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Intracellular spaces are partitioned into separate compart-
ments to ensure that numerous biochemical reactions and
cellular functions take place in a spatiotemporally controlled
manner. Biomacromolecules including proteins and RNAs
undergo liquid-liquid phase separation and subsequent phase
transition to form biological condensates with diverse material
states. The material/physical properties of biological conden-
sates are crucial for fulfilling their distinct physiological func-
tions, and abnormal material properties can cause deleterious
effects under pathological conditions. Here, we review recent
studies showing the role of the material properties of biological
condensates in their physiological functions. We also summa-
rize several classic methods as well as newly emerging tech-
niques for characterization and/or measurement of the
material properties of biological condensates.

Eukaryotic cells govern the specificity and efficiency of their
numerous intracellular processes, including their networks of
biomolecular interactions, via distinct mechanisms.
Membrane-enclosed organelles such as the endoplasmic
reticulum (ER), mitochondria, and endosomal compartments
ensure that diverse molecular pathways and biochemical
reactions occur in stably maintained compartments in
eukaryotic cells. Membrane-less compartments, such as stress
granules (SGs), P-bodies, the nucleolus, and nuclear speckles,
provide more dynamic and tuneable platforms for compart-
mentalization of various intracellular processes (Fig. 14) (1-3).
Membrane-less compartments are also known as condensates,
granules, bodies, speckles, clusters, and so on. Hereafter, we
will use the collective term “biological condensates” unless we
describe a specialized compartment.

Phase separation and phase transition

Numerous biological condensates are known to assemble
via phase separation, particularly liquid-liquid phase separa-
tion (LLPS). LLPS refers to a process in which a homogeneous
solution system demixes into an inhomogeneous system con-
taining at least two coexisting but spatially separate phases,
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both of which are in the liquid state (2, 3). Other types of phase
separation such as liquid—solid phase separation have also
been reported, for example, formation of SPD-5 assemblies in
Caenorhabditis elegans and Rim4 fibrils in yeast (4, 5). Bio-
logical condensates formed via LLPS may further undergo
phase transition, a process during which biological conden-
sates transition between different material states. This endows
them with distinct material/physical properties, which are
tightly associated with their biological functions and intracel-
lular fates in organisms (Fig. 1) (6, 7). This will be discussed in
the sections below.

Phase-separated liquid condensates are highly mobile and
dynamic. The constituent molecules diffuse readily and
exchange with the surrounding environment (6, 7). However,
biological condensates with liquid properties are thermody-
namically metastable both in living cells and under experimental
conditions in vitro. Newly formed liquid condensates may un-
dergo phase transition with time in vitro: they gradually change
into more stable and less dynamic states, such as hydrogels,
liquid crystals, and amyloid-like fibrils (6—8). Phase transition of
biological condensates into other states also occurs in living cells
under both physiological and pathological conditions. However,
numerous biological condensates maintain their liquid-like
properties in organisms via various mechanisms, such as by
assistance from the chaperone system in an ATP-dependent
manner (7-9). Phase separation and transition of biological
condensates can be influenced by various factors and conditions,
which change the strength or valency of intermolecular in-
teractions, such as temperature, pH, ionic strength, osmotic
pressure, mechanical force, the composition and concentration
of components, and various posttranslational modifications
(7-9). Alteration of these factors and/or conditions may also
modulate the material properties of the biological condensates.
This allows the condensates to fulfill their distinct functions in
various dynamic biological pathways and facilitates a timely
response and adaptation to the complex and capricious external
environment (6—9).

Driving forces for assembly of biological condensates

Biomacromolecules, including proteins, RNAs, DNAs,
lipids, and polysaccharides, interact with each other via
intermolecular forces. The electromagnetic force, which is
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Figure 1. Biological condensates possess distinct material states. A, various biological condensates are assembled in eukaryotic cells and also at the
cell-cell junctions. Many biological condensates, such as Balbiani bodies, germline granules, and synaptic densities, are formed only in specific cell types.
B, biological condensates with liquid properties are highly dynamic and reversibly assembled. The biomolecules inside liquid condensates have high fluidity
and can exchange with the surrounding environment. C, biological condensates resembling hydrogels are weakly dynamic and generally irreversibly
assembled. Sometimes, hydrogels can be partially dissolved under certain conditions. For example, yeast Pab1 forms nondynamic gel-like condensates in
response to heat stress, which can disassemble spontaneously when stress disappears (78, 115); several ATPase proteins can assist the disassembly to
achieve the dynamic regulation of gel-like structures in living cells (116). The fluidity inside a hydrogel is very low, and the interior components undergo
only limited exchange with the surroundings. D, some biological condensates consist of liquid crystal-like assemblies, in which the biomolecules are
positioned in ordered arrangements. The components inside liquid-crystal structures have limited mobility under normal conditions, but rearrange in
response to stimuli. E, solid-like biological condensates, such as amyloid-like fibrils, have no fluidity and are irreversibly assembled. The components inside

solid-like structures are not mobile and cannot exchange with the surroundings.

derived from the electric fields generated by charge—charge
interactions and magnetic fields induced by the movement of
charged particles, includes the electrostatic force and van der
Waals force, which underlie the most important interactions
among biomolecules in biological systems. The electromag-
netic forces between ions (such as glutamate (E) and lysine
(K)) and polar molecules (such as serine (S) and threonine (T))
with permanent dipole moments are very strong, whereas the
electromagnetic forces between nonpolar molecules (such as
leucine (L) and valine (V)) are weak. Most proteins are polar in
part and nonpolar on the whole. Gravity may also play a role
for large complexes, organelles, or cells as a whole. The
gravitational effect of individual biomolecules is negligible
compared with the electromagnetic interactions and the en-
tropy effect, while for larger condensates, gravity may need to
be considered to understand their full properties. In this re-
view, we mainly focus on the electromagnetic and entropic
interaction aspects of the biological condensates.

