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ABSTRACT

The central goal of mechanobiology is to understand how the mechanical forces and material properties of organelles, cells, and tissues
influence biological processes and functions. Since the first description of biomolecular condensates, it was hypothesized that they obtain
material properties that are tuned to their functions inside cells. Thus, they represent an intriguing playground for mechanobiology. The idea
that biomolecular condensates exhibit diverse and adaptive material properties highlights the need to understand how different material
states respond to external forces and whether these responses are linked to their physiological roles within the cell. For example, liquids
buffer and dissipate, while solids store and transmit mechanical stress, and the relaxation time of a viscoelastic material can act as a
mechanical frequency filter. Hence, a liquid-solid transition of a condensate in the force transmission pathway can determine how
mechanical signals are transduced within and in-between cells, affecting differentiation, neuronal network dynamics, and behavior to external
stimuli. Here, we first review our current understanding of the molecular drivers and how rigidity phase transitions are set forth in the com-
plex cellular environment. We will then summarize the technical advancements that were necessary to obtain insights into the rich and fasci-
nating mechanobiology of condensates, and finally, we will highlight recent examples of physiological liquid-solid transitions and their
connection to specific cellular functions. Our goal is to provide a comprehensive summary of the field on how cells harness and regulate
condensate mechanics to achieve specific functions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0236610
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I. SIGNIFICANCE STATEMENT

Mechanobiology aims to understand how mechanical forces and
the material properties of cellular structures influence biological func-
tions. Biomolecular condensates, which exhibit varying material prop-
erties and exert forces due to capillary effects, unite various principles
of mechanobiology. The ability of condensates to transition between
liquid and solid states, and vice versa, suggests that they play crucial
roles in processes such as force transmission, signal transduction, and
cellular response to forces. Through their interactions with the cyto-
skeleton, condensates contribute to force generation and enable cells to
sense and adapt to mechanical changes in their environment.
Understanding their role in mechanobiology not only reveals funda-
mental aspects of cell physiology but also opens new avenues for
addressing diseases influenced by mechanical stress and cellular
mechanics. The principles outlined here are universal and provide a
unique stepping stone into the diverse and multifaceted mechanobiol-
ogy of condensates for an interdisciplinary audience. By synthesizing
current knowledge, we shed light on the intricate relationship between
molecular compartmentalization and mechanical forces and highlight
areas of future research in this rapidly advancing field.

1. INTRODUCTION

Mechanobiology explores how cells, tissues, and animals sense
and respond to mechanical forces within their microenvironment, a
process that is integral to various physiological phenomena, including
cell migration,l tissue development, and differentiation,”” and the
response to touch and proprioception.”” Understanding how physical
forces interact with biological systems is essential for advancing our
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knowledge of cellular functions® and their roles in disease.”
Mechanotransduction is not restricted to the cell periphery but occurs
anywhere in the cell, e.g., subcellular organelles, including the nucleus,’
endoplasmic reticulum, and mitochondria,” but also membrane-less
organelles respond to forces'” and participate in the mechanotransduc-
tion of internal and external mechanical stress."'

Membrane-less organelles are cellular compartments, or biomo-
lecular condensates, that can form through various mechanisms.
These include liquid-liquid phase separation mediated by multivalent
or monovalent interactions of RNA or proteins that may contain
intrinsically disordered domains,'”'* but it has also been proposed to
involve ordered cooperative assembly driven by allosteric regulation,
site-specific interactions between highly conserved binding partners
with high affinities,'” and phase separation coupled with percolation
processes.”’ In addition, active processes driven by cell contractility,m
active fluid dernixing,l’— and ATP-consuming chemical reactions may
participate in phase separation.

Recent studies have shown that mechanical forces, such as shear
stress, tension, and substrate stiffness, can drive or modify the phase
separation of biomolecules as well as alter the fusion/fission dynamics,
thereby influencing condensate function. In contrast, condensates
themselves have been implicated in the regulation of cellular mechani-
cal properties, including stiffness and adhesion, contributing to pro-
cesses such as mechanotransduction and cellular adaptability to
external stressors. Condensation may also indirectly affect mechano-
biological functions, e.g., through the organization of membrane recep-
tors and ion channels, * activation of mechanically active transcription
factors through chromatin reorganization, and also the favor of cyto-
skeletal organization leading to actin polymerization or myosin
function."”

Many biomolecular condensates initially exhibit liquid-like visco-
elastic properties but can transition to (semi)solid hydrogels or glassy
states with arrested dynamics, either reversibly or irreversibly, in both
in vitro and in vivo environments.'>'®*""** These transitions may cul-
minate in the formation of amyloid fibrils'"**** and liquid crystalline
assemblies,”® highlighting the diverse material states condensates can
adopt. For example, liquid-solid or rigidity transitions have been
reported, among others, in metabolic enzymes”’ and signaling pro-
teins,” jon channel complexes,” cell-cell junctionsw“m and within the
nucleus’"* in different cell types of various organisms and identities,
including bacteria® and plants.”* Due to the chemical complexity and
structural diversity of the proteins involved in the transitions, their
molecular driving force and mechanical signatures are beginning to
unravel just recently.'"***>*" Although rigidity transitions have been
investigated primarily in disease,"" it is plausible that the liquid- and
solid-like states of biomolecular condensates have separable functions
in the cell. A notable insight from previous observations is the fact that
the different liquid and solid phases of the same condensate can have
specialized functions.' "***  Likewise, many condensates, whether
liquid-like or solid-like, can modulate the cell response to forces, regu-
late the cell’s mechanical state, and alter the mechanotransduction pro-
cesses. This makes them an extremely exciting subject to study in the
field of mechanobiology. For example, a liquid condensate is easily
deformed, which is be important when forces need to be absorbed or
buffered. In contrast, a solid condensate stores mechanical energy
upon compression or extension and thus is expected to transmit and
resist forces when it is in the force transmission pathway in the cell.
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Even complex behaviors displayed by viscoelastic materials with their
rate-dependent complex shear moduli, may be important in setting an
optimal timescale for such responses and can determine if stresses at a
certain velocity are transmitted or dissipated. In addition to these pas-
sive processes, wetting of the membrane or cytoskeleton by liquid-like
condensates can mechanically deform or remodel their surroundings
due to capillary actions,”**” even with forces comparable to ATP-
dependent motors,* and droplet coarsening through fusion dynamics
can reposition DNA or cytoplasmic organelles. Then, the material
properties of the condensates directly influence the rate and force at
which this coalescence occurs, which is approximately determined by
the capillary velocity y/1, where 1 represents the viscosity and y the
surface tension of the condensate.

The purpose of this review is to synthesize the field of biomolecu-
lar condensates with the principles of mechanobiology. We will
explore how physical forces modulate phase transition, with particular
focus on not only viscoelastic maturation and liquid-solid transitions
(LST) but also how condensates, in turn, influence cellular mechanics.
We will first review the molecular driving forces for liquid—solid transi-
tions and environmental variables (Fig. 1 and Box 1), such as tempera-
ture and pressure, that influence condensate maturation. We will
introduce the most common material properties (Box 2) and emerging
techniques to characterize them (Figs. 2 and 3) before diving into
selected case studies that revealed important physiological functions of
biomolecular condensates in cell biology and neuroscience (Figs. 4-6).
Our intention thereby is to focus on physiologically relevant functions
and refer the reader interested in pathologies ensuing from aberrant
phase transition to other excellent reviews in the field."”

11l. CONDENSATE MATURATION AND LIQUID-SOLID
TRANSITIONS

A. The molecular grammar and the driving “forces” of
an LST

The formation of biomolecular condensates follows well-studied
principles that can be understood by their domain architecture and
specific sequence code, also known as molecular grammar.”***®
Similar to condensation of soluble molecules into a dense phase, the
solid transition is entropically unfavored, because of the overall reduc-
tion in molecular mobility. The entropic penalty associated with the
condensation of proteins in a dense phase [Fig. 1(a)] is compensated
for by the release of enthalpy through weak adhesive interactions
between a set of stereotypic amino acid side chains and the increase in
entropy associated with the release of water coordinated to molecules
in the bulk phase.””” This can occur via multivalent interactions of
folded domains (e.g., SH3-proline-rich motifs,”") or intrinsically disor-
dered regions (IDR), particularly within low-complexity domains, via
short linear motifs (SLiMs).”””” These interactions can be understood
with stereotypic sticker-spacer models”>”*""—assigning stickers as the
amino acid side chains (or domains) that create physical crosslinks
with each other (e.g., m-cation,  — 7 or electrostatics™”), while spacers
are defined as the segments that connect these stickers and affect the
polymer’s solubility and flexibility.” *” The sticker residues intuitively
keep the condensate connected and are separated by spacer residues
consisting of stretches of glycine and serine, which are important for
the hydration of the stickers. As part of a common spacer motif, gly-
cine is important in keeping the dynamic, liquid-like properties of con-
densates. When glycines were systematically converted to serine in the
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low complexity domain of heterogeneous nuclear ribonucleoprotein
A1 (hnRNPA1), the maturation of the liquid to the solid state was dra-
matically accelerated and it was already solid a few seconds after
mixing.””

The way sticker—spacer systems behave is marked by a combina-
tion of phase separation and the formation of interconnected net-
works.'*””® These systems have properties that make them both
elastic and fluid-like, depending on how many connections they create,
the overall network they form, and how spacers impact the movement
and rearrangement of these sticker residues. Therefore, not only the
content and type but also the organization of the aromatic stickers
determine the viscoelastic properties of the condensates.”” "’

For example, passive rheology measurements based on optical
tweezers demonstrated that when all aromatic stickers in the low-
complexity domain of hnRNPA1 were systematically converted to
tryptophan (strong sticker), subsequent condensates exhibited the
highest viscoelasticity, while condensates with only phenylalanines
(weak sticker) displayed the lowest Viscoelasticity22 [Fig. 1(b)]. Thus,
stronger stickers (TRP>TYR>PHE) lead to higher storage moduli
and increased elasticity.

Apart from their sequence composition, the patterning of aro-
matic residues within a “sea” of spacers determines the viscoelastic
transition. A strong clustering of aromatic residues was found in
Velol, the scaffold protein responsible for the solid transition of the
Balbiani body in oocytes.”’ The repatterning of the aromatic stickers in
Velol consequently leads to a lower viscosity and a higher diffusivity
and a homogeneous arrangement of sticker residues (aromatic or elec-
trostatic), resulting in the most liquid condensate.””"

In summary, the exact amino acid sequence, arrangements, and
strength of the spacer/sticker interactions together with heterotypic
interactions (Box 1) and physical constraints determine the mechanical
signature of biomolecular condensates (Box 2) and whether they
respond primarily as a viscoelastic liquid, viscoelastic solid, or crystal-
line solid [Fig. 1(c)].

1. Aggregation hotspots, LARKS, and prion-like domains

The hardening of droplets can arise through various mechanisms,
including nonequilibrium transitions, such as the formation of glass-
like amorphous states, and equilibrium transitions, such as the assem-
bly of ordered fibrous amyloids. The amorphous, glass-like states are
metastable and tend to relax toward thermodynamically favorable
states that may result in stable cross-links.”” This relaxation then leads
either to a nonfibrillar solid state or to an ordered fibrillar structure
emerging from the disordered glass.

In equilibrium transitions, fibers typically form through homo-
typic interactions involving cross-links and cross-f3 sheet structures”'
[Fig. 1(d)]. Many proteins containing an intrinsically disordered region
(IDR), such as FUS***> and MEC-2,'" initially form dynamically
arrested condensates before transitioning into stable f-sheet-rich
fibers.”” Importantly, rigidity transitions may not percolate the entire
droplet but lead to different subphases in the condensates, each with
a different viscoelasticity' “”**’ and a heterogeneous rheological
response.

Similar to liquid-liquid phase separation and dynamic arrest, the
emergence of an ordered phase involves a loss of entropy because of
the local ordering of individual polymer chains into fibrils. This loss
must be compensated for by favorable interaction energies, leading to

Biophysics Rev. 6, 011310 (2025); doi: 10.1063/5.0236610
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Glossary

Mechanotransduction: The process by which cells or organisms convert mechanical stimuli into biochemical signals that can influence cellular
behavior and function.

Liquid-liquid phase separation: A supersaturated solution of proteins, RNA, or other biomolecules surpass their saturation concentration
and spontaneously separate into a dense and a dilute phase that stably coexist.

Biomolecular condensate: A dynamic, membrane-less organelle, primarily composed of proteins and nucleic acids, that forms through phase
separation or similar aggregation mechanisms and often exhibit liquid-like properties initially but may transition to gel-like or solid states
under specific conditions. These condensates create distinct microenvironments within cells, enabling the spatial and temporal regulation of
biochemical and mechanical processes.

Nematic phase: Ordered state of anisotropic molecules, such as elongated or rod-like proteins or polymers, where the molecules align parallel
to a common axis but do not exhibit positional order. It gives the system orientational order while retaining fluid-like translational freedom.
Pickering agent: A substance, typically solid particles, that stabilizes emulsions by adsorbing at the interface between two immiscible liquids
(e.g., the condensate and cytoplasm). Unlike traditional emulsifiers such as surfactants, Pickering agents rely on their particulate/solid nature to
prevent the coalescence of droplets.

Gel: A highly connected polymer network stabilized by physical crosslinks formed between the molecular components. Gels are soft and
deformable but do not flow like liquids under normal conditions due to the presence of a crosslinked or entangled network that provides
mechanical stability.

Glass: A material that lacks a long-range ordered structure and instead exists in the disordered, thermodynamically frustrated (non-
equilibrium) state which spontaneously evolves (aging) with time toward the closest free energy minimum, that is the corresponding
metastable supercooled liquid. A glass is characterized by amorphous arrangement of its constituent atoms or molecules that lack
molecular mobility over extremely long time scales and has the mechanical properties of a solid but exhibit the typical structural
features of a disordered liquid.

Amyloid fiber: An insoluble, high order protein aggregate composed of cross-beta-sheet structures.

Prion-like domain: A region within a protein that shares sequence and functional features with prion proteins. These domains are typically
low-complexity sequences enriched in polar amino acids such as glutamine, asparagine, serine, and glycine. They can template self-association,
promote phase separation, and form amyloid fibers.

Intrinsically disordered regions: Segments of proteins that lack a stable, well-defined three-dimensional structure under physiological condi-
tions. They are flexible and dynamic, adopting multiple conformations.

Percolation transition: A critical transformation from a disconnected to a connected state as the density or probability of connections within
the system increases and shifts from a state of isolated clusters to a highly connected network. Continuous rather than catastrophic process.
Nucleation: The formation of a small, stable cluster of a new phase (e.g., droplets or crystals) within a parent phase. This occurs when a critical
threshold, such as supersaturation or undercooling, is reached, enabling the growth of the new phase.

Dynamic arrest: A state where the motion of molecules or particles of the system slow or halt, leading to a transition from a fluid-like, dynamic
state to a solid-like, rigid state.

Homotypic/Heterotypic buffering: A mechanism in which weak, transient interactions between identical molecules (homotypic interactions)
regulate their tendency to undergo phase separation. It prevents premature, unregulated formation of phase-separated condensates by seques-
tering molecules in a dispersed, liquid-like state. It also ensures that the condensates can transition to a different phase, such as forming solid-
like aggregates, in a controlled and spatially specific manner.

Rheology: A study of the flow and deformation of materials under applied stress, which enables the characterization of complex mechanical
properties.

Elasticity: A property intrinsic to the material that describes the reversible (non-permanent) deformation behavior. It is independent from size,
shape, and structure. Units of Pa.

Viscosity: A measure of a fluid’s resistance to flow, it describes how much internal friction exists between the molecules of a fluid when it
moves. It dissipates the energy from the applied force rather than storing it, leading to irreversible, time-dependent flow. Unit: Pas.
Viscoelastic: A material that exhibits both viscous and elastic behavior when subjected to an applied stress. It deforms like an elastic solid in
short timescales, storing energy, but flows like a viscous liquid over longer timescales, dissipating energy. It is defined as the sum of the storage
and loss modulus: G* = G’ 4 iG".

