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Capillary forces generated by biomolecular 
condensates

Bernardo Gouveia1,6, Yoonji Kim2,6, Joshua W. Shaevitz3, Sabine Petry2, Howard A. Stone4 ✉ & 
Clifford P. Brangwynne1,5 ✉

Liquid–liquid phase separation and related phase transitions have emerged as generic 
mechanisms in living cells for the formation of membraneless compartments or 
biomolecular condensates. The surface between two immiscible phases has an 
interfacial tension, generating capillary forces that can perform work on the 
surrounding environment. Here we present the physical principles of capillarity, 
including examples of how capillary forces structure multiphase condensates and 
remodel biological substrates. As with other mechanisms of intracellular force 
generation, for example, molecular motors, capillary forces can influence biological 
processes. Identifying the biomolecular determinants of condensate capillarity 
represents an exciting frontier, bridging soft matter physics and cell biology.

The intracellular environment is a complex and crowded sea of bio-
molecules, buffeted by incessant motion from Brownian thermal 
fluctuations and biological activity. Cellular function is achieved by 
bringing order to this environment, in large part through subcom-
partmentalization into a spatially controlled and compositionally 
defined organization. Historically, these compartments were thought 
of almost exclusively as membrane-bound structures, but recent work 
has highlighted the importance of membraneless organelles, also 
known as biomolecular condensates, which form through phase 
transitions, including liquid–liquid phase separation1,2. Some of the 
dozens of examples of such protein and nucleic acid-rich conden-
sates include P granules3,4, nucleoli5,6, stress granules7, the pyrenoid8 
and DNA repair foci9. Multivalent interactions, generally mediated 
by repetitive biomolecular motifs10, including sequence-patterned 
prion-like or intrinsically disordered proteins11, drive the formation of 
condensates. These are important for diverse functional roles, gener-
ally by locally increasing the concentration of specific biomolecules 
by 100-fold or more.

Most studies to date have focused on the role of condensates as bio-
molecular compartments. However, an underappreciated feature of 
these condensates is that they can form interfaces with the cytoplasm, 
other condensates and cellular structures around them. These inter-
faces lead to capillary, or interfacial, forces. In non-living soft mat-
ter systems, such interfaces have important organizational roles, for 
example, in defining the topologies of multiphase liquids12 or shaping 
the geometry of soft materials13–15. Capillary forces are also present in 
everyday phenomena such as the breakup of a stream of faucet water 
into individual droplets, the attraction of cereal sitting on the surface 
of a bowl of milk, or the droplets that form on the vertical sides of a 
glass of wine.

Capillary forces have been widely suggested to have important roles 
in multicellular tissue organization16,17, but the role of capillarity within 
living cells has been relatively unexplored. The recent recognition that 
liquid-like biomolecular condensates are ubiquitous within living cells 

highlights a plethora of new liquid–liquid and liquid–solid interfaces 
through which capillary forces can act to reorganize and localize intra-
cellular materials and their substrates. Indeed, the interface between 
one condensate and another or with a solid or deformable substrate, 
such as a membrane, can be a site of force generation. The same ther-
modynamic driving forces that promote phase separation can also 
lead to capillary forces that do mechanical work, impacting the local 
mechanics, morphology, organization and function of condensates.

The role of intracellular capillarity is only now emerging but is 
becoming increasingly clear. Elucidating the molecular origins and 
consequences of capillary phenomena will open up new qualitative and 
quantitative frameworks for understanding the structure, organiza-
tion and function of living cells. Although many of the studies that we 
discuss make no explicit mention of capillarity, it likely represents a 
key aspect of the underlying physics.

Fundamental principles of capillary phenomena
To understand how force-generating interfaces are formed, we first 
consider the simplest equilibrium thermodynamic model for phase 
separation. The Flory–Huggins model provides a mean-field expression 
for the free energy of mixing ∆ f in a polymer–solvent system18. Two 
ideal, non-interacting species will mix, as doing so maximizes their con-
figurational entropy. The Flory–Huggins model makes two corrections 
to this purely entropic picture18. First, the connectivity of the polymer 
constrains its allowed configurations, reducing the entropy in a way 
that scales with the polymer length. Second, energetic interactions are 
captured through the χ parameter, which encodes how much the two 
components favour homotypic, for example, polymer–polymer and 
solvent–solvent, interactions compared with heterotypic, for example, 
polymer–solvent, interactions. The greater the value of χ, the stronger 
the driving force is for phase separation (Box 1 Fig. panel a).