2 J Biol. Chem. (2022) 298(4) 101782

Intermolecular interactions between biomacromolecules
dissolved in aqueous solution at physiological conditions are
influenced by multiple factors. Water condenses via the for-
mation of hydrogen bonds, which have partial characteristics
of both electromagnetic forces and covalent bonds. A protein
dispersed in aqueous solution contacts water molecules and
consequently disrupts the hydrogen bonds between the water
molecules. If the intermolecular interactions between the
protein and water molecules are strong enough to disrupt the
hydrogen bonds between water molecules, the protein parti-
cles dissolve; otherwise they aggregate by excluding the water
molecules. This entropic effect drives protein oligomerization
and/or aggregation and is known as hydrophobic interaction.
Other solutes dissolved in the aqueous solution, such as ions
(e.g, Ca®*, Mg?*, Zn**, etc.) and small molecular compounds
(e.g, ATP) affect protein—water interactions, making the sit-
uation more complicated. In biochemical systems, there are
many electromagnetic forces and hydrophobic interactions
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among biomacromolecules, including the electrostatic in-
teractions between charged residues, hydrophilic interactions
between polar residues, m-m stacking between aromatic resi-
dues, cation-m stacking between positively charged and aro-
matic residues, hydrogen bonds, and van der Waals forces (10).
Ultimately, the solubility of a protein in aqueous solution is
determined by its interactions with water and other solute
molecules.

Biomacromolecules are natural polymers similar to those in
the field of polymer chemistry and soft matter physics. They
are densely packed with sites that can interact with other
macromolecules. The free energy of a system consisting of a
mixture of macromolecules is minimized by balancing the
electromagnetic interactions, which contribute to enthalpy,
and the hydrophobic interactions, which arise from entropy.
Thus, intermolecular multivalent weak interactions may drive
phase separation of dissolved biomacromolecules in aqueous
solutions to form biological condensates (11). The multivalent
weak intermolecular interactions that drive phase separation
typically occur between intrinsically disordered regions (IDRs),
low complexity regions (LCRs), modular protein domains, and
nucleic acids such as RNAs (8). An IDR is a polypeptide region
lacking a stable tertiary structure and usually exhibiting flex-
ible and diverse conformations (7). In contrast to modular
protein domains, the composition and distribution of residues
in IDRs cannot satisfy the requirement for compact folding.
Some IDRs have highly biased amino acid compositions, which
are enriched in limited subsets of residues, such as glycine (G),
glutamate (E), phenylalanine (F), and so forth. IDRs with this
feature are also called LCRs (7). IDRs/LCRs can provide a rich
source of binding sites for interacting biomolecules and serve
as interaction platforms; thus, they are ideal scaffolds for the
assembly of biological condensates. IDRs/LCRs are found in
numerous proteins which undergo LLPS, and in many cases,
the IDRs/LCRs are essential for LLPS. This implies that IDR/
LCRs play a significant role in facilitating LLPS. Multivalent
interactions between modular protein domains with compact
folding may also trigger LLPS. These interactions may provide
more specificity and strength for the assembly of biological
condensates, such as postsynaptic density (PSD) condensates
(12, 13). RNAs undergo LLPS alone in some cases, but more
usually, they cophase separate with RNA-binding proteins in
cells, to form condensates such as SGs, P-bodies, paraspeckles,
and P granules (14—19). Notably, assembly and regulation of
distinct biological condensates under physiological conditions
are precise and highly specific in living cells. Dysregulation of
these processes under certain conditions, such as pathological
conditions, will elicit unexpected and/or nonspecific in-
teractions, resulting in aberrant phase transition and altered
material properties (7-9, 20, 21).

Relationship between the material properties and
functions of biological condensates

The material state of biological condensates can be classified
into liquid, hydrogel, liquid-crystal, crystal, glassy, amyloid-like
fibril, and other solid-like states (6, 7, 22). Condensates can be
more accurately characterized by their material/physical
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properties, such as concentration, diffusivity, viscosity, elas-
ticity, interfacial tension, and so forth. Many lines of evidence
reveal that the material properties of biological condensates
are highly relevant to their physical functions and/or patho-
genic roles.

Concentration and partition coefficient of components in
biological condensates

Generally speaking, interactions between biomacromolecules
and the activity of subsequent biological pathways are closely
related to the concentration of the components. LLPS con-
denses biomolecules to enhance intermolecular interactions.
Therefore, the concentration of the internal constituents is an
important material characteristic of biological condensates. A
biomacromolecule, when diluted in solution under a specific set
of conditions, undergoes phase separation to form a condensate/
dense phase upon reaching a certain concentration, which is
known as the saturation concentration (Cg,) (23-26). A related
parameter is the partition coefficient (K), the ratio of the con-
centration of a component in dense phase (Cgc,) to the con-
centration in dilute phase (K=Cgen/Csar) (27). Experimental
evidence shows that in a simple binary phase separation system
under a specific set of conditions, Cg,c and K are both fixed on the
basis of the underlying physics of LLPS (13, 23). An implication
of the fixed C,p, Cyen, and K under physiological conditions is
that condensate formation can passively buffer the cellular
“noises” caused by fluctuation of the concentration of bio-
macromolecules (Fig. 2A4) (23-27). Fluctuations of the con-
centration of proteins and RNAs may have a negative impact on
a range of cellular processes. Formation of biological conden-
sates and the consequent intrinsic concentration effects,
therefore, provide a solution to the problem of noise, although
there are also other mechanisms to resolve this predicament,
such as bio-membranes and clustering (25, 28).