Stiffness: A structural property characterizing the material’s resistance to deformation when subjected to an applied force. It quantifies
how much a material resists being stretched, compressed, or bent under stress. Contrast elasticity, which is an intrinsic, material

property.
a more dense, ordered phase. Using this principle, it is possible to Condensates undergoing liquid-solid transitions often form from
predict and identify polymer regions that promote liquid-solid transi- proteins containing prion-like domains (PrDs).”” PrDs are generally
tions. This raises a key question: What are the most frequent aggrega- distinguished by their low complexity sequence features, marked by an
tion hot spots that drive viscoelastic phase transitions? abundance of aromatic amino acids (tyrosine and phenylalanine) and
Biophysics Rev. 6, 011310 (2025); doi: 10.1063/5.0236610 6,011310-4
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FIG. 1. Molecular signatures of liquid-solid transitions. (a) (i) Weak, noncovalent intermolecular contacts such as hydrophobic, aromatic, electrostatic, and cation-r interactions
are the driving forces for liquid-liquid phase separation. (ii) The organization of these residues into stickers and spacers to maximize these contacts is key for LLPS and gives
rise to a set of varying material properties. (b) (i) Spacer (Spa) and sticker (Sti) sequences and their arrangement determine the degree and timescale of liquid—solid transition.
Replacing tryptophan with phenylalanine in aromatic sticker residues makes condensates more liquid-like, with reduced elasticity and viscosity, while replacing glycine with ser-
ine in spacer regions speeds up rigidity transitions but decreases condensate formation.”” (ii) Dispersed aromatic sticker residues generally have a lower tendency to form
aggregates and ensure that strong interactions among aromatic residues are weakened by the favorable solvation of the spacers. A high degree of clustering and the sticker—
spacer interaction strength result in lower diffusivity. Reproduced with permission from Holehouse et al., Biochemistry 60(47), 3566-3581 (2021). Copyright 2021 authors,
licensed under a Creative Commons Attribution (CC BY) license; and Reproduced with permission from Science 367(6478), 694-699 (2020). Copyright 2020 AAAS. (c)
Different mechanical signatures may arise from phase transitions, such as purely viscous, elastic, or viscoelastic condensate that behave as a fluid, solid, or gel-like material.
(d) (i) Proteins with low-complexity aromatic-rich kinked segments (LARKS), SLiMs rich in [G/S]Y[G/S] tandem repeats form cross-beta sheets that drive gradual fibrillation at
the high protein concentrations present within condensates. These structures are highly similar to amyloids but lack thermal and structural stability, making them amenable to
cellular regulation. Reproduced with permission from Hughes et al., Science 359(6376), 698-701 (2018). Copyright 2018 AAAS. (ii) Long stretches of glycine can form poly-
glycine | and Il conformations with ultralow solubility and may contribute to rigidity phase ftransitions in condensates with poly-glycine repeats, such as MEC-2 and FUS.
Reproduced with permission from Athiyarath and Sureshan, Angew. Chem., Int. Ed. 58(2), 612-617 (2019). Copyright 2019 John Wiley and Sons. (e) Different ions have differ-
ent effects on the liquid—solid transition. Their efficacy in inducing rigidification follows a modified Hofmeister series with phosphate ions as the most potent inducer. The ions
with the strongest tendency to form the hydration shell compete with the corresponding amino acids in the proteins. The solvent expulsion may be accompanied by structural
rearrangements and the formation of ordered structures. (f) Phase diagram for two typical proteins that are characterized by divergent phase behavior. Condensate formation
through phase separation can occur by heating (characterized by a lower critical solution temperature, LCST) or cooling (characterized by an upper critical solution temperature,
UCST). The dotted lines indicate the spinodal curve and the conditions under which biomolecular condensates spontaneously form, and the solid line indicates the binodal
curve and the conditions under dense and lean phase coexist.

¥2:62:€} G20T UYdoIen Gz

polar amino acids (glycine, serine, glutamine, and asparagine), while phase, while glutamine and serine residues promote solid transition.*’
exhibiting a scarcity of charged residues.”"*” As discussed above, con- A salient feature of PrD is their propensity to form ultrastable,
densate stiffening is sensitive to the composition and arrangement of ~ protease-resistant “folds” composed of cross-f5 strands—the so-called
these residues [Fig. 1(a)], with glycine residues stabilizing the fluid amyloids—which are found not only in infectious prion proteins but
Biophysics Rev. 6, 011310 (2025); doi: 10.1063/5.0236610 6,011310-5
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Box 1. Mix and Match - Heterotypic Buffering to Regulate Rigidity Transitions

Often, formation of biomolecular condensates (BMCs) and their liquid-solid transitions are driven by heterotypic interactions through pro-
tein—protein or protein-ribonucleic acid (RNA) interactions. RNA as an anionic polymer is an excellent framework for achieving multivalency
and can adapt to many RNA binding proteins.'**'** It was found that RNA influences condensate stability in a concentration-dependent man-
ner: at high concentrations, such as those found in the nucleus, it inhibits phase transitions, while at low concentrations, like in the cytoplasm,
it acts as a scaffold to promote liquid-liquid phase separation (LLPS)."*” Importantly, droplets formed through condensates of RNA and pro-
teins are metastable and have the tendency to form irreversibly insoluble condensates through percolation transitions, dynamic arrest, or amy-
loids—many of those are found in disease (TAU, TDP-43, FUS, hnRNPA1, CPEB4, etc.). Stable, homotypic interactions between RNA
molecules under strong base-pairing tendencies drive the percolation transition.'”® Heterotypic interactions mediated by multivalent RNA-
binding proteins buffer homotypic RNA interactions, leading to an increased energetic barrier to the percolated state (see figure below)—in
other words, proteins “mask” the RNA-RNA basepairing interactions and delay the transition to the solid state. This can happen passively
through binding when heterotypic interactions displace the homotypic ones, or actively through energy-consuming processes (e.g., heli-
cases).'”* Such heterotypic buffering, the ability of an interaction between two different motif to buffer against dynamic arrest,” can also be
found in protein-protein co-condensates and ensures that condensates remain in compliant conditions until the buffering interactions are
released (Fig. 6). Then, residues are exposed that can interact and cross-link with same motifs, enabling a network that percolates the whole
condensate to form a stable structure in a spatio-temporally regulated manner.”’ Because the timescale of the binding and unbinding of the
associated bonds, and the depth of their potential well, determines the material properties, heterotypic buffering is strongly tied to biological
function. "’ Examples include UNC-89 binding to the C-terminus of MEC-2 stomatin to prevent droplet hardening and amyloid formation
by disrupting an intramolecular interaction in MEC-2 c-terminus, enabling regulated transitions of MEC-2 condensates from liquid-like to
solid states at sites of mechanoelectrical transduction within sensory neurites."" Similarly, an arginine-rich microexon of CPEB4 (me4) stabil-
izes CPEB4 condensates by interacting with histidine clusters, maintaining reversible condensation and regulating neurodevelopmental gene
translation linked to autism spectrum disorders (ASD). Without me4, homotypic histidine interactions cause irreversible CPEB4 aggregation.”’

1 Heterotypic buffering maintain liquid-like properties in the dense phase
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Heterotypic buffering increases the energetic barrier to a percolated state. (top) Not restricted to neurons, heterotypic buffering can main-
tain the liquid-like properties in a co-condensate through an interaction that masks the aggregation prone motif. This in turn will increase the
energy barrier for amyloid and fiber formation. (bottom) Heterotypic buffering can be released through secondary partner (purple) that displa-
ces the “mask” (yellow) from the aggregation prone motif (green box); or release steric constraint with an effective lowering of the energy
barrier for fiber formation. Adapted from Ref. 83.
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also in diseased variants of Af, tau, o-synuclein, SOD1 and many
more aggregate-forming proteins give rise to condensates undergoing
liquid-solid transitions.”® Intriguingly, if the prion-like interaction is
strong enough, the condensate may transition from an isotropic to a
nematic phase, visible as long fibers.

If PrDs have such a strong propensity to form amyloids, how is
the rigidity transition avoided or controlled? The transition from
a dynamic to an arrested state is very dynamic and can be modulated
by cellular signals (e.g., post-translational modifications,”* calcium
signaling,w pHm) and environmental stresses (e.g., oxidation,”"

) rendering its properties bona fide stimulus-
responsive. In the example of MEC-2 stomatin,'" heterotypic buffering
(Box 1) of a predicted PrD favored the droplet-like state, while muta-
tions in an SH3 binding motif lead to a loss of fiber formation and a
delayed maturation of the relaxation timescale. In contrast, overexpres-
sion of the SH3 domain in vivo promoted the amyloid-prone mode
of interaction and resulted in a reduction in liquid-like MEC-2
condensates.

Similar to the extended cross-f3 strands found in amyloids, many
proteins contain smaller motifs that do not form extended structures.
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Box 2.Viscoelasticity and the rheological properties of biomolecular condensates.

Owing to the complex interaction that stabilizes the biomolecular condensates composed of multivalent and weak intermolecular bonds lead-
ing up to the liquid-solid transition, many, if not all, show frequency-dependent, viscoelastic properties.'**>"*>'*" A material is said to be
viscoelastic, if it shows both, significant ability to store and dissipate mechanical stress upon an external deformation. Its ability to do so,
depends on the deformation frequency, e.g., how fast the condensates are deformed, and characteristic timescales of the composite material.
The ratio of % is their loss tangent tan ¢ and describes if the material primarily behaves dissipative (tan é > 1) or conservative (tan d < 1). The
timescale at which the loss and storage modulus is equal (tan é = 1) is the crossover frequency .. Thus, a complete characterization of the
material response requires the acquisition of the complete frequency spectrum, from ultraslow to ultrafast deformation timescales. The ideal
behavior of a model material is described by a single relaxation timescale and elastic modulus in light of the classical Maxwell or Kelvin—Voigt
materials, depending on if the material primarily behaves as a viscoelastic liquid or viscoelastic solid within the observed frequency window,
respectively."”' The Kelvin-Voigt model represents a firmly crosslinked polymer, in which the rate of force application is faster than the off-
rate of the bonds, while the Maxwell represents an uncrosslinked polymer. These descriptions are a strong simplification, and BMCs which
behave as a Maxwell material in one frequency range may behave as a Kelvin in another range. This complex behavior is described in higher
order models such as the Zener (also called standard linear solid) or Jeffrey’s fluid.”* The Zener model describes a material that will fully recover
after a load is removed because the spring connected in parallel to the Maxwell element will continue to move the piston of the dashpot back to
its original position. It may have two crossover frequencies beyond which the material behaves elastic, but viscous in between. Importantly,
during aging, condensates can remain glass-like'** or “convert” from a Maxwell-fluid to a Kelvin-Voigt solid.”” As the material is a continu-
ous spectrum of different timescales, it can be described by a generalized form of a viscoelastic model with power law behavior. The fractional
spring-pot 1s used to model this power-law behavior by defining the stress-strain relationship with a fractional order derivative
(a(t) = Cy - dr% 1y, which captures the material’s complex time-dependent response.'”’ The order of the fractional derivative in the spring-pot
directly relates to the exponent in the power law. Displayed below is the common fractional Kelvin—-Voigt model, which is plausible outcome if
the condensate behaves as a solid on long time scales and is stabilized by several distinct interaction motifs of which each has its own force-
response.'”> A continuous spectrum of relaxation timescales can also be obtained from the Rouse-Zimm theory, a microscopic framework to
describe the dynamics of a polymer chain in solution, modeled as beads-on-a-spring with hydrodynamic interactions. This theory has been
successful to correctly describe low frequency dynamics of condensates, which were otherwise overestimated in continuum models."*’

Kelvin-Voigt Maxwell Zener Jeffrey fractional KV Burgers
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Rheological models for the study of biomolecular condensates. Five different rheological spectra for different material behavior and their
frequency-dependent loss and storage moduli. In the Kelvin-Voigt material, the storage modulus dominates the loss modulus below the cross-
over frequencies and it is therefore elastic, whereas the Maxwell material has a higher loss modulus—it tends to flow. Higher order behavior
can arise, e.g., the serial combination of the KV and the Maxwell case lead to the Burgers mode L9155 The two tlmescales Ay assoc1ated with
the dashpots can be interpreted as conformational dynamics (fast) and transient binding/unbinding events (slow).'”*
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These so-called low complexity, aromatic rich, kinked segments, or
LARKS, establish cohesive interactions and form protein scaffolds,
reminiscent of the cross-f sheet found in amyloids.”” LARKS are sur-
prisingly abundant and are found in approximately 400 proteins in
humans, which participate in a diverse set of functions.”” However, in
contrast to amyloids, these beta sheets form reversibly and are not heat
resistant. They contain the core sequence [G/S]Y[G/S], which forms
kinked, instead of extended beta sheets [Fig. 1(d), panel i]. The kinks
are believed to prevent side chains from interlocking across the beta-
sheet interface, resulting in kinked interfaces that cover smaller surface
areas compared to those in pathogenic amyloid fibrils, and likely

possess lower binding energies. Consequently, LARKS can promote
gel-like condensates through weak interactions instead of irreversible
solid-like amyloids.”” It was proposed that proteins with tail-located
LARKS display a maturation rate much higher than those in which the
LARKS are placed toward the center.”* However, low-complexity
domains containing at least two LARKS, regardless of their arrange-
ment, can gradually form gel- or solid-like aggregates through f3-sheet
fibrillization.”*

Other hotspots prone to aggregation are glycine-rich motifs,
which can also become highly insoluble if the stretches exceed 7-10
residues and form fibrillar polyglycine-Il-like structures.”’® Such
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glycine-rich motifs have been found in many human proteins, and
indeed, proteins containing poly-glycine/alanine stretches accumulate
as inclusion bodies in the brain of patients with neurodegenerative dis-
eases.”” Prominent examples that can harness glycine-rich sequences
are found in the PrD of FUS and in the predicted PrD of MEC-2
[Fig. 1(d), panel ii, and see below]. Polyglycine can form fibrous struc-
tures with nematic ordering, which are believed to adopt polyglycine II
and extended strand-like conformations that promote intermolecular
hydrogen bonding [Fig. 1(d), panel ii]. Likewise, glycine-rich sequences
in FUS and nucleolin form polyproline II-like helices’® with implica-
tions for biomolecular condensation. The helical conformation was
proposed to bring the tyrosine and arginine residues close together,
adding favorable interactions to the free energy budget.”” The forma-
tion of poly-glycine assemblies is likely to occur only at the high pro-
tein concentrations present in condensates, where intermolecular
interactions are promoted. At low concentrations and due to the poor
water solubility of the polyglycine tracts, they form heterogeneous
ensembles of collapsed conformations as individual molecules, stabi-
lized by intramolecular amide-amide interactions.”” Because of their
poor water availability, the formation of poly-glycine-II helices may be
sensitive to the ionic species and the ion’s tendency to compete for the
hydration shell.

Other hot spots prone to aggregation are found in poly-
glutamine or poly-Q repeats.”’ Recently, it has been proposed that
fragments of Huntingtin exon 1 competent for aggregation form con-
densates through LLPS, with longer polyQ repeats forming droplets at
lower concentration.”’ Subsequently, these droplets undergo an LST
and form amyloid fibers within 30-60 min after droplet formation, vis-
ible as spike-like, as well as 1,6-hexanediol-resistant protrusions
in vitro and aggregates with lower recovery of FRAP in vivo. Whether
this conversion from liquid to solid properties is disease-relevant is a
matter of debate: Contrary to widespread belief, the length of these
polyQ fragments itself (number of glutamine residues) is not related to
the onset of neurodegenerative disease, while the number of CAG
nucleotide repeats is causally related to the onset of the disease.”” For
an in-depth discussion of LST related to disease, we refer to other
excellent reviews in the field.”***

2. The effect of salt, solvation, and the hydrating water
shell

It is well known that LLPS is very sensitive to salt concentrations,
and, depending on the intermolecular forces that stabilize the dense
phase, increases in salt will lead to a higher or lower propensity for
proteins to condense through charge screening among other factors.*”
For example, MEC-2 condensates form through hydrophobic interac-
tions and are stabilized by high salt concentrations,' whereas FUS,
TDP-43, BRD4, SOX2, and Annexin All form at low concentra-
tions.” Likewise, salt affects how tau condensates respond to tempera-
ture’”” and salt concentration affects surface tension and bulk
modulus of PGL-3 droplets measured in the optical trap: higher salt
causes softer condensates, ranging from 0.1 to 1Pa at 180-75mM
NaCl, respectively.”” However, the solvation environment of protein
molecules in a condensate can be very different from that in a dilute
solution. Many charged molecules, including proteins, are stabilized by
a hydrated shell. Any perturbation of this shell can lead to a reorgani-
zation of the protein structure and/or condensation.”’ Thus, the
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addition of salt or macromolecules that compete with the hydrating
water shell leads to condensation.

Condensates with liquid properties are generally more sensitive
to environmental changes, as the intermolecular interactions inside lig-
uid condensates are usually weak. The addition of salts (e.g., NaCl) or
organic agents (e.g,, 1,6-hexanediol) that enhance the ionic strength or
hydrophobicity of the solution can lead to dissolution but also to
coarsening of the liquid droplets, depending on if they are stabilized
by electrostatic or hydrophobic interactions. 1,6-hexanediol, in partic-
ular, has been used to test whether condensates are stabilized by weak
hydrophobic interactions,” "' and the addition of this aliphatic sol-
vent destabilizes condensates, particularly those mediated by stacking
7 — 7 or aromatic interactions.”* In contrast, condensates formed by
electrostatic interactions®” as well as solid condensates®'”* are less sen-
sitive to 1,6-hexanediol. However, as it is usually applied at a relatively
high concentration, it can produce unwanted stress on target cells,”””°
affect the cy‘[oskeleton,"7 and lead to cell death.”

Similarly, increases in the availability of charged ions can induce
the formation of a liquid-solid transition in tau protein condensates.””
The strength at which the ions (applied at physiological concentrations
of 150mM each) induce the LST follows the Hofmeister series, an
empirical ranking of the ions based on their ability to “salt” proteins
“out” of solution [Fig. 1(e)]. In this view, ions compete with the protein
charges for water molecules. This draws water away and therefore
destabilizes the hydration shell and reduces the protein’s solubility,
leading to protein aggregation. In liquid-like condensates, the loss of
water that solvates and separates individual macromolecules can lead
to tighter interactions and increased entanglement of monomers,
potentially driving fibril formation within the condensates. Together,
different functional groups of biologically active molecules may have
different varying effects on the liquid-solid transition, where charged
groups (PO}*, CO3", NHY) facilitate the liquid-to-solid transition,
while hydrophobic moieties (CHs) inhibit the transition.”

