other
techniques, such as fluorescence correlation spectroscopy and
single particle tracking, to gain a more detailed understanding
of the diffusion behavior and interaction networks within
condensates, %3117

Microscopy. Microscopy techniques, particularly fluorescence
and confocal microscopy, are foundational tools for visualizing
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and analyzing LLPS in biological and synthetic systems.'"*>°
Fluorescence microscopy allows for the specific labeling and
tracking of molecules involved in phase separation, providing
insights into their localization, concentration, and interaction
within condensates. This technique is especially effective when
using fluorescently tagged peptides or proteins, offering real-
time observation of LLPS dynamics in living cells or in vitro
systems. Confocal microscopy, which employs point illumination
and a spatial pinhole to reduce out-of-focus light, is particularly
useful for generating high-resolution images of LLPS in thick
samples, enabling the reconstruction of three-dimensional struc-
tures. This capability is crucial for studying interactions between
condensates and other cellular components, such as membranes
and organelles.

Advanced imaging techniques, like super-resolution micro-
scopy, extend the capabilities of conventional microscopy by
surpassing the diffraction limit, allowing visualization of nano-
scale structures within phase-separated droplets. Techniques
such as stochastic optical reconstruction microscopy (STORM)
provide detailed images of the internal organization of con-
densates, revealing substructures critical for understanding
the molecular mechanisms driving LLPS."*"'** In addition to
offering information on physical dimensions like size, shape,
and composition, advanced microscopy techniques also
uncover material properties.’*® For instance, Brillouin micro-
scopy, a noninvasive imaging modality, utilizes Brillouin light
scattering principles to examine interactions between light and
acoustic phonons, revealing intrinsic mechanical properties
of biological samples at the microscopic scale.’>*'** This
approach has been used to investigate the mechanical proper-
ties of protein aggregates formed through LLPS, which are
relevant in neurodegenerative diseases.'***®

However, these techniques often rely on antibody staining or
fluorescent labeling, which may alter the native state of bio-
molecular condensates. Electron microscopy (EM) offers an
alternative by visualizing condensates with a high resolution
(<10 nm) in a label-free manner. Cryo-electron microscopy
(cryo-EM) captures snapshots of LLPS at cryogenic tempera-
tures, preserving the native state of condensates and providing
insights into their structural heterogeneity.>***° More recently,
in situ liquid transmission electron microscopy (TEM) has been
utilized to observe the dynamic process of LLPS in a time-
resolved manner at the nanoscale (Fig. 4C).""> This technique
allows visualization of nucleation and growth of biomolecular
nanoclusters, shedding light on the early stages of LLPS and the
mechanisms behind the formation of biomacromolecular com-
plexes. Collectively, these advanced microscopy techniques pro-
vide a comprehensive toolkit for studying the spatiotemporal
dynamics of LLPS, from the initial nucleation of droplets to their
maturation and interactions within the cellular environment.

Nuclear magnetic resonance and X-ray scattering. Nuclear
magnetic resonance (NMR) and X-ray scattering techniques
provide complementary insights into the molecular mechan-
isms underlying LLPS."'*'?*>1317134 NMR spectroscopy is indis-
pensable for probing atomic-level interactions and dynamics of
peptides and proteins within both the dilute and condensed
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phases (Fig. 4D). This technique is particularly well-suited for
studying IDRs, which are often the driving force behind LLPS
due to their flexible conformations.'*> Pantoja et al. have used
spatially resolved NMR to explore the internal structure of Tau
protein condensates, revealing variations in concentrations
of water, crowding agents, and protein cofactors within the
condensates.'*® NMR can capture transient and weak interactions
crucial for phase separation, including hydrophobic effects,
hydrogen bonding, and aromatic stacking.”® By analyzing
chemical shifts, relaxation rates, and nuclear Overhauser effect
signals, NMR provides a detailed picture of the conformational
changes and interaction networks involved in LLPS.”*"*” Techni-
ques like paramagnetic relaxation enhancement and residual
dipolar couplings further enhance the ability of NMR to probe
the structural ensembles of IDRs in phase-separated states, offer-
ing insights into how these proteins transition from a disordered
to a more ordered state during condensate formation.

X-ray scattering techniques, particularly small angle X-ray
scattering (SAXS), are invaluable for studying the overall shape,
size distribution, and structural organization of peptide or
protein complexes within phase-separated droplets.”®'*® SAXS
provides nanoscale architectural information on parameters
such as the radius of gyration, the degree of compactness, and
the presence of higher-order assemblies, all critical for under-
standing the multivalent interactions and network formation
within LLPS."*>'*° Beyond traditional SAXS, ultra-small angle
X-ray scattering (USAXS) extends the range by capturing infor-
mation about larger structures, bridging the gap between SAXS
and conventional light scattering techniques.'*"'**> USAXS is
particularly useful for analyzing samples with features span-
ning several orders of magnitude in size, offering structural
insights over a wide range of length scales. Furthermore,
combining SAXS with NMR and cryo-EM allows for a compre-
hensive understanding of both the static and dynamic aspects
of LLPS, integrating structural and functional studies of bio-
molecular condensates.'*® However, challenges remain, such
as the need for high sample concentrations to achieve adequate
signal strength and the risk of biomacromolecule damage from
energetic beam sources. These techniques also struggle to
probe highly disordered regions and may not fully capture
the size and complexity of some condensates.

Microfluidics and high-throughput techniques. Microflui-
dics platforms have revolutionized the study of LLPS by provid-
ing precise control over experimental conditions and enabling
systematic exploration of phase behavior under various envir-
onmental settings.'0>'41231447147 Thege devices manipulate
small volumes of fluids, typically from femtoliter to microliter
scale, within microfabricated channels, allowing to create and
to study phase-separated droplets in a controlled environment
(Fig. 4E). The advantages of microfluidics include reduced cost,
precise spatial and temporal control of analyte concentrations,
higher experimental throughput, compact device size, and the
capability to integrate with other techniques like optical twee-
zers and microscopy for enhanced biochemical control.

A significant advancement in this field is the integration of
high-throughput screening capabilities with microfluidic
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platforms. For example, droplet-based microfluidics generates
thousands of microdroplets, each containing different concen-
trations of peptides. Automated imaging and analysis tools
monitor these droplets, enabling comprehensive exploration
of phase diagrams across a wide range of conditions using
specialized microfluidic chip designs."**"**">! Arter et al
developed the PhaseScan platform, a combinatorial droplet
microfluidic system for rapid, high-resolution acquisition of
multidimensional biomolecular phase diagrams (Fig. 4F)."**
This platform automates droplet generation, trapping, and
imaging, significantly reducing experimental time and mini-
mizing potential errors by eliminating manual preparation and
imaging of individual conditions. This high-throughput tech-
nique facilitates the mapping of LLPS conditions, accelerating
the discovery of new phase-separating systems and optimizing
the conditions for specific phase behaviors.

Emerging technologies within microfluidics continue to
push the boundaries of LLPS research. Innovations such as
serpentine microchannels allow for continuous observation of
droplets over extended periods, while controlled shear stress
application provides insights into the dynamic behavior of
phase-separated systems.''**”'*> In addition, microfluidic
platforms enable experimental methods not feasible with tradi-
tional bulk assays, such as measuring the zeta potential of
individual droplets, a critical parameter for understanding
surface charge properties.">® These advancements improve
our understanding of the physical properties of condensates,
and allow for simulating complex biological environments
where LLPS is pivotal.">'>® By combining microfluidics with
other high-resolution imaging techniques, it is possible to
explore LLPS dynamics under near-physiological conditions
and provide a more accurate representation of in vivo systems.

3.2. Computational approaches

Computational approaches have become indispensable in the
study of peptide-mediated LLPS, providing insights at scales
that are challenging to achieve experimentally. This part
focuses on two main computational methodologies: molecular
dynamics simulations, and bioinformatics and machine learn-
ing tools.”>****>” Both approaches offer unique advantages in
understanding the complex interactions that drive LLPS.
Molecular dynamics simulations offer a detailed atomistic
view of peptide interactions and their roles in LLPS.5%%°
By simulating the behavior of peptides under varying conditions,
molecular dynamics simulations allow for the exploration of the
thermodynamics and kinetics of phase separation. Yang et al
have employed molecular dynamics simulations to investigate
the phase separation of repetitive polyproline and polyarginine
peptides with varying lengths and sequences.'*® This study high-
lighted the critical role of sequence order and peptide length in
promoting LLPS. It demonstrated that peptides with fewer than
ten polyarginine repeats did not exhibit LLPS, even at high salt
concentrations. The simulations revealed that both hydrophobic
and electrostatic interactions are crucial drivers of phase separa-
tion, aligning well with experimental observations. Molecular
dynamics simulations can also explore the effects of external
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factors, such as temperature and salt concentration, on LLPS."*®
For example, the same study showed that increasing salt concen-
tration enhances LLPS by reducing electrostatic repulsion
between charged residues. Similarly, temperature variations were
shown to modulate the conformational entropy of peptides,
thereby affecting their ability to undergo phase separation.
As the number of known phase-separating proteins and peptides
grows, bioinformatics and machine learning tools have become
increasingly important for predicting LLPS behavior based on
sequence data."®”'**'®® These tools leverage large datasets to
identify patterns and features that correlate with LLPS propensity,
enabling the prediction of novel phase-separating systems. One
notable example is the PSPredictor tool, developed by Chu and
coworkers."” PSPredictor uses a machine learning algorithm
trained on sequence data from the LLPSDB database to predict
phase-separating proteins (PSPs). The tool combines componen-
tial and sequential information during protein embedding,
achieving a high accuracy of 94.71% in cross-validation tests.
By providing predictions that are not dependent on specific
protein types, PSPredictor facilitates the identification of novel
scaffold proteins for biomolecular condensates and other
phase-separated structures. Machine learning approaches like
PSPredictor are particularly powerful because they can process
vast amounts of sequence data, uncovering hidden relation-
ships between sequence features and phase behavior. These
tools are invaluable for guiding experimental studies, identify-
ing candidates for further investigation, and expanding our
understanding of the sequence determinants of LLPS.