Once phase separation occurs and a new surface is created, there is an 
associated interfacial tension. Inside the condensate bulk, each molecule 
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shares a cohesive energy u n= ϵ/2 on average with its n neighbours (Box 2 
Fig. panel a), where ϵ is the typical energy scale of molecular interactions. 
However, molecules at the interface miss out on roughly half of these 
interactions and pay a penalty u nϵΔ = /4. Thus, molecules energetically 
prefer to be in the bulk of the condensate, even though some must neces-
sarily reside at the interface. This frustration experienced by surface 
molecules is the origin of interfacial tension γ, which represents the energy 
penalty per unit area of interface. For a molecule of typical linear size a, 
for example, the radius of gyration of a polymer, the area per molecule 
scales approximately a2, so the interfacial tension is given by

γ u a n a≈ Δ / ≈ ϵ/4 . (1)2 2

Equation (1) demonstrates that interfacial tension increases with stronger 
attractive energy and decreases with the square of the molecular size19. It costs 
free energy to increase the surface area ∆ A of an interface, that is, ∆F = γ∆A, 
so condensates decrease this free energy by minimizing surface area.

Within the Flory–Huggins framework, the interfacial tension in a 
binary phase-separated mixture is given by γ k Tχ a≈ /B

2 (ref. 20). An inter-
face implies a sharp compositional discontinuity—the energetics of 
which are precisely what χ encodes. We note that most practical calcu-
lations used to study phase-separated interfaces are performed using 
a phase-field approach, such as the Cahn–Hilliard model21–23.

From a mechanical perspective, interfacial tension manifests as 
a force per unit length. Intuitively, we are familiar with how rapidly 
a soap bubble disintegrates when ruptured—this is due to the inter-
face being under tension. This tension at the interface has a profound 
effect on the state of stress, for example, pressure or force per unit 
area, of the condensate compared with the stress of the surrounding 
bulk. In particular, for a static spherical droplet of radius R, the hydro-
static pressure difference between the condensate and the bulk is  
given by

p γ RΔ = 2 / , (2)

which is referred to as the capillary pressure (Box 2 Fig. panel b). Intui-
tively, smaller droplets, which have higher curvatures, are in a state of 
greater pressure than the surrounding fluid.

In a sample of phase-separated droplets, that is, an emulsion, interfa-
cial tension continually acts to minimize the total condensate surface 
area, favouring a smaller number of larger droplets. Such coarsening 
behaviour commonly occurs through two mechanisms: droplet coa-
lescence and Ostwald ripening (Box 1 Fig. panel c). Droplet coalescence 
involves two condensates finding each other and merging to form a 
single larger droplet with a smaller total surface area. The speed that 
droplets coalesce is roughly set by the capillary velocity γ/μ, where μ is 
the condensate viscosity, although more realistic models of condensate 
rheology will affect this estimate5,24–28. Ostwald ripening occurs when a 
small droplet dissolves and the molecules that composed it diffuse into 
a larger droplet—a direct consequence of the larger capillary pressure 
(equation (2)) of the smaller droplet.

Because interfacial dynamics also depend on the stress difference 
between the bulk surroundings and the condensate, the rheological 
properties of the surrounding cytoplasm or nucleoplasm can also 
impact coarsening dynamics. For example, if the viscosity of the sur-
rounding environment μenv is higher than that of the condensate, it will 
tend to dominate the coalescence timescale, and the relevant capillary 
velocity would be γ/μenv (ref. 29). Moreover, if the bulk exhibits spatially 
varying stiffness, condensates are likely to dissolve in regions of high 
stiffness to re-form in less stiff regions30. This so-called elastic ripening 
acts synergistically with Ostwald ripening and can even produce faster 
coarsening depending on how the magnitude of the stiffness gradient 
compares with the interfacial tension.