A key factor in condensates formed from polyanionic polymers,
such as poly(ADP-ribose), RNA, and DNA, is the crucial role of
divalent cations.'”’ PolyrA oligomers especially have a strong tendency
to phase separate even at low Mg”" concentrations and undergo a
rapid phase transition to a state of dynamic arrest."”’ The removal
of divalent ions by chelators (e.g., EGTA), or treatment with ammo-
nium acﬁate, can dissolve RNA condensates competing with divalent
cations.

3. Concentration dependence

All condensation mechanisms are highly dependent on the initial
concentration of the participating molecules and the intrinsic proper-
ties called saturation concentration C,; (for a summary of the
definition, see Ref. 16). Cy; depends on the macromolecule-solvent
interaction and the strength of the interactions in the dense phase.
Thus, it is important to realize that two molecules with a similar satu-
ration concentration will not necessarily have the same mechanical
properties of the dense phase because different polymers are stabilized
by different molecular interactions in the dense phase and even a sub-
tle change can have a large stabilizing or destabilizing effect. In simple
terms, if each molecule has more than three sticky regions (“stickers”)
and these stickers bind mainly to other molecules rather than to them-
selves, then more clusters will form and those clusters will also grow
larger as the concentration increases.'”'"” This multivalency can lead
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to “sol-gel” transition which is characterized by the percolation con-
centration Cr. and describes the valency-dependent threshold above
which the whole condensate forms a viscoelastic “percolated network.”
Cperc can be lower than Cgy, such that a percolated gel readily forms
without a prior change in phase across the system. This is rarely
observed and phase separation and percolation have been proposed
to be coupled, e.g., Cur < Cpere < Cense- Within this framework, it
becomes easy to reconcile that most, if not all, condensates form visco-
elastic materials.

However, the concentration of the dilute phase can also non-
trivially affect the material properties of the dense phase. For example,
the flux of components between the dilute and dense phases across the
interface is influenced by their concentrations in the dilute phase and
at the interface. The concentration of the dilute phase affects the inter-
nal dynamics and structural properties of the dense phase,'”* which
can affect the exchange dynamics and stability of the dense phase. Vice
versa, kinetically trapped molecules at the interface of solid conden-
sates will limit the exchange dynamics and thus may limit condensate
growth.”

Whereas classical LLPS has a concentration-independent
partition coefficient (which describes if a molecule preferentially con-
centrates in the dense phase vs the dilute phase), several condensate-
forming proteins have a higher partition coefficient at higher concen-
trations.'”” For example, a hydrophobic environment can emerge
upon condensate formation'”® leading to a change in the partition
coefficient. This means that the molecule preferentially enriches in the
dense phase, with possible consequences in the material properties.

4. Temperature dependence

Phase separation in protein solutions can occur by cooling (char-
acterized by an upper critical solution temperature, UCST) or heating
(characterized by a lower critical solution temperature, LCST) [see
Fig. 1(f)]. For components that exhibit UCST phase behavior, reducing
the temperature of the system below a threshold temperature (also
called a cloud point) triggers phase separation. Many native IDPs, such
as hnRNPA1,” FUS,'"” and tau at low salt concentrations,”” exhibit
UCST phase behavior, indicating that intermolecular interactions in
these IDPs are reduced relative to entropic contributions at higher
temperature. This is mainly driven by electrostatic or cation-n-based
interactions. The way in which temperature affects the viscoelastic
properties of condensates may follow similar rules. For example, the
elastic moduli of a typical amorphous polymer increase with loading
rate but decrease with higher temperatures. Importantly, condensates
may dissolve with an increase in temperature and gel-like condensates
or those that have undergone LST may be resistant to temperature
changes and do not dissolve.'”®

Less intuitively and contrary to our everyday experience, conden-
sates can also form preferentially with an increase in temperature, such
as MEC-2,"" tau at high salt concentrations,” and the poly-(A)-bind-
ing protein in stress granules.'”’ Here, an increase in temperature
raises the entropic penalty of organizing solvent molecules around the
protein backbone. To minimize this penalty, the system releases sol-
vent molecules from the backbone, gaining entropy, triggering an
LCST phase transition."” This is driven primarily by hydrophobic
interactions, so that increasing the hydrophobicity of the protein
sequence enhances phase separation by lowering the cloud point
temperature.
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Together, a high content of polar residues in conjunction with
aromatic residues favors UCST behavior, whereas polypeptides
depleted in charged amino acids and enriched with hydrophobic resi-
dues are ideal for LCST transitions.

5. Condensates maturation and the effects of the
interface

The spatial position of the molecules within the condensate, e.g., if
it is found on the surface or in the bulk, can also play important roles in
the rigidity transition.”" For example, a Pickering-like effect has been
shown for FUS condensates that mature preferentially from the outside
inward.” Using micropipette aspiration to study the mechanics of FUS
condensates, it was found that these condensates gradually increased
their viscosity by over 50 times within the first 24 h and became highly
elastic after 72 h. Indeed, reflective confocal dynamic speckle micros-
copy, which measures the local dynamics of scatterers within the con-
densate, confirmed the presence of a highly heterogeneous droplet
where liquid- and solid-like regions coexisted. Furthermore, after 24 h,
a dense shell structure began to develop, propagating toward the center
of the condensates until it completely solidified.”

Solid-like structures were also detected to develop first at the inter-
face between the condensate and the surrounding solvent, using combi-
nation of atomic force microscopy (AFM) and vibrational
spectroscopy.’'' Over time, these structures spread unevenly into the
fluid core of the condensate. This process was driven by a rising density
of intermolecular cation-7 interactions among intrinsically disordered
FUS molecules, which progressively increased the elastic properties of the
system. Eventually, the amorphous solid phase extended from the inter-
face toward the core in a non-uniform manner, resulting in a condensate
with mechanical heterogeneity."'" Simulations indicated that the interface
of the liquid droplet experiences larger density fluctuations, seeding the
structural transitions of the PrD from a collapsed to an extended confor-
mation, which exposes free valencies to form cross-f§ sheets.”® Thus, it is
likely a common mechanism that underlies the LST of other condensates.
Indeed, amyloid formation is also promoted at the interface of conden-
sates composed of the LCD of hnRNPA1.""* Another example comes
from Caenorhabditis elegans. The P granules contain a stable interface
composed primarily of gel-like MEG-3, which acts as a Pickering agent,
surrounding and stabilizing the liquid-like condensates of PGL-3.'"" In
addition, the gel-like MEG-3 act as seeds to specifically nucleate PGL-3
condensates at the posterior pole of the C. elegans embryo. The conden-
sate surface can also act as a nonspecific attractor for cytoskeletal ele-
ments. In particular, microtubules have been shown to reduce the
interfacial energy of various different condensates and act as a weak sur-
factant.""* This may potentially serve as a microtubule nucleation plat-
form'" or contribute to microtubule bundling in axons."'®

In general, the surface of condensates profoundly impacts many
processes, such as the rates of biochemical reactions,' "’ exchange
dynamics, diffusion, and release of condensed material,"**"® coales-
cence and growth of condensates, adsorption of macromolecules,
and nucleation of aggregates.''”

B. Factors affecting maturation timescales and
lengthscales

Having discussed the predominant sequence patterns and
aggregation-prone motifs, an important outstanding question is what
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determines the final size of the condensates and the rate of stiffening
in vivo. For example, different condensates have been shown to stiffen
in a few seconds or minutes”>***” and up to 24 h'"*>** and even days
or weeks.'”*'?" As discussed above, the parameters involve the concen-
tration of participating molecules relative to their saturation concentra-
tion, temperature, or salt. Given that these latter parameters are
relatively constant for all different condensates in the same cell, the
answer must also be found in their sequence and the steric constraint
in the environment. Condensate growth is also limited by the surface
reactivity, surface tension, and viscosity of the condensates.
Condensates with higher viscosity grow more slowly because the diffu-
sion of molecules into the dense phase is limited. Thus, condensates
that undergo rapid maturation, fusion/fission dynamics are reduced
and can become arrested and remain at a diffraction-limited size.”®
Not surprisingly, the molecular dynamics of the partitioning molecules
becomes slower in the dense phase than in the dilute phase, but can
remain astonishingly fast.'” Upon further aging, reduction in molecu-
lar dynamics occurs when particles are confined by their neighbors,
leading to the formation of a glassy state, but also when attractive
interactions between particles result in gelation and loss of fluidity, or
when the network becomes rigid due to entanglements or intermolecu-
lar crosslinks.

Condensates often consist of a mixture of proteins, RNA, and
other biomolecules that interact through multivalent weak interactions
(e.g., hydrophobic, electrostatic). This molecular diversity stabilizes the
liquid-like state by dispersing interactions and preventing excessive
clustering of specific components. Heterotypic interactions reduce the
propensity of any single species to undergo aberrant condensation or
aggregation (Box 1). For example, RNA or certain chaperones in stress
granules can dilute and stabilize proteins with a tendency to aggregate.
Regulated, or uncontrolled changes in the relative concentrations of
condensate components (e.g., depletion of RNA or overexpression of
aggregation-prone proteins) can destabilize the liquid-like state. The
availability of the buffering component thus influences the extent and
timecourse of the solid condensate growth.

C. Effects of mechanical forces and constraints

Central to understanding condensates in mechanobiology is how
external forces affect their formation and thus function. As discussed
above, gel-like and solid-like condensates display varying levels of
resistance to disassembly in response to environmental changes, such
as changes in temperature or solvent availability. Usually not a factor
in vitro, but there has to be space in the cell for a condensate to form
and grow. Therefore, a strongly viscoelastic environment and tension
in the surrounding matrix (cytoskeleton or chromatin) restrict the
growth of condensates.'”” '*” This is due to an energetic penalty to
deform the external (to the condensate) matrix, which requires a
higher free energy gain to favor condensate growth. Consequently,
there will typically be an increase in saturation concentration, a
decrease in nucleation rate, and, contingent on the matrix properties, a
thermodynamically favored droplet size.”' In the nucleus, for example,
condensates preferentially form in regions depleted of chromatin and
do not coarsen as one would expect from typical equilibrium phase
separation.'”’ In the limit, increased tension in the matrix may lead to
the dissolution of droplets already formed."” Mechanical forces
applied to cells have been shown to remodel nuclear condensates
inside living cells, determine their fusion/fission dynamics, or
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transduce force into chromatin organization (Refs. 10, 131, and 132
and discussion below).

Similarly, it has been shown that hydrostatic pressure destabilizes
condensates, ** while external mechanical stresses during confined cell
migration promote condensation in the nucleus,"”' but it is not known
how this effect may depend on the mechanical properties of the drop-
lets themselves. Together, the mechanical properties of the droplet and
the mechanical state of the environment determine the stability and
dynamics of the condensate.

D. Energy-consuming processing in condensate
maturation

In contrast to test tube conditions, biomolecular condensates
inside the cell are exposed to metabolic activity, rapidly changing oxy-
gen conditions, and energy-consuming processes, among others.
Glycolytic enzymes (such as PFK1.1) form condensates under hypoxic
conditions at presynaptic sites under energy demand,”” which also
become more viscous over time (Table I). Therefore, it is plausible that
the material states of the condensates are different in vivo compared to
the controlled environment in vitro. For example, helicases, which are
proteins that catalyze local strand unwinding, translocation, strand
annealing, RNA clamping, and displacement of bound proteins inside
ribonucleoprotein complexes, can act to remodel the RNA-protein
interaction in an ATP-dependent manner by dismantling these specific
interactions. Helicases may also unwind RNA structures and therefore
limit the long-range percolation transitions often found in RNA-
containing condensates.'”* Likewise, the depletion of ATP by treating
cells with carbonyl cyanide m-chlorophenyl hydrazone, or CCCP, to
dissipate the mitochondrial membrane potential interfered with the
formation of stress granules. It also caused accelerated stiffening of the
already formed stress granules, indicating that ATP is important for
both condensate formation and dynamics.'** This may hint at the role
of energy-consuming chaperones in maintaining a more liquid-like
state. Indeed, Hsp104, a general anti-stress chaperone of the Hsp100
gene family from yeast but also Karyopherins in metazoans disaggre-
gate many condensate forming proteins with prion-like domains.'*>'**
The same observation has been made with condensates formed by P-
body-associated DEAD-box ATPase Dhhl, which require ATP and
ATPase activity to prevent dynamic arrest.”” ATP hydrolysis by
DEAD-box ATPases triggers RNA release from P-bodies and stress
granules and may therefore be directly responsible for regulating the
condensate material properties. ATPase activity, when stimulated by
the P-body-associated factor Notl, leads to enhanced dynamics of P-
bodies in vivo and prevents aging over time.

Other examples include the dual-specificity kinase DYRK3,
which modulates the stability of P-granule-like structures. Under con-
ditions of cellular stress, it dynamically shuttles between stress granules
and the cytosol through a low-complexity domain in its N-terminus.
When activated, DYRK3 facilitates the disassembly of stress granules,
maintaining their dynamic nature."”’

E. Material states, their mechanical properties, and
why they matter

To understand condensates in light of mechanobiology, we aim
to uncover how their mechanical properties are linked to their function
in the organism. As such, different biomolecular condensates must
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TABLE |. Selected examples of protein condensates and their time-dependent mechanical parameters. Abbreviations: DT-OT, dual-trap optical tweezers; PMR, passive micro-
rheology; MPA, micropipette aspiration; FCS, fluorescence correlation spectroscopy; PPR, parallel plate rheometer; AFM, atomic force microscopy; TimSOM, time-shared optical

tweezer microrheology.

Protein Maturation Viscosity Elasticity Surface tension Technique Ref.
MEC-2 UNC-89 0—24h 3—20Pas 100 — 130 Pa 15.1 — 31.3 uN/m DT-OT 11

FUS 0—45h 3— ~50Pas 0.003 — 0.1 Pa n.d. PMR 23

PGL-3 05—1.5h 0.039 — 0.39 s 56 — 50.7 Pa 4.5—19.3 uN/m DT-OT 23

ProTalpha/H1 0h 0.30Pas n.d. n.d. FCS 122
ELE3 0h 24Pas n.d. 50 uN/m AFM (FRAP-ID) 155
hRNPA1-LCDWT 0h 200 Pa n.d. PMR 22

Chromatin (undiff) 1.5-150 Pa s 0.8-80 Pa n.d. PMR 153
Chromatin (diff)* 2.3-230Pa s; E1=1-100 Pa, PMR 153

1.4-140 Pa s E2 =1.8-180 Pa

o-synuclein 30 days 2kPa* 11kPa n.d. PPR 121
PSD 0.5—5h n.d. ~5— 15kPa n.d. AFM (Hertz) 35

CPEB4 0h 61.6 Pa 175Pa n.d. TimSOM 142
PFK1.1 0 222°%14, 1) min 4.8 — 130 mPa s n.d. n.d. FRAP 27

TDP-43 @)’ 0.1—0.01-3.7Pas n.d. n.d. FRAP 156

*Values for differentiated chromatin were extracted from a fit of the PMR data to the Burgers model.

"Values for TDP-43 are associated with proximal to mid-axon transition.
“Loss modulus at ~10 Hz.

show differences in mechanical properties, depending on their location
and expression in the cell. This is further complicated by the fact that
their material properties are subject to change with time and environ-
mental cues—they “age” over a wide range of timescales, a process
which has received attention from experimentalists and theorists
alike."”® '*! Therefore, it is important to realize that the mechanical
properties of the condensates are intricately related to their functions,
and mutations that render the condensate soft or too stiff,” or simply
the unchecked rigidity transition can lead to dysfunctional proteins
and cellular functions."’

Although many condensates are formed by LLPS and appear
spherical in the cell, biomolecular condensates rarely behave as perfect
liquids, but can often be better described as viscoelastic materials,'®
such as gels, putties, or glasses, which may mature into crystals or hard
viscoelastic solids™ due to their degree of cross-linking, entanglement,
and higher order structure (Box 2). All of these phases result in an
increase in the relaxation timescale (they dissipate stresses with differ-
ent rates) up until a completely elastic or plastic behavior (e.g., yield
without reversibility). Thus, in addition to surface or interfacial ten-
sion, biomolecular condensates have a complex mechanical response
characterized by viscous and elastic moduli and bending rigidity that
determine the way these condensates respond to external forces.'**'**
Consequently, their material properties have strong implications for
their reversible regulation and their ability to transmit mechanical
stresses within cells. However, what are glasses and gels? A glass is typ-
ically an amorphous solid that lacks the long-range order characteristic
of crystalline materials."** Similar to a liquid, the arrangement of its
components is disordered, but, in contrast to a liquid, it is (nearly)
fixed in space. The glass obtains its viscoelastic properties from the
entanglement of the protein backbone and its degree slows the relaxa-
tion process.”** In general, glasses form by cooling a liquid rapidly so
that it does not crystallize and thus represents a thermodynamically

frustrated material that slowly tends to relax toward equilibrium, cross-
ing a potential barrier. The final state may be a crystalline/fibril mate-
rial and thus an ordered state.'*” Therefore, a glass has a typical age-
dependent relaxation time, without an increase in the elastic modulus.
Many condensates display properties that can be described as aging
Maxwell glasses.”” A gel, on the other hand, is characterized by varying
degrees of cross-linking between individual monomers. The more
unoccupied valencies these monomers have, the more liquid-like the
gel and the shorter the relaxation time. With age, these valencies may
become saturated, leading to an increase in the relaxation timescale
and a stiffer gel."*° In contrast to the glass transition, gelation occurs
abruptly at the gel point and is accompanied by an increase in elastic-
ity. It is important to note that the material behavior and whether or
not a condensate can be represented as a liquid or solid may change
with age. For example, condensate maturation may involve a transition
from a viscoelastic fluid (Maxwell-type) to a viscoelastic solid (Kelvin-
Voigt type), reflecting changes in the material properties over time.
(Ref. 22; see Box 2) As pointed out above, phase separation and perco-
lation can be coupled, which leads to viscoelastic materials.'® The net-
work formation is governed by the multivalency and strength of the
stickers that may result in pre-percolation clusters and heterogenous
mechanical response of the condensate. The viscoelastic nature of the
condensates requires quantitative evaluations of stress—strain relation-
ships over time, which are essential to determine whether the biologi-
cal functions attributed to a condensate at specific time point and
stimulation frequency arises from its behavior as a soft viscous fluid, or
a hard elastic material. For example, a condensate may respond as an
elastic material when deformed quickly but continuously flows when
deformed slowly. Does the crossover frequency change during age, the
same slow frequency may elicit an elastic response in the same conden-
sate type, as observed for MEC-2/UNC-89.'' The material properties
of condensates are best measured using microrheology methods,
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allowing assessment of their material response in a broad frequency
range.'*>'*”!** Using suitable models, this approach provides insight
into the frequency-dependent loss modulus (G”) and the storage mod-
ulus (G'), which reflect the ability of the condensates to absorb and
transmit mechanical stresses (Box 2). In summary, whether conden-
sates behave as liquid or solids is obviously important for how they
“handle” mechanical stresses and can be important for physiology and

disease.

