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Abstract 

Cells compartmentalize their components in liquid-like condensates1, 2, 3, which can be 

reconstituted in vitro4, 5, 6. Although these condensates interact with membrane-bound 

organelles7, the potential of membrane remodeling and the underlying mechanisms are 

not well understood. Here, we demonstrate that interactions between protein 

condensates and membranes can lead to remarkable morphological transformations and 

describe these with theoretical analysis. Modulation of solution salinity or membrane 

composition drives the condensate-membrane system through two wetting transitions, 

from dewetting, through a broad regime of partial wetting, to complete wetting. The 

observed morphologies are governed by the interplay of adhesion, membrane elasticity 

and interfacial tension. A new phenomenon, namely reticulation or fingering of the 

condensate-membrane interface is observed when sufficient membrane area is available, 

producing complex curved structures. Our results highlight the relevance of wetting in cell 

biology, and pave the way for the design of synthetic membrane-droplet based 

biomaterials and compartments with tunable properties.  

 

Introduction  

The last decade of research has provided ample evidence that in addition to membrane-

bound organelles, cells compartmentalize their interior by membraneless-organelles also 

referred to as macromolecular condensates or coacervates, which behave as liquid 

droplets. Examples include nucleoli, Cajal bodies, P-bodies, and stress granules, all of 

which represent liquid protein-rich droplets within the cell1, 2, 3. These droplets arise from 

the condensation of cellular material through liquid-liquid phase separation, and can be 

reconstituted in vitro4, 5, 6. This discovery has expanded the search for the different 

functions of liquid droplets in animal, fungal, and plant systems, that include 

compartmentalization, sorting of macromolecules, tuning of enzymatic reactions, 

preservation of cellular fitness, immune response, and temperature sensing1, 3, 8. In 

addition, an aberrant protein condensation has been proposed as an intermediate step in 

neurodegenerative diseases such as Parkinson and Alzheimer3, 9. Thus, the research on 
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membrane-less organelles has become a very active and strongly interdisciplinary 

research field8. 

One interesting and hardly explored aspect of liquid droplets is that, although termed 

“membraneless”, they can come into contact and wet membranous compartments7. In 

the last years, it has been found that membrane-droplet interactions are involved in key 

biological processes like signal transduction in T cells10, the assembling of virus capsid 

proteins11, droplet splitting in the endoplasmic reticulum12, or the development of tight 

junctions13, to name a few. However, a detailed understanding of the underlying 

physicochemical mechanisms and a systematic characterization of the membrane-

droplet interactions is still missing, because these interactions are difficult to assess in 

vivo, to some extent reflecting the small size of the condensates14. Here, we develop an 

in vitro system, which allows us to directly probe the condensate-membrane interactions 

and their mutual remodeling.    

So far, membrane-droplet interactions have been studied in the context only of a few in-

vitro systems. When aqueous two-phase systems (ATPS) consisting of polymer 

solutions15, 16, 17, 18, 19 are encapsulated or in contact with giant unilamellar vesicles 

(GUVs), several biologically relevant processes were demonstrated to occur, namely, 

outward or inward budding as exo- and endocytic mimetic, formation of membrane 

nanotubes and fission of vesicle compartments19. Another approach consisted of 

triggering coacervation in the GUV interior by externally changing the pH20. Furthermore, 

membrane tubulation was observed in GUVs decorated with anchored proteins that 

underwent phase separation21.  

Here, we provide a systematic analysis of the membrane remodeling and wetting 

behavior of GUVs exposed to water-soluble proteins exhibiting condensation. As a model 

protein, we employed glycinin, which is one of the most abundant storage proteins in the 

soybean. Glycinin undergoes self-coacervation in the presence of sodium chloride6, 

making it a convenient model system to study the membrane-droplet interaction. When 

combining glycinin condensates with GUVs we observed condensate-membrane 

adhesion, partial and complete wetting, condensate-induced budding and a remarkable 

new feature of this interaction: the complex curving of the membrane-droplet interface 

producing reticulated membrane structures. The implications of our findings relate not 

only to droplet-induced morphogenesis of ubiquitous membrane-bound organelles such 

as the endoplasmic reticulum, but also to the realms of material sciences and synthetic 

biology in the development of smart soft materials with functions, compartmentation and 

morphology modulated by wetting. 

 

Results 

Membrane wetting by protein condensates 

We first evaluated the interaction of glycinin droplets6 with GUVs made of zwitterionic 

phosphatidylcholine (see Methods). When the condensates come in contact with the 
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membranes, they undergo two wetting transitions. At low salt content, the droplets do not 

interact with the vesicles (dewetted state). Raising the salinity leads to an increased 

attractive interaction between the droplets and the membrane (partial wetting) until 

complete wetting, i.e., spreading of the condensates over the whole membrane surface, 

is reached when the salinity exceeds 180 mM NaCl (Fig. 1a).  

The partial wetting morphologies involve three different surface segments, which meet 

along the contact line (Fig. 1b), as well as three contact angles and surface tensions (Fig. 

1c). The contact angles and the mechanical tensions Σ𝑖𝑐
𝑚 and Σ𝑖𝑒

𝑚 of the two membrane 

segments depend on the elastic stress within the membrane (Methods, Eqs. 8 and 9) and 

thus on the size and shape of the vesicle. In contrast, both the interfacial tension Σ𝑐𝑒 and 

the geometric wetting factor 𝑌 displayed in Fig. 1d are material parameters, which do not 

depend on the size and shape of the chosen condensate-vesicle couple. The wetting 

factor 𝑌 is proportional to the adhesion free energy per unit area 𝑊 of the condensate 

relative to the exterior solution and can be obtained from the measured contact angles 

(Methods, Eq. 10).  

The experimental data show that glycinin condensates interacting with GUVs exhibit three 

different wetting regimes separated by two wetting transitions at constant temperature. 

To the best of our knowledge, this behavior has not been previously reported, even 

though wetting transitions have been studied for a long time22, 23, 24. Remarkably, the 

system can be easily moved across these wetting transitions by changing the salinity (Fig. 

