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[ABSTRACT] 9 

An astounding variety of cellular contexts converge to the process of liquid-liquid phase separation for the 10 

creation of new functional levels of organization.  But the kinetic pathways by which intracellular phase 11 

separation proceeds – typically in physically confined and macromolecularly crowded volumes of 12 

topologically closed cellular and intracellular compartments –remain incompletely understood.  Here, we 13 

monitor the dynamics of liquid-liquid phase separation of mixtures of phase-separating polymers (i.e., 14 

polyethyleneglycol and dextran) inside all-synthetic, cell-sized giant unilamellar vesicles in real-time. We 15 

dynamically trigger phase separation by subjecting an initially homogeneous polymer solution inside 16 

vesicles to an abrupt osmotic quench. The latter removes water and elevates polymer concentrations in the 17 

phase-coexistence regime thereby initiating a segregative phase separation of the polymers. We find that 18 

the ensuing relaxation – en route to the new equilibrium – is non-trivially modulated by a dynamic interplay 19 

between the coarsening of the evolving droplet phase and the interactive membrane boundary. The early 20 

trajectory of droplet coarsening exhibit significant acceleration, but a competing process of membrane-21 

droplet interactions – one in which the membrane boundary is preferentially wetted by one of the incipient 22 

phases – dynamically arrests the progression and deforms the membrane. As a result, a novel multi-bud 23 

morphology, reminiscent of cellular blebs, decorate the vesicle surface. Furthermore, when the vesicles are 24 

composed of phase-separating mixtures of common lipids, the three-dimensional liquid-liquid phase 25 

separation within the vesicular interior becomes coupled to the membrane’s compositional degrees of 26 

freedom producing microphase-separated membrane textures. This coupling of bulk and surface phase 27 

separation processes suggests a new physical principle by which liquid-liquid phase separation inside living 28 

cells might be dynamically regulated and materially communicated inside-out to the cellular boundaries. 29 
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 1 
[MAIN TEXT] 2 

When a binary fluid mixture is quenched from a uniform homogeneous phase into the co-existence region, 3 

it enters into a far from equilibrium state(1, 2).  The subsequent evolution of this non-equilibrium system – 4 

in which the disordered “mother” phase gives way to new co-existing phases at equilibrium – is not 5 

instantaneous: Instead, complementary regions of the new broken-symmetry phases grow and coarsen over 6 

time. Here, growth corresponds to an increase in the volume fraction of the droplet phase via the transport 7 

of molecules from the complementary matrix phase. Coarsening, which follows growth, represents the 8 

morphological evolution due to the changes in the droplet size at the fixed, equilibrated value of the volume 9 

fraction(3). In both cases, the kinetic pathways of phase separation are determined by material transport via 10 

a combination of diffusion- and flow-mediated mechanisms, ultimately producing phase-separated 11 

morphologies of droplets enriched in either component. This general phenomenology of phase-ordering 12 

governs the evolution of compositional patterns during phase separation dictating equilibrium textures of 13 

phase-separated systems across many areas of materials science, including metal alloys, magnetic solids, 14 

polymers, colloids, and liquid-crystals(3).   15 

 16 

But all material systems undergo phase separation within finite containers. The physical limits the container 17 

boundaries impose – including finite system size and the proximity of the often selectively wetting 18 

bounding surface – can influence phase separation, perturb diffusive and hydrodynamic processes, and alter 19 

morphological evolution(4). Consider, for example, a surface, which preferentially attracts or wets one of 20 

the incipient co-existing phases over the other. As a consequence, it may spatially pattern the two phases 21 

altering the course and the kinetics of phase separation, thereby influencing the morphological evolution(5, 22 

6). This phenomenon of surface-directed spinodal decomposition is perhaps best exemplified by studies of 23 

polymer mixtures undergoing liquid-liquid phase separation. These studies document a rich variety of ways 24 

by which solid surfaces intervene incipient phase separation.  Examples  include formation of compositional 25 

waves in the vicinity of the surface (7),  acceleration of domain coarsening, (8, 9), and emergence of novel 26 

types of double phase separation(10).    27 

 28 

These behaviors are of particular interest in soft matter and biological systems – such as aqueous solutions 29 

of proteins and polymers in biological (i.e., cellular and sub-cellular) and synthetic (i.e., vesicular) 30 

compartments (11) – undergoing liquid-liquid phase separation (LLPS) (12). Here, phase separation 31 

proceeds in physically confined (femto- to picoliter quantities) and macromolecularly crowded volumes 32 

within topologically closed compartments.  Moreover, the compartmental boundaries are neither passive 33 

nor irresponsive; they are fluid, deformable, and molecularly heterogeneous capable of interacting 34 
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differentially with the incipient phases. This variety of system attributes – namely  surface wetting, spatial 1 

confinement, surface deformability, and membrane’s compositional degrees of freedom  – can be expected 2 

to influence LLPS in complex ways, thus setting a stage for significantly richer and dramatically more 3 

complex phase behaviors in confined soft matter and biological systems in comparison with their 4 

counterparts in traditional materials science. 5 

 6 

In considering real-time phase separation under the global constraints of vesicular confinement, several 7 

general questions naturally arise: (1) Are growth and phase coarsening limited to the intravesicular bulk or 8 

may surface direct LLPS? How are the kinetics influenced by the system size, geometry, and the proximity 9 

of the membrane surface? (2) Might the preferential wetting by the droplets deform the membrane and 10 

