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S1 Examples for segregative phase separation

This section provides several examples for the phase diagrams of aqueous two-phase systems in the absence
of membranes: (i) aqueous PEG-dextran solutions; (ii) binary mixtures of water and solute molecules; (iii)
phase diagram of PGL-1 protein as measured in vivo; (iv) aqueous solutions of the soybean protein glycinin
and sodium chloride; as well as (v) aqueous solutions of the fused in sarcoma (FUS) protein and potassium
chloride.

For the examples (i) and (ii), aqueous phase separation proceeds in a segregative manner whereas the ex-
amples (iv) and (v) undergo associative phase separation. As mentioned in the main text, segregative and
associative phase separation are distinguished here by the number of critical demixing points at constant tem-
perature. Thus, the segregative phase diagrams for (i) and (ii) have one such point whereas the associative
phase diagrams for (iv) and (v) have two such points. For the PGL-1 protein, the phase diagram has been
measured in vivo as a function of protein concentration and temperature, which can be mapped onto the phase
diagram for a binary mixture of water and solute. However, it is possible that more than one critical point will
be found when the PGL-1 phase diagram is determined at constant temperature as a function of protein and
salt concentration.

Segregative phase separation in PEG-dextran solutions. = One aqueous two-phase system that has been
studied in some detail is provided by aqueous solutions of the two water-soluble polymers PEG and dextran.
These solutions undergo segregative phase separation for relatively small weight fractions of the two polymers
and represent the classic example for aqueous two-phase systems.!' Such systems, which are also known as
aqueous biphasic systems, have been used for a long time in biochemical analysis and biotechnology and are
intimately related to water-in-water emulsions*,

The phase separation of the PEG-dextran solution leads to a PEG-rich phase, denoted by a, and to a dextran-
rich phase, denoted by 3, which coexist over a wide range of polymer concentrations. The corresponding phase
diagram is displayed in Fig. as a function of the two weight fractions wq and w;, of dextran and PEG.” When
these two weight fractions belong to the two-phase coexistence region, the polymer solution undergoes phase
separation into the PEG-rich o and the dextran-rich 8 phase.

The compositions of the two coexisting phases a and f correspond to the end points of the tie lines, as
shown by green dashed lines in Fig.[S1] One end point of these tie lines is located at small weight fractions
wq of dextran, corresponding to the PEG-rich phase «, as displayed by the red downward-pointing triangles in
Fig. The other end point of the tie lines is located at small weight fractions w, of PEG, corresponding to the
dextran-rich phase 8 and the blue upward-pointing triangles in Fig.[SI] In general, as we move along a certain
tie line, we change the volume fractions of the two coexisting phases for fixed interfacial tension X,g of the
interface between the two phases.

For the PEG-dextran solution studied in ref. [3, the critical demixing point was located at wq = 0.0451 and
wp = 0.0361 as indicated in Fig.[S1] In general, the precise values of these weight fractions for the critical point
depend on the obtained sample of the synthetic polymers, reflecting the polydispersity of these polymers.

Segregative phase separation in binary mixtures. The presumably simplest example for segregative phase
separation is provided by a binary liquid mixture as modelled by two types of beads: water (W) beads rep-
resenting three water molecules and solute (S) beads representing solute molecules. In this coarse-grained
molecular model, the solubility { is provided by the force parameter ratio

(fww + fss)/2 _ (fww + fss)/2 (S1)

Jws Jsw

which involves the two force parameters fww and fss between a pair of water and a pair of solute beads as
well as the force parameter fws = fsw for a water bead interacting with a solute bead. As we increase fys,
contacts between water and solute beads become energetically less favorable. These contacts can be avoided
by the segregation of the two types of beads. As a consequence, decreasing the solubility { by increasing fws
leads to phase separation into a solute-poor and a solute-rich phase as in Fig.[S2]
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Figure S1 Phase diagram of aqueous two-

phase systems formed by PEG and dextran

at room temperature. Reused with permis-

sion from ref. [3, American Chemical So-

ciety, 2012. The coordinates of the two-

dimensional phase diagram are provided by

the weight fractions wq and w, of dextran

and PEG. The binodal line (black and red

data points) separates the one-phase region

at low weight fractions from the two-phase

region at higher weight fractions. The criti-

cal demixing point (CDP) is at wg = 0.0451

and wp = 0.0361. The green dashed lines

represent tie lines in the two-phase region.