4. Physicochemical properties and
environmental effects on peptide
coacervates

4.1. Materials properties of peptide coacervates

Viscosity and elasticity. Viscosity and elasticity are critical
parameters defining the mechanical properties of peptide
coacervates, influencing their behavior and functionality in
both biological and synthetic systems.?*'°"'%* Viscosity refers
to the resistance of a coacervate to flow under an applied force,
indicating its fluidity. Elasticity, on the other hand, describes
the ability of a coacervate to return to its original shape after
deformation, reflecting its “springiness” or capacity to resist
permanent structural changes. The viscosity of peptide coacer-
vates is influenced by various factors, including peptide
concentration, molecular weight, and the nature of interactions
among peptides.®® Higher peptide concentrations generally
increase viscosity because the dense network of interactions
restricts molecular mobility. This effect is particularly pro-
nounced in coacervates formed from peptides rich in charged
residues or those capable of forming multiple hydrogen bonds,
as these interactions create an interconnected, entangled net-
work that resists flow and enhances viscosity. As illustrated in
Fig. 5A, the viscosity of biomolecular condensates (0.1-100 Pa s),
including those formed by proteins such as LAF-1, FUS, and
NPM1, suggest a polymer-based aqueous two-phase system
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Fig. 5 Viscosity and surface tension of peptide coacervates and the experimental methods used to measure these physicochemical properties. (A)
Comparison of viscosity and surface tension of biomolecular condensates in aqueous buffer, PEG-dextran coacervate systems, and common “oil
droplet” in water. Reprinted with permission under a Creative Commons Attribution 4.0 International License.’®® Copyright 2021 by the authors. (B)
Schematic of the experimental setup for passive microrheology with optical tweezers to measure the viscosity of peptide coacervates, with
representative particle trajectories recorded at three different temperatures. (C) Ensemble-averaged mean squared displacements (MSD) of 200-nm
beads within peptide coacervate at varying temperatures. (B) and (C) Reprinted with permission under a Creative Commons Attribution 4.0 International
License.'®® Copyright 2024 by the authors. (D) Different modes of multiphase droplet structuring based on relative interfacial tensions. In case of high
interfacial tension between two droplets (y,3), droplets remain separate (upper). When the 1-3 interface is energetically costly, phase 2 envelopes phase 3
(middle). When the relative energetic costs are balanced, all three phases may share interfaces (lower). Reprinted with permission.*®” Copyright 2022,
Springer Nature. (E) Illustration of the coacervate fusion experiment using dual-optical traps. (F) Fusion of two peptide coacervates (inset images) shown
as a decrease in aspect ratio to 1. Scale bar, 10 pm. (G) Fusion time of peptide coacervates as a function of coacervate size, where the slope of the linear fit
corresponds to the inverse capillary velocity, 5/y, with 5 representing viscosity and y surface tension. (E)—(G) Reprinted with permission under a Creative
Commons Attribution 4.0 International License.®® Copyright 2021 by the authors. (H) and (I) Schematic of XZ imaging of biomolecular condensates using
a right-angle prism (H) and the relationship between height and radius of nucleoli at steady state (I), used to determine the surface tension of the
condensates. The shape of a biomolecular condensate resting on a surface is determined by a balance between surface tension, which favors the
formation of round droplets, and gravitational forces, which tend to flatten droplets. Surface tension can be determined by analyzing the droplet’s profile
in the XZ dimension. The black line indicates the fit from the average surface tension for all condensates. Reprinted with permission.*°® Copyright 2016,
Elsevier.

Y13 = Y12 = Ya3

rather than simple oil-water interfaces.'®*®® This resem-
blance to polymer physics provides a framework for under-
standing the behavior of peptide coacervates, where the dense
network of interactions results in slow capillary velocity and
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high resistance to deformation. Elasticity is closely related
to the molecular architecture of the peptides and proteins.
Condensates containing proteins with IDRs often display signi-
ficant elasticity due to the flexibility and dynamic nature of
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these regions, allowing them to stretch and recover without
permanent deformation. Functionally, the balance between
viscosity and elasticity is crucial in determining how peptide
coacervates respond to mechanical stress and interact with
their environment. In biological systems, this balance is essen-
tial for processes like intracellular transport, where conden-
sates must be fluid enough to move through the cytoplasm
while maintaining structural integrity when encountering
obstacles.’®” In synthetic applications, controlling viscosity
and elasticity is vital for drug delivery systems, where coacer-
vates must encapsulate and release therapeutic agents in
response to environmental stimuli."®®

Several methods have been employed to study the viscosity
and elasticity of peptide coacervates. Among these, rheology
serves as a primary technique for measuring the flow and
deformation behavior of coacervates under various stress or
7% Microrheology, which usually combines
with optical tweezers, tracks the motion of embedded tracer
particles and offers a localized understanding of viscoelastic
properties on a microscopic scale (Fig. 5B and C).'¢%'71172
In addition, micropipette aspiration technique, has enabled
direct measurement of viscosity in biomolecular conden-
sates.'®>7*17* Advances in microfluidic technology further
enable precise manipulation and measurement of coacervate
properties under controlled conditions. These platforms allow
for the generation of droplets with defined sizes and composi-
tions, where viscosity and elasticity can be systematically varied
and measured in real time, providing valuable insights into the
mechanical properties of coacervates in environments that
closely mimic cellular conditions.">*

Surface tension. While the role of biomolecular condensates
as cellular compartments has been widely studied, their ability
to create interfaces with surrounding cytoplasm, adjacent con-
densates, and cellular structures is less explored. These inter-
faces generate interfacial or capillary forces.'®”"”® In non-living
soft matter systems, such interfaces are crucial for organiza-
tion, shaping the topology of multiphase liquids, and deter-
mining the structure and geometry of soft materials."”®'””
Surface tension is a fundamental property that governs the
stability, shape, and interfacial behavior of peptide coacervates
(Fig. 5D).*'*7 It arises from the imbalance of molecular forces
at the interface between the coacervates and its surrounding
environment, leading to tendencies such as minimizing surface
area, coalescence, or maintaining shape across various envir-
onments. Surface tension in peptide coacervates is highly
sensitive to the composition and structure of the peptides, as
well as environmental conditions such as ionic strength, pH,
and temperature.’”’® Fig. 5A shows the relationship between
surface tension and viscosity across various systems, including
biomolecular condensates, PEG-dextran coacervates, and com-
mon oil-water interfaces. Biomolecular condensates, such as
those formed by proteins like LAF-1 and FUS, exhibit surface
tension values ranging from 10™* to 10"* mN m ™', which are
significantly lower than those observed for oil-water interfaces.
This distinct characteristic aligns biomolecular condensates
more closely with PEG-dextran coacervates, whose surface

strain conditions.
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tensions are within a similar range. Surface tension also
stabilizes coacervates by influencing droplet fusion, fission,
and wetting behavior, processes essential for their function in
both biological and synthetic systems.'®>'” In cellular envir-
onments, the ability to adjust surface tension allows coacer-
vates to adapt to osmotic pressure changes, interact with
membranes, or merge with other condensates, facilitating pro-
cesses such as cargo sequestration, signal transduction, and
compartmentalization.®>'68

To study surface tension, several experimental techniques
are commonly used. Micropipette aspiration is a key method
where a droplet of the coacervate is aspirated into a micro-
pipette, and the pressure required to deform the droplets is
measured, allowing for the calculation of surface tension.'®®
Dual optical traps provide a precise method for measuring the
surface tension of biomolecular condensates by studying their
fusion dynamics (Fig. 5E-G)."®>'®>'®! In this approach, two
condensates are individually controlled using optical traps and
brought into contact (Fig. 5E). Upon releasing one condensate,
the fusion process occurs under the influence of viscosity and
surface tension. High-speed imaging captures the process, and
changes in the aspect ratio of the condensates are analyzed to
extract the fusion time using a single exponential decay model
(Fig. 5F). The geometric mean of the condensate diameters
defines their length, allowing the ratio of viscosity to surface
tension (inverse capillary velocity) to be estimated from the
fusion time versus length relationship (Fig. 5G). The right-angle
prism imaging technique is another powerful method for
determining the surface tension of biomolecular condensates
(Fig. 5H)."® By imaging the XZ plane of condensates, this
technique measures their radius and height, enabling the
application of the Young-Laplace equation to calculate surface
tension."®* As shown in Fig. 5I, when a coalesced droplet
flattens at the bottom of the nucleus under gravity, the extent
of flattening is countered by surface tension, providing key data
for its measurement. Using this approach, the surface tension of
the outermost granular component of the nucleolus was deter-
mined to be approximately 0.4 puN m ™. Similarly, the method was
employed to measure the surface tension of purified nucleophos-
min droplets in vitro, yielding a value of around 0.8 uN m™*,'*
These remarkably low surface tension values indicate the liquid-
like, immiscible behavior of nucleolar subcompartments. Atomic
force microscopy (AFM) can also be used to measure the forces
required to deform a droplet directly, offering insights into both
surface tension and mechanical properties.'’® Together, these
methods provide a comprehensive understanding of surface
properties, guiding the design of coacervate systems with tailored
properties for specific applications.