induce localized membrane remodeling? Does it spatially reorganize membrane components, possibly 11 

coupling LLPS within the vesicular bulk (3D) with the lipid-lipid phase separation (2D) within the 12 

membrane?  (3) Does the interplay between phase separation and wetting arrest the relaxation of the 13 

coarsening system into a metastable minimum instead of the true thermodynamic ground state? Addressing 14 

these questions is particularly timely (11) given the rapidly growing recognition of the prevalence of LLPS 15 

across biology and its purported role as a driver for the formation of biomolecular condensates - a critical 16 

level of functional organization within a living cell(13-18). Indeed, a growing body of recent observations 17 

suggest that there exists a complex interplay between  intracellular LLPS and membrane phase separation 18 

at cellular boundaries(19-21).  Moreover, understanding the physical principles governing the progression 19 

of LLPS within vesicular confinements is critically important for reconstituting these essential cellular 20 

mechanisms in synthetic cell-like entities(22-25).  21 

 22 

Motivated by these questions, we experimentally investigate here a model case of phase ordering inside 23 

single vesicular compartments in situ. Our experimental strategy is simple. The phase ordering system we 24 

employ is a minimal aqueous two-phase systems (ATPS) consisting of aqueous mixtures of two chemically 25 

dissimilar and electrically neutral polymers: polyethylene glycol (PEG) and dextran (26). First developed 26 

for biomolecular separations, the ATPS system of PEG and dextran is a non-associative or segregative 27 

kind(26). At low weight fractions, these mixtures adopt a single homogeneous phase. Beyond a threshold 28 

concentration, they phase-separate, producing two co-existing phases at equilibrium with each phase 29 

enriching a different polymer. A binodal line dividing the two regions characterize the phase diagram of 30 

these mixtures (26). The thermodynamic driving forces for the phase separation include synergistic 31 

contributions(27) from two distinct molecular mechanisms: (1) energetically unfavorable interactions 32 

between the segments of the two polymers overcoming the loss of mixing entropy(28) and (2) the repulsive 33 

force or an “epistructural tension” arising from the differences in water structure surrounding the two 34 
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polymers(29).  Because of the weak nature of these interactions, the effective interfacial tension between 1 

the two aqueous phases is low– three to four orders of magnitude lower than typical liquid-liquid systems 2 

(30) – and highly adjustable.  Its magnitude ranges between 1-1000 µN m-1 and depends sensitively on the 3 

proximity to the critical point and polymer properties, including concentrations, molecular weights, and the 4 

disparities in their molecular weights (31, 32).  Moreover, both PEG and dextran are also efficient crowding 5 

agents capable of minimally recapitulating macromolecular crowding, such as exists in cellular 6 

cytoplasm(33).   7 

 8 

Our vesicular compartments, which encapsulate ATPS components in an initially homogeneous phase, are 9 

giant unilamellar vesicles (GUVs)(34, 35). They are the simplest, cell-sized (𝑟 ≅ 5 − 25	µm in radius), 10 

topologically closed, and nominally spherical synthetic compartments, which isolate pico-liter quantities of 11 

the encapsulated aqueous phase from the surrounding bulk. The GUVs are bounded by a two-dimensionally 12 

fluid, highly deformable, and water-permeable (Pwater ≈	 10-3 cm.s-1) but solute-impermeable (Psolute ≈	 10-13 

8 - 10-10 cm.s-1) bilayer lipid membrane(36, 37). To induce LLPS in real-time, we subject the GUVs to an 14 

abrupt hypertonic stress, which by rapidly expelling water from the intravesicular lumen (characteristic 15 

permeation time(38), 𝑟 3𝑃!"#$%* = 	 (10	 ×	10&'	) (3	 × 10&()	1 ≈ 0.3	𝑠 , abruptly elevates the polymer 16 

concentrations, and quenches the mixtures inside the co-existence curve (Fig. 1a). The methods of 17 

encapsulation of ATPS components within vesicular compartments(39, 40) and their osmotically-mediated 18 

phase separation(32, 41, 42) are well-established in recent literature. The use of aqueous phase separation 19 

inside vesicular compartments was first developed (39, 40) to minimally recapitulate physical features of 20 

cytosolic micro-compartmentation and macromolecular crowding such as occurs in living cells(43-45). 21 

Since these early demonstrations, many studies have explored the equilibrium behaviors of ATPS-22 

encapsulating GUVs. In a series of studies, Dimova, Lipowsky, and others have investigated how 23 

equilibrated droplets interact with the bounding membrane(46-49). These efforts establish the role of 24 

surface wetting, which, together with membrane mechanics, offers important insights and quantitative 25 

explanations of the features of equilibrium morphologies, namely droplet-induced budding and membrane 26 

tubulation arising from LLPS.   27 

 28 

Here, we monitor the real-time the progression of liquid-liquid phase separation of mixtures of PEG and 29 

dextran inside giant unilamellar vesicles, which ensues upon an osmotically-mediated quench inside the 30 

co-existence region of the phase diagram. We find that the relaxation pathway en route to the new 31 

equilibrium is non-trivially modulated by a dynamic interplay between the late-stage coarsening of the 32 

evolving droplet phase and the interactive membrane boundary. First, the droplet composition and the 33 
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dominant length scale – characterizing the initial growth and evolving morphology respectively – diverge 1 

with time in an unusual manner: the growth, reflecting compositional equilibration, is dramatically slowed 2 

and the droplet coarsening exhibits a non-trivial acceleration. Second, the droplet coarsening does not 3 