IV. TECHNIQUES TO CHARACTERIZE MECHANICAL
PROPERTIES OF BIOMOLECULAR CONDENSATES

The exact quantification of the condensate material properties,
the forces they exert, and the way how they modify cell mechanical is
central to understanding their mechanobiology. Often, the spherical
shape of condensates or the emergence of amyloid fibers is usually
taken as an indicator of their liquid and solid states, respectively.
However, due to capillary forces, liquid condensates can be non-
spherical and spherical condensates may turn to solids. In contrast to
the amyloid formation, which is a readily visible property that can be
observed in a brightfield microscope, the change in the relaxation
timescale needs to be measured with sophisticated equipment. Here,
we review some of the most common techniques used to characterize
the material properties of condensates.

A. Optical tweezers

Optical tweezers are a popular tool for characterizing the
mechanics of BMC at biologically relevant timescales and frequen-
cies,! #PAHENIARIS0ISTIS At the heart of the optical tweezer is a nar-
rowly focused laser beam that can hold, or trap, microscopic particles
with fN accuracy and nm precision—it can be used to record position
and force acting on the trapped particle. Due to the interaction of the
light with the particle, a change in momentum occurs that exerts a
restoring force and keeps the particle in the center of the laser focus
(principle of operation reviewed in Refs. 159 and 160) [Fig. 2(a) panels
i and ii]. Due to conservation of the momentum of light, forces can be
measured directly by quantifying the angular intensity distribution of
light scattered by a trapped particle, even in living cells." "> If all
photons are collected, the force is directly proportional to the centroid
position V of a position-sensitive device when the force sensitivity o is
known. This parameter is independent of the experimental details and,
when trapping inside cells, direct force sensing is especially useful,
since many parameters that influence optical forces may be unknown.
Because optical tweezers are 3D Hookean springs, the force and dis-
placement of the trapped probe are proportional to back-focal-
plane-interferometry detector voltages. Therefore, the force sensitivity
o = kf is directly related to the stiffness of the trap k and the displace-
ment sensitivity f and can be used to calibrate them."”” To determine
the displacement sensitivity, a known relative displacement of the par-
ticle from the trap center or a detection laser is typically used [Fig. 2(a)
iii]. When using direct force measurements to perform an active rheol-
ogy experiment to estimate mechanical properties, such as the complex
shear modulus, probe displacements must be recorded independently.
Therefore, a separate stationary detection laser or the same time-
sharing laser can be used for simultaneous force/displacement
measurements to determine the particle position beyond the linear
detection range.

REVIEW pubs.aip.org/aip/bpr

Once fully calibrated, optical tweezers have been extensively used
to measure the viscoelastic properties of aging condensates and can
also measure mechanics inside living cells. In one of the first applica-
tions for BMCs, optical tweezers were used to quantify the propensity
of two FUS condensates to fuse, which is related to their viscoelastic
properties and surface tension.”*'”” To do so, two condensates were
trapped and brought into contact [Fig. 2(b)]. Upon contact, they either
fused immediately or with delayed dynamics based on condensate age
and whether or not they contained disease-relevant mutations.”* The
fusion of two FUS condensates was inhibited if the constituent proteins
contained patient-derived mutants leading to neurodegenerative dis-
eases, suggesting for the first time that condensate rigidity phase transi-
tions may be linked to disease outcome. This fusion assay has since
been applied to a variety of different condensates and condi-
tions,””" #1711 1% 1o measure capillary velocity and contact/force
force of two droplets.'** In general, rapid fusion indicates more liquid-
like character, whereas slow or arrested fusion dynamics indicate more
(viscoelastic) solid behavior. The fusion speed can be exactly quantified
and tracked using an optical tweezer [Fig. 2(d)], allowing direct access
to their fusion dynamics."””

To fully characterize the mechanical properties and interfacial
mechanics of biomolecular condensates, the optical trap can be used to
explore the frequency-dependent response of a probe particle to active
or passive excitations, allowing access to a window within the complete
rheological spectrum.'"*'*” In passive microrheology, a low-power
laser beam below the trapping limit is focused on the refractive particle
inside the condensates and is used to record its Brownian motion.'*” It
is termed passive, as the laser trap itself is not exerting any significant
force on the particle, such that the fluctuations in particle position
powered by thermal energy can inform about the mechanical environ-
ment—low storage and loss moduli result in large fluctuations, while
small fluctuations indicate a confined motion and a stiff environment.
Particle trajectories can then be analyzed to calculate their mean-
squared displacement (MSD (Ax?(t))), which is then used to quanti-
tatively infer the viscosity and shear modulus of the embedding micro-
environment'“° [Fig. 2(c)],

w2 = (a2 ) Yo, 1)

in which o is the power-law scaling exponent, directly related to the
mechanical properties of the environment. Freely diffusing probe par-
ticles in Newtonian fluids have an o value of 1; in viscoelastic fluids,
particles exhibit subdiffusive motion, characterized by 0 < o < 1,
whereas o =0 indicates that particles are trapped, behaving as they
would in a purely elastic material [Fig. 2(e)]. Fourier transform of the
MSD by the generalized Stokes-Einstein relation yields the frequency-
dependent, complex shear modulus G*(®) according to

kgT

na<Ax2 (%) >r[1 )]

where a is the probe radius and I' is the Gamma function. ”” Passive
microrheology has been applied to many different types of condensates
in vivo'” and in vitro,””"" such as to determine how sequence
composition of short polypeptides influences the material properties
of protein-RNA condensates.'” For example, synthetic condensates
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FIG. 2. Application of optical tweezers towards biomolecular condensates. (a) (i) Geometric optics to explain different forces acting on a microsphere in an optical trap.
Reflected light (scattering) pushes the bead along the optical axis. The refracted light generates a spring-like gradient force that centers the microsphere within the optical axis.
Any deviations from the center cause a linear restoring force back to equilibrium. (ii) Schematics of an optical tweezer apparatus equipped for direct, momentum-based force
measurements. Vyx = Voltage signal on the position-sensitive diode. (iii) The deflection of the beam by the trapped object causes a deviation on the photosensitive diode V,
which is proportional to the change in momentum of the light, ergo, in the force (F) acting on the trapped object. a=instrument specific calibration factor. The resultant force dis-
placement plot is shown to the right. (iv) Force and displacement of the trapped microsphere under the influence of an oscillating trapping potential. (b) Fusion dynamics. Two
droplets can be individually captured and fused (active fusion) using dual-trap optical tweezers, which also allow real-time monitoring of the fusion dynamics. The right panel
shows the timecourse of the fusion dynamics for different aged pMe31B droplets. Reproduced with permission from Sankaranarayanan et al., Dev. Cell 56(20), 2886-2901
(2021). Copyright 2021 authors, licensed under a Creative Commons Attribution (CC BY) license. (c) Passive microrheology. An optical trap with a power below the trapping
limit is used to detect the position of a microsphere inside a viscoelastic matrix with high bandwidth and sub-nm accuracy. The resulting trajectory reveals the mean-squared
displacement of the particle in the matrix with indication for free or constraint mobility, and the complex shear modulus. Dashed line indicates loss modulus, solid line indicates
the storage modulus. (d) Dual optical tweezer active microrheology. A phase-separated droplet is periodically deformed between two traps while recording the phase angle
between the force signal and the trap position. The lag between force and displacement can be visualized in the Lissajous figures and provides access to the complex shear
modulus and the surface tension of the droplet. Reproduced with permission from Jawerth et al., Science 370(6522), 1317-1323 (2020). Copyright 2020 AAAS. () Time-
shared optical tweezer microrheology (TimSOM). A time-shared laser operating at a frequency of 25 kHz is used to simultaneously drive the motion of a microsphere and mea-
sure its displacement. Trap 2 (gray) remains stationary along the optical axis and detects bead displacements using BFP interferometry, while trap 1 (orange) actively applies a
sinusoidal perturbation with an amplitude x, at the time-sharing frequency 1/frs. The time-shifted force/displacement measurement introduces subtle deviations compared to
continuous measurements in the instantaneous position of the probe particle in water and the resulting instantaneous optical force acting onto the probe for the TimSOM
method. The interleaved force values for the static and driving traps are indicated by a thin dashed line. The total force on the probe is F1 + F,. Reproduced with permission
from Catala-Castro et al., Nat. Nanotechnol. (published online). Copyright 2025 authors, licensed under a Creative Commons Attribution (CC BY) license.
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composed of polypeptides containing sequences [RGXGG]5,
where X=[P, S, R, F, Y], predominantly exhibit Maxwell fluid
behavior, showing a wide range of viscosities, from approximately
0.1-40 Pas.

Not restricted to optical tweezers, the passive rheological spec-
trum is also accessible from the diffusive dynamics of fluorescent
probes and fast time-lapse imaging. For example, fluorescent micro-
particles'®” or genetically encoded viral capsid proteins,' or even
fluorescently labeled components of the dense phase can in principle
be used to record trajectories with high temporal and spatial resolution
in and out of condensates.'””'”" Pixel-based recordings, however, are
slower and have limited resolution but offer the advantage that many
particles can be recorded simultaneously, significantly speeding up
data acquisition. Optical tweezers, with their back-focal plane interfer-
ometry, facilitate recordings with nm displacements up to several kHz
and are therefore faster and more sensitive to small displacements
than normal camera-based detection of displacement.'”’ This may be
important, as Brownian article motions are powered by thermal fluctu-
ations, therefore small, and thus fall into the linear viscoelastic regime.
As the thermal fluctuations of the microsphere can become confined
in very stiff environments and exhibit displacements approaching the
detection limit of the back-focal plane interferometry technique,'””
passive microrheology may not be able to fully characterize LST.”

A potential solution to overcome the limit of thermally induced
displacement is active microrheology. Here, a microsphere is delivered
to a condensate by co-assembly, which can then be manipulated by an
optical trap to sample the properties of the condensate over various
periods of time.*”"**"** One implementation of the technique involves
two trapped microspheres that sandwich the droplet [Fig. 2(d)], while
one oscillates with varying frequencies and the other keeps the droplet
in place and measures the transmitted stress." " The frequency-
dependent response of the droplet can be calculated from the forces
acting on the microspheres according to

* XZys[4k1k2 + iéw(kl + kZ)}
2k (2k; + i) — A (ki + ko + iC0)

4 (©)
in which ¢ is the fluid drag, k; the stiffness of each of the traps, and
X;‘ys(w) is the frequency response of the entire system composed of
traps and droplet and is given by
. Fy—F
XSYS (w) = ZAi )
where F; is the Fourier transform of the force on bead i and A% is the
Fourier transform of the relative position of the beads Ax(t). This gives

access to the surface tension y of the droplet and the complex bulk
shear modulus,

“)

7 ()
T
G+ (o) 7 () — (1.25 +4.3607)y
)~ ,
R(5.470; — 29.280; +23.290; — 5.080; + 3.790, — 0.02)
(6)

where y/'(w) is the real part of the complex response function, R is the
radius of the spherical droplet, and 6y = r,/Ry is the ratio of micro-
sphere and protein droplet diameter.

VY=

(—In (0) + 0.68), 5)
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This method was recently used to show that several types of bio-
molecular condensates responded like a viscoelastic liquid, or Maxwell
material' "’ (Box 2). Similar to a frustrated glass which relaxes toward a
state of lower energy, these droplets were characterized by an age-
independent elastic modulus but an increasing viscoelastic relaxation
rate, and was succinctly coined “ageing Maxwell glass.” The timescale at
which these condensates mature and their final mechanical properties
depend on various parameters, including molecular composition, tem-
perature, salt concentration, and pH."”'”* As this formalism requires
two independent, calibrated optical traps, this particular implementation
may be prohibitive to non-specialist labs. Furthermore, the surface ten-
sion delimits the lower frequency values such that the complex bulk
modulus at the lowest frequencies becomes inaccessible.

To overcome these difficulties, direct momentum-based force
measurements' " have recently been used to perform active rheol-
ogy of various condensates in an approach called time-shared optical
tweezer microrheology (TimSOM)'** [Fig. 2(e)]. Here, a single laser is
used to measure stress and strain quasi-simultaneously over a fre-
quency band ranging from 0.2 to 6.000 Hz and between 0.1 and
~10kPa. The method uses two traps generated by the same laser
source that act simultaneously on the bead. Before starting the active
micro-rheology routine, trap 1 and trap 2 are both placed in the center
of the particle. Once centered, trap 1 starts to oscillate at a driving fre-
quency o, that is, x;(t) = xo sin(w t), while trap 2 remains fixed at
x,(t)=0, with x as the amplitude of the oscillation and x;(#) and
x2(t) as the trajectory of the driving and static trap on the laboratory
frame. In general, the two traps have the same position sensitivity f§
and stiffness k. Because the microsphere will feel a force from both
traps, the contributions from both the driving and the static traps need
to be taken into account to calculate the complex response function
7% () and the complex shear modulus G(w),

R B x(w) o 2\72(w)
MO =F ) HVa() + Va(@)] @

_ k Vi(o)+ Vi(w) ®)
127a Vz(w) ’

@ 6naz(w)

in which V(@) and V() are the Fourier-transformed trap signals
recorded for the driving and the static trap for each frequency, and a is
the microsphere radius. Importantly, the voltage signals V; and V, are
directly proportional to the momentum change of the light interacting
with the microsphere, and thus afford direct, calibration-free force
measurement inside complex media.'”*'”

As can be seen, the method does not require explicit knowledge of
the conversion factor 8 to determine G (). That means that the accu-
racy of the proposed method is based on the ability to generate two
identical traps from a single laser source and to obtain two measure-
ments of Vi(f) and V,(¢t) that have identical sensitivities.
Consequently, the stiffness of the trap k is the single most important
parameter that fixes the scale and precision of the measurement, which
is adjustable by varying the power of the laser beam that controls the
strength of the total stiffness of the traps. However, because the laser
trap alternates between driving the microsphere deflection and measur-
ing it with the static trap, the method does not satisfy the criterion of
simultaneous measurement of stress and strain. Although this may gen-
erate deviations in the measurements from the expected ideal scenario,
especially at high frequencies for Maxwell materials, a mathematical
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compensation formalism was introduced to balance the measured
response to obtain the expected response.*” This method has been suc-
cessfully used to measure the frequency-dependent response of MEC-2
and CPEB4.

The advantage of this implementation is that momentum-based
force measurements provide a direct estimate of the force'”* and there-
fore do not require the elaborate calibration procedure common to
optical trapping experiments. Thus, it is not affected even if the droplet
changes viscosity or refractive index during LST and, in principle, can
be easily applied inside cells or even animals."** Furthermore, it can be
implemented on any inverted microscope without complicated optical
alignments of multiple laser sources and detectors.

Shortcomings: Optical gradient traps apply/measure force to/at
refractive interfaces; thus, the laser may interact directly with the con-
densate. In vivo, biomolecular condensates often do not display a dif-
ferent refractive index compared to the surrounding cytoplasm, which
limits their applicability inside cells if highly refractive microspheres
cannot be delivered reliably. To avoid excessive heat deposition into
the sample (condensate), optical tweezers must be operated at low
powers (<100 mW), which limits the maximum force it can apply.
Furthermore, active and passible rheology measurements require a
refractive force probe, commonly a polystyrene microsphere, which
needs to be embedded into the condensate. This may alter the outcome
of the measurement.