4.2. Environmental effects on LLPS

The formation and stability of peptide coacervates are highly
sensitive to environmental conditions such as pH, temperature,
ionic strength, and molecular crowding.'®*®¢ Understanding
how these factors influence LLPS is crucial for deciphering the
mechanisms that regulate coacervate behavior both in vivo and
in vitro.
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PH. pH can modulate the ionization state of amino acids and
thereby affect electrostatic interactions that drive LLPS.'*'%
Changes in pH can significantly alter the net charge of peptides,
which in turn modulates their intermolecular interactions. For
example, lowering the pH can lead to the protonation of acidic
residues such as glutamate and aspartate, reducing the overall
negative charge and decreasing electrostatic repulsion. This
change promotes molecular clustering and facilitates phase
separation. Conversely, increasing pH can result in deprotonation
of basic residues, such as lysine and arginine, enhancing electro-
static repulsion and potentially disrupting existing condensates.
In synthetic systems, pH-sensitive peptides can be designed to
assemble or disassemble in response to environmental pH
changes, offering controlled strategies for drug delivery and
therapeutic release. The effects of pH on LLPS are also demon-
strated by the self-coacervation behavior of dipeptide compo-
nents, such as diphenylalanine capped with a methoxy group
(FF-OMe), which undergo LLPS in response to pH changes
(Fig. 6A). When the pH is lowered to 6, the FF-OMe solution
remains clear and homogeneous, indicating the dipeptides are
fully soluble in the aqueous buffer (Fig. 6B). However, when the
pH is increased to 9, the FF-OMe dipeptides undergo phase
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separation, forming spherical coacervate droplets (Fig. 6C). This
reversible pH-triggered LLPS behavior is distinct from the irrever-
sible fiber formation observed with other amphiphilic FF deriva-
tives. The phase transition is also concentration-dependent, with
higher concentrations of FF-OMe allowing droplet formation at
lower pH values. This behavior is attributed to the structural
features of FF-OMe, which has a less hydrophilic head group and
a more flexible tail compared to other FF derivatives, thus
promoting LLPS under specific pH conditions.

Temperature. Temperature is another vital factor that mod-
ulates LLPS by influencing the thermodynamics of intermole-
cular interactions.'®® The temperature-dependent behavior
of phase-separating systems is typically categorized into two
principal models: upper-critical-solution-temperature (UCST)
and lower-critical-solution-temperature (LCST) phase beha-
viors.'®1907192 yCST phase separation occurs below a specific
threshold temperature, where reduced thermal energy enhances
interactions such as cation-m, n-m stacking, and electrostatic
forces.'™® These interactions dominate over entropy, promoting
molecular clustering and phase separation. In contrast, LCST
phase behavior is driven by hydrophobic effects, where increasing
the temperature above a critical threshold reduces the entropic
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Fig. 6 Environmental effects on liquid—liquid phase separation (LLPS) of peptides. (A) Schematic representation of pH-triggered LLPS involving dipeptide
components. (B) Micrographs showing diphenylalanine capped with a methoxy group (FF-OMe) in solution at pH 6. (C) Micrographs showing an FF-OMe
coacervate dispersion at pH 9. (A)—(C) Reprinted with permission under a Creative Commons Attribution 4.0 International License.®® Copyright 2024 by
the authors. (D) Schematic of molecular forces stabilizing condensates in low-salt versus high-salt regimes. In low-salt conditions, phase separation is
driven by both electrostatic and hydrophobic interactions, while in high-salt regimes, hydrophobic and nonionic interactions dominate. Asterisks (*) for
Arg*-Tyr and Arg*-Arg* indicate that at high salt concentrations, charges are screened, and interactions become predominantly hydrophobic. Reprinted
with permission under a Creative Commons Attribution 4.0 International License.*®8 Copyright 2021 by the authors. (E) Schematic of LLPS in a system of
g-polylysine (e-PL) and hyaluronic acid (HA) with and without PEG. Microdroplet coacervate suspension was observed via optical microscopy, with
macrophase separation occurring after centrifugation. Reprinted with permission under a Creative Commons Attribution 4.0 International License 18°
Copyright 2020 by the authors.
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penalty of water solvating protein backbones.'®* This promotes
the release of solvent molecules, enabling phase separation
through entropy gain. For UCST-driven LLPS, intrinsically dis-
ordered proteins such as resilin-like polypeptides demonstrate
the importance of aromatic residues and positively charged
residues.’®® These residues enhance intermolecular interactions,
driving phase separation under colder conditions. In LCST sys-
tems, exemplified by elastin-like polypeptides, phase separation is
primarily governed by hydrophobicity.'**"*” Increasing the hydro-
phobicity of guest residues lowers the could-point temperature,
promoting phase separation at elevated temperatures.'®® Bio-
logical systems utilize UCST and LCST behaviors to adapt to
environmental changes. UCST-driven phase separation supports
protective compartmentalization during cold stress by enhancing
molecular clustering. Conversely, LCST behavior facilitates
responses to heat shock, mitigating protein aggregation and
denaturation."® The combination of UCST and LCST elements
in chimeric sequences enables dual thermoresponsive beha-
vior,'%183199 Thege chimeric systems exhibit distinct phase
transitions across temperature regimes, integrating the stren-
gths of both mechanisms. Such dual-responsive designs have
significant potential in synthetic applications. For example,
thermally responsive biomolecular condensates could serve as
smart materials for drug delivery, releasing therapeutic agents
in response to specific temperature changes. Additionally,
biomaterials engineering could leverage these principles to
develop adaptive systems with precise thermal control over
phase separation.

Ionic strength. Ionic strength significantly influences LLPS
by modulating electrostatic interactions between charged
molecules.”®>% In systems dominated by electrostatic inter-
action, such as those involving nucleic acids or highly charged
peptides, ionic strength significantly affects the stability,
dynamics, and material properties of condensates. At low ionic
strength, strong electrostatic attractions between oppositely
charged molecules facilitate the formation of phase-separated
droplets. However, as ionic strength increases, surrounding
ions screen these interactions, reducing the propensity for
phase separation. This screening effect is particularly relevant
in cellular environments, where fluctuating ion concentrations
dynamically regulate the assembly and disassembly of biomo-
lecular condensates. The influence of ionic strength varies
depending on the type of ions present and their position in
the Hofmeister series.®” Kosmotropic ions, such as sulfate
(S0,%7), stabilize phase separation by enhancing hydrophobic
and m-n interactions, while chaotropic ions, such as bromide
(Br™), disrupt phase separation by weakening these interac-
tions. These ion-specific effects illustrate how different ions
can modulate the molecular forces driving LLPS. Beyond spe-
cific ion types, the general impact of ionic strength is exempli-
fied by NaCl, where increasing concentrations from 0.1 to 2 M
in GY23 peptide coacervates reduced electrostatic repulsion
and strengthened n—n stacking between tyrosine residues. This
resulted in an increase in storage modulus by nearly an order
of magnitude and enhanced adhesive force. Similarly, for the
GK-16 peptide derived from mussel adhesive proteins, higher
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ionic strengths promoted a transition from liquid to gel-like
states, driven by reduced electrostatic repulsion and increased
peptide chain associations.”® These results underscore the dual
role of ionic strength, influenced both by the nature of specific
ions and their concentrations, in programming the viscoelastic
properties of peptide coacervates. Fig. 6D schematically illus-
trates the role of ionic strength in regulating molecular inter-
actions within biomolecular condensates.'®® In the low-salt
regime, phase separation is driven by electrostatic and hydro-
phobic interactions. In contrast, at high salt concentrations,
reentrant phase separation occurs, governed primarily by
hydrophobic and nonionic interactions such as n-n stacking,
involving both aromatic and non-aromatic residues. This reen-
trant phase behavior highlights the plasticity of molecular
driving forces for LLPS, which are influenced not only by amino
acid composition but also by environmental conditions.
Molecular crowding. Molecular crowding, a defining feature
of the cellular interior, is a significant factor influencing
LLPS.'85200201 The crowded environment within cells, where
macromolecules such as proteins, nucleic acids, and polysac-
charides are densely packed, can drastically alter the thermo-
dynamics and kinetics of phase separation. Crowding agents
such as PEG mimic this intracellular environment by promoting
LLPS through volume exclusion and depletion effects.8>'8%200
These agents effectively increase the local concentration of
phase-separating molecules, enabling phase separation even at
lower concentrations. Fig. 6E shows PEG enhances the stability
and density of coacervates formed by e-polylysine (e-PL) and
hyaluronic acid (HA).'® Without PEG, these coacervates form
unstable microdroplets, but the addition of 10% (w/v) PEG
significantly increases their yield and density by concentrating
polyelectrolytes within the dense phase. Molecular crowding also
influences the dynamic properties of condensates. Increased
PEG concentration can transition ribonucleoprotein conden-
sates from liquid-like to gellike states by strengthening the
intermolecular network.””> FRAP studies show reduced protein
mobility within condensates as PEG concentration rises, indicat-
ing enhanced depletion interactions and structural rigidity.
Similarly, crowding-induced dehydration of polyelectrolytes
increases entropy, favoring coacervation and stabilizing conden-
sates, even under high salt conditions. Furthermore, molecular
crowding reshapes the thermodynamic landscape of LLPS. For
example, in bovine yD-crystallin systems, PEG raises the phase
separation temperature, reflecting stronger attractive interactions
between proteins.>*® Such flexibility in LLPS mechanisms high-
lights the ability to tune condensate properties through the
selection of specific crowding agents and conditions.