1a) as well as the membrane composition (Fig. 1e,f, Fig. S1).  
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Figure 1: Distinct wetting morphologies for glycinin condensates (green) in contact with giant 

vesicles (red): a. Three wetting regimes separated by two wetting transitions for vesicles made of 

zwitterionic lipid (DOPC). b. Partial wetting is characterized by a contact line. Along this line, the 𝑐𝑒 interface 

(dashed green) partitions the membrane into the 𝑖𝑒 (red) and 𝑖𝑐 (purple) segments, with the contact angles 

𝜃𝑐, 𝜃𝑖, and 𝜃𝑒 which sum up to 𝜃𝑐 + 𝜃𝑖 + 𝜃𝑒 = 360°. c. Force balance between the droplet interfacial tension 

Σ𝑐𝑒 and the mechanical tensions Σ𝑖𝑒
𝑚 and Σ𝑖𝑐

𝑚 within the two membrane segments. These three tensions form 

the sides of a triangle (Methods, Eq. 9). d. Wetting geometric factor Y (Methods, Eq. 10) as a function of 

NaCl concentration. The largest possible value 𝑌 = +1 (red square) corresponds to the transition from partial 

wetting to complete wetting at [NaCl]≥180 mM, the smallest possible value 𝑌 = -1 (blue square) to the 

transition from dewetting to partial wetting at [NaCl]≤43 mM. All data: mean ± SD, n=10 per composition. 

e, f. Combined influence of salinity and membrane surface charge (absolute value; data for 10mol% DOPS 

and 10mol% DOTAP are combined, see Fig. S1) on wetting morphologies illustrated in a schematic 

morphology diagram (e) and with representative images (f). All scale bars: 10 µm. 
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Wetting dynamics and membrane fluidity 

In all cases, membrane wetting by the protein condensates was characterized by slow 

dynamics in the minutes-to-hour range (Fig. 2a, Movie S1). Once touching, the contact 

angles characterizing the condensate-membrane system required 20-30 min to reach 

equilibrium (Fig. 2b). This is most likely related to the high viscosity of glycinin 

condensates ∼4.8 kPa s (see Methods). The following results correspond always to the 

equilibrated final wetting morphology. 

Compared to bare (condensate-free) membranes (ie, Fig. 1b), vesicle segments in 

contact with condensates (ic) are characterized by lower fluidity as a result of the protein-

lipid interaction; the immobile fraction in such membranes is 16±5% measured by FRAP 

(Fig. 2c,d). This indicates that the condensates not only induce membrane morphological 

transformations, but also impose dynamic constraints onto the constituting lipid species. 

 

 

Figure 2: Wetting and membrane dynamics: a. After the glycinin condensate contacts the membrane (t=0 

min), the contact angles change slowly until reaching the final morphology which remains stable for hours; 

confocal (top) and bright field (bottom) images. b. Measured wetting factor for the membrane-condensate 

system shown in (a); DOPC membrane, 100 mM NaCl. c. Fluorescence recovery after photo-bleaching 

(FRAP) experiments show a decreased fluidity in the membrane part that is wetted by the condensate (ic 

segment in Fig. 1b) compared to the bare (condensate-free, ie) one. For these experiments, only the 

membrane was fluorescently labeled to avoid interferences from the condensate. The dotted circles shown 

in green/gray indicate the bleached regions for each case (see Fig. S2). d. FRAP intensity curves yielding 

halftimes of recovery 𝜏1/2 (n = 5) from the fitted curves show that condensate wetting slows lipid diffusion 

by a factor of ~2 (see Methods). Scale bars: 10 µm. 

 

Membrane molding and bridging by condensates 

Inspection of the partial wetting morphologies in Fig. 1 and 2 shows that the visible 

membrane segments 𝑖𝑒 and 𝑖𝑐 are separated by an apparent kink in the membrane 

shape. The fine structure of this kink corresponds to a highly curved membrane segment, 

which cannot be resolved in the confocal microscope (but visualized with STED 

microscopy25). It arises from the mechanical balance between the capillary forces, 
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generated by the interfacial tension Σ𝑐𝑒 of the condensate-buffer interface, and the 

membrane bending moment which is proportional to its bending rigidity 𝜅. This 

mechanical balance implies that the contact line segment acquires a curvature radius of 

the order of √𝜅/Σ𝑐𝑒, see Methods. For the typical value 𝜅 ⋍ 10−19 J of the bending rigidity 

and the value Σ𝑐𝑒 ⋍0.5 mN/m of the interfacial tension (measured here, see Methods), 

we obtain the curvature radius √𝜅/Σ𝑐𝑒 ≃ 140 nm, which is indeed below the optical 

resolution limit and appears as a kink in the confocal images. 

Membrane wetting by condensates can lead to complex morphologies involving more 

than one droplet, or more than one GUV (Fig. 3). Complete droplet engulfment can occur, 

or a condensate can enclose or bridge several GUVs. Thus, the adhesion of the 

condensates to the membranes can give rise to complex condensate-vesicle 

architectures of multiple compartments (Fig. 3). The engulfment of the condensates by 

the vesicle membrane separates the individual droplets from each other and prevents 

their coalescence. In addition, this process also changes the area of the interface 

between the condensate and the liquid bulk phase, thereby regulating the diffusive 

exchange of molecules between the droplets and the bulk phase. Remarkably, hollow 

condensates, obtained by inducing phase separation within the protein-rich droplets by 

salinity shift within the coexistence region of the phase diagram (see Methods), can 

reshape the membranes in a similar way (Fig. 3 g-h), whereby providing additional means 

of compartmentation.  

For condensate-induced budding, the adhesion between condensate and membrane has 

to overcompensate the bending of the membrane. Both the onset of condensate adhesion 

and the condensate-induced budding take place when the radius of the condensate 

droplet exceeds a certain threshold value which is proportional to √𝜅/Σ𝑐𝑒 and depends 

on the geometric factor 𝑌 in Fig. 1d (Methods, Eqs. 12 and 13). Therefore, the size of the 

membrane bud, which represents separate membrane compartment, can be controlled 

by changes in the bending rigidity 𝜅 and the interfacial tension Σ𝑐𝑒. For interfacial tension 

Σ𝑐𝑒 around 0.5 mN/m and for bending rigidity 𝜅 = 10−19 J, the minimal radii of droplets 

and buds become of the order of 15 nm (Methods, Eq. 13). Such nanobuds are no longer 

resolvable by confocal microscopy but can be studied in molecular dynamics 

simulations26. 
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Figure 3: Membrane molding, vesicle bridging and compartmentation by glycinin condensates: a. 