Capillary forces at intracellular liquid interfaces
As the above discussion makes clear, capillary forces are driven by 
interfaces, including those between a condensate and another immis-
cible liquid or a solid. In such ‘wetting’ phenomena, there are three 

Box 1

Fundamentals of phase separation
a, Flory–Huggins free energy ϕ ϕ ϕ ϕ χϕ ϕ= + − − + −f k T PΔ / ( / )log (1 )log(1 ) (1 )B  plotted versus polymer volume fraction ϕ for different values of 
χ for degree of polymerization P = 1. Phase separation occurs if the system is in the shaded region above the critical point (black star), in which 
the green colouring represents polymer-rich concentrations and the blue colouring represents solvent-rich concentrations. The binodal 
denotes the lowest common tangent of the free energy curve and gives the compositions of the dense and dilute phases. The spinodal 
delineates the limit of system metastability. b, Individual macromolecules (green squiggly lines) must come together to form a microscopic 
cluster of radius > R* to initiate phase separation. c, Coarsening processes act to reduce the total interfacial area. Coalescence involves two 
droplets merging to form a larger droplet. Ostwald ripening involves a small droplet dissolving due to capillary pressure and the resulting 
molecules diffusing into a larger droplet. d, In the absence of additional processes, phase separation ends with a single large polymer-rich 
droplet of radius R suspended in the solvent-rich phase with interfacial tension γ.
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interfacial tensions at play: (1) the condensate–bulk γ, (2) the substrate–
condensate γSC, and (3) the substrate–bulk γSB. As interfaces with the 
highest tension pay the largest energy penalty, their area is minimized. 
For example, if the interfacial energy associated with the condensate 
wetting the substrate γ γ+ SC is lower than that of the substrate–bulk 
γSB, then the latter interface is eliminated with the condensate totally 
coating the substrate (Box 2 Fig. panel c). However, intermediate cases 
also occur, in which droplets can partially wet the substrate, forming 
an approximately spherical cap defined by a contact angle θ that satis-
fies a tangential force balance at the contact line (Box 2 Fig. panel c).

Perhaps the most well-known examples of intracellular wetting phe-
nomena are biomolecular condensates wetting other condensates, 
as seen in multiphase droplets, such as nucleoli, stress granules and 
nuclear speckles5,31,32 (Fig. 1). On the basis of in vitro data and experi-
ments conducted in living cells, the structure of multiphase condensates 
appears to reflect their compartmentalized functions. For example, 
transcription and splicing are thought to occur in the ‘shell’ region of 
nuclear speckles, whereas the ‘core’ is important for RNA maturation32. 
The clearest example of such core–shell architecture is in the multilayer-
ing of the nucleolus (Fig. 1c), which exhibits three distinct membrane-
less liquid-like subcompartments5. The different interfacial tensions 
between each subcompartment are thought to determine how the three 

immiscible phases are organized, as has also been recently examined 
in model RNA and polypeptide systems33–35 (Fig. 1b) and elastin-like 
polyproteins36. In the case of the nucleolus, the resulting core–shell 
architecture enables carrying out specific functions important for the 
sequential assembly of pre-ribosomal particles5 (Fig. 1c).

Several other examples of liquid–liquid wetting behaviour are 
observed in cells, although in most cases, little is known about their 
biophysical origins or relevance to biological function. For example, 
Cajal bodies wetting snurposomes  are seen in the Xenopus germinal 
vesicle37 (Fig. 1d). In other systems, Cajal bodies interact with nucle-
oli, as shown by electron micrographs of Cajal bodies tethered to the 
nucleolar surface in rat trigeminal ganglion neurons38. Stress granules 
and P bodies are two types of condensates that are associated with 
translational regulation of cytoplasmic mRNA transcripts, which are 
released from polysomes under cellular stress, for example, oxidative 
stress upon sodium arsenite treatment. Despite being compositionally 
related with many shared components, they are distinct and immis-
cible with one another, even while remaining physically juxtaposed 
(Fig. 1e). A recent study using a U2OS cell culture model has found 
that this multiphase coexistence depends on the stoichiometry of 
key stress granule and P body components31, although the biophysical 
determinants of this immiscibility and the role of the relative interfacial 