B. Atomic force microscopy (AFM)

AFM is a popular tool for quantifying the interaction force
between the surface of a cantilever and a substrate."”® AFM offers one
of the largest dynamic ranges of force measurement, as it depends on a
microcantilever that can be conveniently exchanged to match the
expected stiffness of the sample under study and can be integrated
with an optical microscope to allow multimodal observation of the
sample with complementary optical techniques.'”” It was widely
applied to measure the mechanobiology of single cells'’ and single
molecules,'”” and more recently, it was recognized as a suitable tool to
characterize the contact mechanics of biomolecular condensates.'”"*’
The principle relies on a semi-flexible cantilever (with a known spring
constant) that is functionalized with a small microsphere [Fig. 3(a),
panel i]. The movement of the cantilever is controlled by a piezo ele-
ment with nanometer precision such that the probe can be brought
into contact with a surface immobilized droplet. Upon contact with
the droplet surface, the cantilever bends, which is recorded and pro-
vides information about the contact force and droplet deformation
directly giving access to the structural stiffness'” [Fig. 3(a), panels ii
and iii]. The appropriate models that relate force and contact area pre-
dict their material properties (such as Young’s modulus E or shear
modulus G). For example, the Hertz model may be used for contacts
between two homogeneous, isotropic elastic spheres with diameter D,
and D; of the condensate and microsphere respectively, and may be
appropriate for solid condensates, or viscoelastic condensates that are
deformed faster than their relaxation rate,

F =~ E"VKpd*?, ©9)
in which F is the contact force, E* is the reduced Young’s modulus, ¢

is the droplet deformation, and Kp = %.m To avoid slippage, the

condensate should be firmly attached to the substrate. Conveniently,
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the condensates can be allowed to completely wet the substrate and
form a thin film, in which case the contact model reduces to the simple
Hertz model of a sphere contacting an infinite half-space with
Kp = D,. However, the film must be thick enough to avoid that the
stiffness of the substrate influences the mechanics measurements.'*”
This procedure was used to characterize condensates composed of
postsynaptic density proteins in vitro."

However, if the spherical droplet behaves more as a liquid-like
material with a surface tension, the cortical shell-liquid core model
may be more appropriate,

F= {2}' <i+i> X 2nRs] X 0, (10)
RC S

in which 7 is the surface tension, R, and R; are the radii of the conden-
sate and the microsphere, respectively, and ¢ is the indentation sec-
ondary to the contact force F. These models assume that there is no
adhesion between the probe cantilever and the condensate, but often a
capillary bridge may form between the two surfaces."” ' ** The interfa-
cial tension between the coacervate phase and the coexisting aqueous
phase can then be directly assessed from the cantilever retraction
curves." !

Similarly, FRAP-ID (fluorescence recovery after probe-induced
dewetting) combines AFM force spectroscopy and fluorescence mea-
surement to characterize both surface tension and viscosity of thin
condensate films wetting a glass surface, from the retraction and
approach curves, respectively.”” If a high enough contact force is
applied to the thin condensate film, then a “dry” spot is created where
the film dewets the surface. When the force is released by lifting the
cantilever, the surface tension in the film will drive the mass flow back
into the dry spot (during the rewetting process) and can yield informa-
tion about the viscosity. Together with the surface tension derived
from the adhesive force during cantilever withdrawal, the inverse capil-
lary velocity can be determined.'” As both the Hertz and cortical shell
model assume pure elastic and viscous properties, they do not appro-
priately characterize frequency-dependent properties. Thus, like in
optical tweezers, AFM can be used to record a rheological spectrum by
oscillating the cantilever with varying frequencies,'”” while recording
the phase lag of the cantilever response. Using this formalism, it was
shown that the interfacial tension of soy protein condensates increases
during a liquid-to-solid transition,'”” while the rheological properties
of heterotypic poly-L-lysine-heparin condensates reveal multi-
pathway liquid-to-gel transitions, along with the potential for rejuve-
nation through chemical modifications to the surrounding medium."*”
Due to its ability to measure with high forces and small deformations,
AFM has been widely applied to characterize the mechanical proper-
ties of stiff amyloid fibers'** and pathological tau assemblies."*” Those
experiments showed that Young’s modulus of most amyloid fibrils is
in the range of 2-4 GPa.

Shortcomings: The widespread availability and user-friendly
design of commercial AFM instruments have significantly advanced
research in mechanobiology. However, the technique remains
restricted to measuring mechanical effects on the surface of the sample.
Thus, condensates can only be probed in vitro, or to some extent
through the interaction of the tip with the plasma membrane, inside
cells. If not passivated properly, a strong interaction of the cantilever
tip with the condensate will prevent complete separation during the
cantilever retraction.
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FIG. 3. Methods to infer mechanical states in vitro and in vivo. (a) AFM-based colloidal force probe microscopy leverages a small microsphere-modified cantilever to measure
the contact mechanical properties. (i) Schematics of the experiment. A laser is reflected off the back of the cantilever toward a quadrant photodiode, measuring the cantilever
bending and thus contact force. (ii) Indentation (D) and force, time plot of a hypothetical, liquid-like condensate and (i) viscoelastic solid-like condensates. (b) Micropipette aspi-
ration. (i) Schematics and photograph of the experiment in which a negative pressure is used to aspirate the BMCs. (ii) The timecourse of the aspirated part of the condensates
as a function of pipette pressure visualizes the viscoelastic response before (8 h) and (iii) after the liquid-solid transition of FUS droplets (48 h). Reproduced with permission
from Shen et al., Proc. Natl. Acad. Sci. 120(33), 2301366120 (2023). Copyright 2023 authors, licensed under a Creative Commons Attribution (CC BY-NC-ND) license. (c)
Brillouin microscopy. (i) Schematic of the experiment. A focused laser light interacts with phonons, which causes a laser wavelength-dependent frequency shift that is propor-
tional to the longitudinal modulus of the probed sample volume but also refractive index. (ii) Refractive index image of a cell expressing GFP::polyQ. (iii) Image showing the lon-
gitudinal modulus determined by Brillouin spectroscopy of the green ROl in (ii). Scale bars =10 um. Reproduced with permission from SchitiRiler et al., eLife 11, e68490
(2022). Copyright 2022 authors, licensed under a Creative Commons Attribution (CC BY) license. (d) Schematic of the FLUCS (focused-light-induced cytoplasmic streaming)
experiment. (i) An infrared laser is focused into a condensate and scanned along the pink line, which generates fluid convection due to heat deposition. Using fiducial fluores-
cent tracers, the flow field can be quantified (green arrows). (i) Representative example of how the pericentriolar material becomes less stable during anaphase compared to
the metaphase and appears to deform and eventually split during anaphase. Reproduced with permission from Mittasch et al., J. Cell Biol. 219(4), (2020). Copyright 2020
Rockefeller University Press. (e) Fluorescence recovery after photobleaching (FRAP). (i) Schematic representation of a FRAP experiment in which a region of interest (circle
delimited by a dashpot line) within the condensate is bleached with a high-intensity laser spot and observed over different time points (a—d). No recovery will be observed for a
perfect solid when the mobility of the labeled species is in constraint (right, upper panel), while fast and unconstraint mobility will lead to complete recovery (right, lower panel).
Mf = mobile fraction of labeled molecules. (ii) Experimental data derived from naive and matured MEC-2 condensates in vivo, showing a representative snapshot and kymo-
graph (top), together with the recovery curves (bottom) for the two droplet populations, naive and mature. Reproduced with permission from Sanfeliu-Cerdan et al., Nat. Cell
Biol. 25(11), 1590-1599 (2023). Copyright 2023 authors, licensed under a Creative Commons Attribution (CC BY) license. (iii) Representative example of a half-FRAP experi-
ment in which recovery is observed after bleaching half of the droplet and observing the recovery (green) and loss (purple) of fluorescence in the two hemispheres.
Reproduced with permission from Muzzopappa et al., Nat. Commun. 13, 7787 (2022). Copyright 2022 authors, licensed under a Creative Commons Attribution (CC BY)

license.
C. Micropipette aspiration and has recently also been used to measure the mechanics of
BMGs.”'*"”! This method involves the application of a controlled
Micropipette aspiration (MPA) is a technique used to measure negative pressure through a micropipette to aspirate a portion of the
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the mechanical properties of small biological samples such as cells cell or condensate [Fig. 3(b), panel i, allowing for the assessment of

¥2:62:€} G20T UYdoIen Gz

Biophysics Rev. 6, 011310 (2025); doi: 10.1063/5.0236610 6,011310-16
© Author(s) 2025


pubs.aip.org/aip/bpr

Biophysics Reviews

various biomechanical parameters such as elasticity, viscosity, and sur-
face tension'® [Fig. 3(b), panels ii and iii]. In this technique, a fine
glass capillary tube is carefully fashioned to have an internal diameter
ranging from a few micrometers to tens of micrometers, tailored to the
size of the condensate being studied. This micropipette is then
mounted onto a micromanipulator to control its position and move-
ment. Once the micropipette is in contact with the sample, a controlled
negative pressure is applied through the micropipette, drawing a por-
tion of the condensate into the tube. This pressure is meticulously reg-
ulated by a microfluidic pressure controller, and informs about the
condensates mechanical properties. The rate of entry into the pipette is
related to the viscosity, while the critical pressure P, informs about the
surface tension. The pressure at which a hemispherical protrusion of
the condensate enters the pipette can be used to determine the droplets
interfacial tension y according to

1mn

with R, and R, as the pipette and condensates radii, respectively.”
Excitingly, MPA has been applied to measure the mechanical properties
of synapsin condensates directly in heterologous cell types and afforded
measurement of viscosity and surface tension directly in vivo."”” In
addition, the integration of MPA with microfluidics may allow high-
throughput measurements and integration with optical microscopy.'””

Shortcomings: Although MPA has been classically applied to cells
to analyze their mechanics in light of the liquid-droplet model, more
sophisticated models are just emerging, which may limit the applica-
tion to aging condensates. Because it requires a complete seal of the
pipette entrance with the condensate, it cannot be used to probe irreg-
ular structures, such as amyloid fibers. Also, the force resolution is
rather limited, rendering the technique insensitive to subtle changes—
a possible reason why elasticity values derived from MPA are
rather high.

D. Brillouin microscopy

In the recent years, Brillouin microscopy has emerged as a popu-
lar tool to measure the mechanical properties of biological samples in a
noninvasive manner.'”* Brillouin microscopy operates on the principle
of Brillouin scattering, which involves the interaction of light with a
phonon which are spontaneous, thermally induced density fluctua-
tions, or acoustic waves, to measure mechanical properties in materi-
als. To do so, a laser beam is focused onto a sample, where the photon/
phonon interaction causes the photon energy to increase or decrease
[Fig. 3(c), panel i]. The scattered light is collected and analyzed for the
frequency shift (w) caused by acoustic waves [Fig. 3(c), panel i].
Specifically, the shift v is influenced by the speed of sound V in the
material and the wavelength of the incident laser light 4,

M/
vp = \/;-Z;sin(O/Z) (12)

with 6 as the angle between the incident and scattered light."”* Due to
the dependence of the speed of sound, among others, on the material
properties of the probed different structures, these Brillouin shifts are
indicative for the local mechanical properties of the sample. These
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properties are recapitulated in the complex longitudinal modulus
M =M+ iM". The real part M' of the longitudinal modulus pro-
vides information on the elastic properties of a material (peak posi-
tion), while the imaginary part iM” is related to the longitudinal
viscosity # of the medium [peak width, Fig. 3(c), panel i]. By mapping
these frequency shifts across the sample, Brillouin microscopy can pro-
vide spatially resolved information about the mechanical properties of
cells and their embedded organelles [Fig. 3(c), panels ii and iii]. As
these shifts also depend on the refractive index 7 of the sample volume,
there has been ongoing debate as to what the shifts correspond to, but
without major changes in #, the real part of the shifts can be assigned
to differences in the longitudinal elastic moduli, while the imaginary
part of the linewidth reports viscoelastic properties.'>'*°

Critically, as the Brillouin shift depends on the longitudinal
modulus and refractive index, correct interpretation requires inde-
pendent measurements of both quantities. The refractive index can
be measured using optical diffraction tomography, which is an
optical measurement of the path length difference of light as it
passes through the sample and undergoes diffraction and phase
shifts due to variations in the sample’s refractive index. These
changes in the light’s phase and intensity are measured using inter-
ferometric techniques. Purely optical, this modality is compatible
with Brillouin microscopy and a combined setup has been designed
to measure n and M in the same cell."”” Using this approach, it was
found that poly-Q aggregates have a higher refractive index and
longitudinal modulus than the surrounding cytoplasm [Fig. 3(c),
panels ii and iii], in contrast to other condensates, e.g., FUS stress
granules which show RI and longitudinal modulus similar to the
surrounding cytoplasm in HeLa cells.'””

Brillouin microscopy was also used to assess the aging of FUS
and hnRNPAL in vitro,"”* as well as to study wild-type FUS
(wtFUS) and mutant FUS expressed in HeLa cells.'”® The latter
work represents the first documentation of the mechanical proper-
ties of biomolecular condensates (BMCs) within cells and their
age-dependent liquid-to-solid transitions (LST)."”* However, due
to the rapid cellular dynamics in vivo, recording spatiotemporally
resolved mechanical maps at the cellular scale is nearly impossible
without appropriate animal immobilization or anesthesia. Thus,
the experiments used cells chemically fixed with 4% paraformalde-
hyde to “freeze” the dynamic processes of living cells during the
15-min measurement period.

Because spontaneous Brillouin is a rare process, it requires high
laser intensities (tens of mW) and long acquisition times (tens of
minutes).'”*'” Several recent developments offered improvements of
the technique through line scanning”” and pulsed stimulated
Brillouin microscopy.””' In particular, stimulated Brillouin techniques
have the additional advantage of superior spectral resolution, increased
dynamics as more photon/phonon pairs can be measured, and mea-
surements of mass density to more accurately interpret the Brillouin
shifts in terms of the sample’s mechanical properties.'””*’” Operation
of the pump laser in a pulsed fashion resulted in a 20-fold reduction in
average laser power without negatively affecting the obtained Brillouin
signal.”’" In the future, these developments may improve the ability to
investigate how liquid-solid transitions are modulated directly within
the cellular environment.

Shortcomings: Although Brillouin microscopy offers compelling
advantages as a label-free technique providing diffraction-limited
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mechanical maps, there may be considerable uncertainty as to the physi-
*% Furthermore,

cal origin of the frequency shift and its interpretation.
the shift v is instrument-specific and thus difficult to compare between
laboratories and samples, while measurement times are long and may

require high laser powers compared to other techniques.

E. Photophoresis

Focused-light-induced cytoplasmic streaming (FLUCS), also
known as photophoresis, occurs upon the absorption of light energy
by photosensitive molecules within the cell, leading to localized heating
and consequent changes in cytoplasmic viscosity. This, in turn, induces
fluid motions and directed movement of organelles and the viscous
cytosol [Fig. 3(d)]. Is the focused light scanned across the sample, this
causes light-induced traveling temperature fields and associated mass
transport (advection). The direction and speed of cytoplasmic stream-
ing can be controlled by altering the intensity and direction of the light
source. Practically, FLUCS can be generated by scanning a low-power,
infrared laser beam with a wavelength tuned to the absorption maxi-
mum of water (1550 nm).””* Thermal expansion at the front of the
beam drives these flows toward the end of the path where the flow is
contracting [Fig. 3(d)].

The laser beam generates a heated spot within the fluid and is
repetitively scanned along a short path, operating at approximately
2kHz frequency. This leads to the overall movement of substances
within the fluid that is typically opposite to the direction of the laser’s
motion, especially in proximity to the scan path. To achieve significant
substance movement at physiological rates, only minor temperature
adjustments, typically just a few kelvins, are necessary, thus preventing
harm to the cell.””**"” This thermoviscous-powered flow can then be
used to apply a shear force to cytoplasmic organelles, including biomo-
lecular condensates. This force is typically on the order of N, and its
precise magnitude depends on the viscosity of the cytosol and the
velocity of the flow field. Because it is nearly noninvasive, it can be
operated inside transparent embryos and tissue culture cells, allowing
for the investigation of condensates in their native environment. With
FLUCS, the molecular components and temporal events leading to a
solid-liquid transition during mitosis were established [Fig. 3(d) and
below]. More recently, FLUCS measurements mapped the mechanics
of the nucleolus and the compartmentalization of chromatin in living
nuclei, showing that these behave as viscoelastic solid-like materi-
als’*—a property that was also observed with active optical tweezer
microrheology."**

Shortcomings: Photophoresis requires the sample to have a rela-
tively low viscosity, as the induced flows occur only in viscoelastic flu-
ids or very soft viscoelastic solids, but not in elastic materials.
Photophoretic forces are generated through local heating of the sam-
ple, which can alter the mechanical properties of the cell or disrupt bio-
logical processes. Especially in tissues, variability in light absorption
and scattering may lead to inconsistent results, making comparison
with other systems and measurements difficult.

F. Fluorescence recovery after photobleaching (FRAP)

Owing to the simplicity and accessibility of the FRAP experiment
to a wide range of users, since it can be performed without special
training on any fluorescence confocal scanning microscope, it is by far
the most popular technique to characterize the dynamics of
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biomolecular condensates. FRAP experiments have been conducted
for decades on fluorescently labeled molecules inside cells, by which a
portion of the labeled structure is bleached with a high laser intensity
while recording a timelapse movie as labeled molecules diffuse into the
bleached area. It is one of the few techniques that have been used
excessively to characterize the material states in vivo by measuring the
change in the apparent diffusion coefficient and the mobile fraction
[Fig. 3(e), panels i and ii]. Often, a simple exponential is fitted to
extract these parameters from the experimental measurement. If a lig-
uid-solid transition of the condensates takes place, one would expect
an increase in recovery timescale (decrease in the diffusion coefficient
D), and a decrease in the mobile fraction My. However, the interpreta-
tion of the FRAP curves in light of the condensate mechanics is not
that simple, as the diffusing species come from the unbleached portion
of the condensates or the dilute phase. In addition, a change in the
FRAP recovery dynamics may not be detected if maturation leads to a
change in the elastic properties of the meshwork and the labeled spe-
cies freely diffuse through its pores.""'® To overcome some of the
inherent difficulties in FRAP experiments, more sophisticated models
and experimental protocols have been introduced to distinguish recov-
ery within and outside the condensates.”””*"* For example, a model-
free calibrated half-FRAP (MOCHA-FRAP) protocol can distinguish
LLPS-driven condensation from other forms of transient binding. In
this framework, bleaching half the condensate while analyzing the fluo-
rescence recovery in the bleached domain and the fluorescence loss in
the unbleached domain [Fig. 3(e), panel iii] can yield quantitative
information on the mixing dynamics and the energy barrier impeding
exchange of bleached and unbleached molecules with the lean
phase.””