Complete engulfment of a droplet by a DOPC GUV at 180 mM NaCl. The engulfment of the condensate is 

energetically favored by both, the increased contact area with the membrane and the reduced surface area 

of the 𝑐𝑒 interface (see Fig. 1b). b. Soy-PC GUV at 50mM NaCl in contact with four condensates. Apart 

from panel c, all membranes exhibit apparent kinks along the contact lines, arising from highly curved 

contact line segments. c. A single condensate engulfing two GUVs by complete wetting at 200 mM NaCl. 

d-f. A single GUV can be wetted by more than one condensate and one condensate can bridge multiple 

vesicles. g-h Hollow condensates (green) in contact with soy-PC GUVs at 50 mM and 150 mM NaCl, 

respectively (see also Fig. S3) offer additional system compartmentation. Scale bars: 10 µm. 

 

Membrane reticulation induced by protein condensates 

Interestingly, vesicles with excess area undergo curving of the membrane/droplet 

interface (Fig. 4 a,b, Movie S2). We term this process “membrane reticulation” in analogy 

to the metalwork process of wrinkling the surface of a metal. An even more relevant 

analogy is provided by the strong resemblance to cells endoplasmic reticulum, despite 

missing the network-like character (which could be attributed by subsequent fusion of the 

protrusions as ensured e.g. by fusion proteins) and higher curvature (imposed by 

adsorbing or scaffolding proteins). The process we observe is also reminiscent of viscous 

fingering observed when less viscous liquid displaces a more viscous one in porous 

media27, although here a membrane separates the fluids, and pressure and porous 

confinement are absent. Membrane reticulation initiates while the contact angle is 

stabilizing (see Fig. 4a,b, Movie S2); note that vesicles exhibiting membrane fingering 

were not taken into account when assessing the wetting factor in Fig. 1, because in such 

systems the contact angles are ill defined. Once established, the reticular structure 

remains stable for hours and does not fluctuate (Movie S3). As shown in Fig. 4a (and 

Movie S2), the contact area between the membrane and the condensate increases by 

the reticulation. These remarkable structures are only present in vesicles with available 

excess area and are thus observed more often when the vesicles are osmotically deflated 

(see Fig. S4). The effect of membrane excess area becomes evident when the membrane 
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tension is increased via micropipette aspiration, which suppresses reticulation leading to 

smooth vesicle-droplet interfaces (Fig. 4f, Movie S4).  

The complex membrane shapes include large protrusions and invaginations in the form 

of finger-like structures and thin tubes (Fig. 4c-f, Movie S5). It can be seen that the 

reticulation involves the mutual scaffolding of vesicle and condensates, since both 

become curved (Fig. 4c,d). Differently from membrane tubulation triggered by 

spontaneous curvature generation (see e.g.18, 25), here protrusions do not have preferred 

direction and the interface can buckle to either side  (see also Fig. S9). Using STED 

microscopy, we resolved characteristic features and dimensions of the reticulated regions 

(Figs. 4f, S5).  

These intricate and striking morphologies arise from the gain of adhesion energy between 

droplet and membrane when excess area is pulled out of the ie segment and added to 

the ic segment. This mechanism implies that the wetting factor 𝑌 is positive, and indeed, 

fingering was observed only for [NaCl] ≥ 100 mM where 𝑌 > 0. Whether or not reticulation 

is associated with bending energy penalty depends on the spontaneous curvature of the 

ic segment. The adhesion of the glycinin-rich droplet implies adsorption of the protein to 

the membrane, for which one would expect the membrane to bulge towards the droplet 

as is the case for 𝑌 > 0. In this case, adhesion and bending act in a synergistic manner. 

At their surface, condensates exhibit some degree of molecular organization as shown 

previously by birefringence6, 28. We cannot exclude that this surface organization is 

perturbed by the interaction of the membrane with the proteins at the droplet interface. 

However, the lipid mobility in the reticulated membrane segment remains similar to that 

in smooth membrane-condensate segments (compare Figs. S6 and 2c,d). We also 

confirmed that the membrane integrity is preserved during wetting and reticulation (Fig. 

S7), and that reticulations are independent of asymmetric buffer conditions (Fig. S8).   
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Figure 4: Membrane reticulation driven by glycinin condensates: a. Mutual membrane-condensate 

molding and generation of curved structures at the membrane-droplet interface during wetting. b. Zoom of 

the region indicated in (a). c. Examples of reticulation morphologies of the condensate-membrane interface. 

d. 3D reconstructions of GUVs in contact with glycinin condensates showing the different reticulation 

morphologies (see also Fig. S9). e. Increasing membrane tension via micropipette aspiration results in the 

suppression of reticulations and smoothing out of the condensate-membrane interface. The tension 

threshold needed to suppress the reticulations is (1.0±0.2) mN/m (n=5). When releasing the membrane 

area by decreasing the tension, reticulations reappeared within a minute (lower panel, up- and down-arrows 

signify increasing and decreasing suction pressure). A zoom of the membrane region highlighted with white 

dashed line is shown in the upper panel right. f. STED imaging resolves characteristic features of the curved 

regions. Intensity line profiles along the indicated dashed lines in the micrographs allow for an estimation 
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of the thickness (left corresponds to the first image and right to the second one). Scale bars in (a, c-f): 5 µm, 

in (b): 1 µm.  

 

Conclusion 

In summary, glycinin condensates interacting with GUVs were observed to undergo two 

distinct wetting transitions, with a broad intermediate regime of partial wetting (Fig. 1). 