Box 2

Fundamentals of capillarity
a, Microscopic definition of interfacial tension γ as an energy penalty per unit area. Condensate molecules are shown as green squiggles 
and are of typical size a. ϵ is the typical attractive energy scale between condensate molecules and n is the number of neighbours each 
molecule can interact with. γ scales inversely with the square of molecular size a and proportionally with the strength of the attractive 
energy ϵ (equation (1)). b, Macroscopic definition of γ as a tensile force per unit length that acts to try and flatten area elements, that is, 
minimize area. The arrows denote the area element under tension. For a quiescent spherical condensate, the pressure inside the 
condensate pB is higher than the surrounding pressure p by an amount γ R2 / , which is called the capillary pressure. c, Condensates can 
either totally wet a substrate, forming a coating, or can partially wet a substrate, forming an approximately spherical cap with contact 
angle θ. d, A droplet of radius R that is mostly wetting to a membrane will pull it upwards with a capillary torque ≈ πγR2 2, with the moment 
arm shown by the dotted line, which will be resisted by the bending stiffness κ. This deforms the membrane on a length scale ≈ =l κ γ/ec , 
with radius of curvature shown by the dotted circle, so as to maximize contact with the membrane while minimizing the bending energy.  
e, Adhesive forces due to capillary bridges formed between two planar substrates and between a sphere and a plane. Remarkably, the 
latter has a force independent of the condensate volume. f, A particle of radius R that partially wets an interface will always adhere to the 
interface, even if <γ γSB SC, as the total interfacial energy is changed by an amount = − −E γπR θ(1 cos )wet

2 2, which is always negative. This is 
the basis for the stability of Pickering emulsions.
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tensions are unclear. In all of these cases, the condensate–condensate 
interface probably allows for exchange of materials between the two, 
thereby facilitating sequential biomolecular processing.

To quantitatively understand these surface phenomena, directly meas-
uring interfacial tensions is needed. Several methods have been devel-
oped to estimate the interfacial tension of biomolecular condensates, 
such as measuring droplet coalescence times together with viscosity 
measurements, capillary fluctuations, wetting contact angles and droplet 
shapes5,39,40. Of note are active microrheological methods utilizing optical 
trapping41 or micropipette aspiration42 of condensed droplets, from which 
interfacial tensions can be extracted43. Quantitative live-cell imaging and 
optogenetic tools have also been used to probe the material properties 
of intracellular condensates44–46 along with methods to induce localized 
phase separation on specifically targeted genomic regions47. Estimates 
put the value of interfacial tensions of biomolecular condensates in the 
range of γ ≈ 10−4 to 10−7 N m−1 (refs. 5,39–41,48). These interfacial tensions are 
far smaller than those of air–water interfaces with γ ≈ 10−1 N m−1—a direct 
consequence of interfacial tension scaling inversely with macromolecular 
size (equation (1)). However, other macromolecular liquids, such as col-
loidal systems19, have comparably small interfacial tensions, which can 
nonetheless give rise to significant capillary stresses at the nanoscale.

Although efforts to quantify the interfacial properties of nanoscale 
condensates are only beginning, their effects have been detected recently 
in the early-stage kinetics of condensate nucleation48,49. A droplet of 
radius R will nucleate only if the driving force for phase separation can 
overcome the interfacial penalty, set by γ. The sum of these two contribu-
tions to the total free energy leads to an energy barrier that selects a 
minimum stable droplet radius R γ f* = 2 /Δ  ̂(ref. 50) (Box 1 Fig. panel b), 
where fΔ  ̂is the free energy density difference between the bulk phase 
and the condensed phase. Thus, interfacial tension introduces a desta-
bilizing energetic barrier, such that assemblies with radius smaller than 
R* are unstable and dissolve. A super-resolution microscopy approach 
indicated the first links to this phase transformation framework by show-
ing that the early stages of protein aggregation are consistent with a 
critical cluster size48. Another recent study examining a combination of 
endogenous and synthetic intracellular condensates has found a strong 
dependence of the nucleation rate on the degree of supersaturation and 
molecular features of nucleation sites, which is another prediction of 
classical nucleation theory49.

Capillary forces at soft interfaces
Biomolecular sequences of protein and nucleic acid constituents will  
tune interfacial tensions underlying condensate-driven capillary 
forces, but we have few measurements or theoretical frameworks for 
elucidating this connection. Addressing this gap will be important 
for developing predictive models of not only the capillary forces that 
act at liquid–liquid interfaces but also how condensates wet different 
biological substrates, such as cytoskeletal filaments, membranes, and 
DNA and RNA (see section Capillary forces and genome organization).

Interactions between condensates and cytoskeletal filaments are a 
particularly exciting new area, specifically when cytoskeletal compo-
nents such as actin filaments, microtubules and intermediate filaments 
impact the assembly (or disassembly), deformation and reorganiza-
tion of condensates, and vice versa51–54 (Fig. 2a). As semiflexible rods, 
cytoskeletal filaments within condensates could give rise to liquid crys-
talline internal anisotropies with parallels to an existing body of work 
in the field of orientable active matter55,56. For example, concentrated 
solutions of actin were found to form tactoid-shaped condensates in 
the presence of the crosslinker filamin57. Under certain conditions, 
cylindrical actin bundles formed that subsequently broke up into a 
chain of tactoids due to the interfacial Rayleigh–Plateau instability 
(Fig. 2b). The potential for such structural anisotropies and the role of 
non-equilibrium activity, for example, chemical reactions58 or molecu-
lar motors59, in controlling or overcoming capillary forces remain an 
important but largely unexplored area.

