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Abstract

Intrinsically disordered peptides can form biomolecular condensates through liquid-

liquid phase separation. These condensates play diverse roles in cells, including in-

ducing large-scale changes in membrane morphology. Here we employ coarse-grained

molecular dynamics simulations to identify the most salient physical principles that

govern membrane remodeling by condensates. By systematically varying the interac-

tion strengths among the polymers and lipids in our coarse-grained model, we are able

to recapitulate various membrane transformations observed in different experiments.

Endocytosis and exocytosis of the condensate are observed when the inter-polymeric

attraction strength is higher than polymer-lipid interaction. We find a critical size of

the condensate required to exhibit successful endocytosis. Multilamellarity and local

gelation are observed when the polymer-lipid attraction is significantly higher than the

inter-polymeric attraction. The insights provide essential guidance to the design of

(bio)polymers for the manipulation of membrane morphology in various applications

such as drug delivery and synthetic biology.
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Liquid-liquid phase separation (LLPS) of intrinsically disordered peptides (IDPs) and

nucleic acids is an important biological process that is connected to intracellular compart-

mentalization through the formation of membraneless organelles (such as nucleoli, stress

granules, cajal bodies etc.), cellular signaling, and several diseases.1–7 In the last decade,

there has been a tremendous advancement in understanding the formation, structure and

dynamics of such macromolecular condensates in the bulk phase, both theoretically and ex-

perimentally. Recent studies have suggested that LLPS at the lipid membrane is biologically

important.8–12 It was also observed that phase separation of proteins at the membrane sur-

face can induce significant curvatures, vesicle biogenesis, multilamellar structure formation,

tubulation, and pore formation.13–19 Therefore, LLPS near the membrane surface can serve

as a novel mechanism for membrane remodeling in cells, in addition to the much discussed

mechanisms such as hydrophobic insertion, scaffolding, protein crowding, and coating.20–22

Despite the importance and interest in general, only a few theoretical investigations have

been directed toward understanding the mechanism of LLPS-induced large-scale structural

transformations of a lipid bilayer or vesicle, from a molecular perspective.

Membranes can modulate the structure and, in turn, the phase boundaries of the conden-

sate. For example, the conformational ensemble of a single IDP chain close to a membrane

can differ largely from that in the bulk.23,24 As the single chain properties are known to be

well correlated with the phase behavior of the condensate,25–28 in such cases, the membrane

can introduce changes in the protein phase behavior that is non-trivial to predict by only

considering the enhanced local protein concentration due to membrane adsorption.8 In ad-

dition, there can be coupling between phase behaviors of the peripheral proteins and the

lipid membrane.29,30 In a lattice model-based study, Machta et al. showed that membranes

close to the critical point can promote protein phase separation on its surface, even if LLPS

is unfavorable in the bulk;31 we recently further showed using similar approaches that the

critical behavior of the membrane is not required to promote the pre-wetting transition of

biopolymers at the membrane surface.32 Continuum mechanics models have been used to
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rationalize membrane bending and tubulation upon adsorption of a dense protein layer,14,19

although molecular details for the underlying driving force were difficult to establish using

such models alone.

Mixtures of oppositely charged polyelectrolytes readily undergo LLPS and are often

termed as coacervation.33–35 These coacervates have a wide range of applications from coat-

ings and adhesives to pharmaceutical technologies and foster multiple biological processes.36–40

Polyelectrolyte coacervates are used to build synthetic analogs of living cells (protocells) ow-

ing to their crowded interior, unique core-shell property, and molecular sequestration capabil-

ity.41,42 Recent experimental studies have observed several biologically important phenomena

caused by the adsorption of coacervates onto a lipid vesicle/membrane. For example, Spruijt

and co-workers have used timelapse fluorescent microscopy to observe endocytosis and ex-

ocytosis of spermine/poly-Uracil coacervate droplets.17 The lipid coating followed by the

engulfment of the coacervate into the liposome has been first observed within 15s. Through-

out the length of their experiment (20 min) they observed the engulfment of several droplets.