persist uninterrupted till complete phase separation. A competing process of preferential wetting of the 4 

membrane boundary by one of the incipient phases dynamically arrests coarsening and locally deforms the 5 

membrane boundary producing a characteristic multi-bud morphology, reminiscent of budding in dying 6 

apoptotic cells and asymmetric vesicle division. Third, in multi-component vesicles consisting of phase-7 

separating lipid mixtures,  the three-dimensional LLPS within the vesicular bulk becomes coupled to 8 

membrane’s compositional degrees of freedom inducing isothermal lipid-lipid phase transition and 9 

producing microphase-separated membrane textures. Collectively, these findings highlight some of the 10 

most significant physical-chemical consequences of surface interactions, which may explain how liquid-11 

liquid phase separation inside living cells might be regulated and communicated inside-out to the cellular 12 

boundaries.   13 

 14 

We begin by preparing giant unilamellar vesicles (GUVs, 10-50 µm in diameter) using the standard 15 

electroformation technique (50). For single-component GUVs we use monounsaturated phospholipid, 16 

namely 1-palmitoyl 2-oleoyl-sn-1-glycero-3-phosphocholine (POPC) and our ternary GUVs include pre-17 

determined mixtures containing POPC, cholesterol (Ch), and sphingomyelin (SM). Depending on the 18 

composition, temperature, membrane tension, and solution conditions, the latter mixture forms a single 19 

uniform phase or exhibits microscopic phase separation with the latter characterized by two co-existing 20 

liquid phases: a dense phase enriched in SM and Ch designated as the Lo (liquid-ordered) phase and a 21 

second, less dense Ld (liquid-disordered) phase consisting primarily of POPC (51). In both cases, we 22 

introduce a small concentration of methoxy (polyethylene glycol) derivatized 1,2-dioleoyl-sn-glycero-3-23 

phosphatidylethanolamine (DOPE-mPEG 2000, 2.2 mol%) or monosialoganglioside (GM1, 4 mol%), 24 

which are known to facilitate reproducible formation of GUVs (52, 53). To enable visualization of the 25 

membrane by fluorescence microscopy, the GUVs are spiked with a small concentration (1.0 mol%) of a 26 

probe lipid, namely 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 27 

(Rho-DOPE).  In selected experiments employing phase-separating lipid mixtures, we also used a second 28 

fluorescent probe, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 29 

(ammonium salt) (NBD-PE, 3 mol %), which exhibits a greater preference for partitioning into the liquid-30 

ordered phase(54). To encapsulate the ATPS inside GUVs, we use aqueous solutions containing mixtures 31 

of PEG (8 kg mol-1) and dextran (10  kg mol-1) (43) during the hydration step of electroformation, which 32 

are known to encapsulate at concentrations comparable to that in the surrounding bath(32, 49, 53).  In all 33 

cases, we chose initial concentrations that exist as a single homogeneous phase. As a guide, we use the 34 
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binodal phase diagram of their bulk solutions, which we determined using the standard cloud-point 1 

determination (55) (Fig. 1b).   2 

 3 

Substituting the extra-vesicular dispersion medium with an aqueous phase containing osmotically active 4 

sucrose (100-300 mM) produces a hypertonic bath, subjecting the GUV to a trans-bilayer osmotic gradient. 5 

The accompanying osmotic efflux of water from the vesicular interior elevates the concentrations of PEG 6 

and dextran polymers in the GUV interior above the binodal line triggering phase separation in situ (Fig. 7 

1a). The new co-existing phases formed upon hyperosmotic stress differ in their composition and density 8 

and thus viscosity and refractive index. Bulk assays confirm that the dextran-rich phase is denser and 9 

displays a higher refractive index(26). Combining bulk polarimetric measurements with refractometry 10 

measurements, allows for an initial assessment of phase compositions:  For each of the two co-existing 11 

phases, the former estimates dextran concentration from optical rotation data and the latter measures total 12 

polymer concentration in each of the two phases.  The two molecular compositions correspond to the end 13 

points of the tie lines and quantify that the fractionation of the two polymers between the co-existing phases. 14 

Our results summarized in Fig. 1c confirm efficient fractionation, especially at higher dextran 15 

concentrations: The PEG-rich phase contains vanishing concentrations of dextran and conversely the 16 

dextran-rich phase has only a small concentration of PEG. These observations also confirm that the total 17 

polymer loading in the dextran-rich phase is considerably higher than in the PEG-rich phase, consistent 18 

with the greater density of the dextran-rich phase.  19 

 20 

Monitoring the dynamics of phase separation using spinning disc confocal fluorescence microscopy 21 

documents the phase transition trajectory. A selection of images from the time-lapse movie 22 