Microtubules are another key cytoskeletal filament and represent  
the stiffest intracellular biopolymer, with important structural 
roles, including building the mitotic spindle for cell division. Several 
microtubule-binding proteins can form microtubule-associated con-
densates, including BuGZ60, TPX2 (ref. 61), tau62,63 and CLIP170 (ref. 64). 
In the case of TPX2 and CLIP170, a uniform condensate film totally wets 
the microtubule, but a Rayleigh–Plateau instability occurs that breaks 
up the film into regularly spaced droplets64,65 (Fig. 2c). TPX2 had been 
known to initiate branching of microtubules66, which nucleate directly 
from these droplets.

Similar wetting behaviour was found for the protein tau, which forms 
a tubulin-enriching condensate that bundles microtubules62, probably 
due to capillary adhesion. Indeed, any time a mostly wetting liquid is 
sandwiched between two substrates, it forms a capillary bridge that 
produces an adhesive force, which is given by F pA= Δwet wet, where Awet  
is the substrate area wetted by the condensate, and ∆p is the capillary 
pressure difference between the condensate and the bulk. One can 
estimate the scale of these adhesive bundling forces using the formula 
in Box 2 Fig. panel e: with γ ≈ 10−5 N m−1, the adhesive force holding two 
1-μm-long microtubules a diameter apart is F ≈ 10 pNwet . Remarkably, 
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this force scale is similar to that applied by conventional molecular 
motors67 that crosslink and apply forces to microtubules.

By adding the molecule heparin to disrupt the tau–tubulin interac-
tion, condensed tau was observed to dewet from these bundles (Fig. 2d). 
Another study has shown that microtubule regions coated with con-
densed tau protected them from microtubule-degrading enzymes, but 
processive molecular motors such as kinesin 8 were able to penetrate 
these condensed tau regions, resulting in their dissolution62,63. This 
raises the question of how a molecular motor responds when it runs into 
the contact line defining the microtubule–condensate interface. More 
generally, because of the prominent importance of tau in neurodegen-
erative diseases, this area of study represents a fascinating intersection 
emerging between capillary phenomena and pathology68–70.

Membranes present yet another surface where condensates can 
exert capillary forces, with wetting phenomena evident even in the 
earliest examples of liquid condensates3,71. Membrane bending and 
curvature are central to many cellular structures and processes, such 
as cytokinesis, endocytosis and filopodia. Membrane curvature was 

mostly thought to be stabilized by solid-like scaffolding proteins, espe-
cially those with curved structures such as BAR domains and the endo-
somal sorting complexes required for transport (ESCRTs)43,72. However, 
recent studies have reported that liquid condensates can exert elasto-
capillary stresses that spontaneously deform membrane surfaces into 
a range of shapes, such as buds and tubules72–74 (Fig. 2e). From dimen-
sional arguments, wetting of an elastic surface by a droplet with inter-
facial tension γ introduces a natural length l κ γ= /ec , known as the 
elastocapillary length. Physically, l1/ ec  is the largest curvature the 
membrane can deform into to accommodate the energetic preference 
for wetting (Box 2 Fig. panel d).

One example involves endocytic condensates that form on the mem-
brane but are more wetting to the cytosol43: the membrane invaginates 
into the condensate, allowing the condensate to expand and maximize 
its contact with the cytosol, eventually leading to endocytosis of the 
membrane. In plants, the generation of protein storage vacuoles has 
been linked to how phase-separated droplets rich in storage proteins 
wet and deform the vacuolar membrane, eventually leading to buds 
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permission from ref. 52. b, Actin condensing into a cylindrical thread due to 
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array of tactoids via the Rayleigh–Plateau instability. Image reproduced with 
permission from ref. 57. Time is measured in minutes. c, Condensed TPX2 forms 
droplets along microtubules due to the Rayleigh–Plateau instability. These 
droplets recruit additional factors that nucleate microtubule branches, with 
examples shown in the dotted box. Image reproduced from ref. 65. Scale bar, 
5 μm. d, Condensed tau wets microtubules and bundles them. This interaction 
can be tuned by adding heparin, which induces a dewetting transition. The dotted 
box shows a region where microtubule unbundling is clear. White arrows show 