By varying the concentration of positively (DOTAP) and negatively (POPG) charged lipids,

that is, tuning the strength of interaction between the droplet and liposome, they presented

a qualitative phase diagram based on contact angles. Another interesting earlier study by Al-

lolio et al. showed that poly-Arginine can induce the formation of fused multilamellar bilayer

structure followed by membrane pore formation.18 Inspired by these and other14,43–45 exper-

imental observations, we aim to unravel which intra/inter-molecular interactions are the key

to the experimental observations of large-scale membrane remodeling processes such as endo-

cytosis, exocytosis, and multilamellar bilayer formation. In other words, we aim to provide a

molecular level explanation of the schematic phase diagram of a coacervate-liposome system

presented by Spruijt and co-workers.17 We believe such understanding based on molecular

interactions is required to help design novel synthetic polymers to achieve the desired out-

come of vesicle remodeling. The use of model systems by a systematic tuning of self- and

cross-interaction strengths has been used to understand the nature of LLPS in the bulk,46,47
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but not in the presence of a liposome.

Given the timescale of these processes, one often resorts to coarse-graining approaches26,48–51

or numerical solutions of field theory-based equations.3,52 Here we use the generic three-bead

representation for lipid molecules proposed by Cooke et al.49 and model polymers made of

self-repulsive beads to identify the most salient features in intermolecular interactions that

drive the experimentally observed diverse phenomena. We note that the Cooke model for

lipids was used earlier in several studies to understand the passive uptake of nanoparticles

through a flat bilayer and its dependence on the shape and size of the nanoparticle.53,54 How-

ever, the effect of LLPS on a vesicle made of Cooke lipids has not been investigated. The

primary difference between nanoparticle uptake and the endocytosis of coacervates is the

entropic factor, as the individual chains can exhibit substantial conformational fluctuations

and intermolecular rearrangements within the coacervate, making it spatially inhomoge-

neous in terms of both structure and dynamics.55 In addition, unlike the nanoparticles, the

coacervates exhibit shape and volume fluctuations that can be manifested into interesting

structural features that are often unanticipated.

We have three components in the system, namely, the lipid vesicle made out of a single

component and two polymers A30 and B30. The following parameterization and details are in

the reduced unit. The lipids have one head bead (H) and two tail beads (T) with diameters

σHH = 0.95 = σHT and σTT = 1.00. The pair interaction between H-H and also between H-T

are repulsive Weeks-Chandler-Andersen (WCA) type with ε = 1 and rc = 21/6σ [Eq. (1)].

UWCA(r) = 4ε
[

(σ/r)12 − (σ/r)6 + (1/4)
]

, r ≤ rc

= 0 , r > rc

(1)

However the interaction between the ‘T’ beads are a combination of a truncated Lennad-

Jones and cosine potential as given in Eq. (2) where ε = 1, rc = 21/6σTT , and wc = 1.6σTT .
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UTT (r) = −ε , r < rc

= −ε cos2
π(r − rc)

2wc

, rc ≤ r ≤ (rc + wc)

= 0 , r > (rc + wc)

(2)

We keep the intermolecular interaction of the lipids intact as suggested in the original

study by Cooke et al.49 The beads are linked by two FENE bonds [Eq. 3] with k = 30 and

r∞ = 1.5

VFENE(r) = −
1

2
kr2

∞
log[1− (r/r∞)2]. (3)

In addition, between the head and the second tail bead there is a harmonic potential

with k = 10 and r0 = 4σ. The vesicle is constructed with a total of 20,090 CG lipids with

a diameter of 70 reduced units (8,125 in the inner leaflet and 11,965 in the outer leaflet).

The polymer beads are self-repulsive, that is, the interaction between A-A and B-B are of

the WCA type [Eq. (1)] with ε = 1 and σAA = 0.50 = σBB. The consecutive beads in a

single polymer chain are connected by harmonic bonds with a force constant of k = 50.0

and an equilibrium bond distance of r0 = 0.548. The interaction between A-T and B-T

are also of the WCA type. However, the inter-polymeric interaction between A and B are

Lennard-Jones (LJ) type attractive interaction as given by [Eq. (4)] with rLJc = 2.5σ. The

interaction between the polymer bead and the lipid ‘H’ beads are also attractive LJ type

and described by [Eq. (4)].

ULJ(r) = 4ε
[

(σ/r)12 − (σ/r)6
]

, r ≤ rLJc

= 0 , r > rLJc

(4)

The strength of the LJ interactions are tuned and several combinations of εAB, εAH , and

εBH are simulated out of which we report five systems as detailed in Table 1. A description

of the individual components of the systems and the corresponding interactions are given in
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Figure 1(a).

Table 1: Lennard-Jones interaction strengths across different systems; between A-B, A-H,
and B-H.