For weight fractions within the two-phase -y
region, the PEG-dextran solution under- CDP}:
goes phase separation into a PEG-rich phase :
o (red downward-pointing triangles) and a

dextran-rich phase 8 (blue upward-pointing

triangles).
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Figure S2 Phase diagram for a binary mixture of water and solute molecules as a function of solute mole fraction ®g and
solubility ¢ of the solute molecules in water®: (a) Global phase diagram for 0 < &g < 1. The phase diagram is mirror symmetric
with respect to the dashed vertical line at &g = 1/2, which implies horizontal tie lines. The critical demixing point (red star)
with coordinates (®g, ) = (1/2,0.746) is located at the crossing point of the dashed vertical line and the binodal line (dark
blue); and (b) Phase diagram for 0 < &g < 0.2 corresponding to the grey-shaded region on the left of (a). The four data
points (open circles) on the binodal line have been determined by molecular dynamics simulations®. The binary mixture forms a
uniform phase above the binodal line and undergoes phase separation into a water-rich phase a with &g < 1/2 and a solute-rich
phase 8 with ®g > 1/2 below the binodal line. Essentially the same phase diagram is obtained when solubility is replaced by
temperature.

Segregative phase separation of PGL-1 protein condensates in vivo. = Recently, condensate droplets en-
riched in certain proteins have also been observed within living cells. These protein condensates are believed
to form via liquid-liquid phase separation in the cytoplasm and can be reconstituted in vitro, which makes it
possible to measure the corresponding phase diagram. One example for such a phase diagram as determined in
vivo is displayed in Fig.5 Inspection of this figure shows that the phase diagram exhibits one critical point
in close analogy to the phase of a binary liquid mixture as in Fig.[S2] As mentioned at the beginning of this
section, it is, however, possible that more than one critical point will be found when the PGL-1 phase diagram

S3



is determined at constant temperature as a function of protein and salt concentration.

(@)

(b)

Figure S3 Phase diagram for condensates enriched in the protein PGL-1 as observed in P granules of C. elegans cells.” The

two-dimensional phase diagrams are defined by the concentration cpgL_; of the PGL-1 protein and by the temperature. The

data in (a) were obtained for the wild type, those in (b) after the deletion of the protein PGL—3. The experimental data

(diamonds) for the binodals are compared with theoretical binodals based on effective parameters for a binary liquid mixture,

compare the phase diagram in Fig.

S2 Interfacial tension in aqueous PEG-dextran solutions

For aqueous two-phase systems formed by PEG-dextran solutions, the interfacial tension has been measured
over the whole coexistence region within the phase diagram in Fig.[S1] The resulting data are displayed in
Fig. Inspection of this figure shows that the observed interfacial tension X,g varies over four orders of
magnitude and is well-fitted by the power law X5 ~ Ac* with the critical exponent u being close to its mean-

field value® u = 3/2.

Figure S4 Interfacial tension X4 of the liquid-liquid in-
terface between the PEG-rich phase o and the dextran-
rich phase B as a function of the polymer concentration
Ac = (¢ — c¢r)/cer Where ¢ denotes the concentration at
the critical demixing point. Reused with permission from
ref. [3, American Chemical Society, 2012. The red data for
the PEG-dextran solutions exhibit the power-law behavior
Lop ~ Actt where the critical exponent p is close to its
mean value® pu =3/2. For comparison, the dashed red
line corresponds to = 1.26 based on the hyperscaling
relation” u = 2v where v is the critical exponent of the
correlation length.
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S3 Complete and partial wetting of giant vesicles in PEG-dextran solutions

PW by a

(a) (b) (c)

Figure S5 Schematic phase diagram and wetting regimes of aqueous PEG-dextran solutions within giant vesicles, with the
PEG-rich phase o and the dextran-rich phase f3: (a) Schematic phase diagram of PEG-dextran solutions at room temperature.
The phase diagram exhibits (i) a one-phase region (white) at low weight fractions wq and wy, of the dextran and PEG polymers
as well as (ii) a two-phase region (light red and light blue) at higher weight fractions. The boundary between the one-phase
and two-phase regions defines the binodal line which contains the critical demixing point (CDP, orange). The two-phase region
above the binodal is divided up into two subregions, a complete wetting (CW) subregion (light red) close to the critical point and
a partial wetting (PW) subregion (light blue), which are separated by a certain tie line (dashed purple line); (b) CW morphology
and (c) PW morphology of the vesicle-droplet system corresponding to complete and partial wetting of the vesicle membrane
by the PEG-rich o phase.