the passage of time from 0 to 60 min. Image reproduced from ref. 62, CC BY-NC-ND 4.0. 
e, Fused in sarcoma (FUS) condenses on lipid membranes and exerts compressive  
stresses that lead to inward pointing tubules. The higher the bending stiffness of 
the membrane, the more likely pearled tubules are to form. Image reproduced 
with permission from ref. 72. Scale bars, 5 μm. f, Phase-separated droplets 
containing storage proteins stained by neutral red (NR) wet and deform the 
vacuolar membrane, eventually budding out to form protein storage vacuoles. 
Scale bar, 2.5 μm. Image reproduced from ref. 75, CC BY 4.0. g, Time course 
showing a LC3-labelled autophagosome forming to encapsulate a p62 droplet. 
Image reproduced from ref. 74. The orange arrows show the distances over which 
the fluorescence intensities below are plotted. Autophagosomes can only form  
if the interfacial tension of p62 condensates is sufficiently low. Scale bar, 1 μm.
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(Fig. 2f) or nanotubes, depending on the wettability of the liquid to the 
membrane and the elastic properties of the membrane75–77. These exam-
ples are reminiscent of polyethylene glycol–dextran vesicle systems 
from the soft matter literature, in which polyethylene glycol–dextran 
droplets can wet the inside of a vesicle, leading to membrane deforma-
tions such as inward tubule formation, outward budding and fission78.

Droplets wetting membranes are also present in the context of 
autophagosome formation—double membrane structures that are 
used to sequester cargo, including condensates74. p62, a ubiquitin-
binding protein, condensates were shown to partially wet membrane 
sheets marked by LC3, a common marker for autophagosomes that 
start off as flat double membrane sheets, bending the sheets to the 
condensate interface. For sufficiently small condensates, droplet 
sequestration is trivial, as the membrane sheet always engulfs the entire 
condensate, forming an autophagosome. For larger condensates, 
engulfing part of the condensate, and hence successfully forming an 
autophagosome, is only possible if the interfacial tension is lower than 
a critical value of γ π κ h= ( /256) /c

2 2, where κ is the membrane bending 
modulus and h is the membrane sheet thickness (Fig. 2g) that can be 
identified with lec. Taking κ ≈ 20 kBT and h ≈ 50 nm, we found γc ≈ 10−6 N m−1  
comfortably in the range of typical condensates. These findings sug-
gest that altered wetting and interfacial properties of condensates 
could interfere with the assembly of autophagosomal membranes, 
leading to deficient autophagy and thus pathology and disease.

Capillary forces and genome organization
One of the most exciting aspects of condensate capillarity is found in 
the context of the genome, where chromatin introduces a flexible and 

partially crosslinked network of DNA filaments that condensates can 
form in, on and around. Although the underlying interfacial physics 
is usually not mentioned or discussed, a number of studies provide 
strong support for the importance of capillary forces in organizing the 
3D architecture of the genome, towards both activating gene expres-
sion47,79–81 and repression81–84.

Interfacial interactions between intrinsically disordered region- 
containing transcription factors and regions between super-enhancer- 
like genomic domains could mediate long-distance looping to enhance 
transcription. A recent study has shown that the transcription fac-
tor KLF4 wets DNA, forming local condensates along the filament 
whose size is set by DNA–protein interactions85. In this scenario, the 
DNA surface dictates the formation of ‘microphases’ that pre-wet  
the filament, allowing condensates to form on DNA even though the 
bulk concentration of KLF4 is below the saturation concentration. By 
condensing on DNA, transcription factors can exert capillary forces 
that help to remodel DNA86. Capillary forces exerted by condensed 
FoxA1 interfaces are sufficient to pull together separate DNA strands 
(Fig. 3a) and reel them into a FoxA1–DNA ‘co-condensate’86, reminiscent 
of the capillary-induced spooling of spider silk threads in droplets87 
(Fig. 3b). Similar behaviour of DNA spooling into droplets was observed 
with heterochromatin protein 1α (HP1α)-mediated DNA compaction88, 
which was found towards the centre of the DNA molecule with both 
ends tethered to polystyrene beads (Fig. 3c). Repeated cycles of stretch-
ing and relaxing the DNA led to more DNA being pulled into the HP1α 
condensate (Fig. 3c). Together, this type of DNA-mediated surface 
condensation could generate capillary forces required to regulate 
and remodel chromatin in vivo. However, care should be taken when 
applying macroscopic concepts of capillarity to DNA in particular,  
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as the thickness of the condensate interface is probably comparable 
to its diameter. Nonetheless, although molecular-scale features could 
complicate the picture, macroscopic capillarity is a useful first approxi-
mation to access the principal physical driving forces at play.