4.3. Phase behavior and transition mechanisms

Phase diagrams. Phase diagrams are essential tools for
visualizing the conditions under which a mixture of components
separates into distinct phases.'®”'*® Fig. 7 shows the fundamental
principles of LLPS by depicting a phase diagram that delineates
the boundaries between one-phase and two-phase regimes.”
The diagram highlights critical thresholds such as the binodal
line, where phase separation begins, and the spinodal region,
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lever rule. (B) The spinodal curve (grey) marks the region of instability where spinodal decomposition occurs. Between the coexistence line (binodal) and
the spinodal, phase separation requires nucleation. Reprinted with permission.? Copyright 2019 Elsevier.

characterized by spontaneous demixing due to its instability.
The critical point, marking the transition beyond which LLPS
does not occur, is also shown. Tie lines connect points repre-
senting the compositions of coexisting dilute and dense phases
in the two-phase region, indicating equilibrium conditions
and phase proportions determined by the lever rule. These
graphical elements collectively provide a comprehensive under-
standing of the thermodynamics driving LLPS.

The most common phase diagrams used in LLPS studies
are temperature-concentration diagrams, where the x-axis
represents the concentration of the biomolecules, and the
y-axis represents the temperature. These diagrams often feature
binodal curves that define the coexistence region, where the
system separates into a dense phase and a dilute phase. The
binodal curve comprises two arms: the left arm represents the
saturation concentration in the dilute phase, while the right
arm indicates the concentration in the dense phase (Fig. 7).
Constructing accurate phase diagrams for LLPS requires precise
experimental techniques to measure biomolecule concentrations
in both phases across various temperatures and conditions.
Traditional methods include optical microscopy, turbidimetry,
and light scattering to determine the cloud-point temperature
(the temperature at which phase separation begins at a fixed
concentration) or the saturation concentration (the concentration
at which phase separation occurs at a fixed temperature).>>** 2%
Recent advances have introduced high-throughput techniques
like droplet microfluidics, which allow label-free extraction of
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complete phase diagrams in finite volumes.*>***'%> This method
confines solutions in micro-sized compartments, enabling precise
measurement of dense phase volume and binodal lines.
In addition to experimental approaches, theoretical models,
such as the Flory-Huggins theory, are also employed to fit
experimental data and predict phase behavior.” These models
account for the free energy of mixing and interaction para-
meters between different components, providing a framework
for understanding the thermodynamics of LLPS. Combining
experimental data with theoretical models enables to construct
comprehensive phase diagrams that accurately capture the
conditions for phase separation.

Phase diagrams have far-reaching applications in biological
research and material science.**°”?°® In biology, they are used
to understand the formation and regulation of membraneless
organelles. Mapping the phase behavior of peptides and pro-
teins under various conditions provides insights into the
mechanisms driving the assembly and disassembly of these
condensates.>*°” In material science, phase diagrams guide the
design of smart materials, such as temperature-responsive
polymers and drug delivery systems, which leverage LLPS for
encapsulating and releasing therapeutic agents in response to
environmental triggers.?°9>°

Overall, phase diagrams are indispensable for understand-
ing the conditions under which LLPS occurs, providing a
window into the thermodynamic and kinetic properties of
phase-separating systems. The construction and interpretation
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of these diagrams, through both experimental and theoretical
approaches, are crucial for advancing our knowledge of bio-
molecular condensates in cells and for designing materials
with novel functionalities. As research continues to refine these
tools, phase diagrams will continue to be central to LLPS
studies, offering critical insights into the behavior of complex
systems in both natural and synthetic contexts.

Transition from liquid-like to solid-like states. As mentioned
above, biomolecular condensates, also known as membrane-
less organelles, are dynamic assemblies of biomolecules
formed through LLPS.” A defining characteristic of these con-
densates is aging, which refers to their gradual transition from
a liquid-like state to a more solid-like or arrested state over
time.'?%?117213 Aging plays a pivotal role in cellular functions,
such as stress adaption and molecular regulation, while also
contributing to pathological conditions, including neurodegen-
erative diseases and cancer.>*®*'* Initially, condensates exhibit
viscoelastic properties that enable rapid assembly, disassembly,
and exchange of molecular components.*®**!> However, as
they age, their material properties evolve, with increased visc-
osity and relaxation time signaling a gradual shift toward solid-
like states, resembling behaviors observed in glass-forming
systems.>"®

The aging of biomolecular condensates is governed by
structural and biochemical factors. Proteins with IDRs promote
LLPS through transient molecular interactions that maintain
fluidity.”"” Post-translational modifications, such as phosphor-
ylation and methylation, further stabilize these interactions,
delaying the transition to solid-like states.®®>'22° In their
absence, condensates age more rapidly, leading to aggregation
and functional decline.>'®” Structural changes, including the
formation of B-sheet-rich regions or multiphase architectures
like gel-core/liquid-shell configurations, contribute to aging by
introducing localized molecular order.”*' These transitions,
driven by enhanced interprotein interactions, progressively
stabilize the solid-like state and alter the dynamics of conden-
sates. Proper regulation of aging is critical for preserving the
functionality of biomolecular condensates. Besides the post-
translational modification, the loss of the liquid-like character
of condensates during aging can be modulated by biochemical
processes and amino acid sequence mutations.'°®?'>2!3 ynder-
standing the regulatory mechanisms is crucial for developing
therapeutic strategies to mitigate pathological aging. By target-
ing molecular interactions, biochemical pathways, or energy-
dependent processes, it may be possible to prevent or reverse
aberrant transitions, preserving the dynamic and functional
nature of biomolecular condensates.

Peptide self-assembly through LLPS provides a unique
opportunity to explore the transition from liquid-like to solid-
like states in synthetic systems.’™**?*2*>2%> ynlike the classical
theory describing a direct liquid-to-solid transition, Fig. 8A
illustrates the nucleation and growth process of supramolecu-
lar nanofibrils mediated by LLPS."*° Initially, a homogeneous
solution of amphiphilic amino acids or short peptides under-
goes phase separation into solute-rich and solute-poor liquid
phases. The solute-rich liquid droplets serve as precursors for

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

nanofibril nucleation, with hydrated nanoclusters acting as
nucleation loci. This phase separation is primarily entropy-
driven, with the favorable entropy contribution likely originat-
ing from the expulsion of water from the liquid droplets. These
solute-rich liquid droplets create specialized microenviron-
ments that, lower the nucleation barrier compared to classical
nucleation pathways and facilitate the assembly of highly
ordered nanostructures. The transition from metastable liquid
droplets to thermodynamically stable nanofibrils is mediated by
enthalpic interactions and follows Ostwald’s step rule.>*® Fig. 8B
shows the dynamic evolution of Ag'-coordinated 9-fluorenyl-
methoxycarbonyl (Fmoc)-Ala nanofibrils from liquid droplets to
solidified intermediates and ultimately to mature nano-
fibrils."*° Cryo-TEM images show the formation of dense liquid
droplets that coalesce over time, while solidified droplets
exhibit increased contrast, signifying structural reorganization.
Fibril-like protrusions emerge from the droplet, marking the
transition to more stable, thermodynamically favorable nanofi-
brils. The inset SEM image further corroborates the elongation
of fibrils from the droplet surface, demonstrating the progres-
sion from metastable liquid intermediates to ordered fibrillar
structures.