This behavior should be governed by charge screening, because it can be modulated by 

changes in the salinity or the membrane charge. In this regime, the interplay between 

condensate membrane adhesion, capillary forces, and membrane elasticity leads to 

condensate-induced formation of membrane buds and necks (Fig. 3; Methods, Eq. 13) 

similarly to deformations observed in storage vacuoles29. In addition, when excess 

membrane area is available, the droplet-membrane interface becomes reticulated 

generating irregular curved structures (Fig. 4). The complex condensate-membrane 

morphologies observed here can be tuned by changing the material properties of the 

condensates and the membrane. In the context of plant cells, glycinin condensation was 

proposed to occur in the endoplasmic reticulum for the ionic strength range used here30 

and thus, as we demonstrate, can contribute to reshaping it. Our results suggest that 

protein phase separation and the condensate-mediated membrane structural changes 

could be a key part in the transport of storage proteins by vesicles during soybean seed 

formation, as previously hypothesized30. Furthermore, these systems could provide 

templates for the design of multiphase compartments to be used in synthetic biology. 

Plant proteins like glycinin have the advantage of being widely abundant and economical, 

which makes them ideal materials for the scale-up processing in biotechnological 

applications6. In this regard, synthetic protocells can now be sequentially assembled, 

using microfluidics and pico-injection31, to form droplet-stabilized GUVs and to load them 

with different biomolecular components32. Injecting biomolecular condensates into such 

GUVs provides a promising method to create protocells that undergo budding and form 

aqueous sub-compartments in a controlled and reproducible manner, allowing to host 

chemical or enzymatic reactions33, 34. By changing the interfacial tension of the 

condensates, the size of these compartments can be varied over several orders of 

magnitude, from tens of nanometers to tens of micrometers. Finally, condensate-

membrane interactions triggering reticulation as shown here, demonstrate that they do 

not only play a role in concentration-regulated phase separation and nucleation7, but also 

dramatically mold membranes. Upon encounter with membrane-bound organelles, liquid 

condensates act as sculptors of intricate membrane structures, generating local 

curvature, without the involvement of active processes.   
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Methods  

Materials. The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), Soy L-

α-phosphatidylcholine (Soy-PC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 

and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and the soluble dye 2-(3-

diethylamino-6-diethylazaniumylidene-xanthen-9-yl)-5-sulfo-benzenesulfonate 

(Sulforhodamine B) were purchased from Avanti Polar Lipids (IL, USA). The fluorescent 

lipid dye ATTO 647N-DOPE was from ATTO-TEC GmbH (Siegen, Germany). Polyvinyl 

alcohol (PVA, with MW 145000) was purchased from Merck (Darmstadt, Germany). 

Chloroform obtained from Merck (Darmstadt, Germany) was of HPLC grade (99.8 %). 

The lipid stocks were mixed as chloroform solutions at 4 mM, contained 0.5 mol% dye 

and were stored until use at -20°C. For neutral lipid compositions DOPC was employed, 

while for the charged membranes were prepared from DOPC:DOPS and DOPC:DOTAP 

mixtures. Fluorescein isothiocyanate isomer (FITC), sucrose, glucose, dimethyl sulfoxide 

(DMSO), sodium hydroxide (NaOH) and sodium chloride (NaCl) were obtained from 

Sigma-Aldrich (Missouri, USA). All solutions were prepared using ultrapure water from 

SG water purification system (Ultrapure Integra UV plus, SG Wasseraufbereitung) with a 

resistivity of 18.2 MΩ cm. 

  

Protein purification. Preparation of glycinin was achieved as described in Chen et al.6. 

Briefly, the defatted soy flour was dispersed in 15-fold water in weight and adjusted to pH 

7.5 with 2 M NaOH. This slurry was then centrifuged (9000×g, 30 min) at 4°C. Dry sodium 

bisulfite (SBS) was added to the supernatant (0.98 g SBS/L), the pH of the solution was 

adjusted to 6.4 with 2 M HCl, and the obtained turbid dispersion was kept at 4 °C 

overnight. After that, the dispersion was centrifuged (6500×g, 30 min) at 4 °C. The 

glycinin-rich precipitate was dispersed in 5-fold water and the pH was adjusted to 7. The 

glycinin solution was then dialyzed against Millipore water for two days at 4 °C and then 

freeze-dried to acquire the final product with a purity of 97.5%6. 

 

Protein labeling. A 20 mg/mL soy glycinin solution was prepared in 0.1 M carbonate 

buffer (pH 9). FITC was dissolved in DMSO at 4 mg/mL. The FITC solution was slowly 

added into the protein solution with gentle stirring to a final concentration of 0.2 mg/mL. 

The sample was incubated in the dark while stirring at 23 ºC for 3 h. The excess dye was 

removed using a PD-10 Sephadex G-25 desalting column (GE Healthcare, IL, USA), and 

buffer was exchanged for ultrapure water. The pH of the labeled protein solution was 

adjusted to 7.4 by adding 0.1 M NaOH. For fluorescence microscopy experiments, an 

aliquot of this solution was added to the working glycinin solution to a final concentration 

of 4%. 

 
Condensates formation. A glycinin solution at 20 mg/mL was freshly prepared in 

ultrapure water and pH was adjusted to 7. The solution was filtered to remove any 
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insoluble materials using 0.45 µm filters and was kept at 4°C before use. To form the 

condensates, 50 µL of glycinin solution were mixed with the same volume of a NaCl 

solution of twice the desired final concentration, to obtain a 10 mg/mL solution of glycinin 

condensates. At this protein concentration, condensates size is optimum for microscopy 

and distances are big enough so they do not coalesce into a large condensate during the 

experiment.    

 

Hollow condensates. Salinity shifts in a coacervate suspension towards the phase-

coexistence boundary, induced either by decreasing or increasing the salt concentration, 

results in hollow condensate formation by triggering the formation of protein-poor phase 

within already formed condensates as previously reported6. Here, to generate hollow 

condensates, first 2 mL of the soy glycinin solution containing 10% (w/w) FITC-labeled 

protein was mixed with equal volume of 200 mM NaCl solution to induce condensate 

formation at 100 mM NaCl final concentration. Then, this condensates suspension 

(100 uL) was mixed with an equal volume of pure water to induced hollow condensates 

formation at 50 mM NaCl final salinity. To produced hollow condensates at 150 mM, the 

condensate suspension was mixed with an equal volume of 200 mM NaCl solution and 

then diluted with 150 mM NaCl solution once more. These steps trigger phase separation 

within the preformed condensates creating a protein-poor phase within them6. 