System # εAB εAH εBH

1 1.0 1.0 1.0
2 1.0 1.0 2.0
3 2.0 1.0 1.0
4 1.0 2.0 2.0
5 2.0 2.0 2.0

We have prepared the vesicle with packmol.56 The vesicle was then placed at the center of

a (100 unit)3 cubic box. The polymer chains A30 and B30, 100 of each, were placed randomly

inside the box [Figure 1(b)]. We have simulated the systems using the LAMMPS simulation

package by utilizing the customized tabulated potential.57,58 The simulations are performed

with no additional solvent or ion beads. The systems were first energy minimized with the fire

algorithm followed by equilibration for 105 steps with dt*=0.002. During the equilibration,

the temperature(T*) was slowly taken to 1.1 starting from a Maxwell distribution at T*=0.8.

We then perform Langevin dynamics with T*=1.1, dt*=0.005, and a damping timescale of

50 for 5 × 107 steps. The coordinates and energies are written every 5000 steps. We use

Visual Molecular Dynamics (VMD 1.9.3) for visualization purposes.59

Here, the coarse-graining length-scale typically corresponds to σ = 0.693 nm. Hence, the

simulated vesicle corresponds to a vesicle of diameter 50 nm in reality. The polymers, on

the other hand, are modeled with oppositely charged polyelectropytes (such as, Glu30 and

Lys30; or many other pairs) in mind. Therefore, the bead to bead distance corresponds to

0.38 nm which is the typical Cα−Cα distance in the CHARMM36m force-field description.60

In system-1, the interaction parameters are such that the polymers cannot distinguish

between its conjugate polymer chain and a lipid head group. Hence, we observe adsorption

of both of the polymers on the vesicle uniformly. The polymers do not tend to form a coac-

ervate or remodel the shape of the vesicle [Figure 1(c)]. In system 2, one of the polymers
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(B30) is more attractive towards the head groups (εBH = 2.0), whereas the interpolymeric

interactions and the interaction between A30 and lipid heads are weaker (εAB = 1.0 = εAH).

In this case, the polymer chains containing B-type beads (colored in Orange in Figure 1)

preferentially adsorb on the vesicle. The other set of polymers containing A-type beads (col-

ored in Green in Figure 1) mostly adsorb on top of the already adsorbed layer of B30. Again,

we do not observe any sign of vesicle remodeling [Figure 1(d)]. Thus the polymers are capa-

ble of forming a ‘coat’ around cell membranes without affecting the cell morphology, which

protects them from harsh environmental conditions.61,62 This is used in the preservation of

delicate food items that increase their shelf-life.

Figure 1: (a) Different components of the model system and the corresponding interactions.
A and B are two kinds of polymer beads. H and T are, respectively, the head and tail
beads in the Cooke lipid model. The attractive interactions are shown by solid lines and
repulsive interactions are shown by broken lines. (b) Initial condition of the system where
the polymers are distributed randomly around the vesicle. Adsorption of the polymers
on the bilayer vesicle for (c) system 1 and (d) system 2, starting from the initial random
configuration. After adsorption, in both systems, the polymers cannot visibly remodel the
shape of the vesicle.

System-3, where the interpolymeric attractive interaction is twice that of polymer-lipid
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interactions, leads to several interesting observations. As shown in Figure 2(a), starting

from a randomly distributed polymer configuration outside the vesicle, we observe several

events of endocytosis. The sequence of the observed dynamical events are as follows. First

the polymer pairs undergo scattered adsorption on the outer layer of the vesicle, followed

by partial association through surface mediated diffusion to form larger coacervate droplets.

Once a critical size of the droplet (Rc) is surpassed, the droplets start to generate negative

curvature and eventually get engulfed by the bilayer that leads to endocytosis, similar to the

experimental observations of Spruijt and co-workers.17

During our simulation, we observe the endocytosis of three such coacervate droplets

and the fourth one stays outside after creating a prominent negative curvature, as seen in

Figure 2(a). To determine Rc, we have performed several simulations by systematically

changing the number of polymers (denoted by ‘N ’ in Figure 3(a)) in the coacervate, for

system-3. We observe that coacervates with any number of polymers can partially wet

the membrane and create a negative curvature. However, only coacervates with N ≥ 46

(Rc = 3.5 units) can exhibit successful events of endocytosis. Interestingly, for N = 44 we

observe an intermediate where the coacervate is fully coated with lipids, but did not exhibit

endocytosis [Figure 3(a)].