The self-assembly of peptides into nanostructures through
LLPS is influenced by multiple factors. Recent studies using
synthetic coacervates and in vitro reconstitution systems have
provided valuable insights into the mechanisms underlying the
liquid-to-solid transition in LLPS.>*'°® For example, chemically
fueled reaction cycles have been utilized to control the liquidity
of droplets, allowing precise tuning of the material state of
condensates.””” These systems highlight the importance of
both thermodynamic and kinetic factors to fully understand
and predict the behavior of LLPS under different conditions.
Additionally, advanced imaging techniques, such as FRAP
and super-resolution microscopy, provide real-time insights
into the dynamics of condensates as they transition between
liquid-like and solid-like phases.**® These techniques reveal
that even within a single condensate, different regions may
display varying degrees of liquidity or solidity, reflecting the
complex and heterogeneous nature of these structures.

The study of peptide self-assembly through LLPS not only
advances our understanding of fundamental processes driving
phase separation but also offers insights into the design of biomi-
metic materials with tunable properties. By controlling environmen-
tal conditions such as temperature, pH, and ionic strength, the
material state of condensates can be fine-tuned, making them useful
for applications in biomaterial engineering, drug delivery, and
disease treatment. The transition from liquid-like to solid-like states
in LLPS is governed by a complex interplay of molecular interactions,
environmental conditions, and cellular regulation. Understanding
how these transitions occur is essential for elucidating the dynamics
of biomolecular condensate and developing therapeutic inter-
ventions for diseases linked to aberrant phase transitions.

4.4. Influence of external stimuli on LLPS

LLPS is a highly dynamic process that cells can finely tune in
response to various external stimuli, allowing rapid adaption to
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Reprinted with permission.**® Copyright 2019 Wiley-VCH Verlag KGaA.

changing environmental conditions. Among the most impact-
ful stimuli are light, redox changes, and mechanical forces,
each capable of modulating the assembly, disassembly, and
material properties of phase-separated condensates,'>*2*97231
By influencing these properties, external stimuli play a pivotal
role in the structural and functional regulation of biomolecular
condensates.

Light. The ability of light to control LLPS and the assembly
and disassembly of biomolecular condensates has opened new
avenues for manipulating cellular processes.>*%?3*%?33 Light-
responsive LLPS systems typically utilize optogenetic clustering
techniques to induce reversible transitions between liquid-like
and solid-like states in condensates, providing spatial and
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temporal control over phase behavior.”**?**> The optogenetic

clustering systems, including optoDroplets, optoClusters, and
PixELLs, harness light to regulate the oligomerization state of
peptides or proteins, enabling the dynamic formation and
dissolution of liquid-like droplets or more rigid clusters.>*****
Fig. 9A illustrates the optoDroplets and optoClusters systems,
which are based on the Cry2 protein. The optoDroplets, formed
by Cry2 fused to the IDR of FUS, are liquid-like droplets that
rapidly exchange monomers, while optoClusters, created by the
Cry2 variant, form more stable, rigid clusters that do not
exchange subunits with the solution.”*>*** This optogenetic
approach enables precise control over the assembly of LLPS
droplets, with the potential to tune the material properties of
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https://doi.org/10.1039/d4sm01477d

Published on 15 February 2025. Downloaded on 11/11/2025 3:27:27 AM.

Soft Matter

A Light-inducible synthetic organelles B

SN
® e &

)
() <— & G
D c Dark _\;m

Diffuse, monomeric Phase-separated Phase-separated

Light-dissociable synthetic organelles

View Article Online

Review

C Light-induced optoDroplets D

FusM FusionRed

Light-dissociable PixELLs
FUS’ FusionRed PixD

&~ FUSN-PIXE

— "
’ Ps) GUS‘\‘-P\XD
FUS"-PixE / FUS"-PixD
monomers + dimers

FUS-Cry2 variants optoDroplets PixELLs
or optoClusters
Before reduction After oxidation G 30 H 30
_. 3 : . v i Control R Control
,' - —o— 1mgmi’ 0% —o— 1mgmi”’
? ©
\)L N\/\ S . € _© 3 2
s N \(\ ; g 20 ~ g . © S 20 = ) =
5 2 = g & i 3 w (& iy E =
| © E 2R g o 8l 7 8 &
s 2 = o 3 2 S 3% o 3
LY 3 = - 3 + ) +
SN £ 104 |[* + 2 10 g
e ® = =
s &
K
.
. & 00 ¥ : 0¥
Sticker 19, 30 60 90 120 150 0 30 60 9 120 150
Sticker = Time (min) Time (min)
I J Liquid droplets Shear applied Solid fibres
Bulk solution Droplets Deformed droplets Fibres
- R
BN\ o o
K ~p % ==
- 7\ -
TAW — T T S
LLP: 2 h =7 LsT
S gl\\';: Shear 5 )
~ <
Protein C Aligned molecules f-sheet formation

Fig. 9 Influence of external stimuli on liquid-liquid phase separation (LLPS).

D) Light-mediated control of biomolecular condensate formation.

(A) and (C) FUS proteins fused to variants of the Cry2 optogenetic system trlgger phase separation in the optoDroplet and optoCluster systems upon
exposure to 450 nm light. (B) and (D) FUS fusion to the PixD/E proteins enables the formation of the PixELL optogenetic system, which dissociates under
450 nm light. Scale bar, 5 um. (A)-(D) Reprinted with permission.?*® Copyright 2019 Springer Nature. (E)-(H) Redox regulation of LLPS. (E) Structure
of bis(phenylalanyl-phenylalanyl) cystamine (FFssFF) and schematic illustration of the synthon motif with two dipeptide stickers and a polar spacer.
(F) Formation and dissolution of FFssFF coacervate droplets before reduction and after oxidation. (G) Kinetics of coacervate dissolution upon reduction
with tris(2-carboxyethyl) phosphine (TCEP) and reformation through condensation upon oxidation with KzsFe(CN)e, as measured by turbidity. (H) Similar
kinetics observed with dithiothreitol (DTT) as a reducing agent. (E)-(H) Reprinted with permission.?*® Copyright 2021 Springer Nature. (I) and (J) Influence
of shear force on LLPS-driven biomolecular condensates. () Schematic and experimental data showing the formation of B-sheet-rich fibers
from condensate droplets under shear force. (J) Formation of FUS solid fibers under shear forces. Reprinted with permission.*>? Copyright 2020

Springer Nature.

the condensates. Fig. 9B demonstrates the PixELLs system,
based on the PixD and PixE from Synechocystis, where co-
expression of FUSN-PixD and FUSN-PixE results in the for-
mation of liquid-like droplets that can be rapidly disassembled
upon blue light exposure.”*® This system shows the potential of
light to modulate LLPS dynamically, enabling real-time control
over condensate behavior. These systems have proven useful in
regulating engineered metabolic pathways in yeast, where the
assembly and disassembly of synthetic organelles, such as
enzyme-containing condensates, can be controlled by light.
This allows for rapid, post-translational control of biochemical
reactions, improving the efficiency of microbial production
processes in bioreactors. Fig. 9C and D further illustrate the
reversible nature of light-induced LLPS transitions. In these
experiments, optoDroplets and PixELLs exhibit light-dependent
changes in oligomerization, with optoDroplets transitioning
between diffuse and clustered states upon light stimulation
(Fig. 9C), while PixELLs undergo light-induced dissociation,
moving from stable clustering in the dark to a more dispersed
state upon light exposure (Fig. 9D). The dynamic switching
between these phases is not only valuable for studying cellular
dynamics but also for controlling protein localization and

This journal is © The Royal Society of Chemistry 2025

activity within cells, offering new tools for targeted drug release
and therapeutic applications.>*> The use of light-responsive
LLPS systems holds great promise in a wide range of applica-
tions, from optogenetics to drug delivery. Light-activated phase-
separating molecules, such as those with azobenzene or other
photochromic groups, change shape upon exposure to specific
wavelengths of light, enabling the precise tuning of condensate
formation.?****” This non-invasive control of LLPS provides
new possibilities for spatiotemporal protein clustering, tar-
geted therapeutic delivery, and the study of intracellular pro-
cesses in real time. These systems are expected to offer
significant advances in synthetic biology, biochemistry, and
medicine, with the ability to fine-tune condensate forma-
tion and dissociation for various biological and therapeutic
applications.

Redox change. Redox changes play a pivotal role in regulat-
ing LLPS both in cellular environments and synthetic systems,
influencing the formation and dissolution of biomolecular
condensates.”*®2% In cells, the redox state directly impacts
phase separation, particularly under oxidative stress or during
crucial processes such as autophagy and apoptosis.>*' During
oxidative stress, for instance, phase-separated condensates can
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solidify to sequester damaged proteins, thereby protecting cellular
components from further degradation. This dynamic behavior
highlights the importance of LLPS in cellular stress responses,
where the ability of condensates to transition between liquid-like
and solid-like states ensures the proper management of misfolded
or damaged proteins. Moreover, redox-sensitive LLPS systems,
including those with cysteine residues or other redox-active
motifs, hold significant therapeutic potential.”*' In disease
contexts, shifts in the cellular redox state can trigger the
selective release of drugs from redox-responsive biomolecular
condensates, offering a targeted approach to treatment.®>**° In
this way, redox-modulated LLPS serves as both a biological
sensor and a therapeutic tool, playing a central role in cellular
health and disease management.