(Supplementary Video S1) is shown in Fig. 2a-c upon the immersion of  single-component POPC GUVs 23 

formed in a solution containinf 6 wt %  PEG (8 kg mol-1) and 6.4 wt % dextran (10 kg mol-1)   in the 24 

surrounding bath containing 143 mM sucrose.  Based on the bulk measurements, the osmotic pressure of 25 

the polymer mixture containing 6 wt % PEG (8 kg mol-1) and 6.4 wt % dextran (10 kg mol-1) corresponds 26 

to roughly 100 mM sucrose. Thus the immersion into 143 mM sucrose-laden bath subjects the GUV 27 

population to a net hypertonic stress (∆Π = 𝑅𝑇Δ𝑐	 ≈ 0.1  MPa), which acts to expel water from the 28 

vesicular interior and elevate polymer concentrations (see above).  29 

 30 

Time-lapse fluorescence images reveal a sequence of four well-differentiated kinetic regimes described in 31 

turn below.  First, within tens of seconds after subjecting the GUV to the hyperosmotic stress, tubular 32 

protrusions directed toward the interior of the vesicles become visible. This appearance of localized tubular 33 

invaginations – in response to the reduction of enclosed volume for a fixed membrane area, which ensues 34 
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because of osmotic removal of water – appears counter-intuitive.  It is at variance with the theoretically 1 

expected shape diagrams predicting increased membrane fluctuations and well-defined global shape 2 

changes, which characterize the equilibrium configurations for various reduced volumes (56).  It, however, 3 

confirms similar findings reported previously (42, 49, 57) and lends support to the notion that the tubular 4 

protrusions are generated by in-situ changes and stabilized kinetically. Specifically, these studies show that 5 

the initial membrane deformation into a nascent bud is prompted by an in-situ generated negative 6 

spontaneous curvature because of the adsorption of PEG polymer to the inner leaflet of the membrane 7 

surface (32).  They further suggest that these nascent spherical buds grow via rapid flow of lipids producing 8 

a string of buds, which relax into cylindrical tubes(57). 9 

 10 

Second, over the next several seconds (100 s < t < 200 s), the dextran-rich droplets suspended within the 11 

vesicular lumen, display a gradual increase in the fluorescence intensity (due to the labeled dextran) and 12 

grow in size (and polydispersity). The former is consistent with the droplet growth via diffusive transport 13 

and the latter reflects coarsening. Monitoring the changes in the fluorescence intensity (due to labeled 14 

dextran) of the droplets and the surrounding phase during this regime (Supplementary Information, Fig. 15 

S2.1) reveals that the mean fluorescence intensity for all droplets continue to increase with time until 16 

reaching an asymptotic intensity (~ 4 min). Quantifying the dextran partition coefficient (K), defined as the 17 

ratio of dextran in PEG-rich phase to dextran in dextran-rich phase, we estimate the asymptotic partition to 18 

be K ~0.26, which is in good agreement with that observed for the bulk solution (Supplementary 19 

Information, Fig. S2.1), and those reported previously (43).  20 

 21 

Analyzing the growth-coarsening rate of the droplets during this regime, we find a power-law dependence 22 

(1, 58).  consistent with the generalized 𝑅(𝑡) 	∝ 	 𝑡) form with an exponent of 𝛼 ≅ 1.0	(±	0.2), 𝑛 = 3 (Fig. 23 

2d).  This is at variance with the universal scaling behaviors(59) that characterize growth and coarsening.   24 

The growth in three-dimensional bulk typically proceeds by diffusion-limited mechanisms, which 25 

correspond to 𝛼 = 1 2*  (60). Coarsening mechanisms, which depend on the volume fraction of the minority 26 

phase,  are dominated by diffusion in the low volume-fraction limit, which produces discrete droplet. Here, 27 

the translational diffusive flux from smaller droplets to larger droplets facilitates the growth of the latter at 28 

the expense of the former via the so-called evaporation–condensation (Lifshitz–Slyozov-Wagner) 29 

mechanism in a manner akin to Ostwald ripening. This sets the growth exponent at 𝛼 = 1 3*  (61, 62). At 30 

intermediate volume fractions, coarsening occurs via collisions and coalescence of droplets undergoing the 31 

stochastic Brownian motion through the so-called Brownian-coagulation (Binder-Stauffer) mechanism (63, 32 

64).  Both of these mechanisms set the growth exponent at 𝛼 = 1 3*  (61, 62).  33 
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The observed linear growth represents a striking departure from the expected exponents for either the 1 

diffusion-limited growth (𝛼 = 1 2* ) or the droplet coarsening via either the Brownian coalescence or 2 

Ostwald ripening mechanisms (𝛼 = 1 3* ) (see above). We suggest that this kinetic acceleration reflects the 3 

roles proximal surface and the GUV confinement play in modulating transport processes. Indeed, previous 4 

studies of surface-directed spinodal decomposition of polymer mixtures near surfaces and in capillaries(5, 5 

8) have similarly reported higher growth rates (as high as 𝛼 = 3 2*  ) and proposed theoretical explanations 6 

based on the differences in the surface-wetting behaviors of the droplet- and the majority phases(9, 65).  In 7 

the present case, the dextran-rich droplets almost invariably appear, grow, and coarsen deep within the 8 

vesicular lumen away from the bounding membrane, with the latter remaining fully wetted by the PEG-9 

enriched majority phase during this regime.  Based on the above, it appears reasonable that the depletion of 10 

growing droplets from the bounding membrane act to increase the effective droplet concentration with time 11 

leading to an apparent acceleration in coalescence kinetics.  12 

 13 

Third,  beyond roughly 200 s, we find an abrupt interruption of the droplet coalescence process.  Instead of 14 

indefinite droplet growth culminating in macroscopic phase separation, we find that the extant droplets, 15 

which were initially suspended within the vesicular interior, begin to accumulate at (and adhere to) the 16 

membrane surface. Occassionally, we also find that some droplets become wrapped by the tubular 17 

invaginations, which formed during the first regime (see above). In both cases, this partial “emulsification” 18 

of the droplets by the membrane appears to be a key event for understanding the kinetic arrest of the droplet 19 

coarsening.  We reason that the adsorbed tubules at droplet surfaces can act as a barrier against the 20 

coalescence of suspended droplets and limit the mobilities of peripheral droplets bound to the vesicular 21 

boundary. Together, they arrest the coarsening process leading to a metastable multi-droplet organization 22 

for the phase-separating polymers. Such dynamic arrests are  common in many phase-separating systems 23 

including colloids, gels, and concentrated protein solutions, but they typically arise when one of the phase 24 

separating component gels or vitrifies producing non-equilibrium metastable states(66).  In the present case, 25 

the dynamic arrest produces a rather unusual scenario: the morphological evolution emanating from an 26 

unstable quench gives rise to metastable spatial organization of putative equilibrium phases (67) – the latter 27 

confirmed by the observations of comparable intensities (within	4%)	of bound droplets.  28 