Shortcomings: Although FRAP is the most widely applied
method for characterizing the fluidity of biomolecular condensates
in vivo, careful interpretation of the data is required and is best suited
as a complementary technique rather than as a standalone method for
mapping cell mechanics in dynamic biological systems. Because FRAP
measures the mobility of the labeled species, the parameters about the
elasticity of the sample are usually not accessible. Thus, a FRAP experi-
ment cannot differentiate between an increase in viscosity and an elas-
tic network formation. Hence, FRAP results should not be used as a
proxy to decide if a condensate has liquid-like or other properties.
Furthermore, typical measurements reflect the mobility of labeled spe-
cies at a population scale, in contrast to single-molecule tracking, and
therefore cannot be used to derive scaling exponents to differentiate
directed, diffusive, or constraint motion.

V. THE PHYSIOLOGY OF LIQUID-SOLID TRANSITIONS

The consequence of a liquid-solid transition in biomolecular con-
densates is a shift from a dynamic, fluid-like state to a more rigid, gel-
like, or solid state. In the liquid state, molecules within the condensate
can move freely and interact dynamically, allowing for rapid exchange
and reorganization of components. This fluidity is crucial for many
biological processes, such as signaling, enzymatic reactions, and the
formation of transient cellular structures.

However, when a liquid-solid transition occurs, the condensate
becomes more structured and less dynamic, which can affect its biolog-
ical function. This solid-like state can trap molecules and reduce their
mobility and reaction rates. In some cases, it can alter the normal func-
tioning of cellular processes through the formation of pathological
aggregates that lead to neurodegenerative disease. However, in other
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cases, this mechanical stabilization can be beneficial, and the conden-
sate adopts specialized properties that are tuned to fulfil certain cellular
functions.

A. Buffering protein availability in a solid condensate

One of the stereotypic functions assigned to BMCs is to con-
centrate reactants for efficient biochemical reactions.'” If the enzy-
matic reaction is dependent on a flexible protein, a higher mobility
of the condensate would allow for molecular gymnastics and a
rapid exchange of adducts and products.””” Thus, a controlled and
timely solidification of the condensate can guide chemical reac-
tions, limit their availability, and, more importantly, restrict their
conformational dynamics and access to transition states.”'’
Likewise, solid condensates can trap RNAs and other proteins just
to release them at a later time through regulated fluidification.'"
At their extreme, Balbiani bodies within oocytes form without any
visible liquid-like state through a condensate-spanning amyloid
network composed of Velol proteins,”'" with the proposed aim of
trapping organelles and RNA, while excluding factors that would
pose a long-term harm to oocyte health.

Viscoelastic phase transitions were also shown to be an important
function of ribonucleoprotein (RNP) granules in Drosophila oocytes.”®
In vivo, assembly of oskar 3UTR with the scaffold granule proteins
Bruno and Hrp48 resulted in the formation of spherical condensates,
thought to have formed through LLPS, but lacked discernible dynam-
ics such as fusion and fluorescence recovery after photobleaching.”®
Because liquid-like behavior could not be detected in vivo, this sug-
gested that these condensates swiftly mature into a solid state, indicat-
ing an immediate liquid-to-solid transition. This notion is further
confirmed by the small size of the condensates, which are arrested as
sub-micrometer particles rather than fusion into larger condensates.
Importantly, the solid phase was amorphous without any detectable
structural features inherent to amyloids as determined by cryoelectron
tomography, suggesting a frustrated, glassy state or terminal solid
material. The proposed liquid-solid transition had interesting gene
regulation functions: while oskar mRNA was rapidly incorporated into
liquid-like condensates, it was excluded from their aged, solid counter-
parts and was found primarily at the surface. The liquid-like state of
these condensates promoted transport and delayed translation of oskar
mRNA, while the solid-like state promoted translation and inhibited
transport.”® Disturbing the solid state of these granules in vivo through
fusion of the mRNA to the FUS IDR rendered the condensates more
liquid-like and consequently impaired the translation of oskar mRNA.
This highlights the significance of the regulation of granule material
properties for RNA post-transcriptional control and developmental
processes.

B. Viscoelastic transitions at the neuronal synapse

The synapse between two neurons is an intercellular specializa-
tion rich in biomolecular condensates.”'> Synaptic structures, such as
presynaptic and postsynaptic densities, rely on the liquid-solid transi-
tion for their development and stabilization and strongly affect synap-
tic function.”"” As the LST leads to increased viscosity and elasticity,
the movement of components within them slows down, potentially
trapping important cellular signaling molecules’” and therefore
enriching low-copy-number proteins in the small volumes of pre- and
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postsynaptic sites.” = However, when these viscoelastic condensates
dissolve (e.g., in a regulated solid-liquid transition), the trapped mole-
cules can be released and become available again. For example, stiff-
ened condensates can temporarily trap weakly bound molecules after
they have been concentrated within the condensates.

In an effort to reconstitute the postsynaptic density complex,
a potpourri of four different scaffold proteins from excitatory syn-
apses (PSD-95, Shank, GKAP, and Homer3) was shown to parti-
tion into biomolecular condensates and to enrich two other factors,
NMDA (NMDAR) glutamate receptor (NR2B) and GTPase-
activating enzymes (SynGAP), which are naturally enriched in
postsynaptic densities.'”*"” Intriguingly, this minimal PSD-95
also excluded scaffold proteins known to be restricted to inhibitory
synapses, such as gephyrin. This exclusion could be due to electro-
statics or simply to steric constraints.”’ AFM measurement showed
that the complete reconstitution with all six components had a
higher elastic modulus and an increased solidity compared to the
minimal complex only composed of PSD-95 and SynGAP.
Furthermore, complete PSD condensates showed considerable
aging behavior as soon as 50 min after droplet formation and stiff-
ened from 3.5 = 1.5kPa to approximately 16 * 3 kPa over a period
of 5 h. The solid transition of the excitatory PSD condensate may
aid their segregation from inhibitory PSDs, as mixing strongly per-
colated PSDs generated by high-affinity interactions is energetically
costly.z“’ Furthermore, because PSDs were shown to condense on
supported membranes and could coordinate actin polymerization
and bundling, it may be speculated that the elastic phase transition
helps shape postsynaptic compartments.'® It may also stabilize
synapses against mechanical stresses that act on synaptic adhesions
and therefore may be essential for the clustering of neurotransmit-
ters’’” and structural maintenance in living tissues subjected to
mechanical forces through muscle’’® or vascular activity.”"”
Recently, Orb2, an RNA-binding protein of the CPEB family, was
shown to phase separate and undergo LST**" at synaptic sites to
form functional amyloids.””' These solid structures play a crucial
role in the formation of long-term memories by regulating the
translational control of specific mRNAs at synapses. The solid
amyloid-like state has been hypothesized to act as a template and
facilitate the conformational transformation of existing or newly
formed monomers, establishing a self-perpetuating protein “con-
formational memory” that persists beyond the lifetime of its indi-
vidual components.”’

Likewise, presynaptic densities undergo a maturation similar to a
liquid-solid transition”" in vivo. Work in C. elegans uncovered that
the presynaptic proteins SYD-2 (Liprin-) and ELKS-1 (ELKS/RAB6-
interacting/CAST family member 1) phase separated in a heterologous
cell system and formed liquid-like biomolecular condensates in devel-
oping synapses of embryonic worms, which matured into stable scaf-
folds in animals after hatching.”"” Similarly, the SYD-2 and ELKS-1
condensates underwent time-dependent solidification after 1 h
in vitro. In fact, the fluid character was essential for the assembly of the
active zone and the incorporation of other presynaptic components
UNC-10 (worm RIM homolog) and GIT-1 (ARF GTPase activating
protein GIT1), while solidification fixed the molecular composition
and these auxiliary components did not enter (or left) the condensates
[Fig. 4(a)]. As neurons and the synapses between them are subject to
constantly changing mechanical forces,”” pre- and postsynaptic
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FIG. 4. Condensates and their physiological role in mechanobiology. (a) During C. elegans development, presynaptic active zone proteins mature from a liquid pool in 1.5-fold
embryos into a non-dynamic, mature pool in L1 larval stages. (i) Representative images of a 1.5-fold embryo and L1 larva labeled with SYD-2 in the nerve-ring—the neuropil of
C. elegans and the FRAP curves for both stages. Scalebar 5 and 1 um. (i) In vitro observations indicate that UNC-10 co-assembles with ELKS/SYD-2 naive condensates
(5min after formation), whereas UNC-10 does not co-condense when it is added 1 h after droplet formation. Scalebar =5 um. Reproduced with permission from McDonald
et al., Nature 588, 454458 (2020). Copyright 2020 Springer Nature. (b) Interfacial forces may drive reorganization of various intracellular complexes, including cytoskeletal fila-
ment bundles, and membrane-filament interactions, in addition to their well-studied role in membrane deformation. (i) Single microtubules decorated/wetted by tau proteins
in vitro. Coalescence of tau liquid condensates may organize microtubules into larger bundles. Upper panel shows PTL-1 TAU decorated microtubule bundles in touch receptor
neurons in C. elegans and their cross section. Scalebar =5 um. (ii) Similar coalescence may be important for capillary bridges that bring filaments close to the membrane to
organize the actin cortex or ion channel activity. (c) Zonula occludens 1 (ZO-1) protein condensate tension balance luminal hydrostatic pressure. (i) Assembly of ZO conden-
sates at the tight junction interface resembles a pre-wetting transition. A thermodynamic model predicts that the velocity v of wetting is constant and depends on molecular inter-
actions (e) with cytoplasmic scaffold protein PATJ. Reproduced with permission from Pombo-Garcia et al., Nature 632, 647-655 (2024). Copyright 2024 authors, licensed under
a Creative Commons Attribution (CC BY) license. (i) Representative image sequence of ZO-1 condensates dewetting MDCK junctions after treatment with latrunculin A, visible
as dynamic beads on a string, indicating that pre-wetting dynamics depend on actin. Reprinted with permission from Beutel et al., Cell 179(4), 923-936.e11 (2019). Copyright
2019 Elsevier. (iii) Representative images of MDCK cysts in presence and absence of ZO proteins, indicating a loss of volume due to unregulated myosin contraction. (iv)
Morphological phase space with varying tight junction tension and luminal hydrostatic pressure. Snapshot of the right resemble the morphology in the regions indicated in the
phase space. (d) Zonula occludens 1 (ZO-1) protein condensates undergo liquid-solid transition in vivo. Reproduced with permission from Mukenhirn Dev. Cell 59, 28662881
(2024). Copyright 2024 authors, licensed under a Creative Commons Attribution (CC BY) license. At the right, Schematic of a zebrafish embryo at different stages of gastrula-
tion and corresponding fluorescence photograph of labeled ZO-1b taken in the indicated ROI. FRAP curves of non-junctional ZO-1b in the yolk syncytial layer at early and late
stages of gastrulation during zebrafish development. Non-junctional ZO-1b initially display properties of liquid-like condensates that might undergo a maturation process leading
to their immobilization. Scalebar =20 um. Reprinted with permission from Schwayer et al., Cell 179, 4 (2019). Copyright 2019 Elsevier. (e) FLUCS measurements indicate
solid-liquid transitions of the centrosome in the metaphase/anaphase transition during mitosis. (i) Representative flow field and force vectors acting on a PCM in vivo. (ii)
Example of how the FLUCS-induced flow field perturbs PCM integrity in a cell-cycle dependent manner. Upper images show fission of a liquid PCM in anaphase, but not in
metaphase. Reproduced with permission from Mittasch et al., J. Cell Biol. 219(4), 1-17 (2020); Copyright 2020 Rockefeller University Press.
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scaffolds may also provide mechanical resistance and stability to neu-
ronal connections and thus may be fundamental for learning and
memory.

VI. MECHANOBIOLOGICAL FUNCTIONS OF
BIOMOLECULAR CONDENSATES

Despite the well-documented role of biomolecular condensates in
various cellular processes, their physiological functions in mechanobi-
ology are just emerging. The realization that condensates can exert
forces on the attached structure through a capillary effect but also
adopt different mechanical states provided an exciting link between
condensates and their functions in mechanobiology. Here, we use rep-
resentative case examples to illustrate how biomolecular condensates
can participate in the response to mechanical force. These include, but
are not limited to, (a) organizing force-generating structures, e.g.,
through local nucleation and bundling of actin filaments™*** and
microtubules;****® (b) surface capillary actions of liquid condensates
that participate in membrane remodeling and cell organization;"* and
(¢) liquid-solid transitions and their role in mechanotransduction.

A. Regulation of the cytoskeleton and motor functions

The cytoskeleton is an important cellular component that endows
most animal cells with their mechanical properties.”” Actin and
microtubule filaments not only provide resistance to mechanical force
but can itself be the origin of force generations due to associated
molecular motors and filament (de)—polymerization.228 Biomolecular
condensates can dynamically reposition actin or microtubule nucleat-
ing proteins by serving as localized hubs that concentrate and organize
these proteins.””” Through phase separation, condensates can seques-
ter monomers in specific regions of the cell above their concentration
threshold for polymerization, thus modulating the growth and activity
of the cytoskeleton. This spatial organization enables targeted filament
assembly and guides cellular processes such as migration, division, and
shape maintenance. Furthermore, the material properties of conden-
sates, such as their fluidity or viscosity, can influence the mobility and
interaction dynamics of nucleating proteins, further fine-tuning the
formation of cytoskeletal networks.'”

1. The actin cytoskeleton

The coordinate assembly of biomolecular condensates by
multivalent interactions involving SH3 domains and proline-rich
motifs around phosphorylated membrane receptors has been
shown to drive actin assembly and nucleation.””””"" In particular,
phase-separated clusters assemble actin filaments through stochio-
metric interactions of the adapter protein Nck, its ligand N-WASP,
and the actin nucleation factor ARP2/3 in kidney cells. Thus, LLPS
was shown to significantly prolong the dwell time of N-WASP on
membranes, from 18 s outside clusters to 30 s inside clusters. This
increased residence time correlates with enhanced actin nucleation
efficiency, as longer retention allows completion of the multistep
ARP2/3 activation process.”” Protein condensates of actin-binding
proteins can also mediate actin nucleation and polymerization,
even without specific polymerase activity. For example, conden-
sates formed by Lamellipodin, a non-polymerase actin-binding
protein, could also polymerize and bundle actin filaments, similar

n2

to condensates formed by the actin-polymerase VASP.”*”*** Based
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in these observations, the idea was put forward that any condensate
with actin binding capability could polymerize actin, through mul-
tivalent contacts with actin monomers. This was shown by engi-
neering an actin binding motif to a condensate forming scaffold
protein (Eps15) that normally does not bind actin. In vitro, these
chimeras, successfully formed condensates that facilitated actin
polymerization.””* Condensates not only promote actin assembly
but are also affected by actin. For example, F-actin accumulates in
cortical N-WASP condensates of C. elegans, and in vitro actin fila-
ments limit the size of the N-WASP condensate and eventually
cause disassembly of N-WASP condensates,””" closing a size con-
trol feedback loop.

Somewhat unexpected, emerging evidence suggest that the spec-
trin  cytoskeleton also forms biomolecular condensates.””
Specifically, eliminating the membrane and actin binding of S II spec-
trin caused the truncated fragments to form liquid-like droplets, with
hypothesized roles in the assembly of the neuronal actin cytoskeleton.”””
In C. elegans, spectrin forms focal inclusions in the axons of old animals,
which increase in size but decrease in number over time, suggesting that
spectrin can form condensates that coarsen with animal age.”””

2. The microtubule cytoskeleton

Similar principles as described for actin above also account for
microtubule polymerization (reviewed in Ref. 226). The Tau dense
phase, similar to centrosomes, is able to host and locally concentrate
tubulin monomers above their critical threshold for polymerization,
such that microtubules emerge and grow from condensates (Refs. 43
and 236; reviewed in Ref. 229). Likewise, the microtubule plus end bind-
ing proteins EB1 and EB3/CLP-170 undergo phase separation on micro-
tubules directly influencing their growth speed while reducing
catastrophe frequency.””*” The Targeting Protein for Xklp2 (TPX2) is
a microtubule binding protein that preferentially co-condenses with
tubulin monomers on existing microtubules, where it nucleates new fila-
ments. This spatially coordinated activity therefore leads to branched
microtubules. Intriguingly, TPX2 condensate formation is inhibited by
Importin o/ until the beginning of mitosis, suggesting a mechanism
by which microtubule branching is spatiotemporally regulated in
the cell.'”