In synthetic systems, redox changes are similarly crucial for
modulating LLPS and controlling the formation of peptide
coacervates. Redox-sensitive groups, such as disulfide bonds,
undergo reduction or oxidation, causing structural changes in
proteins or peptides that influence their phase separation
behavior. Fig. 9E illustrates the structure of bis(phenylalanyl-
phenylalanyl) cystamine (FFssFF) peptide derivative, which
consists of two phenylalanine dipeptide “stickers” and a polar
cystamine ‘“‘spacer”.>*® This peptide derivative undergoes
redox-induced phase separation, with the reduction and oxida-
tion of disulfide bonds playing a critical role in driving coacer-
vation. Fig. 9F shows the reversible behavior of FFssFF
coacervates, with droplets dissolving after reduction and
reforming after oxidation. Fig. 9G demonstrates the reduction
of the disulfide bond using tris (2-carboxyethyl) phosphine
(TCEP), resulting in the dissolution of coacervates into a clear
solution. Upon oxidation with potassium ferricyanide (K;Fe(CN)g),
the coacervates reform, demonstrating the reversibility of this
redox-induced coacervation. This process is not limited to TCEP,
as shown in Fig. 9H, where dithiothreitol (DTT) is used as the
reducing agent and the same reversible coacervation behavior is
observed. These findings underscore the versatility of redox-
responsive systems, where the ability to control phase separation
in synthetic systems mirrors the dynamic behavior seen in
biological condensates. By leveraging redox chemistry, researchers
can design systems with precisely tunable LLPS behavior, expand-
ing the potential applications of biomolecular condensates in
both fundamental research and therapeutic strategies.

Mechanical forces. Mechanical forces, such as shear stress
or compression, are also known to have a profound impact on
the behavior of biomolecular condensates, influencing their
properties and structural transitions.”’***> These forces can
shift condensates from a fluid-like to a more solid-like state by
reorganizing the molecular networks. This adaptability to
mechanical cues is particularly important for cells experiencing
continuous mechanical forces, such as muscle cells, cartilage,
and vascular endothelial cells. LLPS under mechanical stress
may alter condensate viscoelasticity, impacting cellular pro-
cesses like mechanotransduction, where cells convert mechan-
ical signals into biochemical responses.>*® Fig. 91 illustrates
the effects of shear on the formation of fibers from protein
condensates. In this proposed model, protein molecules first
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concentrate into liquid droplets through LLPS.">> When shear
forces are applied, the polypeptide chains within the
droplet align, facilitating intermolecular interactions. These
interactions lead to the formation of B-sheet-rich fibers, trans-
forming the liquid condensates into solid structures. This fiber
formation process is similar to that observed in silk spinning,
where proteins undergo a shear-mediated transition to solid
fibers.>** Supporting this concept, Fig. 9] shows the behavior of
FUS protein condensates under mechanical shear. LLPS of FUS
was induced by reducing the salt concentration, after which
shear forces were applied using tweezers."> This manipulation
resulted in the extraction of solid fibers from the FUS droplets.
Notably, microfluidic experiments have revealed that a critical
shear stress of approximately 0.5 Pa is necessary to trigger this
transition, a value within the range of shear stresses found in
biological systems, such as cytoplasmic streaming and axonal
transport.>*>>*® The influence of mechanical stress on LLPS is
of particular importance in tissue subjected to frequent or
intense mechanical forces. LLPS under mechanical stress can
contribute to cellular resilience by stabilizing condensates,
which in turn protect critical molecules from physical deforma-
tion. Moreover, varying mechanical conditions can influence
the kinetics of phase transitions, affecting the size, shape, and
internal organization of condensates. These findings have
significant implications in synthetic biology, particularly for
developing LLPS-based materials that mimic the adaptive
responses of biological systems. Such materials hold potential
for tissue engineering and regenerative medicine, where mimick-
ing the dynamic nature of cellular responses to mechanical forces
is a valuable goal.

5. Applications of peptide-mediated
LLPS and biomolecular condensates

5.1. Biomaterials and tissue engineering

Peptide-mediated LLPS and biomolecular condensates have
gained significant attention in recent years as promising tools
in the field of biomaterials and tissue engineering. These
systems offer unique properties such as environmental respon-
siveness, tunable mechanical strength, and the ability to encap-
sulate bioactive molecules, which make them highly suitable
for various applications, including bioadhesives, tissue repair,
biocomposites, and dynamic scaffolds."”>>*’>>* Inspired by
natural processes, peptide coacervates have the potential to
create highly adaptable materials that can be customized to
meet the specific needs of different biological applications.
One of the most promising applications of peptide or
protein-based biomolecular condensates is their use as bioad-
hesives for soft and hard tissue repair.>>**** Traditional adhe-
sives often fall short of meeting the mechanical and biological
requirements for effective tissue integration. However, peptide
coacervates offer a solution by mimicking the adhesive pro-
perties of natural systems. Fig. 10A shows the bioinspired
condensates composed of recombinant mussel adhesive
protein (rMAP) and hyaluronic acid (HA).>*” These rMAP-HA
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Fig. 10 Applications of peptide-mediated liquid—-liquid phase separation (LLPS) and biomolecular condensates in various fields. (A) Application of
recombinant mussel adhesive protein (rMAP) and hyaluronic acid (HA) coacervates for tissue engineering, including soft tissue repair and bone
regeneration via growth factor recruitment. Reprinted with permission.?*” Copyright 2024 Springer Nature. (B) Design of redox-responsive peptide
coacervates for direct cytosolic drug delivery. Histidine-rich beak peptides conjugated with a lysine residue and a self-immolative moiety (HBpep-SR)
undergo coacervation, encapsulating macromolecular therapeutics. Upon incubation with cells, the therapeutics-loaded coacervates enter the cytosol,
where intracellular glutathione triggers coacervate disassembly and drug release. Reprinted with permission.?>® Copyright 2022 Springer Nature.
(C) Fabrication of membrane-bound protocells (PC@MPN) with emergent properties, achieved by coating peptide coacervates (PCs) with metal-phenolic
networks (MPNs). The protocell facilitates enzymatic cascade reactions, where glucose oxidase (GOx) converts glucose to H,O, and horseradish
peroxidase (HRP) catalyzes the oxidation of Amplex Red (AR) to resorufin (RS), as indicated by red fluorescence. Reprinted with permission.2>® Copyright
2023 American Chemical Society.

condensates not only outperform their individual components
in terms of adhesive performance but also promote cell pro-
liferation when applied to implant surfaces. This cell growth is
essential for tissue integration, a key factor in the success of
medical devices or implants. Further modifications, such as the
fusion of rMAP with low-complexity mammalian sequences,
improve the adhesive strength by forming stronger, amyloid-
like nanofibrils that firmly adhere to surfaces.>*® In addition to
enhancing adhesive strength, these coacervates also support
tissue repair. Their viscous, water-immiscible nature makes
them suitable for sealing tissues and promoting healing. For
example, rMAP-HA condensates have been successfully used to

This journal is © The Royal Society of Chemistry 2025

seal urinary fistulas, which is a difficult clinical issue, and have
shown potential as skin grafts for wound healing.>****® More-
over, these condensates have been applied as binders for bone
xenografts, aiding in bone regeneration.”****” Their ability to
encapsulate and release growth factors, such as bone morpho-
genetic protein 2, further enhances their regenerative potential
by simulating tissue regeneration and promoting healing at the
site of injury.>** This versatility makes bioinspired coacervates
a powerful tool for advanced tissue repair technologies.
Peptide coacervates also offer significant potential as dyna-
mic scaffolds in tissue engineering.**° The mechanical proper-
ties, such as stiffness and flexibility, can be tuned by modifying

Soft Matter, 2025, 21,1781-1812 | 1801


https://doi.org/10.1039/d4sm01477d

Published on 15 February 2025. Downloaded on 11/11/2025 3:27:27 AM.

Review

the peptide sequence, allowing for the creation of scaffolds
tailored to specific tissue types. HBPs derived from squid have
shown exceptional mechanical strength due to their repeti-
tive peptide motifs, which facilitate strong intermolecular
interactions.>®’ These properties make them well-suited for
applications such as bone tissue engineering, where scaffolds
must withstand mechanical forces. Elastin-like polypeptides,
on the other hand, are widely used for soft tissue scaffolds such
as skin and vascular scaffolds, owing to their excellent biocom-
patibility, low immunogenicity, and bioactive properties.>>*>*>
In tissue engineering, scaffolds must not only provide mechan-
ical support but also mimic the extracellular matrix to promote
cell adhesion, proliferation, and differentiation.”®®> Peptide
coacervates offer a unique advantage in this regard due to their
structural resemblance to the extracellular matrix. This enables
them to provide a supportive environment conducive to cell
growth and tissue regeneration. Furthermore, the properties of
coacervates can be tailored to meet the specific requirements of
different tissues. For example, the mechanical strength and
degradation rate of coacervate-based scaffolds can be adjusted
to optimize them for bone, cartilage, or soft tissue applications.
This customization is achieved by modifying the peptide
sequences or coacervation conditions, enabling scaffolds to
degrade at rates matching the regeneration needs of different
tissues.>*”*** Integrating peptide coacervates into composite
materials provides an opportunity to create hybrid scaffolds
that combine the mechanical stability of synthetic polymers
with the biological activity and tunability of peptides.>*” These
hybrid systems retain the strength of traditional biomaterials
while incorporating bioactive components that support tissue
regeneration. Such composites enable the development of
scaffolds that can endure mechanical forces yet offer the bio-
chemical cues essential for tissue repair, making them suitable
for applications in bone and cartilage engineering where both
mechanical strength and biological responsiveness are required.