However, noise and the resulting individual variations in
cells may also play pivotal roles in numerous biological pro-
cesses, for example, development, evolution, and environ-
mental adaptation (25, 29). In the case of C. elegans
embryogenesis, P granules are specialized ribonucleoprotein
(RNP) granules derived from the oocyte. They are assembled
via LLPS in an RNA-dependent manner, and they asymmet-
rically segregate into daughter cells (30). P granules in germ-
line blastomeres are preserved, while in somatic blastomeres,
they are quickly disassembled and selectively removed (7, 31).
The clearance of P granules in somatic blastomeres is
dependent on the context of fluctuation of the Cg,; required for
LLPS of PGL-1/PGL-3 proteins, which are P granule compo-
nents. Firstly, MEX-5, an RNA-binding protein, is asymmet-
rically distributed into the somatic blastomeres, where it
competes with PGL-3 for mRNA. This increases the Cg,
required for LLPS of PGL-3/-1, resulting in the disassembly of
P granules in the somatic blastomeres (19). Secondly, after
division, the somatic daughter cells express SEPA-1, a receptor
protein that dramatically decreases the Cg,, required for LLPS
of PGL-1/-3. SEPA-1 expression thus selectively concentrates
PGL-1/-3 into PGL granules for subsequent autophagic
degradation (7, 31, 32). The composition-dependent
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Figure 2. Material properties govern the physiological functions of biological condensates. A, cells buffer biological noises, caused by fluctuation of
the biomolecular concentration, via phase separation. In cells without phase separation, the concentration of biomacromolecules may undergo drastic
fluctuation, while in cells with phase separation, the concentrations in both the dilute phase and the dense phase are relatively stable in spite of fluctuations
of the total amounts of biomacromolecules. B, the amyloid-like Balbiani body is inert and stable, which allows it to store dormancy cargos such as
mitochondria in early oocytes. Liquid-like cyclic GMP-AMP synthase (cGAS)-DNA condensates are highly dynamic and possess mobile interior constituents,
which make them suitable for efficient signal transduction. The Balbiani body is only assembled in early oocytes but is shown in the same cell as cGAS-DNA
condensates for comparison purposes. C, heterochromatin compartments marked by histone H3 lysine 9 trimethylation (H3K9m3) are in the solid state and
possess very high stiffness. These domains exclude multiple nuclear protein condensates and ensure the mechanical integrity of nuclei. Upon mechanical
loading, the heterochromatic domains are demethylated and transition into less stiff compartments, in order to prevent mechanical damage to the
genome. D, interfacial tension arises from the unbalanced forces on the molecules at the surface of biological condensates. Interfacial tension governs the
interaction between immiscible phases. Examples include the formation of autophagosomes, in which liquid protein condensates (cargos) are engulfed by
the double-membrane isolation membrane and the assembly of the multi-compartment nucleus. The actual architectures of these multi-phase assemblies
in living cells are the result of minimizing the total interfacial energy. In the case of the nucleolus, the nucleoplasm has a higher interfacial tension with the
dense fibrillar component (DFC) (y13) than with the granular component (GC) (y12), which results in engulfment of the DFC (phase 3) by the GC (phase 2).

adjustment to Cg,, and K in heterotypic multicomponent LLPS
systems may possibly occur widely in living cells. This mech-
anism may also passively buffer noise, since the variables in
these systems are all linked. More constituents are buffered in
multicomponent LLPS systems, and each one is buffered to a
lesser extent than in condensates containing fewer compo-
nents (24, 27). The concentration effect is important for phase
separation to function in living cells.

Diffusivity and viscosity determine the liquidity of biological
condensates

Diffusivity (D) of constituents in the dense phase reflects the
liquidity of biological condensates and is also a direct param-
eter for characterizing the material state of biological con-
densates. It is often estimated by fluorescence recovery after
photobleaching (FRAP) assays. The diffusivity of constituents
in the dilute phase is usually very high and gradually decreases

4 Biol. Chem. (2022) 298(4) 101782

in the dense phase as the material states change from liquid to
hydrogel and then to solid. Different condensates contain
components with different diffusivities to fulfill distinct bio-
logical functions (Fig. 2B). For example, Balbiani bodies, which
form solid-like condensates through the amyloid-like self-as-
sembly of the disordered protein Xvelo, store RNA, mito-
chondria, and other organelles for dormancy in early oocytes
(33). In contrast, biological condensates for signal trans-
duction, such as LAT clusters, p-catenin destruction com-
plexes, and cyclic GMP-AMP synthase-DNA condensates,
are generally in highly dynamic liquid-like states (34—36).
Dysregulation or aberrant changes of the diffusivity of con-
stituents of biological condensates disrupt their physiological
dynamics and functions. Such changes are associated with
pathogenesis of various diseases, such as solidification of
multiple RNP granules in various neurodegenerative diseases
(37, 38). Of note, low diffusivity of constituents or solid-like
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states of biological condensates does not always serve as an
indicator of reduced activity. For example, the phosphatase
activity of Herzog is activated upon amyloid-like assembly in
developing Drosophila embryos (39).

The diffusivity of different components within the same
condensates can differ greatly (40-43). Measuring the diffu-
sivity of multiple individual components is therefore important
for accurately characterizing the material states of biological
condensates. The different diffusivity of distinct components
can be important for their physiological functions. For
example, in the case of nuclear pore complex barriers, which
mediate nuclear-cytoplasmic shuttling, intrinsically disordered
and phenylalanine/glycine-rich nucleoporins (FG-Nups) form
hydrogel-like structures which exhibit very low liquidity to
ensure the stability of the barriers; in contrast, the transported
cargos are highly mobile so as to quickly traverse the nuclear
pore complex barriers (44—47). Components within biological
condensates have recently been divided into two qualitative
classes, scaffolds and clients. The scaffolds are essential for
formation of the condensates, while the clients, which are
dispensable and variable, are recruited into the condensed
structures by the scaffolds (3). Although they have distinct
roles in the assembly of biological condensates, both scaffolds
and clients can be involved in specifying the material proper-
ties of the condensates. For example, in C. elegans PGL
granules, the diffusivity of the components within the con-
densates formed by the scaffold proteins PGL-1/-3 is very high.
Upon recruitment of the client protein EPG-2 into PGL
granules, the diffusivity of each component is significantly
decreased (32). Moreover, the diffusivity of the same compo-
nent may be different in distinct regions of a biological
condensate. For example, SGs, a type of RNP granule that
regulates the function and localization of mRNA under various
stress conditions, adopt a “core-shell” structure for assembly in
response to stress stimuli. The stable cores and dynamic shells
contain different material states and differ in liquidity (48, 49).