We also perform a simulation with the same system but with the polymers randomly

distributed inside the vesicle [Figure 2(b)]. The polymers form small clusters that emerge

into larger coacervates. The coacervates then induce a negative curvature (from the lumen’s

perspective) and form buds. We, however, find that the buds (or the wrapped configuration)

are stable and do not exhibit spontaneous exocytosis within the timescale explored in our

simulations.

To gain more microscopic insight to the process, and partly to bypass the scattered ad-

sorption process, we perform simulations with preformed coacervate as shown in Figure 2(c)

and 2(d). The coacervate is generated from a separate polymer-only simulation with the

same parameters and settings. In one system, we put the coacervate outside the vesicle
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Figure 2: Snapshots of system-3 where endocytosis and exocytosis are observed. Multiple
events of (a) endocytosis of coacervate droplets starting from the initial random configura-
tion. The polymers show scattered adsorption on the outer vesicle surface, followed by partial
association to increase their size, and finally endocytosis after creating a negative curvature.
(b) Bud and neck formation of the vesicle by coacervate droplets when the polymers are
randomly placed in the interior part of the vesicle. (c) Endocytosis and (d) Exocytosis of
a preformed coacervate. The two types of polymer beads are shown in green and red, the
lipid heads are shown in grey, and the tails are shown in mauve. The observed stages of
endocytosis are adsorption, negative curvature generation, engulfment, and finally insertion
of the coacervate coated with lipid bilayer. For exocytosis, the observed stages are adsorp-
tion, negative curvature generation, bud formation, and finally detachment of the coacervate
spherically coated with the lipid bilayer. The respective movies are provided in Supporting

Information [Video S1, S2, S3 and S4 for Figures 2(a), 2(b), 2(c), and 2(d), respectively.]

and in the other, inside the vesicle. In the former, we observe the following sequence of

events: (i) adsorption of the droplet on the vesicle, (ii) negative curvature generation, (iii)

engulfment of the coacervate by the vesicle, and finally (iv) endocytosis [Figure 2(c)]. After
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Figure 3: (a) Dependence of endocytosis on the size or concentration of the coacervate for
system 3. Here N is the total number of polymer chains which means N/2 A30 and N/2 B30.
Up to N = 40 the coacervate induces negative curvature at the outer surface of the vesicle
without exhibiting endocytosis. For N = 44 the coacervate coats itself with lipids but does
not exhibit endocytosis. However, for N ≥ 46 the event of endocytosis is observed within
107 simulation steps. Schematic surface tension balance diagrams for (b) endocytosis and
(c) exocytosis.

the completion of the process, the diameter of the smaller vesicle containing the coacervate

becomes ∼20 reduced units (∼14 nm) whereas, the diameter of the original vesicle becomes

∼60 reduced unit (∼41 nm).

In the simulation where the coacervate is placed inside the vesicle, the sequence of events

is as follows: (i) Adsorption of the coacervate in the inner layer of the vesicle, (ii) negative

curvature generation, (iii) bud formation, (iv) necking of the bud, and (v) detachment of the

coacervate wrapped in bilayer through exocytosis [Figure 2(d)]. The sizes of the smaller and

larger vesicles are comparable to those of endocytosis [Figure 2(c)]. However, we find that

the neck in this case is more stable and the shape of the coacervate becomes teardrop-like,

rather than spherical as observed for the endocytosis process. The teardrop shape allows

more contact area between the polymers and the vesicle, leading to enthalpic stabilization.
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The final detachment takes a sufficiently longer time in exocytosis (∼ 6.8× 106 steps) than

endocytosis (∼ 3.5× 105 steps).

We aim to explain the size dependence and also the difference in the stability of the in-

termediate during endocytosis and exocytosis by employing existing theoretical frameworks.

For these processes to be successful, a competition predominantly involves the bending en-

ergy of the membrane (κ), the adhesion strength of the polymeric condensate per unit area

(α), and the lateral tension of the membrane (σ). In the context of nanoparticle engulf-

ment, a relation between the critical size (Rc), κ, α, and σ exists in the literature.63 If we

consider the schematics shown in Figure 3(b) and 3(c), one can define an order parameter:

z = 1 − cosθ. Therefore, when θ → π (or, z → 2) the condensate is totally engulfed. For

such a system, the energy balance equation is given by Eq.(5).