 29 

From the vantage point of the membrane, the trafficking of dextran-rich droplets to the membrane surface 30 

gives rise to a novel, complete-to-partial, wetting transition(41, 48) in which the membrane surface, which 31 

was initially wetted by the majority PEG-rich phase exclusively, becomes wetted by both co-existing 32 

phases. At a basic level, this wetting transition reflects a changing balance between three relevant interfacial 33 
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interactions(41): 𝜎*+	, 𝜎,+, 𝑎𝑛𝑑	𝜎*, 	, which represent the interfacial tensions associated with the interfaces 1 

between the PEG-rich phase (p), the dextran-rich phase (d), and the membrane (m). During the early stages 2 

(𝑡	 < 200	𝑠) – when the dextran-rich droplets are growing by accretion of dextran molecules and have yet 3 

to achieve equilibrium composition (see above) – the interfacial tension 𝜎*, 	is still low, and the membrane 4 

remains wetted by the PEG-enriching phase ( 𝜎*, <	𝜎,+ − 𝜎*+).  Over time, as growth due to molecular 5 

exchanges enrich the droplets and deplete the bath in terms of dextran concentrations, 𝜎*, 	 continues to rise 6 

and crosses (𝑡	 ≅ 200	𝑠) a threshold (𝜎*, 	≅ 	𝜎,+ −	𝜎*+	), beyond which the energetic cost of wetting 7 

the membrane by the dextran-rich droplet is smaller than the gain obtained by the lowering of the interfacial 8 

area between the two aqueous phases.  9 

 10 

Fourth, upon wetting the membrane surface, the dextran-rich droplets deform the wetted area producing a 11 

striking mosaic of outwardly directed buds, which remain in contiguity with the mother vesicle (Fig. 2b-12 

c). These buds thus provide specialized niches to spatially organize intravesicular aqueous phases and 13 

divide the otherwise contiguous membrane of nominally single composition into distinct segments with 14 

different curvatures and mechanical tensions. The sizes (and the numbers) of the buds correspond to those 15 

of individual droplets formed at the onset of membrane wetting 𝑡	 ≅ 250	𝑠 . Although similar in 16 

appearance(68, 69), this droplet-induced budding is distinctly different from the budding transitions in 17 

phase-separated membranes, (68, 70).  Unlike domain-mediated budding, which is induced by the 18 

thermodynamic drive to minimize line tension in molecularly differentiated domains, the buds produced by 19 

the coarsening arrest in the present case are compositionally indistinguishable from the surrounding 20 

membrane and present little or no line tension.   21 

 22 

From a mechanics-energetics point of view, the domain-induced budding is determined by the balance of 23 

line tension, (𝜎) ,  that exists at the domain boundary and the curvature energy (𝜅)  – both determined by 24 

the membrane’s internal compositional degrees of freedom: Above a characteristic length, 𝑙 ≅ 	 𝜅 𝜎⁄  , 25 

deformation of an initially flat domain producing buds is energetically favored. (70)  Using typical values 26 

of 𝜅 ~ 10-19 J and 𝜎 ~ 10-11 -10-12  N then estimates the critical threshold of 10-100 nm for the hemispherical 27 

bud to form.  In contrast, the energetic driver for the droplet-induced budding has an extrinsic origin: the 28 

interfacial tension between the co-existing aqueous phases, namely dextran-rich droplets and the PEG-rich 29 

surrounding, which does not depend on the membrane properties. Here, the competition between the 30 

corresponding interfacial energy  𝜎*, × 𝐴*, and the curvature energy sets the characteristic length scale at 31 

P𝜅 𝜎*,*   . Using the typical values of 𝜅 ~ 10-19 J and our previous estimate of 𝜎*, ~ 0.36 x 10-3 N. m-1 (71) 32 

for comparable compositions suggests that, here too, budding is favored beyond the nanometer scale droplet 33 
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size of ~10 nm.  Moreover, because the aqueous phase interfacial tension can be tuned by changing polymer 1 

types, concentrations, and molecular weights (48), droplet-induced budding morphologies are determined 2 

independent of membrane composition. 3 

 4 

Next, it is notable that the bud shapes, sizes, and numbers do not change for several hours (~ 4 hrs). 5 

Examining the slow evolution of the bud morphology over the long-term (> 24 h) reveals a slow coarsening, 6 

which ultimately replaces the multi-budded GUV configuration with one characterized by a single bud 7 