In addition to diffusivity, viscosity (n) is also used to describe
the fluidity of biological condensates. Viscosity reflects the
resistance of a fluid to flow. It is usually negatively correlated
with diffusivity and can be roughly estimated from the diffu-
sivity of a certain component in a biological condensate via the
Stokes-Einstein equation (50). Diffusivity can be considered to
reflect the microscopic behaviors of components, whereas
viscosity reflects the macroscopic property of the biological
condensates. Liquid condensates have lower viscosity, while
gel-like condensates have higher viscosity.

Elasticity and stiffness endow biological condensates with
mechanical stability

Elasticity reflects the ability of solid materials to return to
their original shape after deformation and compression upon
mechanical loading. It can be quantitatively characterized as
the elastic modulus (E). Elasticity is a property of materials but
not objects. A material refers to physical matter such as wood,
steel, and plastic that constitutes objects. An object possesses a
distinct boundary with its surrounding environment(s). In the
case of biological condensates, a phase-separated protein
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droplet with a specific size, density, and boundary is made of a
liquid-like material (i.e., a concentrated solution of proteins or
other biomolecules). The deformation part of the elastic
modulus is also known as Young’s modulus. However, Young’s
modulus does not apply to liquid materials, since they do not
have fixed shapes and easily flow upon loading. Therefore, the
elasticity described in the field of biological phase separation is
the apparent elasticity, which intrinsically reflects the stiffness
(k) of the studied biological condensates. The apparent elas-
ticity/stiffness are largely correlated with the shape, size,
interface conditions, and other factors of the biological con-
densates. Apparent elasticity/stiffness are properties of objects
but not materials. For biological condensates with liquid
properties, the apparent elasticity/stiffness is largely deter-
mined by their interfacial tension, which will be discussed in
the next section.

Elasticity/stiffness of biological condensates is important for
the architectural integrity of many subcellular structures. For
example, the expanded multivalent protein—protein network
increases the stiffness of PSD condensates to ensure PSD as-
sembly for establishment of the synapse in neurons (13). Dy-
namic modulation of the stiffness of heterochromatin, which
undergoes LLPS to form highly elastic condensates, maintains
the integrity of the nucleus (Fig. 2C) (43, 51-53). The rigid
heterochromatin condensates marked by histone H3 lysine 9
trimethylation (H3K9m3) exclude multiple nuclear protein
condensates to facilitate nuclear compartmentalization and to
ensure the mechanical strength and sensitivity of the nucleus
(51, 52). When cells are subjected to mechanical force, these
condensates are quickly demethylated and transition into less
stiff euchromatin, thus softening the nucleus to protect the
genome from mechanical stress-induced damage (53).

Interfacial tension governs the surface behaviors of biological
condensates

Two immiscible phases in contact generate an interfacial
boundary. Statistically, molecules inside a bulk phase equally
attract the same neighboring molecules in all directions,
resulting in a net force of zero, while molecules at the surface
are in a different situation. These molecules are strongly
attracted to similar molecules in the bulk phase, while also
undergoing weak interactions with different molecules from
the other phase. Therefore, the surface molecules experience a
net force toward the interior of the bulk phase and have a
tendency to move toward the bulk phase to minimize the
surface area. The force along the surface per unit length is
known as interfacial tension (y), or surface tension when the
contacting phase is air or a vacuum (Fig. 2D, left top). At a
liquid-liquid interface, interfacial tension is equivalent to
interfacial energy, the work required to enlarge the surface per
unit area. The free energy of the surface molecules is also
higher than those in the bulk phase. The direction of interfacial
tension is tangential to the surface.

Interfacial tension determines many characteristics of
biological condensates (19, 50, 52, 54—59). For example, liquid-
like condensates adopt a spherical shape in order to minimize
the surface area under the influence of interfacial tension
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(52, 54, 58), and they exhibit a wetting phenomenon when in
contact with other immiscible phases with appropriate surface
properties, so as to minimize the whole free energy of the
system (57, 59). Furthermore, interfacial tension drives coa-
lescence of two encountering liquid-like condensates: a higher
interfacial tension increases the fusion propensity and accel-
erates the fusion process (19, 50, 54-56, 58, 60). Other effects
such as Ostwald ripening, a process in which larger conden-
sates grow by absorbing components from smaller conden-
sates, is also driven by interfacial tension (61, 62). Following
LLPS induction in vitro and in vivo, the growth/coarsening of
biological condensates is governed by Ostwald ripening and
coalescence. These two processes determine the size and dis-
tribution of biological condensates in living cells, although
Ostwald ripening is often limited in vivo via various mecha-
nisms such as posttranslational modifications of proteins
(63-66). Biological condensates also restrict their size by
adsorbing nanometer-scale protein clusters onto their surface,
which decrease their interfacial tension and prevent the
droplets coarsening (67).

The interfacial tension also controls the interaction between
immiscible biological condensates (Fig. 2D). Examples include
the assembly of “phase in phase” condensates, such as the
nucleolus for stepwise rRNA production and processing
(57, 68), packaging of membrane-bound liquid condensates
such as autophagosomes in protein aggrephagy (32, 59, 69),
organization of liquid condensate-coated membrane organ-
elles/structures such as synaptic vesicle reservoirs in presyn-
aptic terminal boutons of synapses (70, 71), and association
between multiple phases such as attachment of granules
formed by the RNA-binding protein TIS11B (TIS granules)
onto the ER which enables 3'UTR-mediated protein—protein
interaction and formation of PZM (P granules, Z granules,
and Mutator foci) granules in C. elegans germline development
(72, 73). Notably, bio-membranes are also phase-separated
biological condensates, which adopt a liquid-crystal arrange-
ment. Bio-membranes frequently interact with other biological
condensates, for example, to build up membrane contact sites
and associate with protein condensates (74, 75). The primary
principle for these multi-phase interactions is to decrease the
total free energy of the system (52, 57, 59, 67). Therefore, a
change of interfacial tension can determine the final archi-
tecture of the multi-phase organization.