Eadhesion = Ebending + Estretch

or, 2zπR2α = 4zπκ+ z2πR2σ

(5)

From Eq.(5), by substituting z = 2 for complete engulfment (R = Rc), Eq.(6) can be

obtained

Rc =

√

2κ

α− σ
≈

√

2κ

α
(for negligible Estretch) (6)

From our simulation results shown in Figure 3(a), by taking κ = 20 kBT and Rc =

3.5 units, α turns out to be 3.26, which is a reasonable estimate.64

Next we establish the condition for endocytosis and exocytosis with respect to different

interfacial tensions. Let us consider an intermediate during endocytosis [Figure 3(b)] where

we identify four different phases: (i) A, the portion of the unwrapped condensate, (ii) B, the

portion of the wrapped condensate, (iii) C, exterior of vesicle, and (iv) D, interior of vesicle.

The rationale behind considering two regions within the condensate is as follows. Due to

the inherent heterogeneity of the condensate55 and partial interaction with the lipids, the

wrapped and unwrapped portions can have different densities and fluctuation properties. In

12



such a scenario, the angle ψ can be expressed by Neuman’s equation [Eq.(7)].

cosψ =
Σ2

AC − (Σ2
CD + Σ2

BD)

2ΣCDΣBD

(7)

Starting from an unwrapped state, for a full engulfment and endocytosis, the angle ψ grad-

ually varies from π to 0; that is, the surface tension of coacervate-exterior interface has to

be greater than the sum of the surface tensions of bilayer-interior and coacervate-bilayer

tensions. When ψ = 0, Eq.(7) yields

ΣAC = ΣCD + ΣBD (8)

Similarly, for exocytosis [Figure 3(c)] one can write down the appropriate Neuman’s equation

and show that the full engulfment (ψ = π) is achieved when

ΣBC = ±(ΣCD − ΣAD) (9)

The estimates of surface tension can vary over several orders of magnitudes. The surface

tension of complex coacervates can be ∼ 10-1000 µN/m65,66 whereas, that of a lipid bilayer

is ∼ 0.1-10 µN/m.17,67 Therefore, ΣAC and ΣAD in Eq.(8) and Eq.(9) respectively, could

surpass the rest. Hence, in Eq.(9) only one solution is valid, that is, ΣBC = (ΣAD − ΣCD).

Earlier studies by Weikl and co-workers on the role of membrane curvature in the en-

gulfment of nanoparticles revealed that endocytosis passes through an unstable intermedi-

ate whereas exocytosis passes through a neck forming stable intermediate.64 We observe the

same in our simulations [Figure 2(d)] where the detachment of the bud is slow and driven

by thermal fluctuations as the process is not energetically downhill. According to their

phase diagram, for a spherical particle initially inside the vesicle, the partially wrapped and

fully wrapped states are stable for higher values of the adhesion energy α. As most of the

naturally occurring IDPs contain a substantial fraction of charged residues, the high value
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of α is possible. Therefore, in reality, vesicle necks and buds can be sustained which is

needed for intracellular protein sorting, storage vacuoles, and also in the generation of stable

multi-spherical shapes that can form membrane tubules.68

The remaining two systems (systems 4 and 5) exhibit the formation of multilamellar

bilayer structures out of a spherical vesicle, as shown in Figures 4(a) and 4(c). In Figures

4(b) and 4(d) we show the cross-sectional and magnified views of the multilamellar structure.

We find that in these systems, the spherical shape of the coacervate is not retained. The

polymers spread out and fold the bilayer around them to maximize the polymer-lipid contact.

Such folding of the bilayer and emergence of the multilamellar structure was also reported

by Allolio et al. by poly-arginine rich peptides prior to pore formation.18 Although pore

formation is not observed from our models, the predominant molecular interactions necessary

to form multilamellar vesicular structure are underscored.

Interestingly, here we also discover an enhanced local gel-like ordering of the lipid tails in

the vicinity of the polymer coatings where the other parts show liquid-like disordered tails

[Figure 4(b) and 4(d)]. This happens to increase the polymer-lipid contact as gelation reduces

the area per lipid.69 Therefore, a larger number of lipids can be packed in the vicinity of

the polymers which provides enthalpic stabilization at the cost of entropy loss. In an earlier

experimental study, Wang et al. hypothesized similar gel-like patch formations in zwitterionic

lipid vesicles by the adsorption of negatively charged polystyrene nanoparticles.43 Recently,

Stachowiak and co-workers have shown that LLPS of the RGG domain of LAF-1 can produce

ordered lipid regions.44 In system-4, the gel-like ordering is observed for bilayers surrounded

by polymers from both leaflets whereas, in system-5 the gel-like ordering happens with only

one leaflet coated with the polymers. The only difference between these two systems is the

inter-polymeric interaction strength which is manifested in the induced gelation of the lipids.