(Supplementary Information, Fig. S2.2), such as expected at equilibrium(49). This dramatic slow-down 8 

in the coarsening of membrane-bound dextran-rich droplets parallels the similarly slow coarsening 9 

dynamics of domain-induced buds (69, 72-74): As two membrane-bound droplets, which locally deform 10 

the membrane approach one another, the membrane segment (“skirt” region) between the droplets is also 11 

deformed (Supplementary Information, Fig. S2.2).  When the droplets are within the ranges of their 12 

elastic decay lengths,  this deformation of the surrounding region gives rise to a net inter-bud repulsive 13 

force and elevates the activation energy barrier for bud coalescence (69, 73, 75).  The reasoning above then 14 

suggests that the the elastic properties of the membrane arrest the droplet coarsening – a  direct consequence 15 

of preferential interactions between the membrane and phase-separated droplets.  Another consequence of 16 

this short length scale inter-bud repulsion can spatially organize membrane domains producing higher-order 17 

superlattice patterns. Although the polydispersity of buds and our measurement methods are not readily 18 

amenable to detailed quantitative characterization, we often observe relatively monodisperse population of 19 

buds that organize into extended quasi-ordered two-dimensional lattices (Supplementary Information 20 

Fig. S2.3)  21 

 22 

Both the liquid-liquid phase separation and budding above are fully reversible, albeit the reversal kinetics 23 

are different. Upon lowering the sucrose concentration in the bath close to the starting isotonic value, the 24 

phase-separated interior of the budded GUVs abruptly transitions to the the single homogeneous phase and 25 

the membrane boundary unbuds, restoring the initial spherical shape (Supplementary Video S2 and 26 

Supplementary Fig. S2.4).  This ability of the membrane buds to robustly sequester their content (i.e., 27 

dextran) as a distinct phase and subsequently redeliver such as by an osmotically induced phase transition 28 

appears curious. The former suggest a potential physical mechanism by which buds might select their 29 

molecular cargoes, such as in the formation of transport vesicles(76).  The latter appears 30 

phenomenologically similar to fusion of vesicles carrying different cargos(77).   31 

 32 

Systematic mapping of the phase separation trajectory for a range of different weight fractions of PEG and 33 

dextran at a fixed total polymer concentration reveals that the essential dynamics above remain largely 34 
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unchanged (Fig. 3a, Supplementary Fig. S2.5 and Supplementary Video S3-S6). At low dextran 1 

concentrations, droplet sizes (and correspondingly the buds) are proportionately smaller, and conversely 2 

elevated dextran concentrations yields larger droplets and buds. In the limiting cases, the smallest 3 

membrane-bound buds produced at the lowest dextran concentrations merely decorate the membrane 4 

without budding (Supplementary Video S3 and S4) and at the highest dextran concentrations tested, the 5 

reversal of the majority and droplet phases produce single buds encapsulating the minority PEG phase with 6 

the majority dextran phase wetting the mother vesicle (Supplementary Video S6).  7 

 8 

The phase separation in the PEG-Dextran ATPS system is known to depend on the molecular weights  of 9 

the two phase-separating components. Higher molecular weight polymers (1) depress the binodal to lower 10 

concentrations, thus favouring phase separation; (2) lengthen the tie-lines, segregating the polymers more 11 

effectively; and (3) increase the magnitude of interfacial tension(30).  These effects become more 12 

pronounced when the ratio of the molecular weight of the two polymers is also large(78).  To characterize 13 

how the better segregation of polymers and higher interfacial tension influence the kinetic interplay of 14 

droplet coarsening and budding, we repeated the experiments by substituting dextran (10 kg.mol-1) by 15 

dextran 450 (kg mol-1). We find that the droplets coarsen to larger diameters, often producing single large 16 

droplets, before adhering to the membrane (Fig. 3b, Supplementary Video S7). This is not surprising since 17 

elevated interfacial tension between the incipient co-existing phases increase the thermodynamic driving 18 

force for droplet coalescence allowing rapid equilibration of the ATPS phases within the vesicular lumen 19 

prior to budding. Subsequently, single large droplets bud, producing morphologies similar to those typically 20 

obtained by slow and step-wise approach to phase separation under near-equilibrium conditions(49). 21 

 22 

In all of the experiments above, membrane composition contained a finite proportion of PEG-derivatized 23 

lipid (DOPE-mPEG , 2.2 mol%), which is incorporated to facilitate GUV formation.  These PEG-displaying 24 

dopants, however, also act to preferentially wet the membrane by the incipient PEG-rich phase (and 25 

allowing the dextran-rich phase to nucleate, grow, and coarsen within the vesicular interior) during phase 26 

separation.  To explore the effect of reversing the membrane preference for the wetting phase, we replaced 27 

DOPE-mPEG by a glycolipid GM1, which interacts preferentially with the dextran-rich phase (see 28 

methods).  Remarkably, we find a complete and a drastic reversal in the growth pattern (Fig. 3c, 29 

Supplementary Video S8):  The dextran-droplets almost exclusively nucleate, grow, and coarsen at the 30 

membrane surface – suggesting a shift from homogeneous to heterogeneous nucleation – likely by spatially 31 

localizing compositional fluctuations needed for phase separation in the vicinity of the membrane boundary.   32 