There is far-reaching potential for new tools that probe the interplay 
between intracellular surface physics and genome organization to 
strengthen our understanding of chromatin compartmentalization and 
function. This includes approaches that target specific genomic loci and 
localize proteins prone to phase separation47,89–91, in which the conden-
sates that are induced to form at specific genomic loci pull these loci 
together via interfacial tension-mediated coalescence47,91 (Fig. 3d,e). 
Here, a force is determined by droplet size and interfacial tension that 
is counterbalanced by chromatin elasticity, and represents another 
example of the elastocapillary effects described above. A recent study 
has used capillary forces to pull together otherwise relatively station-
ary telomeres, leading to their coalescence91 (Fig. 3e). Such engineered 
condensates generally tend to exclude non-targeted chromatin45,47,92 
(Fig. 3d) similar to that of nucleoli and other endogenous nuclear con-
densates, suggesting that the default condition for condensates is to 
poorly wet chromatin. However, this remains an open question, with 
implications for the interplay between phase separation, capillarity 
and chromatin mechanics30,47,92–94.

In addition to the interplay between capillarity and chromatin or 
DNA, the wetting behaviour of condensates on and around RNA prob-
ably has a key role for various intracellular structures, particularly 
nuclear condensates such as speckles and transcriptional assemblies32, 
and may determine condensate size, number and morphology95,96. RNA 
molecules scaffold various RNA–ribonucleoprotein condensates, with 
several studies showing recruitment of RNA at condensate surfaces97,98, 
suggesting that the outer peripheral regions are favourable environ-
ments for transcriptional activity32,97. Microphase separation has been 
shown to segregate the transcriptionally active and inactive domains of 
euchromatin, in which RNA polymerase II helps to create an interface 
between these domains in zebrafish nuclei99. RNA polymerase II tethers 
the RNA transcripts to chromatin, with RNA acting as an amphiphile 
to stabilize the euchromatin microemulsion99.

Although most of the recent studies have focused on condensate 
wetting behaviour in the context of gene activation, capillary forces 
could also be important in the organization of heterochromatin, which 
are the chromatin dense and transcriptionally inactive regions of the 
genome probably organized in part via liquid–liquid phase separa-
tion83,84,100. One example lies in the ‘inverted’ nuclei of rods in noctur-
nal mammals, where heterochromatin is situated in the centre of the 
nucleus as opposed to its usual positioning at the nuclear periphery in 
conventional nuclei101 (Fig. 3f), potentially reflecting effective relative 
interfacial tensions that emerge through chromatin subcompartmen-
talization. Future investigations should interrogate the effect of chro-
matin interactions on interfacial tensions in various biological contexts, 
including genetic programming in development and differentiation.

Surfactants for modulating intracellular capillarity
The term ‘surfactant’ comes from its function as a surface-active agent. 
In the traditional context of non-living systems, surfactants are amphi-
philic molecules with both hydrophobic and hydrophilic properties, 
allowing them to adhere to surfaces and reduce the interfacial tensions 
of liquid–liquid or liquid–solid interfaces102. Surfactants are widely used 
in industry as their surface-activating properties make them useful 
emulsifiers, detergents and foaming agents102. Despite their ubiquitous 
commercial use, examples of surfactants on biomolecular condensates 
are only beginning to emerge.

One example of a natural surfactant in the cell is the proliferation 
marker protein Ki-67, which forms a charged polymer brush at the 
mitotic chromosome periphery. The short C-terminal end of the pro-
tein is bound to the chromosome, whereas the positively charged 

N-terminal domain juts into the cytoplasm to repel other chromosomes 
during mitosis103 (Fig. 4a). However, the behaviour of Ki-67 at the surface 
is more complex than that of a traditional surfactant as it encourages 
chromosomes to cluster later during mitotic exit104.