The physical properties of the dilute phase and/or external
environment affect the dynamics and function of biological
condensates

The dense phase and dilute phase of an equilibrated phase-
separation system are in thermodynamic equilibrium in a fixed
environment. Thus, any changes in the dilute phase and/or the
external environment disrupt this balance and result in altered
phase separation and/or material properties of the biological
condensates and consequently their physiological functions. For
example, mTORC1 regulates the viscosity of the cytoplasm via
tuning the ribosome concentration to modulate the formation of
cytosolic biological condensates (76), various nuclear protein
condensates tend to form and grow in regions with low stiffness
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and density (52), and mechanical shear forces from the external
environment induce liquid-to-solid transition of various protein
condensates (77). The cell harnesses these mechanisms to
modulate the functions of biological condensates under various
conditions. For example, the poly(A)-binding protein Pabl un-
dergoes phase separation and transition at elevated temperatures
to form gel-like structures, which is important for yeast to survive
under heat stress conditions (78). In addition, Sup35 undergoes
phase separation in response to a reduction in cytosolic pH to
promote yeast cellular fitness (79). Similarly, the thermosensi-
tivity of Arabidopsis is specified by the length of a prion-like
domain in ELF3, which undergoes LLPS in response to elevated
temperature (80); while fiber formation in spider silk relies on a
series of environmental influences, including evaporation of
water, elongational flow, and shear forces (81, 82). Thus, the
physiological functions of biological condensates can be modu-
lated by the physical properties and dynamic variation of the
dilute phase and/or the external environment.

The different physicochemical environments in the dilute
phase and the dense phase can also have distinct effects on
biological pathways. For example, ER-associated TIS granules
enable specific protein—protein interactions which are not
detected outside the granules (72). A possible explanation for
such specific interactions is that biological condensates are
capable of concentrating certain factors while excluding others
(3, 13, 34, 83). Within biological condensates, the character-
istic viscosity affects the diffusivity of the components, which
changes their interaction and/or reaction efficiency in certain
biological processes (83). The different physicochemical envi-
ronments inside biological condensates, such as crowding and
polarity, may also induce allosteric effects in the components,
thus affecting the thermodynamic favorability of the in-
teractions and/or reactions (84). At present, we do not have
methods for systematically characterizing the physiochemical
environments of biological condensates and the dilute phase
in vivo, or the biological consequences when these environ-
ments change. However, as described in the next sections, we
are beginning to make progress in defining the material
properties of biologically relevant condensates.

Classic methods for characterizing the material
properties of biological condensates

A number of techniques have been developed to study the
material properties of biological condensates in in vitro sys-
tems, and a few of them can also be applied to condensates
formed in living cells. Several methods have been adopted to
characterize phase separation in in vitro systems using
recombinantly purified proteins or synthetic DNAs/RNAs
(reviewed in Ref. 85). If a system undergoes phase separation
and yields liquid droplets, it becomes turbid, and the turbidity
can be measured using a spectrophotometer. The morpho-
logical structure of liquid droplets generated in vitro can be
observed on a microscope using bright-field imaging, differ-
ential interference contrast imaging, or fluorescence imaging.
Fluorescence labeling of biomacromolecules can cause artifi-
cial effects in LLPS systems, and therefore results obtained
using this approach should be cautiously verified by other
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examinations, which will be discussed below. Liquid droplets
are spherical due to interfacial tension when suspended in a
solution. Biomacromolecules undergoing phase separation in
in vivo systems (e.g, cell lines) are generally labeled with
fluorescent tags or stained by specific antibodies and can be
observed to form punctate structures via fluorescence
imaging. Total internal reflection fluorescence microscopy,
structured illumination microscopy, stochastic optical recon-
struction microscopy, and other super-resolution imaging
techniques are used to optimize both the temporal and spatial
resolution. The total extent of phase separation of certain
components can be roughly estimated from sedimentation
assays, in which phase-separated condensates are separated
from the surrounding medium by ultracentrifugation (85).
Below, we describe several methods for further characterizing
the material properties of biological condensates.

FRAP assay

As mentioned earlier in this review, the FRAP assay is
generally used to characterize the liquidity of biological con-
densates. This assay is performed with fluorescently labeled
biomolecules. For proteins, a genetically encoded fluorescent
tag can be recombinantly added to the N- or C-terminus, or a
fluorescent probe can be conjugated onto the primary amines,
carboxylic acid moieties, or free thiols. Fluorescence labeling,
to some degree, affects the conformation and chemical prop-
erties of biomacromolecules and subsequently influences the
material properties of assembled biological condensates. This
should be remembered when the results are considered.
Dilution of fluorescently labeled biomacromolecules with un-
labeled ones in appropriate proportions can reduce the un-
desired effects. The influences of labeled fluorescent tags or
probes can be evaluated by using sedimentation assays to
examine and compare the extent to which labeled and unla-
beled proteins phase separate. Similarly, the phenotypes of
fusion, wetting, and deformation, which are detected via
bright-field or differential interference contrast microscopy,
can also be employed to judge the influences of fluorescence
labeling on the material properties of biological condensates.

The FRAP assay can be performed on a confocal micro-
scope. Regions of interest are selected for bleaching with an
appropriate laser, and the fluorescence intensities of these
regions are recorded with time and plotted as a fluorescence
recovery curve. Biological condensates with liquid properties
have a much faster recovery rate, while the recovery rate for
gel- and solid-like condensates is very slow or hard to detect
(Fig. 3A). The diffusivity of certain components can be
calculated from the fluorescence recovery curve, and the vis-
cosity of the condensates can be roughly estimated from the
diffusivity via the Stokes-Einstein equation (50, 54). The
calculated diffusivity, however, may be different when different
models are used to fit the curve (86). Also, as mentioned above,
the fluidity of different components or of the same component
in different regions of the condensates can vary. FRAP analyses
of multiple components and also of distinct regions of interest
are needed, and the results should be cautiously interpreted.
Selecting different portions of the condensates for bleaching,
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for example, the whole droplet, half of the droplet, or a small
portion of the droplet, can also generate different diffusivity
values (86). This may arise from the distinct concentrations
and diffusivities of fluorescent components inside and outside
of the droplets and also the interfacial resistance to mass
transfer (86). Nevertheless, as a simple and convenient assay,
and as one of the few assays that can be used for characterizing
biological condensates in vivo, the FRAP assay is still widely
used in the field of biological phase separation/transition.