 33 
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Cumulated weight of the results presented above reveals the complex and dynamic interplay between the 1 

membrane boundary and the liquid-liquid phase separation inside giant vesicles altering equilibration 2 

pathways and stabilizing kinetically formed morphologies.  3 

 4 

This dynamic relationship between phase separation in the aqueous bulk and the interfacial wetting-induced 5 

budding at the membrane surface raises an interesting question: How do the membrane’s compositional 6 

degrees of freedom influence this interplay?  In the cellular context, this simple question has important 7 

parallels: How do living cells control sizes, shapes, distributions, and other physical properties of the droplet 8 

condensates?  What roles do membrane play in regulating LLPS inside the cell? How is the LLPS activity 9 

communicated to the membrane interface, where many signaling events occur?  Recent studies highlight 10 

several biophysical pathways, such as the roles membranes play in (1) reducing concentration thresholds 11 

for LLPS by elevating local protein concentrations(17, 20, 79) and (2) facilitating nucleation and growth of 12 

membrane-bound protein condensates such as seen most prominently in T-cell signaling where activation 13 

of T-cell receptor at the membrane surface triggers multi-phosphorylation of LAT, which in turn recruits 14 

additional proteins, Grb2 and divalent SOS, driving RAS activating(21) condensate formation at the 15 

membrane surface(80).  Yet little is known about the relations between two-dimensional lipid-lipid phase 16 

separation and membrane interactions of condensates produced by the three-dimensional LLPS.   17 

 18 

To investigate whether the membrane association of dextran-rich liquid droplets can dynamically activate 19 

membrane’s compositional degrees of freedom, we replaced single membrane lipids of our GUVs with a 20 

ternary mixture containing an equimolar concentration of POPC, cholesterol, and sphingomyelin (2:2:1). 21 

To induce droplet formation in real-time, we encapsulated an aqueous mixture containing 6 wt %  PEG (8 22 

kg mol-1) and 6.4 wt %  dextran (10  kg mol-1) inside the GUVs and subjected them to a hypertonic stress 23 

from the bath containing 143 mM sucrose. Time-lapse fluorescence microscopy images confirm the general 24 

phase ordering trajectory described above (Fig. 4, Supplementary Video S9). Additionally, they reveal a 25 

remarkable redistribution of membrane components: Upon droplet-induced membrane budding, the initial 26 

uniform distribution of the two phase-sensitive dyes in the membranes of the GUVs, reflecting a single 27 

homogeneous phase, is abandoned, replaced by a pattern of membrane fluorescence – fully commensurate 28 

with the pattern of droplet-induced buds:  Each bud is capped by the liquid-ordered (Lo) lipid phase enriched 29 

in cholesterol and sphingomyelin and the skirt region between the buds is occupied by the phospholipid-30 

rich liquid-disordered (Ld)  phase.   31 

 32 

There are several salient features of this emergent lipid phase pattern, which matches the underling droplet 33 

pattern, all of which can be readily understood in terms of well-known principles of membrane mechanics, 34 
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dynamics, and thermodynamics.  First,  perhaps the most remarkable aspect of our observations is the 1 

appearance of co-existing phases in direct correspondence with the emergence of droplet-induced 2 

membrane budding.  Similar isothermal phase transitions have been previously observed, in the absence of 3 

specific lipid-lipid or lipid-protein interactions, when multi-component lipid bilayers are subject to 4 

gradients of (1) curvatures, such as occurs when tubes are pulled from giant vesicles(81, 82); (2) mechanical 5 

tension(83), such as produced by osmotic stresses (83, 84); or (3) fluctuations, such as modulated by 6 

adhesion (85, 86). In all of these cases, the plunge into phase co-existence occurs most reliably when 7 

membrane compositions are in the vicinity of miscibility phase transition(82, 87).  In the present case, 8 

droplet wetting of the membrane locally renders the membrane tense, suppresses thermal undulations, and 9 

produces curvature gradients  in the neck region separating the bud from the mother vesicle. Together, these 10 

mechanical-chemical perturbations provide a basis for understanding the observed lateral phase separation 11 

of lipids induced by the droplet mediated budding.    12 

 13 

Second,  it is notable that the phase-separated domains are spatially commensurate with the underlying 14 

spatial patterns of membrane morphology and intravesicular polymer-enriched droplets.   The lateral sorting 15 

of domains – albeit existing ones – in spatially-defined curvature niches, within single membranes have 16 

been observed in many independent contexts and over many different length scales(88). A separate 17 

mechanism for similar domain alignment involves the preferential spatial localization of specific molecules, 18 

which are differentially solubilized between the two co-existing phases(86, 89).  Indeed, a previous study 19 

by one of us(89) found that preferential interaction of a molecule, i.e., a PEG-terminated saturated lipid, 20 

solubilized preferentially in the Lo phase with the PEG-rich phase in the vesicular interior was sufficient to 21 

induce spatial ordering of pre-existing membrane domains in registry with the intravesicular bulk.  In this 22 

same vein, the small concentration of Ld-phase partitioning DOPE-mPEG in the present study can readily 23 

explain the spatial positioning of the incipient membrane phases.  Together, these considerations may 24 

explain our observations of simultaneous lipid phase separation and spatial localization of membrane 25 

domains driving an exquisite coupling of three-dimensional liquid-liquid phase separation within the 26 

vesicular interior with the lateral phase separation of lipids at the membrane boundary.  27 