Despite the promising applications of peptide coacervates
in tissue engineering and biomaterials, challenges remain in
optimizing their properties for clinical use. One of the main
challenges is achieving precise control over the coacervation
process to ensure reproducibility and consistency in material
properties. Variations in coacervate formation can lead to
inconsistencies in scaffold performance, which could impact
their effectiveness in clinical applications. Additionally, the
long-term stability and biocompatibility of peptide-based mate-
rials must be carefully evaluated to ensure their suitability for
in vivo use. These materials must degrade at a rate that matches
tissue regeneration, and their degradation products must be
non-toxic and biocompatible. Future research should focus on
improving the design and functionality of peptide coacervates
for specific tissue engineering applications. This includes
exploring novel peptide sequences that enhance mechanical
strength, environmental responsiveness, and bioactivity.
Integrating peptide coacervates with other biomaterials, such
as hydrogels or bioactive ceramics, may yield hybrid systems
with enhanced performance, offering multifunctionality for
applications across different tissue types.
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5.2. Drug delivery systems

Peptide coacervates have emerged as a transformative platform
for drug delivery, offering unique advantages over tradi-
tional systems like liposomes, polymers, and lipid nano-
particles.*®*7° While lipid-based cartriers offer high biocom-
patibility and versatile drug encapsulation, they often suffer
from low drug loading and require complex surface modifica-
tion to address stability issues, endosomal entrapment,
and high hepatic or splenic uptake.>*®?”! Similarly, polymers
face challenges such as particle aggregation and potential
toxicity.”®® Peptide coacervates may overcome these hurdles
through LLPS, producing micrometer-sized, membraneless
droplets capable of sequestering a wide range of therapeutic
molecules, including proteins, nucleic acids, and small
molecules.®»?”>>7% Encapsulation relies on non-covalent inter-
actions, including electrostatic forces, hydrogen bonding, and
hydrophobic interactions.?®® These interactions are crucial for
maintaining the integrity and efficacy of therapeutic agents,
particularly sensitive biomolecules like proteins and nucleic
acids, which are susceptible to degradation in the biological
environment.®>?*° By creating a stable microenvironment, pep-
tide coacervates effectively shield therapeutic agents from pre-
mature degradation, ensuring that they reach their target site
intact. Additionally, the amino acid-based composition allows
for simple, precise tuning of physicochemical properties
through single amino acid mutations, providing unparalleled
adaptability and scalability compared to the labor-intensive
fabrication of liposomes and polymers.'®®> Furthermore, pep-
tide coacervates exhibit negligible cytotoxicity and excellent
biocompatibility, avoiding the safety concerns associated with
inorganic nanoparticles and synthetic polymers.>*®

A defining feature of peptide coacervates-based drug delivery
systems is their capacity for controlled and stimuli-responsive
release of encapsulated therapeutics.®>**?*”* Redox-responsive
peptide coacervates, for example, are designed to release their
cargo in response to the redox conditions prevalent in specific
physiological environments, such as the tumor microenviron-
ment, which is often characterized by high levels of reducing
agents.®”**° This targeted release is particularly beneficial in
cancer therapy, where minimizing systemic exposure and off-
target effects is crucial. Wang et al. demonstrated that redox-
responsive peptide coacervates could be engineered to selec-
tively release tissue plasminogen activator in response to the
reducing conditions found at thrombus sites, significantly
enhancing the therapeutic efficacy and reducing off-target
effects.’” Similarly, another study by Sun et al. explored the
potential of redox-responsive coacervates in the delivery of
CRISPR-Cas9 complexes, where the coacervates disassembled
in response to the intracellular reducing environment, allowing
for efficient cytosolic delivery of the genome-editing tool.>**
These findings underscore the versatility of redox-responsive
coacervates for site-specific drug delivery, making them a
powerful platform for developing next-generation therapeutics.
Fig. 10B illustrates the design of redox-responsive peptide
coacervates, histidine-rich beak peptides conjugated with
a lysine residue and a self-immolative moiety (HBpep-SR), that
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can directly deliver a wide range of macromolecular therapeu-
tics into the cytosols.>*® In a reducing environment, such as
glutathione-rich cytosol, HBpep-SR is reduced, leading to self-
catalytic cleavage of the SR moiety and disassembling of the
coacervates. In addition to their redox-responsiveness, peptide
coacervates also exhibit a high degree of modularity and
adaptability, which can be leveraged to design sophisticated
drug delivery systems. A notable aspect of this adaptability is
the ability to encapsulate multiple substances within a single
coacervate. Lim et al. developed glucose-responsive peptide
coacervates that co-encapsulate insulin and glucose oxidase,
providing a coordinated release of insulin in response to rising
blood glucose levels.** This concept could extend other condi-
tions, such as cancer or metabolic disorders, where multiple
therapeutic targets require a coordinated response.>”>?”® These
multifunctional platforms enable the treatment of complex
diseases through the simultaneous and responsive release of
complementary drugs, potentially increasing treatment efficacy
while minimizing side effects.

The interaction of peptide coacervates with biological mem-
branes is another critical factor in their effectiveness as
drug delivery systems.>””?”® Unlike traditional delivery vehicles
that rely on lipid membranes, peptide coacervates can interact
directly with the cytosol, facilitating efficient drug release
inside cells. This is achieved through electrostatic attractions
that promote cellular uptake via endocytosis or, in some
cases, enable direct cytosolic delivery.””” The work of Sun
et al. exemplifies this potential by demonstrating the use of
micrometer-sized peptide coacervates as delivery vesicles cap-
able of crossing cell membranes without relying on endocytosis
(Fig. 10B).>>® These coacervates, designed to be both pH- and
redox-responsive, disassemble within the intracellular environ-
ment, releasing their cargo directly into the cytosol. This
capability challenges the conventional belief that only nano-
sized vesicles can penetrate cell membranes, suggesting that
larger coacervates may also serve as effective delivery vehicles.
This work highlighted the potential of peptide coacervates in
delivering macromolecular therapeutics, including proteins,
peptides, and RNAs, with both precision and efficiency,
showecasing their utility in diverse therapeutic applications.

While peptide coacervates offer numerous advantages in
drug delivery, challenges remain in translating them into
clinical applications, primarily related to stability.>”® Without
a traditional membrane, they are susceptible to a rapid coales-
cence or collapse in biological fluids.*®*>**' Their stability is
significantly influenced by environmental factors such as pH,
temperature, and ionic strength.’®'*?!® For example, high
ionic conditions can disrupt the interactions that maintain
coacervate structure, causing premature release of encapsu-
lated drugs.>'® Several strategies have been developed to
address these challenges. One prominent approach is encasing
coacervates within stabilizing membranes made of terpoly-
mers, phospholipids, or polysaccharides.’®>** These mem-
branes can mitigate environmental sensitivity while retaining
the ability to respond to external stimuli, although they may
reduce permeability to large biomolecules. Cross-linking at the
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droplet interface is another effective approach.®***>?*® The
incorporation of stabilizing agents like polyphenols (e.g., tannic
acid) forms supramolecular networks, improving stability with-
out compromising functionality.®® Exposing coacervates to
deionized water induces counterion extraction and physical
crosslinking, resulting in the formation of viscoelastic inter-
faces that prevent fusion and enhance long-term stability.>%*%”
Increasing the surface charge density, as indicated by high zeta
potential, has also been reported to reduce droplet fusion
through enhanced electrostatic repulsion.'>® Additionally, pep-
tide coacervates have been stabilized against Ostwald ripening
through a combination of attractive electrostatic interactions
and translational entropy within the coacervates, where the
charged nature of the components creates an energetic barrier
that effectively suppresses droplet coarsening.”®® Beyond stabi-
lity, another consideration is the potential immunogenicity of
peptide coacervates, which must be carefully evaluated to avoid
unwanted immune responses that could compromise their
efficacy or safety.>®® Scalability of production is also a chal-
lenge, as consistent and reproducible manufacturing processes
are essential for regulatory approval and clinical use. Advances
in manufacturing techniques, including microfluidics and
high-throughput screening offer promising solutions to stream-
line large-scale production.

Peptide coacervates represent a highly promising approach
to drug delivery, offering controlled and targeted delivery of
various therapeutic agents. Their ability to interact effectively
with biological membranes, combined with customizability
and multifunctionality, makes them a valuable tool in the
development of next-generation drug delivery systems. As
research in this field continues to advance, overcoming current
challenges related to stability, immunogenicity, and scalability
will be crucial to fully realizing the potential. Ongoing studies that
delve into the mechanisms underlying coacervate formation,
stability, and interaction with biological systems will be essential
in advancing this field. The pioneering work on direct cytosolic
delivery by micrometer-sized coacervates without endocytosis
underscores the transformative potential of these systems, parti-
cularly for challenging applications such as cancer therapy and
the delivery of macromolecular drugs.>*® Continued exploration
in these areas will drive the transition of peptide coacervate-based
systems from laboratory research to clinical applications, offering
innovative solutions for treating complex diseases.