An exciting avenue consists of the development of programmable
motor condensates functionalized with processive molecular motors
such as kinesin and dynein.”” In heterotypic condensates composed
of RNA-binding proteins and chimeric constructs made up of a fusion
of a kinesin and a multivalent scaffold (rapamycin-dependent hetero-
dimerization of FRB and FKBP), it has been shown that they form in
response to an external stimulus (rapamycin addition) and were able
to perturb the spatial distribution of endogenous mRNAs from the
center of the cell to the periphery.”*’

B. Reorganization of subcellular structures through
interfacial forces

Similar to the active force generation of cytoskeletal filaments
during polymerization, the biomolecular condensation process itself
can exert mechanical forces***>**" and lead to significant reshaping of
associated cellular structures, such as chromatin,®*%**1%4> cytoskele-
ton,”” and intracellular and plasma membranes, " and can even
lead to membrane scission events.”*” The underlying principle of force
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generation is minimization of the surface energy, or interfacial tension,
within the condensate inside the cell, along with the capillary forces
that arise when condensates wet or dewet associated structures. They
can emerge when droplets coalesce,”* shrink,’" but also when they
spread along the surface of another compartment. It is important to
note that the gain in free energy, e.g., upon droplet coalescence, is rela-
tively low and can thus only work on soft interfaces. However, forces
on the order of 0.5 pN have been measured, which are in a range simi-
lar to that generated by motor proteins."® Importantly, semi-flexible,
cytoskeletal polymers, DNA, and membranes are compliant enough to
deform under this force. For example, the coalescence of two neighbor-
ing droplet interfaces that wet the cytoskeleton can lead to the bun-
dling and organization of these fibers [Fig. 4(b), panel i]. The actin
polymerase Vasodilator Stimulated Phosphoprotein (VASP) forms
condensates that promote actin nucleation and bundling.”*’ Tau pro-
teins have been shown to form liquid-like condensates that completely
wet microtubules in vitro”*® and in vivo,''® with an important role in
microtubule bundling, growths,l3 ® and axonal mechanics.''® For
example, in the absence of the C. elegans tau homolog PTL- 1, microtu-
bules break, twist, and split, causing partial loss of neuronal func-
tion.''® Although the cytoskeleton has been shown to deform and alter
some condensates,' " reports that condensation itself deforms micro-
tubules are lacking, indicating that these polymers may be too stiff, as
the bending energy of these filaments may not be offset by the gain in
free energy resulting from droplet coalescence. The coalescence of the
condensates may lead not only to the bundling of filaments but also to
the recruitment of the cytoskeleton to the membrane [Fig. 4(b), panel
ii], especially if the condensates form capillary bridges.** Such capillary
bridges have also been observed between DNA strands and are
involved in chromatin remodeling and gene transcription, ”***" but
also assist in DNA repair by maintaining the synapsis of two severed
DNA ends.”” Likewise, condensation at membranes is well known to
cause their deformation, which in the extreme case could even lead to
vesicle budding,****

C. Scaffold proteins at intercellular junctions

Tight junctions are intercellular contacts in epithelia with impor-
tant functions in adhesion and as a permeability barrier, but also sig-
naling, mechanotransduction, and morphogenesis.”*® The major
scaffolding proteins, called zonula occludens 1, 2, 3 (ZO-1/Z0O-2/Z0-
3), have a multidomain architecture with various PDZ and SH3
domains, and provide a platform that integrates the membrane pro-
teins with the cytoskeleton. These proteins form condensates specifi-
cally at the membrane of apical intercellular junctions.”””” ZO-1 and
Z0O-2 resident condensates are involved in tight junction assembly and
shuttle between a liquid, cytoplasmic pool, and a peripheral pool that
seems to completely wet the cortex.”””"**’ Intriguingly, the conden-
sates form at a lower concentration at the apical boundary of MDCK
cells than in the cytoplasm of HEK cells, suggesting that an interaction
of ZO proteins with the apical belt primes them for liquid-liquid phase
separation. ZO-1 proteins transition from a dilute adsorbed state to a
condensed surface layer on the apical membrane interface and form
isolated condensates at the membrane interface below the critical satu-
ration concentration for bulk phase separation through a pre-wetting
transition.”” The interaction with the PATJ protein is crucial for this
transition from a diluted to a dense state and promotes the elongation
of ZO-1 condensates along the apical membrane interface [Fig. 4(c),
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panel i]. This elongation happens at a constant velocity, driven by the
binding affinity of ZO-1 to the apical interface and PATJ. As the ZO-1
condensates elongate, they fuse to form a continuous tight-junction
belt that seals the epithelial tissue.””” This process is dependent on the
actin cytoskeleton and active force generations—the presence of
Latrunculin A, a drug that depolymerizes the actin network, disrupted
the continuous ZO-1 belt and led to the formation of regularly spaced,
liquid-like droplets akin to beads on a string [Fig. 4(c), panel ii].
Interestingly, ZO-1 are mechanoresponsive proteins that undergo
force-dependent unfolding and interaction events™ ' and can exist in
either folded or stretched conformations, depending on acto-myosin-
generated tension and dimerization. In the case of tight junction
assembly, a force inhibits droplet formation and causes complete wet-
ting of the apical junctions. A similar observation was made in zebra-
fish, where the junctional ZO-1 recruitment increases with mechanical
tension.”’ Moreover, non-junctional ZO-1b condensates within the
yolk syncytial layer (YSL), initially displaying liquid-like properties,
undergo a maturation process leading to their immobilization indi-
cated by their lower fluorescence recovery after photobleaching
[Fig. 4(d)]. Thus, tension generated in the actin cytoskeleton may
induce and maintain a solid character and lack of tension results in flu-
idization. However, ZO-2/ZO-2 knockout leads to an increase in myo-
sin II localization at the junctional interface, and a build-up of
excessive tension, which leads to lumen collapse in an MDCK model
of lumen formation. Intriguingly, this can be suppressed by interfering
with myosin II activity (Rho kinase inhibition), and artificial increase
in hydrostatic luminal pressure.””” The data support a model in which
a balance between hydrostatic pressure and junctional tension is
important for tight junctions remodeling and lumen morphogenesis.
How ZO-1 condensates change their material properties during tight
junction assembly is, however, yet to be shown.

D. Centrosomes and the solid liquid phase transition

All previously discussed examples explain the importance of the
liquid-solid transition, but the timely regulation of a solid-liquid phase
transition leading to fluidification is equally important. Recent data
suggest that the centrosome, specifically the pericentriolar material
(PCM) composed of SPD-5 in C. elegans, forms condensates subject to
regulated softening during the metaphase-anaphase transition.”’”
In vitro, SPD-5 initially forms dynamic condensates that quickly
mature to a solid state in 10 min."” These mature condensates exhibit
minimal to no fluorescence recovery after photobleaching, indicating
their solid-like nature. In vivo, no dynamic phase preceding matura-
tion was observed,””””” suggesting immediate arrest after formation.
During mitotic spindle assembly and chromosome segregation, the
PCM must withstand microtubule-mediated pulling forces™ as a
solid-like matrix would be more effective for anchoring microtubules.
In fact, SPD-5 condensates during metaphase appear to be resistant to
high (~ 18 um/min) cytoplasmic flow velocities generated by a FLUCS
assay in vivo [Fig. 4(e)], indicating their high stiffness. This changes
abruptly during anaphase and telophase, where even medium flow
velocities (=~ 10 um/min) lead to a substantial deformation and even
fission of these condensates. The results suggest that PCM resistance
to deformation and fracture is high during metaphase and then
decreases at the onset of anaphase, before full PCM disassembly in the
telophase. It should be noted that cytoplasmic viscoelasticity increases
during metaphase/anaphase transitions in various cell types,”” and
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Mechanobiological implications of mutant transcriptional condensates associated with Kabuki syndrome. Expression of mutant isoform MLL4q4090x leads to an increase in
repressive polycomb condensates in expense of transcriptional BRD4 condensates. This leads to an increase in chromatin compaction and nuclear stiffness, loss of YAP in
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Active cytoplasmic streaming in mouse oocytes influences fusion/fission dynamics of nuclear condensates, and active mixing to regulate mRNA splicing dynamics. Graph on
the bottom shows overrepresented and underrepresented exons in actin deficient oocytes compared to control cells.

the resulting greater force during FLUCS-induced flow may partially
confound the interpretation. Still, the dependence of condensate defor-
mation on polo-like kinase, which reinforces SPD-5 condensates, sug-
gests that condensate material is directly affected.

Together, a large body of work suggests that the PCM initially
adopts a liquid-like state to facilitate microtubule nucleation and

mobility, transitioning later to a gel-like state to resist the pulling
forces exerted by these microtubules. Although maturation has
been observed in reconstituted PCM in vitro, FLUCS measure-
ments in vivo point toward a plausible mechanism involving a reg-
ulated fluidization induced by post-translational modifications
through polo-like kinase.
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E. Biomolecular condensates in nuclear
mechanobiology

The mechanobiology of the nucleus is fundamental for under-
standing how mechanical forces regulate gene expression, chromatin
organization, and cell behavior.” Many biomolecular condensates,
such as nucleoli, Cajal bodies, speckles and paraspeckles, and tran-
scriptional hubs, among others, that are embedded within the nuclear
landscape are directly influenced by mechanical cues from the cyto-
skeleton and the external world [Fig. 5(a), reviewed in Refs. 31
and 256]. Mechanical forces can affect their formation, material prop-
erties, and dynamics, linking the physical state of the nucleus to cellu-
lar functions such as stress responses, gene regulation, and nuclear
architecture.””” This integration highlights the interaction between
nuclear mechanics and condensate biology as a critical factor in main-
taining cellular homeostasis and responding to mechanical cues.

1. Liquid-solid transitions and chromatin mechanics

Viscoelastic phase transitions in the nucleus have received a great
deal of attention, especially for their role in transcriptional regulation
and chromatin organization.”** In the nucleus, DNA is organized
into transcriptionally active euchromatin and inactive heterochroma-
tin. Heterochromatin is located, among other regions, predominantly
in the nuclear periphery [Fig. 5(a)], and interacts with the lamin cyto-
skeleton,”” where it contributes to the mechanical resistance of the
nucleus to external forces.” Importantly, many heterochromatin
components have been shown to phase separate in vitro, including het-
erochromatin protein 1 (HP1),”°"*** Histone 1°°’ and chromatin
octamers composed of Histone 3 and 4.”°* In the presence of physio-
logical salt concentrations, chromatin formed liquid-like droplets and
showed complete droplet-droplet fusion dynamics that were substan-
tially altered in the presence of Histone 1, indicative of a change in its
liquid-like character.”** Likewise, in the presence of DNA, the phase
transition of HP1 was altered and compact condensates formed that
were resistant to mechanical forces.””' These observations provide a
plausible basis for the hypothesis that heterochromatin formation
alters mechanical resistance in vivo and support the exciting idea that
the liquid-solid transition of the chromatin changes the way the
nucleus responds to and transduces external mechanical forces.
Despite the ubiquitous reports of LLPS of chromatin and LST upon
the addition of heterochromatin-associated proteins (e.g, HPI,
Histone 1), chromatin was found to be static over a timescale of
minutes to hours in vivo.”* This suggests that chromatin has a predom-
inantly solid character across time and length scales that are relevant
for biological processes, independent of its transcriptional state. On the
basis of these in vivo observations, it was suggested that chromatin
behaves as a liquid at the nanoscale because of local dissociation of his-
tone tail-DNA interactions. However, the cumulative effect of all
nucleosomal contacts in condensed chromatin leads to solid-like
behavior at the mesoscale.”” The existence of elastic chromatin con-
densates, which have a higher propensity to localize at the periphery of
many interphase nuclei, is therefore compatible with a picture in which
this dense network results in stiffer nuclei’”” and protects the genome
against mechanical insults.”* Indeed, loss of HP1 condensates resulted
in softer nuclei, more prone to mechanical deformations induced by
microtubule polymerization and direct forces applied by an optical
trap.zm
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In addition, the material properties of chromatin also relate to
stem cell differentiation and transcriptional activity. Using noninvasive
passive rheology by imaging intrinsic chromatin dynamics visualized
with histones H2B-GFP, it was found that undifferentiated chromatin
behaves like a Maxwell fluid, while differentiated chromatin exhibits
fluid-like (sol) and solid-like (gel) phases.15 ° This transition corre-
sponds to the formation of dense, transcriptionally inactive hetero-
chromatin. Together, this suggests that chromatin undergoes a local
sol-gel transition upon cell differentiation, affecting gene regulation by
altering genome accessibility.' ™

Recent studies provide further evidence that chromatin is mecha-
nosensitive. For example, transcriptional condensates have been shown
to respond to mechanical signals, such as substrate stiffness and modu-
lated chromatin compaction.”** In mesenchymal stem cells, culturing
on stiffer elastic substrates led to an increased abundance of BRD4
nuclear condensates'”” [Fig. 5(b)]. This process was found to depend
on the chromatin-modifying enzyme MLL4, a factor associated with
Kabuki syndrome. Intriguingly, MLL4 loss-of-function reduced the
nuclear mechano-response to ECM-mediated forces and resulted in
more softer nuclei on more compliant substrates and stiffer nuclei on
rigid substrates compared to wildtype control nuclei. Likewise, MLL4
knockout cells were unable to maintain tension in the nuclear LINC
complex, suggesting that nuclear condensates modulate and respond
to external mechanical signals. Indeed, MLL4-containing condensates
coalesced into larger and more abundant spherical droplets in response
to direct mechanical confinement of the nucleus. Ultimately, loss of
MLILA4 caused substantial nuclear rupture and increased cell death in
the most critical confinement'* [Fig. 5(b)]. Important for this mecha-
nosensing modality was the polyQ sequence naturally found in MLL4,
as the deletion of this motif abrogated the coarsening of the transcrip-
tional condensates.”*” Using molecular dynamics simulations, the
authors suggested that the polyQ motif undergoes a force-dependent
conformational change that may be involved in amyloid formation,
possibly driving a rigidity transition. Together, the loss of functions of
MLL4 found in Kabuki syndrome results in smaller, stiffer nuclei com-
pared to healthy condition, which affects nuclear stability and cell sur-
vival to mechanical forces.”>***

2. Mechanical confinement and substrate stiffness alter
the dynamics of nuclear condensates

Paraspeckles are a class of nuclear condensates involved in gene
regulation. They form through transcription of long noncoding
NEATI IncRNA and contain many RNA-binding proteins, such as
paraspeckle component 1 (PSPC1) and non-POU domain-containing
octamer binding protein (NONO). Paraspeckles are generally consid-
ered stress-responsive. Intriguingly, cancer cell lines with a higher met-
astatic potential show more abundant paraspeckle condensates
compared to non-metastatic cells, especially on soft substrate.””” This
difference was dependent on myosin activity, suggesting that the trac-
tion forces on stiffer substrates suppressed the formation of conden-
sate. In fact, direct application of force to paraspeckle osteoclasts
increased their size, with implications for bone mechanosensing.”*” In
addition, confined migration of MDA-MB-231 breast cancer cells in
microchannels also increased the size and number of paraspeckles
through de novo condensate formation when cells migrated through
10 yim channels, but not through 5 and 3 yum channels.”” During this
process, paraspeckles (visualized by their NEAT1 RNA content) were
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formed preferentially on the leading edge side of the nucleus, where
chromatin was less compact and was assumed to be softer [Fig. 5(c)].
Artificially increasing its assembly caused cells to migrate faster.””’
Because the mechanical environment was more permissive for con-
densate formation, this process was coined MAPS, for mechanically
activated phase separation. However, MDA-MB-231 cells using 53BP1
as the label for nuclear condensates appeared to preferentially nucleate
the condensates at the trailing edge when migrating through 2 um
wide channels'”' [Fig. 5(c)]. As condensates preferentially nucleate in
softer environments where a larger interchromatin space does not limit
their growth, this observation suggests that chromatin is differentially
affected at the trailing and leading edges during migration through a
channel with varying width. This switch of softening from the leading
to the trailing edge appeared to occur when the channel width was
reduced from 10 to 2 um and the phase boundary was shifted to allow
more permissive condensation.””’ In addition, mechanical deforma-
tion of the nucleus leads to an increase in the partition coefficient of
various proteins (RNPS1, SART1, and SRRM1), which contributes to
their local deposition."” However, whether these condensates have a
specific mechanobiological function is speculative, but they might host
and thus enrich mechanosensitive transcription factors.

Mechanical confinement was also shown to alter condensate
dynamics. For example, nucleolus or speckle nuclear condensates,
labeled with NPM1-mCherry and SRRM1-mCherry, respectively,
undergo fusion and fission events in cells migrating through con-
strictions."”’ The paraspeckles were also sensitive to substrate
mechanics and cell grew larger and were more abundant on soft
3kPa poly-acrylamid gels, compared to stiff 40kPa gels.
Intriguingly, the paraspeckles may be subject to “mechano-
memory,” as cells first grown on 40 kPa substrates and then trans-
ferred to 3kPa soft substrates suppressed growth of larger para-
speckle condensates. Associated with the decrease in the size of the
paraspeckle, the transcription of NEAT1 RNA is reduced, provid-
ing a potential mechanism for this mechanosensitive regulation.”*®
Other factors such as a higher contractility'*” and heterochromatin
organization leading to altered nuclear stiffness”*’ may also affect
paraspeckle condensate formation and size.