Fusion assay

The fusion assay can be used to characterize the liquidity,
interfacial tension, and viscosity of biological condensates.
Liquid condensates often undergo fusion to form larger ones
upon encounter both in vitro and in vivo and then shrink into a
spherical shape due to their flowable interior and interfacial
tension. Gel- and solid-like condensates seldom undergo
fusion events, since they do not deform easily upon encounter.
Two in vitro assembled condensates can be labeled with
different fluorescent probes for fusion analysis, and the diffu-
sion of the internal molecules inside the coalescing droplets
can be detected with time (51). The rate for two coalescing
liquid condensates to recover into a spherical one is largely
determined by the ratio of interfacial tension to viscosity (y/n).
The former drives coalescence, while the latter resists it.
Therefore, the ratio of y/n can be roughly estimated by plot-
ting the fusion relaxation time against the length scale of the
two coalescing liquid condensates (Fig. 3B) (50, 5457, 67).

Fission of liquid condensates can sometimes be detected
and also reflects the liquidity of biological condensates (32).
However, fission of liquid condensates occurs much less
frequently than fusion. Fission is more dependent on external
forces than fusion and may occur more frequently in vivo than
in vitro because living cells can provide the necessary energy.

Chemical/salt resistance assays

These kinds of assays are used to roughly determine the
liquidity or the degree of transition (liquid-to-gel or liquid-to-
solid) of phase-separated droplets. The intermolecular in-
teractions within phase-separated droplets, which maintain
them as distinct phases in solution, are sensitive to changes in
the surrounding environment. Condensates with liquid prop-
erties are generally more sensitive to environmental changes,
as the intermolecular interactions inside liquid condensates
are usually weak. Addition of salts (e.g, NaCl) or organic re-
agents (e.g., 1,6-hexanediol) that increase the ionic strength or
hydrophobicity of the solution may result in dissolution of the
liquid droplets (32, 87, 88), while gel-like and solid-like con-
densates exhibit different degrees of resistance to disassembly
upon environmental change (Fig. 3C). Gel-like condensates, in
some cases, can also be dissolved by organic reagents, such as
1,6-hexanediol (89). Thus, this assay is generally employed as
an auxiliary approach to characterize the material states of
phase-separated droplets. The chemical/salt resistance assay
can be combined with sedimentation analysis to determine the
influence of environmental change on the extent of phase
separation.
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Figure 3. Methods for characterizing the material properties of biological condensates. A, schematic showing the principle of the fluorescence
recovery after photobleaching (FRAP) assay. A region of interest (ROI) (red dotted circle) is chosen for photobleaching, and the fluorescence intensity of the
ROl is measured with time. The intensity recovers quickly for biological condensates with high fluidity but recovers slowly for gel/solid-like condensates.
B, biological condensates with liquid properties undergo fusion upon encounter. Driven by the interfacial tension, the fusing condensates shrink to a
spherical shape over time. The speed for a coalescing condensate to reshape can be used to roughly estimate the ratio of interfacial tension against
viscosity (y/n). C, in general cases, biological condensates with liquid-like but not gel/solid-like properties may be dissolved by changing the ionic strength
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condensates is measured on a confocal microscope, and the concentration is back-calculated from a standard curve of fluorescence intensity against

molecular concentration.

Concentration estimation based on fluorescence imaging

The concentration of components in the dense phase and
dilute phase in in vitro recombinant LLPS systems can be
estimated by determining the fluorescence intensity on a
confocal microscope (13, 90). First, a standard curve is plotted
to show the fluorescence intensity of the measured component
at various concentrations. Then, the fluorescence intensity of
the component in phase-separated condensates is measured
and the concentration is back-calculated from the standard
curve (Fig. 3D). The fluorescence intensity in the dilute phase
is usually too weak to be precisely measured but can be
calculated based on the extent of phase separation of the
component, as estimated from sedimentation assays. This
method can also be used to measure the concentration of
certain components in biological condensates in vivo but with
less precision (91, 92).

The concentration of a component in biological conden-
sates can also be estimated by NMR spectroscopy using a
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similar principle as the imaging method. Firstly, the 'H
signal intensity of a dilute sample of the component is ac-
quired from the NMR spectrum. Then, the concentration in
the LLPS condensed phase is calculated by comparing the
'H signal intensity of the condensate to that of the dilute
sample (93). Currently, however, this NMR spectrum-based
method can only be performed on in vitro-prepared LLPS
systems.

Newly emerging techniques for measuring the material
properties of biological condensates

Many physical and analytical chemistry techniques are used
to measure the material properties of liquid phases with sizes
on the centimeter or millimeter scale. The size of biological
condensates, however, is generally on the micrometer or
nanometer scale. In this part, we will introduce several
modified physicochemical techniques for studying the material
properties of biological condensates.
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Atomic force microscopy

The atomic force microscopy (AFM) technique has been
widely used in studying the surface morphology, heterogeneity,
viscoelasticity, surface/interfacial tension, and interaction
forces of materials. All AFM analyses are based on measuring
the interaction forces between the scanning probe and the
specimen (Fig. 44, left). In brief, the studied specimen is placed
on a stage which is precisely controlled to rise and fall by a
piezoceramics, thus bringing the specimen into contact with
the probe, or separating the specimen from the probe. The
scanning probe is fixed on a cantilever with a known spring

A Atomic force microscopy (AFM)
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coefficient. Based on the degree of bending of the cantilever,
the interaction forces on the probe can be calculated. The
bending of the cantilever is detected by a laser beam, which is
reflected by the cantilever and illuminates a photodiode.
Different shapes can be used for the tip of the AFM scanning
probe. A conical probe is most often used for surface
morphological scanning of materials, but other types, such as
spherical and cylindrical probes, are also adopted to study
biological condensates.