5.3. Synthetic biology

The concept of artificial cells, or protocells, represents a key
frontier in synthetic biology, where researchers aim to build
cell-like systems capable of replicating essential functions of
living organisms.>?%°>°* peptide coacervates have emerged
as a promising platform for constructing these artificial cells
due to their ability to create membraneless compartments
that closely resemble the internal organization of natural
cells.”*29°72%7 This section examines the various roles of peptide
coacervates in artificial cell development, emphasizing their role
in mimicking cellular functions, supporting biochemical pro-
cesses, and enabling complex synthetic biology applications.
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One of the fundamental features of living cells is their
compartmentalization, which allows for the segregation of
biochemical processes and the establishment of specialized
microenvironments. Peptide coacervates inherently possess the
ability to form discrete, membraneless compartments, making
them ideal candidates for constructing artificial cells.”® These
coacervates can encapsulate diverse biomolecules, such as
nucleic acids, enzymes, and metabolites, thereby creating micro-
environments that facilitate specific biochemical reactions.??%3%
The selective permeability of coacervate droplets is another
critical attribute that mirrors the behavior of natural cellular
membranes.”®® Coacervates can selectively sequester or exclude
certain molecules based on their size, charge, or hydrophobi-
city. This property enables the coacervates to function as
primitive organelles, where they can concentrate substrates,
protect sensitive molecules, or control the flow of ions and
other small molecules. Such selective permeability is crucial for
maintaining the internal environment of artificial cells and
ensuring that the encapsulated biochemical processes proceed
efficiently.®’

While coacervates naturally form membraneless compart-
ments, they can also be integrated with structured membranes
to create hybrid systems.”*>?***°" In these hybrid constructs,
coacervates function as primitive organelles within structured
membranes, providing localized environments for specific
reactions, while the membranes not only prevent aggregation
and coalescence but also regulate the selective biomolecule
sequestration and chemical exchange across the membrane.”**
Fig. 10C illustrates hybrid PC@MPN protocells, where peptide
coacervates (PCs), mimicking the cytosol, are coated with a
metal-phenolic network (MPN) membrane.”>® The PCs are
formed by the self-assembly of oppositely charged oligopep-
tides (R10 and D10), while the MPN membrane is generated
through coordination between metal ions (e.g., Fe**) and poly-
phenols (e.g., tannic acid). This hybrid design provides struc-
tural stability while preserving the dynamic properties of
coacervates, enabling the construction of artificial cells that
can selectively exchange molecules and maintain internal
biochemical processes. Furthermore, the integration of coacer-
vates with structured membranes also enables the construction
of more sophisticated artificial cells that can interact with their
environment in a controlled manner.>** Coacervate-membrane
hybrids can be engineered to respond to changes in pH,
temperature, or the presence of specific molecules, triggering
the release of encapsulated contents or a change in the physical
properties of the cell.3%3%3:304

The high degree of macromolecular crowding within coa-
cervates mimics the crowded interior of living cells, which is
known to significantly influence the kinetics and thermody-
namics of biochemical reactions.** This crowded environment
enhances the binding affinity between enzymes and substrates,
accelerates reaction rates, and can stabilize proteins that would
otherwise be unstable in dilute solutions.>*>?°**%” One of the
most striking demonstrations of the ability of coacervates to
support biochemical reactions is their use in gene expression
systems.>”® Coacervates have been shown to significantly

1804 | Soft Matter, 2025, 21,1781-1812

View Article Online

Soft Matter

enhance the transcription rates of genes, with rates that are
comparable to those observed in vivo.>*® This enhancement is
largely due to the increased binding constant of DNA to
transcription factors and RNA polymerase in the crowded
environment of the coacervate. The coacervate droplets can
thus function as efficient microreactors for gene expression,
supporting both transcription and translation within a con-
fined space. Furthermore, coacervates have been used to con-
struct artificial cells that can carry out more complex functions,
such as the synthesis of proteins from DNA templates.?%3083%
These artificial cells can encapsulate the entire transcription
and translation machinery, enabling the production of func-
tional proteins within the coacervate droplets. The ability to
carry out such complex biochemical processes within coacer-
vates highlights their potential as building blocks for more
advanced synthetic cells.

Beyond simply supporting biochemical reactions, peptide
coacervates can be engineered to simulate specific cellular
processes, making them valuable for studying cellular dyna-
mics and creating functional synthetic systems. Coacervates
have been used to replicate aspects of cellular metabolism, such
as the compartmentalization of metabolic pathways.>*%3%°31°
By confining different enzymes in separate coacervate droplets,
it is possible to establish synthetic metabolic networks that
carry out sequential reactions in a controlled manner. Fig. 10C
demonstrates the capability of PC@MPN protocells to compart-
mentalize and sustain enzymatic cascade reactions. These
protocells are loaded with enzymes such as glucose oxidase
(GOx) and horseradish peroxidase (HRP), as well as the sub-
strate Amplex Red (AR).*>®® GOx catalyzes the oxidation of
glucose to produce H,0,, which acts as a substrate for HRP
to convert AR into resorufin (RS). The bright-field and fluores-
cence microscopy images confirm the success of this reaction,
with red fluorescence indicating the production of RS. This
example highlights how peptide coacervates can serve as com-
partments for synthetic metabolic networks, enabling sequen-
tial reactions within confined spaces. In addition to metabolic
processes, coacervates have been used to model the dynamics
of intracellular organelles.>®® Their liquid-like nature of coa-
cervates allows them to undergo fusion and fission, similar to
the behavior of natural membraneless organelles such as P
granules.’® This dynamic behavior can be harnessed to create
artificial cells with controllable internal organization, where
the distribution and interaction of coacervate-based organelles
can be modulated in response to external stimuli,'?0296:311312
Another key cellular process that can be mimicked using
peptide coacervates is the assembly of nucleic acids and
proteins into functional complexes.>®® By engineering coacer-
vates to selectively encapsulate specific proteins and nucleic
acids, it is possible to recreate these types of structures within
artificial cells. This capability opens new avenues for studying
the principles of cellular organization and for designing syn-
thetic cells with custom-built compartments.

The unique properties of peptide coacervates make them
highly suitable for various applications in biotechnology, particu-
larly in the development of cell-free systems and biosensors.****'*
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In cell-free protein synthesis, for example, coacervates can be used
to create microreactors that enable the efficient production of
proteins without requiring living cells. By creating optimized
conditions within coacervates, these systems can be tailored to
produce specific proteins or to screen gene expression constructs
in high-throughput applications.>*®*'* In biosensing, coacervate
can encapsulate enzymes or other reactive molecules, forming
droplets that respond to target analytes with high sensitivity.
These biosensors can be used in a variety of applications, includ-
ing medical diagnostics, environmental monitoring, and indus-
trial process control.

Peptide coacervates offer a powerful and versatile platform
for the construction of artificial cells. Their ability to mimic
cellular compartmentalization, support complex biochemical
reactions, and simulate dynamic cellular processes makes them
invaluable for designing responsive and functional synthetic
systems. By integrating coacervates with lipid membranes and
other materials, sophisticated artificial cells could be created to
interact dynamically with their environment and perform a
wide range of functions.

6. Conclusions

Peptide-mediated liquid-liquid phase separation (LLPS) repre-
sents a rapidly evolving area of research with profound implica-
tions for both fundamental biology and applied sciences.
Through this review, we have explored the intricate molecular
mechanisms driving LLPS, the critical role of environmental
factors in modulating phase behavior, and the diverse material
properties of peptide coacervates. These insights highlight the
versatility of LLPS as a mechanism for cellular organization and
its potential for innovative applications in biotechnology
and medicine. The dynamic nature of LLPS allows cells to
compartmentalize and regulate biochemical processes without
the need for traditional membrane-bound organelles, offering
a flexible means of adapting to changing environmental
conditions. This adaptability, however, also underscores the
potential for dysregulation, which can lead to pathological
states, including neurodegenerative diseases and cancer.
Understanding the factors that govern the transition between
liquid-like and solid-like states in biomolecular condensates is
crucial for developing therapeutic strategies to mitigate these
diseases. From a practical perspective, the ability to engineer
peptide coacervates with tailored properties opens new avenues
for applications in drug delivery, tissue engineering, and syn-
thetic biology. The modularity and responsiveness of these
systems to environmental stimuli make them ideal candidates
for developing next-generation biomaterials and therapeutic
platforms. However, challenges remain in ensuring the stabi-
lity, biocompatibility, and scalability of peptide coacervates,
which are essential for translating these promising techno-
logies into clinical applications. In conclusion, LLPS is a
powerful and versatile mechanism with significant potential
to advance our understanding of cellular biology and to drive
innovation in various scientific and medical fields. Continued
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research in this area will likely yield further breakthroughs,
enabling the development of novel materials and therapeu-
tic strategies that leverage the unique properties of glassy
structures.?'®7318
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