 
Lipid membranes. GUVs were grown using the electroformation method35. In brief, 3-4 

µL of the lipid stock were spread on two conductive indium tin oxide glasses and kept 

under vacuum for 1 h. The two glass electrodes were separated by a 2-mm-thick Teflon 

frame, forming the electroformation chamber. The lipid films were rehydrated with 2 ml of 

a sucrose solution, matching the osmolarity of the NaCl solution in which the condensates 

were formed. The osmolarity was adjusted using a freezing point osmometer (Osmomat 

3000, Gonotec). An electric AC field (1V, 10 Hz, sinusoidal wave) was applied for one 

hour at room temperature. Once formed, vesicles were diluted 1:1 in a glucose solution 

of the same osmolarity, and the suspension of the giant vesicles was stored at room 

temperature until use. The vesicles were prepared freshly before each experiment. 

For the experiments in Fig. S8, the GUVs were prepared with the PVA gel-assisted 

method36 which allows vesicle swelling in high salinity conditions. Briefly, two coverslips 

were cleaned with water and ethanol and dried with nitrogen. PVA solution was prepared 

by diluting PVA in deionized water to a final concentration of 40mg/mL. A small aliquot 

(20-50 µL) of the PVA solution was spread on the glass slides and dried for 1 h at 60°C. 

3-4 μL of the lipid stock solution were deposited on the PVA-coated glass, and kept for 1 

h under vacuum at room temperature. The chamber was assembled with a 2 mm-thick 

Teflon spacer, and filled with 1 ml of 150 mM NaCl solution. After 30 minutes the vesicles 

were harvested carefully in order to prevent PVA detaching from the cover glass. 
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Condensates-membranes suspensions. A 1:10 dilution of the vesicle suspension was 

made in a solution of the desired final NaCl concentration. The condensate suspension 

of the same NaCl concentration was diluted 1:4 (with a solution of NaCl at the same 

concentration) and added to the vesicle suspension at a 15% v/v. After gently mixing the 

vesicle-condensate suspension, an aliquot was placed on a coverslip (26×56 mm, 

Waldemar Knittel Glasbearbeitungs GmbH, Germany) for observation with confocal 

microscopy. The coverslips were previously washed with ethanol and water, and 

passivated with a 10 mg/mL BSA solution. 

For the hollow condensates interaction with vesicles, 20 µL of the hollow condensate 

suspension was mixed with equal volume of the 10 times diluted soy PC vesicle solution 

in the same salt concentration. 

 

Confocal microscopy and FRAP. Confocal SP5 or SP8 microscopes equipped with a 

63x, 1.2 NA water immersion objective (Leica, Mannheim, Germany) were used for 

imaging. FITC and ATTO 647N-DOPE were excited using the 488 nm and 633 nm laser 

lines, respectively. 

FRAP measurements were performed on the SP8 setup equipped with a FRAP booster. 

Circular region of interest (ROI) with diameter of 2 μm on the membrane was bleached 

during 3 iterative pulses of total time ~3 s. Fluorescence intensities from ROI 

corresponding to photobleaching were analyzed using ImageJ. Curves were fitted using 

the formula: 𝑦 = (𝐼0 + 𝐼𝑚𝑎𝑥 (𝑥/𝜏1/2))/(1 + 𝑥/𝜏1/2), where 𝐼𝑚𝑎𝑥 is the maximal intensity 

and 𝜏1/2 is the halftime of recovery. 

 

STED microscopy. An Abberior STED setup (Abberior Instruments GmbH) based on an 

inverted Olympus IX8 microscope (Olympus Inc., Japan) equipped with a 60x,1.2 NA 

water immersion objective was used to obtain the super-resolved images. The sample 

was excited at 640 nm and the depletion laser corresponded to a 775 nm pulsed beam. 

Alignment was achieved as described previously for our setup37. Briefly, 150 nm gold 

beads (Sigma-Aldrich, USA) were observed in reflection mode to overlap the center of 

the excitation focus with the center of the depletion focus. Corrections for mismatches 

between the scattering and fluorescence modes were performed using 100 nm 

TetraSpeck™ beads (Invitrogen, USA). To measure the resolving power of our setup, 

crimson beads of 26 nm diameter (FluoSpheres™, Molecular Probe) were used. A 

measured resolution of ~35 nm was achieved using 80% of the STED laser power (total 

laser power of 1.25 W), improving by 10-fold the lateral resolution over that of the 

corresponding excitation laser37. For our experiments, 3D STED was more suitable than 

2D STED, since we could eliminate the interference of out-of-focus signal coming from 

the curved regions of the membrane (see Fig. S5). For the images shown in Fig. 4f and 

S5, the pixel size is 50 nm and the pixel dwell time is 10 µs. 
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Micropipette aspiration. Micropipettes were formed by pulling glass capillaries (World 

Precision Instruments Inc.) with a pipette puller (Sutter Instruments, Novato, CA). Pipette 

tips were cut using a microforge (Narishige, Tokyo, Japan) to obtain smooth tips with 

inner diameter between 6-10 μm. The pipette tips were coated with 2 mg/mL solution of 

casein (Sigma) to prevent adhesion. Latex microspheres of 6 µm diameter (Polysciences 

Inc., PA, USA) were used to determine the zero-pressure level. The aspiration pressure 

was controlled through adjustments in the height of a connected water reservoir mounted 

on a linear translational stage (M-531.PD; Physik Instrumente, Germany). Images were 

analyzed using the ImageJ software.  

 

Wetting geometries and contact angles. All wetting geometries involve three aqueous 

solutions: the interior solution 𝑖 within the vesicle, the exterior buffer 𝑒, and the glycinin 

condensate 𝑐. These aqueous solutions are separated by three surface segments (Fig. 