Several recent studies employed AFM to detect the forma-
tion, morphology, and heterogeneity of biological condensates

B Micropipette aspiration (MPA)
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Figure 4. Techniques for measuring the material properties of biological condensates. A, schematic showing the working principle of atomic force
microscopy (AFM). The specimen, fixed on a piezoceramic stage, is contacted by a scanning probe attached on a cantilever with known spring coefficient.
The interaction force can be calculated from bending of the cantilever, which is detected by a reflected laser beam (A, left). Various types of probe tip can be
chosen for different applications. A spherical probe tip is generally used to measure the elasticity of biological condensates, while a cylindrical probe tip is
generally used to estimate the interfacial tension (A, right). B, schematic showing the measurement of interfacial tension of biological condensates by the
micropipette aspiration (MPA) technique. A droplet is captured by the micropipette and deformed by a negative suction pressure (Psyc) to form a
hemisphere within the micropipette. When a stable state is reached, the interfacial tension y is calculated from the radii of both the droplet (Rp) and the
micropipette (Rp) by the equation presented below the schematic. C, the optical tweezers technique provides a noncontact method for manipulating in vitro
assembled biological condensates. Two biological droplets, held via dual-trap optical tweezers, can be moved together so that they coalesce. This allows
measurement of the interfacial tension during the fusion process (C, left). Two spherical beads packaged into a single droplet can be manipulated to stretch
the droplet by a dual-trap optical tweezers system at fixed frequencies. This allows estimation of the viscoelastic properties and the interfacial tension of
biological condensates (C, right). D, schematic presenting the measurement of viscosity inside biological condensates by the single-particle tracking (SPT)
technique. Single-particle probes are packaged into the biological condensates, and the trajectories are tracked by video imaging. The mean square
displacement (MSD) of individual particles is calculated from the trajectories and plotted against lag time (1) and further used to estimate the diffusivity
coefficient (D) of the particles. The viscosity n is then calculated from D with the Stokes-Einstein equation. E, schematic showing the principle of the
fluorescence correlation spectroscopy (FCS) technique in studying biological condensates. An excitation volume (gray oval) is created by the FCS micro-
scope and the fluctuation of fluorescence intensity of labeled biomacromolecules inside the detected volume due to Brownian diffusion is recorded for a
certain time. The acquired data are used to generate a correlation curve, from which the material properties of the studied biomolecules, such as the
concentration, diffusivity and hydraulic radius, can be calculated. Biomacromolecular particles with different diffusivity and hydraulic radius, such as
oligomers and condensates of the same biomacromolecule, generate distinct correlation curves.
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under various conditions in in vitro LLPS systems (69, 94—96).
Using high-speed AFM, the dynamic surface motion of bio-
logical condensates can also be measured (69). The scanning
probes used in these studies were conical, in order to minimize
the contact area between probe and specimen. However, a
spherical probe is generally used for precise measurement of
the elasticity of biological condensates, for which purpose the
contact area must be known (Fig. 44, top right). A recent study
explored the use of AFM equipped with a spherical probe to
estimate the elasticity of in vitro assembled PSD condensates
(13). In addition, the AFM technique is capable of measuring
the interfacial tension of liquid materials using a cylindrical
probe, although this has yet to be attempted for biological
condensates (Fig. 44, bottom right) (97).

Micropipette aspiration assay

The interfacial tension of in vitro assembled liquid biological
condensates can also be measured by the micropipette aspi-
ration technique (97, 98). The micropipette aspiration assay is
performed on a bright-field microscope with a micromanipu-
lation device. A micropipette with the inner diameter on the
micrometer scale is fixed on the micromanipulation device and
operated to capture a biological condensate in the in vitro
LLPS system. A suitable negative pressure is applied to the
surface of the captured biological droplet through the micro-
pipette, so as to just generate a deformation on the surface of
the biological droplet (Fig. 4B). Complete suction of the
droplet into the micropipette should be avoided. To measure
the interfacial tension of the condensates, the sucked portion
inside the micropipette should be a hemisphere. When the
deformation stops and the sucked droplet reaches a stable
state, the radii of both the droplet and the micropipette
(Rp and Rp, respectively) and also the negative pressure (Psyc)
are recorded. The interfacial tension of the biological

condensate is calculated from the equation y = %
1 1

Rp Rp
This technique has been used to measure the interfacial ten-
sion of purified lipid droplets, which are phase-separated
condensates of bio-lipids (98).

Optical tweezers

Estimation of the interfacial tension of biological conden-
sates via fusion assays, which is described above, has several
technical and practical limitations. Firstly, since suspended
biological condensates are not still but moving in the LLPS
system, fusion events can only be recorded for condensates
which sink onto the surface of the glass slide. Thus, the in-
teractions between the condensates and the glass surface may
interfere with the coalescence process. Secondly, the duration
of the fusion process for some biological condensates is too
short to be recorded by video imaging. Thirdly, in some cases,
fusion events are very rare, which greatly increases the inves-
tigator workload. To overcome these limitations, several recent
studies analyzed fusion processes by using optical tweezers to
manipulate two suspended biological condensates (Fig. 4C,
left) (20, 99-102). In the dual-trap optical tweezers system, two
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droplets are trapped by two different focused laser beams. One
laser beam and its trapped droplet are fixed, while the other
one moves and brings its trapped droplet into contact with the
fixed droplet for coalescence. The fusion processes are then
recorded for further analysis. Moreover, the laser signal or
force from the moved optical trap can be recorded and used to
accurately extract the relaxation time for fusion events
(20, 101).

The dual-trap optical tweezers technique has also been used
to study the rheology and interfacial tension of protein con-
densates (Fig. 4C, right) (103). In this assay, spherical beads are
added into the LLPS system and packaged into newly formed
protein condensates. Two optical traps are then used to trap
two beads located at the opposite sides of a single protein
condensate. One optical trap is fixed and the other one moves
away from the fixed trap until the droplet is slightly stretched.
The moving trap is then set to oscillate at several predefined
frequencies. The force from the optical traps is recorded for
further analysis, and calculation of the frequency-dependent
viscoelastic properties and also the interfacial tension of the
protein condensates.