S4 Polymorphism of membrane nanotubes

Nanotubes and spontaneous curvature. When a vesicle forms membrane nanotubes in response to a reduc-
tion of its volume-to-area ratio v, this tube formation provides direct evidence that the vesicle membrane has a
relatively large spontaneous (or preferred) curvature.® Out-tubes pointing towards the exterior solution as in
Fig. 7a have a large and positive mean curvature My,, caused by a large and positive value of the spontaneous
curvature m with My, ~ m > 1/R,. where R,. = \/A/(4r) is the vesicle size defined in terms of the membrane
area A. On the other hand, in-tubes pointing towards the interior of a vesicle as in Fig. 7b have a large and
negative mean curvature, generated by a large and negative spontaneous curvature with My, ~m < —1/Rye.
Therefore, the formation of nanotubes requires a separation of length scales in the sense that the width of the
tubes is small compared to the size of the vesicle.

In general, the formation of membrane nanotubes by the interaction with condensate droplets must as
considered here must be distinguished from force-induced tubulation or tube pulling as obtained by the local
application of external forces to the vesicle membranes.” In order to perform such tube pulling experiments,
one must immobilize the vesicle and then apply a localized force which often acts on a membrane-bound bead.
A particularly useful setup is obtained by micropipette aspiration of giant vesicles combined with an optical trap
that pulls on the bead.?913,

Nanotubes for complete and partial wetting. For complete wetting of the vesicle membrane as in Fig. 7, each
nanotube of an individual vesicle is confined to the complete wetting layer consisting of one of the coexisting
liquid phases, o or B and, thus, enclosed by one type of membrane segment, oy or By. As a consequence, for
complete wetting, all nanotubes avoid the other liquid phase as well as the a8 interface. In contrast, for partial
wetting of the vesicle membrane by both coexisting liquid phases, the nanotubes adhere to the «ff interface
and then become divided up into an ay and an 7y segment as depicted in Fig. 9 and 24.
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Different properties of out- and in-tubes. As mentioned before, out-tubes have a positive mean curvature
whereas in-tubes have a negative mean curvature. In addition, the out- and in-tubes are connected to different
volume reservoirs: the in-tubes exchange volume with the exterior aqueous solution, which represents an ef-
fectively unlimited volume reservoir, whereas the out-tubes exchange aqueous solution with the interior vesicle
compartment. Furthermore, the membranes of out- and in-tubes experience different osmotic pressure differ-
ences: the membrane of an out-tube is subject to the same pressure difference, AP = P, — P, as the membrane
of the large spherical segment of the mother vesicle whereas an in-tube feels the opposite pressure difference
equal to —AP = Pex — Py

Cylindrical shapes of nanotubes. In Fig. 7-9, the individual nanotubes were taken to have cylindrical shapes
for visual simplicity. For the complete wetting geometry in Fig. 7, all cylindrical tubes of each vesicle are formed
by the same membrane segment and have the same mean curvature M.y, which is equal to the spontaneous
curvature mg, of the By segment in Fig. 7a and to the spontaneous curvature mqy of the oy segment in Fig. 7b
as follows from the quantitative analysis for the nanotubes protruding from a uniform vesicle membrane.®
Therefore, all cylindrical out-tubes in Fig.7a have the radius R.y = 1/(2mg,), and all cylindrical in-tubes in
Fig. 7b have the radius Rey = 1/(2|mayl).

Different shapes of freely suspended nanotubes. For complete wetting of the vesicle membrane, the mem-
brane forms nanotubes that are completely immersed in one of the two coexisting liquid phases as in Fig. 7.
These nanotubes can attain a variety of different shapes, corresponding to cylinders, unduloids, and multi-
spherical tubes, all of which represent Delaunay surfaces.!* Two of these Delaunay surface shapes, cylinders
and multispherical tubes, are depicted in Fig.[S6] The multispherical tube is closed on itself whereas the cylin-
drical tube has been supplemented by a spherical endcap. Apart from this endcap, all Delaunay shapes have a
constant mean curvature and fulfill the local shape equation of curvature elasticity for mean curvature M = m.1>
In addition, in the absence of shape fluctuations, all of these shapes have zero bending energy which implies
that they can be easily transformed into one another.1®

Indeed, multispherical tubes as in Fig.[S6ja can be transformed into cylindrical shapes as in Fig.[S6p via
intermediate unduloids. This transformation proceeds in a continuous manner without being hindered by an
energy barrier. Close to the multispherical tube shape, the intermediate unduloids exhibit open necks with
small neck radii whereas the necks and bellies of the intermediate unduloids approach the same radii close to
the cylindrical tube shape.