1b). The glycinin condensate 𝑐 is separated from the exterior buffer 𝑒 by the 𝑐𝑒 interface. 

When the interface forms a contact line with the membrane, this line partitions the 

membrane into two membrane segments. The membrane segment 𝑖𝑐 forms the contact 

area with the condensate whereas the other membrane segment 𝑖𝑒 is exposed to the 

exterior buffer. At the contact line, the three surface segments form three apparent 

contact angles 𝜃𝑐, 𝜃𝑖, and 𝜃𝑒 that add up to 360° (Fig. 1b). For partial wetting, all three 

contact angles have values between 0° and 180°. Dewetting of the condensate 

corresponds to the limiting case with contact angle 𝜃𝑐 = 180° whereas complete wetting 

by the condensate is characterized by 𝜃𝑐 = 0.  

 

Contact angle determination. In order to adequately extract information on the contact 

angles between the different interfaces from microscopy projections, it is necessary that 

in the projected image, the rotational axis of symmetry of the vesicle-droplet system lies 

in the image plane (see Fig. S10). Otherwise, a wrong projection will lead to misleading 

values of the system geometry and the contact angles. Once the 3D image of the vesicle 

and the droplet is acquired (and reoriented to obtain correct projection), we consider the 

three spherical caps of the vesicle, the droplet and the vesicle-droplet interface, and fit 

circles to the contours to extract the different radii and centers positions as defined in Fig. 

S2. In this manner, all the apparent angles can be defined by the following expressions38: 

 

𝑠𝑖𝑛𝜃𝑖 =
𝑅4

𝑅1𝑅3
(√𝑅1

2 − 𝑅4
2 + √𝑅3

2 − 𝑅4
2)     (1) 

 

𝑠𝑖𝑛𝜃𝑐 =
𝑅4

𝑅3𝑅2
(√𝑅3

2 − 𝑅4
2 − √𝑅2

2 − 𝑅4
2)     (2) 

With 𝑅1 ≥ 𝑅2 
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𝑠𝑖𝑛𝜃𝑒 =
𝑅4

𝑅1𝑅2
(√𝑅1

2 − 𝑅4
2 + √𝑅2

2 − 𝑅4
2)    (3) 

 

For the case of the 𝐶3 being located above 𝐶1 (when the membrane is curved towards the 

droplet), these relations become38: 

𝑠𝑖𝑛𝜃𝑖 =
𝑅4

𝑅1𝑅3
(√𝑅1

2 − 𝑅4
2 − √𝑅3

2 − 𝑅4
2)     (4) 

 

𝑠𝑖𝑛𝜃𝑐 =
𝑅4

𝑅3𝑅2
(√𝑅3

2 − 𝑅4
2 + √𝑅2

2 − 𝑅4
2)     (5) 

With 𝑅1 ≥ 𝑅3 

𝑠𝑖𝑛𝜃𝑒 =
𝑅4

𝑅1𝑅2
(√𝑅1

2 − 𝑅4
2 + √𝑅2

2 − 𝑅4
2)    (6) 

 

where 𝑅1, 𝑅2, and 𝑅3 are the radius of the circles fitting the vesicle, the droplet and the 

contact line, respectively. 𝑅4 is the apparent contact line radius, that can be obtained as 

follows: 

𝑅4 =
2

𝑑12
 √𝑠(𝑠 − 𝑑12)(𝑠 − 𝑅2)(𝑠 − 𝑅1)    (7) 

where 𝑠 =
𝑅1+𝑅2+𝑑12

2
. In this manner, the only input parameters required to be measured 

from the projection images are the radii of the fitted circles (𝑅1, 𝑅2, and 𝑅3) and the 

distance between the centers of the vesicle and the droplet circles (𝑑12). 

Note that the above analysis is only valid for spherical caps morphologies as shown in 

Fig. 1-2, and cannot be applied to reticulated membrane-droplet interfaces (Fig 4), which 

do not fulfill the spherical cap condition. 

 

From contact angles to fluid-elastic parameters. The contact angles in Fig. 1, are 

related to the different surface tensions that pull the three surface segments along the 

contact line, see Fig. 1b,c. One of these surface tensions is provided by the interfacial 

tension Σ𝑐𝑒 of the condensate-buffer interface. The latter tension is balanced by the 

difference Σ𝑖𝑒- Σ𝑖𝑐 between the membrane tensions Σ𝑖𝑒
𝑚 and Σ𝑖𝑐

𝑚 of the two membrane 

segments. This balance implies that the three surface tensions form the sides of a triangle 

(Fig. 1c). In general, membrane tensions can be decomposed into different 

contributions38. The mechanical tensions of the two membrane segments are given by 

 

Σ𝑖𝑒
𝑚 = Σ    and   Σ𝑖𝑐

𝑚 = Σ + W,                        (8) 

 

where Σ denotes the elastic stress within the membrane and W represents the affinity 

contrast between the exterior buffer and the condensate phase, i.e., the adhesion free 
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energy per unit area of the condensate phase relative to the external buffer38. Thus, the 

affinity contrast W is negative and positive if the membrane prefers the condensate over 

the buffer and vice versa. 

The elastic stress Σ can be theoretically described in two apparently distinct but 

nevertheless equivalent ways39. First, it can be expressed in the intuitive form Σ =  𝐾𝐴(𝐴 −

𝐴0)/𝐴0 with the area compressibility modulus 𝐾𝐴 and the area dilation (𝐴 − 𝐴0)/𝐴0, where 

𝐴 is the total membrane area and 𝐴0 denotes the area of the tensionless membrane in 

the absence of the condensate droplet. Lipid bilayers have a typical area compressibility 

modulus of the order of 102 mN/m 40 and rupture for relatively small area dilations of a 

few percent. Therefore, the tension of rupture is of the order of a few mN/m. Second, the 

elastic stress Σ can also be used as a Lagrange multiplier to minimize the free energy of 

the condensate-membrane system under the constraint that the total membrane area has 

the prescribed value 𝐴. As a consequence, the elastic stress Σ as well as the membrane 

tensions Σ𝑖𝑒
𝑚 and Σ𝑖𝑐

𝑚 in Eq. 8 depend on the size and shape of the membrane segments, 

in strong contrast to the interfacial tension Σ𝑐𝑒 which represents a material parameter that 

is independent of the size and shape of the liquid-liquid interface. 