During interphase, Ki-67 localizes to the nucleolus, where it and 
other nucleolar proteins are enriched at the nucleolar periphery, poten-
tially acting as nucleolar surfactants105. Another example is the protein 
NO145, which localizes to the outer surface of X. laevis nucleoli as a 
thin layer106 (Fig. 4b). Although their functional roles remain unclear, 
such nucleolar surfactants could influence the flux of ribosomal com-
ponents across the nucleolar interface or control nucleolar sizes by 
impacting their coarsening rate, either through inhibiting coalescence 
or Ostwald ripening.

Several studies attribute amphiphilicity to controlling and stabilizing 
the interfacial tension and size of biomolecular condensates. For exam-
ple, surfactant-like proteins were engineered to fuse the RGG domain 
of LAF-1, a protein involved in P granule condensation in C. elegans107, 
to a non-phase-separating domain108. Adjusting the stoichiometry and 
concentration of the RGG–RGG and the amphiphilic protein leads to 
the amphiphilic protein (1) forming a surfactant layer on the periphery 
of the condensate, (2) partially wetting the RGG–RGG droplet to form 
distinct droplets on the condensate surface, or (3) completely sur-
rounding the core droplet leading to multiphase structures (Fig. 4c). 
Computational studies show that the localization of surfactant-like 
proteins to the surface of condensates could reflect their low valency, 
limiting their participation in the network of homotypic interactions, 
with the higher-valency proteins driving phase separation109. These 
represent minimal in vitro model systems, and related experiments 
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need to be performed in vivo to test how network connectivity, valency 
and amphiphilicity impact the stabilization, size and function of endog-
enous surfactant-laden condensate interfaces.

Solid particles adsorbed at interfaces can also affect the mechanics 
and morphology of an interface. Examples of such Pickering emul-
sions from traditional soft matter include deformed bubbles that 
are stabilized by closely packed particles at the surface110,111 (Fig. 4d) 
and semi-permeable colloidosomes112. This Pickering-type behaviour 
reflects an interesting physical result: as long as a particle partially wets 
a droplet, then it is always energetically favourable for the particle to 
straddle the surface (Box 2 Fig. panel f)112,113.

A recent study has characterized an RNA-binding protein, MEG-3, 
of C. elegans, as a Pickering agent that adsorbs onto the P granule 
(formed by PGL-3) interface in vivo and in vitro114 (Fig. 4e). Assuming 
the MEG-3 clusters are of a typical size R ≈ 50 nm and γ ≈ 10−5 N m−1, 
we can use the equation in Box 2 panel f to estimate an upper bound 
for the Pickering stabilization energy to be approximately 20 kBT, 
which represents substantial adhesion. The MEG-3 solid-like clus-
ters stabilize PGL-3 emulsion and result in reduced PGL-3 coarsening 
kinetics during the oocyte-to-zygote transition. Another study has 
shown that soluble tubulin subunits preferentially localize to stress 
granule interfaces in a manner consistent with the Pickering picture, 
as long as one accounts for a finite interfacial thickness54. More exam-
ples of intracellular Pickering behaviour are likely to be found; they 
may regulate the exchange and/or sequestration of biomolecules 
within condensates by modulating interfacial properties114. Moreover, 
with non-spherical particles, or spherical particles on surfaces with 
more complex curvature, a distorted contact line can cause them to 
move115,116, providing a driving force for self-assembly of biological 
particles on condensate surfaces.

Outlook
In this Perspective article, we have discussed the importance of capil-
lary phenomena in various intracellular processes, including ribosome 
production, endocytosis and genome organization, among others 
(Figs. 1–4). In these examples, the surfaces of biomolecular conden-
sates have a dominant role, which we have interpreted through the 
lens of capillary physics (Box 2). The plethora of examples presented 
here provide strong evidence that capillary forces are prevalent within 
living cells and are important for cell morphology, structure and func-
tion. One area for future work concerns condensates that manifest at 
the nanoscale, where modifications to the framework of macroscopic 
capillarity may be needed. Indeed, as the ratio of the molecular size a to 
the condensate size R becomes less negligible (Box 2 Fig. panels a,b), 
one might need to consider the interface as a transition region of finite 
thickness54,117. This highlights how biomolecular condensates present 
opportunities for the application of classical physics concepts within 
living cells, but also the potential for the complex, multicomponent and 
multiscale organization of the cell to yield new principles of interfacial 
physics. Capillarity thus represents an exciting new frontier of intracel-
lular force generation, analogous to the activity of molecular motors, 
and can likewise be harnessed for functional intracellular motion and 
structural organization.
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