3. Forces in nuclear condensate remodeling

How forces are transmitted to the nucleus is a matter of ongo-
ing research. Forces transmitted from the substrate to the Cajal
body have been shown to induce the stress-related dissociation of
the coilin protein from the survival of motor neuron 1 (SMN)
complexes. This dissociation was observed in cells cultured on sub-
strates with stiffnesses of 8 and 2 kPa but not on softer substrates
measuring 0.6 kPa, highlighting the mechanosensitive nature of
this interaction.””' The notion that substrate stiffness influences
condensate positioning and depositioning suggests that cytoplas-
mic actomyosin contractility shapes their response. In mouse
oocytes, forces originating from the actin cytoskeleton shaped
nuclear condensates and caused nucleoli, Cajal body, nuclear
speckles, and other liquid droplets to coalesce and grow.'’ The
nuclei of actin-deficient oocytes with absent cytoplasmic flow had
more abundant and smaller droplets, suggesting that the mechani-
cal stirring of the cytoplasm was transduced through the nuclear
envelope and affected the mobility, coarsening and internal molec-
ular kinetics'” [Fig. 5(d)]. Intriguingly, the presence of cytoplasmic

REVIEW pubs.aip.org/aip/bpr

forces led to higher mobility inside the nuclear speckles compared
to nuclear speckles in cells mutant for actin cytoskeleton. This
increased molecular mobility had an enhanced protein RNA inter-
action as a consequence—loss of cytoplasmic stirring resulted in
alternative exon usage during splicing, with hundreds of isoform
switches in actin mutant oocytes”' [Fig. 5(d)]. Together, the
mechanical regulation of nuclear condensates lead to more effi-
cient splicing reactions and gene regulatory control.

F. Force transmission during touch sensing

Recently, we showed that MEC-2, a C. elegans stomatin homolog
involved in touch sensation, forms biomolecular condensates that
undergo a liquid-solid transition at sites of mechanotransduction neu-
rons responsible for the sense of touch.'' MEC-2 has several isoforms
with varying short (MEC-2a) and long (MEC-2e) C-terminal tails that
show a high degree of disorder, SLiMs, and amyloid-forming motifs
[Figs. 6(a) and 6(b)] that co-assemble into the same mechanotransduc-
tion sites in vivo.””” Intriguingly, the long isoform has a higher
predicted phase separation score,”” potentially participating in con-
densate formation. In vivo, condensates of both isoforms are parti-
tioned into two pools (unpublished), one of which was found
primarily close to the cell body and characterized by a directed motion
of the condensates along the axons. The condensates in this pool were
more spherical, visibly deformed, and experienced frequent fusion/fis-
sion events, underscoring their predominant liquid-like character.
Because this liquid-like pool of MEC-2 is characterized by directed
motion within the neurite indicative of motor-driven transport, these
properties may allow condensates to squeeze through constriction in a
neurite with varying caliper. The second pool is completely static and
immobilized at distinct presumptive mechanoreceptor sites where it
colocalizes with a mechanoelectrical transduction channel.'' The pic-
ture that emerges is that the mobile, naive condensates mature into
solid condensates. In contrast to pathological LST, physiological transi-
tions occur in a regulated and possibly reversible manner in the cell.
How is this maturation controlled? MEC-2 contains a stereotypic
proline-rich motif (PRM) in its unstructured C-terminal tail, previ-
ously hypothesized to function in mechanotransduction by binding to
an unknown protein with an SH3 domain.””* In fact, on a CRISPR-
verified cell-specific RNAi screen, we found that PRM bound weakly
to the SH3 domain of UNC-89, a C. elegans titin homolog.'" This
interaction is critical for mechanotransduction, as animals lacking the
motif were completely insensitive and those lacking UNC-89 in TRNs
were partially touch insensitive. In addition, MEC-2 contains a notable
glycine-rich motif, with a strong prediction to form amyloids
[Fig. 6(b)]. The picture that emerged is that the SH3 domain binds to
the PRM and thus can compete with an interaction responsible for het-
erotypic buffering [see Box 1 and Fig. 6(c)]. The residues responsible
for the LST still need to be defined but may be found in the glycine-
rich motif. Once this complex forms, new valencies are exposed that
form homotypic interactions leading to the LST. In fact, MEC-2
formed fibrils in vitro in a timely manner only in the presence of the
UNC-89 SH3 domain, but neither in its absence nor with mutant
MEC-2 lacking a functional PRM [Fig. 6(c)]. The fibers stain positive
for Thioflavin T (unpublished data), a dye that specifically intercalates
with cross-beta sheets and thus likely forms amyloids. Under our
experimental conditions, however, MEC-2 filaments assembled from
recombinant protein differed significantly from their endogenous
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FIG. 6. Viscoelastic maturation of MEC-2 stomatin determines the response timescale during touch in C. elegans. (a) AlphaFold2 prediction of two isoforms of MEC-2 stomatin
of C. elegans. (b) The sequence context of the C-terminal tail of the short and long MEC-2 isoforms highlighting a long stretch of glycines and histidines
(GSEGGGGHGHSHGGGGGG) that may be involved in the amyloid formation. Plots made according to Lancaster et al.”* (c) Schematic representation of a possible mecha-
nism for the observed liquid—solid transition. (i) A heterotypic, intramolecular interaction masks the aggregation prone, amyloidogenic motif. The interaction of the PRM with its
cognate SH3 domain releases the heterotypic buffering, leading to the exposure of the PrD domain, which promotes the controlled LST. (ii) In the absence of the correct SH3-
binding motif, a stochastic unbinding exposure leads to a delayed and uncontrolled LST. Right images show a confocal fluorescence microscopy image of (i) wildtype MEC-2
and (i) mutant MEC-2(R385H) in red mixed with UNC-89(SH3) in green. Scale bar = 30 um. (d) Force transmission during sense of touch requires a controlled LST of MEC-2
stomatin. (i) Liquid-like and mobile condensates are primarily found in regions of the neurites proximal to the cell body, whereas stiff, inmobile condensates are found all along
the neurite. Representative fluorescence image and kymograph of a neuron expressing fluorescently labeled MEC-2::mCherry. Cell body at the top. Scale of the arrows: 20 um
(x) and 30 s (time). (i) MEC-2 condensates respond like a viscoelastic fluid and their maturation is accompanied by a shift in crossover frequency to lower values. The arrows
point to frequencies at which the condensate behaves as a liquid before and as an elastic material after the maturation. The complex shear modulus is depicted as a function
of deformation frequency. Solid and dashed lines correspond to the Maxwell material model fits for the storage and loss moduli, respectively. Red dotted lines represent the fit
parameters for the plateau modulus E and crossover frequency w, respectively. (iii) The C-terminal domain of MEC-2 is responsible to store and transmit mechanical stress
in vivo, as determined with a FRET-tension sensor. Quantification of FRET index vs pressure delivered to body wall of the animals, for truncated MEC-2(TEV) and control
groups. Yellow and purple lines correspond to individual animals and Mean=SE, respectively. Reproduced with permission from Sanfeliu-Cerdan et al., Nat. Cell Biol. 25(11),
1590-1599 (2023). Copyright 2023 authors, licensed under a Creative Commons Attribution (CC BY) license (e) Frequency-dependent touch response of C. elegans. (i)
Microfluidically immobilized animal expressing GCaMP in touch receptor neurons (arrow). Scalebar = 100 um. (ii) Touch receptor neurons do not respond to a step and a ramp
stimulus (delivered below the crossover frequency), but only to a high-frequency buzz delivered through the pneumatic actuator. (i) and (ii) In the absence of the MEC-2 rigidity
phase transition (unc-89 mutant), the same high frequency stimulus does not activate TRNs as compared to control animals, indicating that the rheological properties of the
condensates are important for the touch response. Reproduced with permission from Nekimken et al., Lab Chip 17, 1116-1127 (2017). Copyright 2017 authors, licensed under
a Creative Commons Attribution (CC BY) license; and Reproduced with permission from Sanfeliu-Cerdan et al., Nat. Cell Biol. 25(11), 1590-1599 (2023). Copyright 2023
authors, licensed under a Creative Commons Attribution (CC BY) license.
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counterparts. They were longer and had distinct morphologies, indi-
cating that the low-complexity domain of MEC-2 can adopt different
structural forms depending on whether they are formed in vitro or
in vivo. This may hint toward a mechanism that ensured a spatially
controlled transition and that limited the expansion of the solid state
inside cells.

How is the transition spatially organized? In C. elegans, MEC-2
stomatin colocalizes with the pore-forming subunit of the ion channel
at distinct puncta [Fig. 6(d), panel i]. We reasoned that UNC-89, local-
ized at the presumptive transduction sites, binds to MEC-2 conden-
sates and induces solidification as these condensates pass by. In fact,
naive MEC-2 condensates had a lower mobility when encountered
existing mature MEC-2 condensates, indicating a possible molecular
interaction between them (unpublished observation). Likewise, the
mobile, naive pool of MEC-2 did not localize with UNC-89, whereas
the static, mature pool colocalized with it, which confirms the role of
UNC-89 in promoting the LST. Together, these data suggest that the
association of a dynamic condensate with a resident SH3 domain trig-
gered the LST in vivo.

What is the consequence of this solid transition? Intriguingly, a
force sensitive, FRET-based MEC-2 tension sensor reported that only
the static mature pool has the ability to sustain mechanical stress deliv-
ered to the body wall through a microfluidic stimulus [Fig. 6(d), panel
iii]. However, the naive, liquid-like condensate did not, emphasizing the
importance of the LST in the force transduction process. Furthermore,
similar to condensates composed of FUS and PGL-3,”” MEC-2/UNC-89
co-condensates showed significant aging in vitro and frequency-
dependent viscoelastic response'" [Fig. 6(d), panel ii]. This means that at
slow frequencies, the condensates tended to flow and dissipate mechani-
cal energy, whereas for frequencies applied above 4 Hz, the storage mod-
ulus dominated and significant stress could be transmitted. This is
particularly interesting in the context of MEC-2, as the C. elegans touch
response is highly frequency dependent and the TRNs do not activate in
response to slow stimuli delivered below 5Hz"">*"® [Fig. 6(e), panels i].
Intriguingly, mutant animals with MEC-2 condensates that did not
mature properly showed a significantly reduced calcium response to
high-frequency stimulations [Fig. 6(e), panels ii]. By adjusting the
mechanical properties of the condensate, the activation threshold can be
modulated, and the neuron can use it during the habituation to continu-
ous stimuli. However, it is most likely that other proteins in vivo further
modulate the condensates and their mechanics. In the future, a detailed
mechanism needs to be formulated on how the MEC-2 stomatin con-
densates receive the force during touch and which other clients are
incorporated into these condensates.

Whether this constitutes a conserved mechanism for frequency
selection remains to be shown. Interestingly though, Piezo2 ion chan-
nel sensitivity to external force also depends on functional interaction
with the stomatin homolog STOML3,””” which has also been shown to
modulate membrane mechanics.””® Likewise, Piezo2 displays IDR
regions that are important in determining the activation threshold and
force sensitivity.””” Piezo2 has a preference for stimuli applied at a
faster rate, making this ion channel also more selective for high-
frequency stimuli than lower ones,”” which depends on the actin
cytoskeleton.””” How actin transfers force to Piezo2 is unknown. It is
interesting to speculate that these IDRs in Piezo2 may serve as a plat-
form to direct the condensation of other proteins through multivalent
interactions, for example, STOML3, such that these condensates
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emerge as mechanical frequency filters and set the activating force
threshold by balancing the mechanotransmission pathway from the
cytoskeleton to the ion channel.

VII. OPEN QUESTIONS AND FUTURE MILESTONES
A. What are the functions of LST in mechanobiology?

Undoubtedly, many pathological liquid-solid phase transitions
occur inside cells,”*>"**"*%""*%% and reports of LST in physiological
processes are emerging.***'***" An obvious question is whether a
viscoelastic phase transition or hardening is tied to the physiological
functions of these proteins. Many, if not all, biomolecular condensates
show some degree of hardening in vitro.'"”” Therefore, mere observa-
tion of the condensate mechanics and the changes thereof in vitro may
not reveal its physiological role. It is critical to understand how changes
in their mechanical properties affect cellular function. To assess physi-
ological relevance, one might ask whether perturbing the LST leads to
a significant loss of function at either the cellular or the organismal
level. This can be achieved by mutating specific residues that involve
hardening in vitro and investigating cellular fitness after expressing
these mutant proteins in an in vivo system."' One may also specifically
perturb condensate mechanics through interference with known regu-
lators or small molecules””*****” and ask if this affects the physiology.
In addition, if a liquid turns into a solid, it is important to understand
how the rigidity transition is regulated and whether it is reversible.

B. Pathological vs physiological LST

Much of the mechanistic insight and factors driving the liquid-
solid transitions came from condensates composed of proteins associ-
ated with neuronal disorders (e.g., FUS, TAU). Thus, it remains to be
seen whether the mechanism that leads to a physiological LST is the
same as the one described in the context of disease. Although the path-
ological consequences of LST are well appreciated, their role in a physi-
ological context is just emerging. One of the challenges is the difficulty
in measuring the change in mechanical properties in vivo and relating
this change to a physiological benefit of the cell, accounting for poten-
tial artifacts related to the method of observation.

C. Investigating the material state in vivo

Many proteins that form biomolecular condensates have also
been shown to mature and undergo an LST in vitro. Because these
investigations are often performed with purified proteins, the time
course and final material state may be different in vitro compared to
that of the cell. Thus, experiments within cell mimicking environ-
ments''” and the knowledge of the complete proteome of these con-
densates in vivo will guide further investigation and possibly indicate
factors that accelerate or inhibit the maturation reactions found
in vitro. The next critical challenge is to explore the material properties
of these structures and how they evolve within living organisms, cells,
or tissues. Although methods for addressing this are emerging,'**'”®
future efforts will require direct probing of their mechanical properties
with high spatiotemporal resolution. Because BMCs are exquisitely
stimulus sensitive and react to environmental challenges, these meth-
ods are at best carried out in a noninvasive manner. Furthermore, the
shapes of condensates in vitro are often distinct from their shapes
in vivo, due to geometric constraints,”” environmental conditions (salt,
pH), or accessory domains or client proteins that are missing
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in vitro.”*" For example, some condensates mature into solid fibers
in vitro that measure tens of micrometers, but form nm-um arrested
condensates in vivo during a physiological LST."" Thus, one may won-
der what determines the timescale of the LST and the size of the func-
tional, mature condensate. Also, condensate mixing by cytoplasmic
forces has been show to modulate biochemical processes in mouse
oocytes'’ and it is likely that it also affects condensate mechanics in
other systems.

Although routine measurement of condensate mechanical prop-
erties in vivo is a formidable challenge that is on the verge of being
overcome, the interpretation and correlation to in vitro results are non-
trivial as well. The confounding fact that condensates can host addi-
tional unanticipated clients, even in a heterologous cell system, or are
subjected to post-translational modifications or simply interact in the
cell differently than in vitro'* makes a direct correlation of these results
difficult. Temporally resolved proximity labeling,””” paired with i situ
measurements and a careful top-down decomposition, will be required
to link the liquid-solid transition to a specific cellular mechanism.

D. Can condensates be used to engineer
mechanobiological functions?

A deeper understanding of condensate mechanobiology can help
engineer specific functions within synthetic cells or replace aberrant
signal transductions.”” The principles of engineering targeted deposi-
tion,”"** stimulus response,”” and controlled rigidity percolations'***
are beginning to be understood and poised to be applied to living
cells.””” Potential applications are manifold. For example, programma-
ble motor condensate can form upon local enrichment of a molecular
species and initiate their transport between cell compartments.””” If
the condensate participates in the transduction pathway, small mole-
cules that modulate the mechanics of the condensate may set the
threshold for mechanotransduction and render cells more or less
mechanosensitive.'">** Or, a controlled fusion of stimulus-responsive
condensates attached to the cytoskeleton can be used to bundle fila-
ments,””” move cargo,”””*" or align fibers close to cellular organelles.
Steps in this direction are already being taken to reposition DNA loci
to facilitate DNA repair or transcriptional regulation.’”*"**" Other
approaches can harness this knowledge for molecular medical applica-
tions, for example, through a drug-induced viscoelastic rigidity transi-
tion in time, may help limit viral infections,”® drive gene expression
changes in the superenhancer,” curb aberrant cell dynamics in meta-
static cells,”” or build neuronal networks to combat memory loss.””’

VIll. CONCLUSION

The formation of biomolecular condensates through LLPS of pro-
teins from the dilute phase brings about a membrane-less “organelle”
with a new set of mechanical properties, with liquid-like features.
Those can then mature into a solid state, akin to a liquid-solid transi-
tion. Much remains to be learned about how LST is regulated by inter-
nal and external stimuli and, consequently, how biomolecular
condensates govern mechanobiology and physiological functions. One
of the challenges in our mechanistic understanding of the factors that
modulate these phase transitions stems from the difficulty of measur-
ing viscoelastic properties, interfacial tensions, and their changes
in vivo. Although several techniques have been developed and used to
measure them in vitro, only FRAP has been extensively used to make
predictions about the changes in viscoelastic behavior in vivo. With the

REVIEW pubs.aip.org/aip/bpr

emergence of in vivo techniques in recent years, such as FLUCS,”"
Brillouin spectroscopy,'”” and TimSOM,'*” a surge in new informa-
tion can be expected. A deeper understanding of the mechanobiology
of biomolecular condensates, how they shape cell behavior and are reg-
ulated, will not only reveal key physiological processes but also pave
the way for the control of severe, currently untreatable diseases related
to unregulated liquid—solid transitions.””””'
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