Furthermore, the tension triangle in Fig. 1c implies the relationships  

 

Σ𝑖𝑒
𝑚

Σ𝑐𝑒
=

Σ

Σ𝑐𝑒
=

sin 𝜃𝑐

sin 𝜃𝑖
   and   

Σ𝑖𝑐
𝑚

Σ𝑐𝑒
=

Σ+W

Σ𝑐𝑒
=

sin 𝜃𝑒

sin 𝜃𝑖
                     (9) 

between the surface tensions and the contact angles. When we consider the difference 

Σ𝑖𝑒
𝑚 − Σ𝑖𝑐

𝑚, the geometry-dependent elastic stress Σ drops out and we obtain Σ𝑖𝑒
𝑚 − Σ𝑖𝑐

𝑚 =

 −𝑊 = 𝑌 Σ𝑐𝑒 where the dimensionless wetting factor 

𝑌 ≡
sin 𝜃𝑐−sin 𝜃𝑒

sin 𝜃𝑖
  satisfies  −1 ≤ 𝑌 ≤ 1                     (10) 

As plotted in Fig. 1d the latter factor increases with increasing salinity. The factor 𝑌 is 

completely determined by the three contact angles and can, thus, be obtained from the 

optical images (Fig. 1d). The smallest possible value 𝑌 = −1 corresponds to the transition 

from partial wetting to dewetting; the largest possible value 𝑌 = +1  to the transition from 

partial to complete wetting. The dimensionless factor 𝑌 is positive if the membrane prefers 

the condensate over the exterior buffer and negative otherwise. It then follows from the 

data in Fig. 1d that the membrane prefers the condensate for molar salt concentrations 

𝑋 > 𝑋0 ≃ 93 mM and the exterior buffer for 𝑋 < 𝑋0. For 𝑋 = 𝑋0, the geometric factor 𝑌 

vanishes, corresponding to equal contact angles 𝜃𝑐 = 𝜃𝑒  and no affinity contrast between 

the condensate and the exterior buffer. Therefore, by measuring the geometric factor 𝑌  

as a function of the salinity or another control parameter, we obtain the affinity contrast 

𝑊 = Σ𝑖𝑒
𝑚 − Σ𝑖𝑐

𝑚 = −𝑌 Σ𝑐𝑒 in units of the interfacial tension Σ𝑐𝑒 as a function of this control 

parameter. 
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Fine structure of the contact line. In the optical images, the membrane shape has an 

apparent kink along the contact line, which corresponds to a highly curved membrane 

segment. This contact line segment is located between the visible segments 𝑖𝑒 and 𝑖𝑐 

(Figs. 1,2). The corresponding principal curvature radius 𝑅⊥ perpendicular to the contact 

line can be estimated as follows. We smoothen the sharp kink of the membrane shape at 

the apparent contact line by a toroidal membrane segment that joins the 𝑖𝑒 and 𝑖𝑐 

segments with a common tangent. The curvature 1/𝑅⊥ of this segment is much larger 

than (i) the mean curvatures of the two visible membrane segments, (ii) the mean 

curvature of the condensate-buffer interface, and (iii) the inverse radius of the contact 

line, which represents the second principal curvature of the contact line segment. Thus, 

on the scale of the curvature radius 𝑅⊥, the two visible membrane segments and the 

condensate-buffer interface are essentially planar. We are then led to consider a wedge 

geometry in which the 𝑖𝑒 and 𝑖𝑐 membrane segments form the planar faces of the wedge 

and the contact line segment becomes a cylindrical segment with curvature radius 𝑅⊥ that 

joins the faces of the wedge with a common tangent. The angle of the wedge is equal to 

the contact angle 𝜃𝑖, opening towards the interior aqueous solution. The intersection of 

the condensate-buffer interface with the cylindrical contact line segment is determined by 

the curvature radius 𝑅⊥ as well as by the contact angles. We then vary 𝑅⊥ to minimize the 

sum of the bending energy of the membrane and the interfacial free energy of the 

condensate-buffer interface for fixed values of the contact angles. The bending energy is 

proportional to the bending rigidity 𝜅 and the interfacial free energy to the interfacial 

tension Σ𝑐𝑒. As a result, we find that the curvature radius 𝑅⊥ is proportional to √𝜅/Σ𝑐𝑒 with 

a prefactor that depends on the contact angles. Furthermore, when the contact line has 

the length 𝐿𝑐𝑜, its excess free energy has the form 𝐿𝑐𝑜λ𝑒𝑓𝑓  which defines the effective 

line tension λ𝑒𝑓𝑓. This line tension is proportional to √𝜅/Σ𝑐𝑒 with an angle-dependent 

prefactor. 

Condition for the onset of condensate adhesion. Consider a spherical condensate 

droplet of radius 𝑅 adjacent to a weakly curved GUV membrane. When the membrane 

starts to spread over the droplet, it acquires a small contact area ΔA𝑖𝑐. The corresponding 

change in free energy has the form 

Δ𝐸 = Δ𝐴𝑖𝑐 ⌈−(1 + 𝑌)Σ𝑐𝑒 + 2
𝜅

𝑅2⌉ + L𝑐𝑜λ𝑒𝑓𝑓       (11) 

The first term describes the reduction in the free energy by the adhesion of condensate 

and membrane, the second term the increase in the bending energy of the membrane, 

and the third term represents the line energy of the contact line with length 𝐿𝑐𝑜 and 

effective line tension λ𝑒𝑓𝑓. In the second term of Eq. 11, we ignored a possible change in 

the curvature radius of the 𝑖𝑐 segment. Adhesion of the condensate droplet is 

energetically favorable if Δ𝐸 < 0 which leads, for λ𝑒𝑓𝑓 > 0, to the necessary condition  

−(1 + 𝑌)Σ𝑐𝑒 + 2
𝜅

𝑅2
< 0           (12) 
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for the adhesion of the condensate droplet to the membrane. This inequality implies that 

the droplet radius 𝑅 must exceed a certain threshold value in order for the droplet to 

adhere to the membrane. For 50 and 75 mM NaCl as in Fig. 1d, the glycinin droplets 

partially wet the membrane with a large contact angle 𝜃𝑐, corresponding to 𝑌 = −0.8 and  

𝑌 = −0.76 and a minimal droplet radius of 850 nm, in agreement with our observations. 