 28 

Collectively, the results presented here exemplify the temporal morphological evolution during the 29 

segregative phase ordering of a mixture of polymers inside giant vesicles following an abrupt quench. Our 30 

results could shed light on non-equilibrium behaviours of liquid-liquid phase separation in cell-like 31 

compartments. The crowded nature of the cytoplasm; physical confinement in small volumes; and 32 

interactions with the proximal membrane, which is at once flexible, deformable, and heterogeneous can all 33 

be expected to influence the phase transition trajectories of induced liquid-liquid phase separation. It can 34 
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dynamically arrest phase separation, produce metastable spatial organization of co-existing phases, and 1 

couple the liquid-liquid phase separation in the 3D interior with the 2D lipid-lipid phase separation at the 2 

membrane boundary – potentially suggesting a general physical-chemical principle that can drive 3 

mesoscale functional organization of membraneless organelles in living and artificial cells.   4 
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Figure 1. (a) Schematics of the osmotic deswelling pathways for inducing liquid-liquid phase 

separation in situ.; (b) Binodal and tie lines of PEG 8 kg mol-1 and dextran 10 kg mol-1 at room 

temperature. Binodal obtained by cloud-point method in bulk solution. Tie-lines obtained from 

the phase compositions of PEG-rich and dextran-rich phase. The dextran concentration of 

initial solutions (in a ratio of PEG to dextran equal to 16 to15) are (1) 16 wt% (   ); (2) 14 wt% 

(   ); (3) 12 wt% (   ); (4) 9 wt% (   ). The end points of tie-lines represent the composition 

of the PEG-rich phase (upper left point) and dextran-rich phase (lower right point). (c) 

Measurement of phase composition of polymers in PEG-rich phase and dextran-rich phase. 
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Figure 2. (a) Selected frames and (c) 3D image from a time-lapse movie (Supplementary Video 

S1) of confocol fluorescence microscopy images of GUVs encapsulating a mixture of 6.0% 

(w/w) PEG 8 kg mol-1 and 6.4% (w/w) dextran 10 kg mol-1 doped with 0.001% AlexaFluor® 

488-Dextran upon immersion in 143mM sucrose solution. (b) Droplet shape characterization 

by three contact angle 𝜃!	(74.08°), 𝜃" 	(120.58°), and 𝜃#	(165.28°) corresponding to PEG-

rich phase, dextran-rich phase and exterior solution. Σ!# , Σ!" , and Σ"#  represents three 

tensions, which can be calculated based on known value and contact angles, along three 

interfaces (i.e. PEG-rich phase and dextran-rich phase, 𝛴!" ; PEG-rich phase and external 

solution, 𝛴!#; and dextran-rich phase and external solution, 𝛴"#)1; (d) Dextran droplet growth 

rate (n=3). Droplet growth follows a universal scaling behavior2 in which the dominant length 

scale (𝑅(𝑡)) of the new phase grows with time: log (𝑅(𝑡)) ∝ 𝑙𝑜𝑔(𝑡). The plot showing log (r) 

vs log(t) analysis of dextran droplets give rise to a linear equation of droplet growth: log(𝑟) =

	1.0249 × log(𝑡) − 2.1487, 𝑅$ = 0.9671. All GUVs imaged consist of a mixture containing 

96.8% POPC, 2.2% DOPE-mPEG, 1% Rho-DOPE. Scale bar, 10 µm. 
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Figure 3. (a) Phase diagram and confocal fluorescence microscopy images of driving LLPS in 

GUVs with different ratios of PEG 8 kg mol-1 and dextran 10 kg mol-1. (i-v) confocal 

fluorescence microscopy image of GUVs encapsulating mixtures of (i) 5:1 (namely 5P1D, 

Supplementary Video S3), (ii) 3:1 (namely 3P1D, Supplementary Video S4), (iii) 1:1, (iv) 

1:2 (namely 1P2D, Supplementary Video S5) and (v) 1:6 (namely 1P6D, Supplementary 

Video S6) ratios of PEG 8 kg mol-1 and dextran 10 kg mol-1 doped with 0.001% AlexaFluor® 

488-Dextran upon immersion in (i) 143, (ii) 120, (iii) 143, (iv) 263, and (v) 298mM sucrose 

solution. All GUVs imaged consist of a mixture containing 96.8% POPC doped with 2.2% 

DOPE-mPEG, 1% Rho-DOPE. (b) Confocal fluorescence microscopy image of GUVs consists 

of a mixture containing 96.8% POPC, 2.2% DOPE-mPEG, 1% Rho-DOPE with 4.5% PEG 8 

kg mol-1 and 2.02% Dextran 450 kg mol-1 subjected to 54mM sucrose solution 

(Supplementary Video S7); (c) Confocal fluorescence microscopy image of a single GUV 

consists of a mixture containing 95% POPC, 4% GM1, 1% Rho-DOPE with 6.0% PEG 8 kg 

mol-1 and 6.4% Dextran 10 kg mol-1 subjected to 143mM sucrose solution (Supplementary 

Video S8). All scale bar, 10 µm.   
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Figure 4. (a) Selected frames, (b) 2D and (c) 3D images from a time-lapse movie 

(Supplementary Video S9) confocol fluorescence microscopy images of GUVs encapsulating 

a mixture of 6.0% (w/w) PEG 8 kg mol-1 and 6.4% (w/w) dextran 10 kg mol-1 doped with 

0.001% AlexaFluor® 647-Dextran upon immersion in 157mM sucrose solution. Three contact 

angle 𝜃!	(86.72°) , 𝜃" 	(140.89°) , and 𝜃#	(132.38°)  corresponding to PEG-rich phase, 

dextran-rich phase and exterior solution. Σ!#, Σ!", and Σ"# represents three tensions along 

each contact lines. GUVs imaged consist of a mixture containing POPC: Egg-SM: Cholesterol 

in a ratio of 2:2:1 doped with 2.2% DOPE-mPEG, 1% Rho-DOPE and 3% NBD-PE. Scale bar, 

10 µm. 
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