Single-particle tracking assay

As a classic microrheology technique, single-particle
tracking (SPT) is widely used in measuring the viscoelastic
properties of liquid materials. SPT has been explored for
estimating the viscosity of in vitro assembled biological con-
densates such as LAF-1 droplets and Whi3 droplets (Fig. 4D)
(55-57, 67, 104, 105). Spherical nanoparticles or microparti-
cles are packaged into biological condensates, and the Brow-
nian motion of individual particles over a certain duration is
recorded by video imaging on a bright-field microscope for
nonfluorescent particles or a fluorescence microscope for
fluorescent particles. To avoid nonspecific adsorption, the
spherical particles are often first passivated with inert polymers
such as PEG. The trajectories of individual particles with time
are mapped. From the trajectory data, the location of indi-
vidual particles as a function of time and the consequent mean
square displacement are calculated and plotted against the lag
time 7. Multiple particles can be monitored at the same time.
The diffusion coefficient (D) of individual particles over the
analysis period can then be estimated from the equation
MSD(7) = 4D1", where a represents the confinement state of
the diffusing particle, which equals 1 for classical Brownian
motion in a viscous liquid. The viscosity is further calculated
from D by the Stokes-Einstein equation.

A modified SPT technique using optically anisotropic
gold nanorod (AuNR) probes has recently been developed
to monitor the spatial subcompartments and temporal
changes of viscosity inside in vitro assembled p62 conden-
sates (105). AuNR probes (90 x 40 nm for unmodified and
105 x 50 nm for modified AuNRs) packaged into p62
condensates are tracked by a high-speed camera (~50
frames per second) in a dark-field microscope. This modi-
fied SPT technique allows spatial and temporal analysis of
the translational diffusional dynamics of the AuNRs. Several
subregions with slightly different viscosities coexist inside a
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single p62 condensate, and the viscosity significantly
changes with time, which reflects the liquid-to-solid tran-
sition of p62 condensates (105).

Fluorescence correlation spectroscopy

The fluorescence correlation spectroscopy (FCS) technique
has recently been utilized to estimate the concentration and
diffusivity of biomolecules both inside and outside of biological
condensates (104, 106—109). The FCS technique measures the
fluctuation of fluorescence intensity, which occurs due to
Brownian diffusion and/or physicochemical reactions of fluo-
rescent molecules. FCS analyses a micro-excitation volume as
small as 10"° L, so as to back-calculate the hydraulic prop-
erties and behaviors of a single molecule (Fig. 4E). The FCS
assay is performed on a fluorescence correlation microscope,
and the fluctuation of fluorescence intensity in the excitation
volume is recorded for a fixed time interval. A correlation
curve against time is generated from the recorded data, from
which the concentration, diffusivity, and hydraulic radius of
the studied fluorescent biomolecule can be calculated. The
excitation area can be set completely inside or outside of the
studied biological condensates to estimate the material prop-
erties of the dense phase or the dilute phase, respectively. A
recent study also used a newly developed dual-color fluores-
cence cross-correlation spectroscopy method to capture the
formation of nanoscale condensates, so as to estimate the
critical concentration for phase separation at the nanoscale
(107). The size and growth rate of biological condensates and
the molecular composition and binding affinity of the internal
biomolecules were measured. The FCS technique can also
be easily performed in living cells (108, 109), which may
yield exciting future discoveries in the field of biological
condensates.

Microfluidic devices

Microfluidic devices contain millimeter-sized chambers or
micrometer-sized channels to confine and manipulate the fluid
flow and study the behavior of the fluid or objects (such as cells
or droplets) flowing with the liquid (110, 111). Depending on
the purpose of the study, different chamber or channel designs
can be employed. Considering their underlying principles,
microfluidic technologies have several advantages for studying
biological condensates (112) and may evolve to be a powerful
technique in quantifying the material properties of
condensates.

A microfluidic platform has been introduced to study the
liquidity behaviors of biological condensates (113). With this
platform, the coalescence of condensates can be studied by
flowing the condensates into the device where the inlet is filled
with polydimethylsiloxane pillars. Condensates collide and
coalesce with the assistance of the pillars and the coalescence
events can be monitored under a microscope. Tracer beads
can also be used in this platform: the motion of the tracer
beads inside the coalesced condensates can be tracked and the
viscosity of the condensates can be estimated by the above-
mentioned single-particle tracking measurements. Moreover,
different solutions can be injected from different channels then
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mixed inside the device. This allows the observation of more
complex phenomena and analysis of various properties of the
condensates.

A microfluidic phase chip has been developed to measure
the saturation concentration of condensates over several or-
ders of magnitude under various solution conditions (114).
Compared with manual experiments, the chip allows mea-
surements with a much smaller sample yet offers better
statistics.

Conclusions and outlook

Multiple physicochemical methods are now available for the
study of phase separation and transition. These techniques
provide powerful tools for exploring the role of the material
properties of biological condensates in their physiological
functions. It should be noted that for the same biological
condensate, the values of material properties estimated by
different methods may vary. This is possibly due to objective
differences arising from the principles and system errors of the
various methods and also to the technical and practical limi-
tations of each approach. Therefore, it is rational to compare
the material properties measured by the same method on
different biological condensates or condensates formed under
different conditions. In the near future, there is an urgent
requirement to develop more techniques suitable for high-
accuracy in vivo studies. Additional techniques that have
been used in the field of physics and chemistry and also other
aspects of biology, such as structural biology and single-
molecule biophysics, could be adapted for characterizing
phase-separated biological condensates. For example, Raman
imaging, which is employed to analyze the internal structures
and physicochemical properties of materials, can potentially be
developed to characterize and measure the material properties
of biological condensates both in vitro and in vivo. Single
molecular mechanics techniques, such as biomembrane force
probe spectroscopy, can also be modified for further explora-
tion of the mechanical properties of biological condensates (8).
The cryo-EM and 3D tomography techniques may possibly be
used for resolving the arrangement, organization, and even the
atomic structure of the internal constituents of biological
condensates. The introduction of more techniques will greatly
advance our understanding of how the material properties of
biological condensates modulate their physiological functions.
These advances will also help us understand the detrimental
effects resulting from abnormal phase separation and/or
transition under pathological conditions. Modulating the ma-
terial states of pathological condensates has become a prom-
ising therapeutic strategy in various diseases associated with
abnormal phase separation and transition of biological
condensates.
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