Endocytosis and exocytosis are important processes of membrane trafficking that are re-

quired for bulk transport. The former helps the cell to take nutrients for cellular growth,

function, and repair; whereas the latter helps the cell to excrete, migrate, communicate,
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Figure 4: Emergence of multilamellar bilayer structures and local gelation by the act of
phase separating polymer mixtures for system 4 (where εAB = 1.0, and εAH = 2.0 = εBH)
and system 5 (where εAB, εAH , and εBH are the same and set to 2.0): (a) system 4, (b)
cross-sectional and magnified view of ‘a’, (c) system 5, (d) cross-sectional and magnified
view of ‘c’. In the magnified views, the ordering of the lipid tails is highlighted in the
vicinity of the polymers. The respective simulation movies are provided in Supporting

Information [Video S5 and S6 for system-4 and system-5, respectively].

and grow. The detailed mechanism of endocytosis and exocytosis for both plant and ani-

mal cells is known and involve complex protein machineries for regulation.70 However, such

processes driven by simpler peptides or polymers have remained poorly characterized and

understood. Similarly, multilamellar (or, multilayered/stacked) membranes might have vari-

ous functional roles that are different from unilamellar membranes, as they provide a greater

surface area.71 However, the origin behind the formation of such structures induced by LLPS

is not well comprehended at present. In this paper, we have used solvent-free coarse-grained

molecular dynamics simulation and unraveled the interplay among the key intermolecular

interactions which can give rise to complex membrane and vesicle remodelings observed in

recent experiments.17,18

We have observed that a comparable interaction strength between the polymer-polymer

and polymer-lipid pairs allows the formation of a coat around the membrane without sig-
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nificantly altering its morphology (Systems 1 and 2). On the other hand, for a successful

event of endocytosis/exocytosis, a strong polymer-lipid interaction is not necessarily the key

requirement; in fact, we find that the interpolymeric attractive interactions need to be much

stronger than the polymer-lipid interactions (System 3). Such a combination of parameters

helps the coacervate to preserve its spherical shape and at the same time drives the system

toward an enthalpic minimum by adsorption followed by engulfment of the droplet. This is

also associated with the critical size of the coacervate droplet, which in our model is found to

be made of at least 46 polymers or more. We have connected our numerical results with ex-

isting continuum model-based theories. In addition to this, we have found the emergence of

multilayered bilayer structures when the polymer-lipid interactions are considerably higher

than the inter-polymeric attractions. For such systems, we have observed the multilayered

bilayer associated with a local gel-like ordering in the vicinity of the polymer coats. The

local gelation helps reduce the area per lipid and gain enthalpic stabilization. This can be

used to modulate the spatial stiffness of a mono-component lipid vesicle and generate patchy

functional properties (Systems 4 and 5).

Understanding the key intermolecular forces behind the LLPS-induced encapsulation,

endocytosis, exocytosis, membrane bud formation, multilayered bilayer formation, and en-

hanced local ordering has broad implications. Our model study provides valuable guidance

to the design of such coacervate-forming polymers for the desired extent of lipid vesicle re-

modeling. By focusing on simple models, our study provides a minimal parameter space

with a high degree of tunability, which has potential impact on biomedicine, tissue engineer-

ing, and synthetic biology. One interesting application could be the design of coacervates as

nano-carriers for drug delivery,38 in which medically important charged molecules/particles

can be coated with such polymer mixtures to allow them to be engulfed by the cells. Another

major interaction between coacervates and cell membranes is the formation of a layer around

individual cells or clusters of cells, which can help protect the cells from harsh environmental

conditions (such as pH shocks) or other external stresses,61 a method routinely used in food
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processing industries.62 Many applications, such as drug delivery, biosensing, and biomimetic

systems can take advantage of patchy functional lipid vesicles. These patches can be func-

tionalized with various molecules, such as proteins, peptides, antibodies, or nucleic acids,

to create specific interactions with target molecules or cells, increasing the precision and

potency of the substance. In biomimetic systems, they can be utilized to produce synthetic

cell-like structures with particular functionalities, such as signaling or metabolic pathways.

Nonetheless, several questions remain to be addressed. In the future, we aim to explore

the impact of bilayer composition and the parameter space that controls the sign of mem-

brane curvature generated by the IDPs. Additionally, factors that control the LLPS-induced

ordering of lipids certainly deserves further attention and will be analyzed thoroughly in

future work.
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