Complete engulfment of condensate droplets. A spherical condensate droplet with 

radius 𝑅, which does not adhere to the GUV membrane, has the interfacial free energy 

4𝜋𝑅2Σ𝑐𝑒. When this droplet is completely engulfed by the membrane, the membrane 

forms a spherical 𝑖𝑐 membrane segment of radius 𝑅 with bending energy 8𝜋𝜅 and 

adhesion free energy 4𝜋𝑅2𝑊 = −4𝜋𝑅2𝑌Σ𝑐𝑒 with the geometric factor 𝑌 as in Fig. 1d. The 

condensate droplet prefers complete engulfment over its non-adhering state if 4𝜋𝑅2Σ𝑐𝑒 >

8𝜋𝜅 − 4𝜋𝑅2𝑌Σ𝑐𝑒 or 

𝑅 > √
2

1+𝑌
√

𝜅

Σ𝑐𝑒
      (13) 

which is identical with the condition in Eq. 11. Here, we have implicitly assumed that the 

membrane is coupled to an area reservoir and is thus characterized by a low elastic stress 

Σ. When the membrane completely engulfs the condensate droplet, it forms a bud which 

is connected to the mother membrane by a closed membrane neck38.  

This budding process can be used to generate membrane compartments of various sizes. 

Because the minimal droplet radius for complete engulfment is proportional to √𝜅/Σ𝑐𝑒, 

the size is controlled by the magnitude of the bending rigidity and the interfacial tension 

Σ𝑐𝑒. For interfacial tension Σ𝑐𝑒 = 0.5 mN/m (as measured here for glycinin) and bending 

rigidity 𝑘 = 10−19 J, the minimal droplet radius for complete engulfment becomes of the 

order of 15 nm, which is no longer detectable by confocal microscopy but can be observed 

in molecular dynamics simulations26. When a condensate droplet adheres to a 

membrane, it is bounded by two surfaces, provided by the interface with the coexisting 

liquid phase and the adhesion zone with the membrane. Fast diffusive exchange of 

molecules between the condensate and the other liquid phase is only possible across the 

interface between these two phases but not across the condensate-membrane adhesion 

zone. During bud formation, the area of the liquid-liquid interface is strongly reduced (Fig. 

3). Therefore, the engulfment process could be used as an efficient regulation mechanism 

for the exchange of molecules across the liquid-liquid interface. 

Glycinin condensates material properties. 

Measuring the material properties of biomolecular condensates is a challenging task, that 

typically relies on fluorescence recovery after photobleaching (FRAP) measurements and 

on quantifying the coalescence kinetics of two condensate droplets2, 41, 42. These 

techniques can provide information about the viscosity41, 42 and can yield the inverse 
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capillarity number (i.e. the ratio of surface tension/viscosity)2, respectively. Recently, the 

micropipette aspiration method has been applied to quantify both, the viscosity and the 

surface tension of condensate droplets, provided that they behave as Newtonian fluids at 

the experimental time scale (>1s)43.  

In a previous study, glycinin condensates were shown to exhibit only negligible 

fluorescence recovery in FRAP experiments, suggesting a highly viscous environment6. 

By using the condensate coalescence assay, the inverse capillary number of glycinin 

droplets was measured to be 𝜂 Σ𝑐𝑒⁄ ≈ 9.69 s/μm6. A very rough estimate of the surface 

tension based on the molecular size of glycinin yielded the value of Σ𝑐𝑒≈ 0.16 mN/m, 

implying for the viscosity 𝜂≈1.6 kPa.s 6. 

Here, we attempted to measure directly the viscosity and surface tension by means of the 

micropipette aspiration method. However, as can be observed in Fig. S11, glycinin 

condensates do not flow inside the pipette. The aspiration can only proceed until a 

pressure value (the maximum suction pressure achieved by our setup is up to 2500 Nm-

2) beyond which the pipette gets clogged and the condensate cannot be further aspirated 

nor released. This outcome does not depend on the condensate/pipette diameter ratio. 

In addition, aging effects were discarded since they occur at time scales (days) 6, 44 longer 

than those required for our experiments (minutes-hours). Pipette clogging prevented us 

from measuring the viscosity, but we could estimate the tension by means of the Laplace 

equation Σ𝑐𝑒 = ∆𝑃 𝑅𝑐𝑎𝑝/2(1 −
𝑅𝑐𝑎𝑝

𝑅𝑑𝑟𝑜𝑝
), where ∆𝑃 is the applied pressure, and  𝑅𝑐𝑎𝑝 and 

𝑅𝑑𝑟𝑜𝑝 are respectively the radius of the spherical cap formed by the part of the droplet 

inside the pipette and the radius of the droplet outside the pipette (see sketch in Fig. 

S11b). The tension value obtained in this way for glycinin droplets in the presence of 100 

mM NaCl is Σ𝑐𝑒= (0.5 ± 0.3) mN/m (n=5), which is of the same order of magnitude of the 

value previously estimated from the coalescence assay. The condensate viscosity we 

obtain is 𝜂≈4.8 kPa.s. The glycinin surface tension value is similar to that of LAF-145 and 

PolyR46 condensates, and the viscosity, close to that of the nucleus47, as is summarized 

in Fig 1 of the work of Wang et al.43 This particular combination of high surface tension 

and high viscosity might be related to the structural characteristics of these condensates. 

Whilst more coacervation-prone proteins feature mostly one type of polypeptide48, 49, 

glycinin is a hexamer50, 51 implying that it is characterized by a more bulky and complex 

structure. This could explain the reduced diffusion and high viscosity of the condensates.  

 

 

Supplementary Information Figs. S1-S11 and Videos 1-5. 
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