Figure S6 Different shapes of membrane nanotubes
(red) for complete wetting. The nanotubes are freely o ay segments

suspended in the o phase (white) and filled with y
phase (pink), : (a) Multispherical tube consisting of (@ v

equally sized spheres that are connected by closed mem-

brane necks; and (b) Cylindrical shape closed with a a
spherical endcap. Apart from the spherical endcaps,
the tubes in (a) and (b) have the same mean curva- & oy segment
ture M, which is equal to the spontaneous curvature
_ o opanene (b) )
m. The radius of the spheres in (a) is twice as large as
the radius of the cylinder. o

Different shapes of adhering nanotubes. For partial wetting of the vesicle membrane by the two coexisting
liquid phases o and B, the nanotubes adhere to the of interface as in Fig.9 and 24. The shape of such an
adhering nanotube is determined by the interplay between bending and adhesion. Furthermore, the adhering
nanotubes are divided up into two distinct membrane segments, the ay segment in contact with the a phase
and the By segment exposed to the § phase, as indicated by the different colors (red and purple) in Fig.9 and
24. These two segments will, in general, have different curvature-elastic properties and, in particular, different
spontaneous curvatures mgqy and mg, 7 mqy. As a consequence, the mean curvatures My, and Mp, of the ay and
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By tube segments exhibit a curvature discontinuity as in eqn (3). The precise shapes of such nanotubes remain
to be calculated in a systematic manner but the angle between the oy membrane segment and the af3 interface
must be equal to the intrinsic contact angle 6;, as in Fig. 24.

Transition from multispherical to cylindrical tubes. Inward-pointing nanotubes are predicted to undergo
a transition from multispherical to cylindrical shapes at a certain threshold value, L, of the tube length Ly:
short tubes with L¢y < L¢, should have a multispherical shape whereas long tubes with Lcy > L¢, should have
a cylindrical shape.!” Experimental evidence for this shape transformation from multispherical to cylindrical
tubes has been obtained for nanotubes adhering to the af} interface inside giant vesicles as in Fig. 9b and 10b.
More precisely, confocal microscopy revealed the coexistence of both short multispherical and long cylindical
tubes formed by the same vesicle membrane as shown in Fig.[S7.

Figure S7 Giant vesicle membranes in
the liquid-ordered phase (green), form-
ing in-tubes that point towards the vesi-
cle interior: (a) Several buds and one
multispherical or necklace-like tube con-
sisting of three deformed spheres; and
(b) Several multispherical tubes and two
cylindrical tube segments (white arrows)
formed by the ay membrane segment of
the vesicle membrand and adhering to
the oy interface. 1’

(a) (b)

S5 Spontaneous curvature and curvature-elastic tension

The spontaneous curvature m of vesicle membranes can vary over a wide range as in the first row of Table
where we provide the m-values as obtained from several experimental studies of giant vesicles.2”1? In the case
of His-tagged GFP, it was possible to directly control the spontaneous curvature by the nanomolar concentration
of this protein in the exterior solution and by the small mole fraction of anchor lipids in the membrane.1® The
curvature-elastic tension ¢ = 2km?, as given in the third row of Table|S1} is then obtained from the m-values in

the first row of this table, supplemented by measurements or estimates of the bending rigidity x.17+12
Lipids POPC:Chol DOPC:DPPC:Chol DOPC:DPPC:Chol POPC:POPG:Chol
Lipid comp 90:10 13:44:43, Lo phase 64:15:21, Ld phase 70:10:20
Solutes | glucose, sucrose’®  PEG, dextran'’ PEG, dextran'’ His-tagged GFP?
m [1/um] 1.3 —1.6 -8 1.45-29
k [10717] ~ 1 3.6 0.8 2
o [mN/m] 3.4x1074 2.1x1073 102 0.8x107%-3.4x 107!

Table S1 Spontaneous curvature m, bending rigidity &, and curvature-elastic tension 6 = 2km? for four different lipid-solute
systems corresponding to the four columns of the table. In each system, the lipids are assembled into bilayers of giant vesicles,
which are exposed to different solute concentrations in the interior and exterior solutions. The first column provides the results
for the binary lipid mixture of POPC and 10 mol% cholesterol1€: the second and third column for a ternary lipid mixture in the
liquid-ordered (Lo) and liquid-disordered (Lo) phase;” the fourth column for a ternary lipid mixture doped with anchor lipids
that bind the His-tagged GFP molecules’?. For the bending rigidity k of the POPC:Chol bilayers, different values in the range
from 0.8 to 2.2 x 1072 J have been reported?l™2¥ and are replaced here by the conservative estimate k¥ ~ 10~1° J. The bending
rigidities in the second and third column are taken from ref. 20
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S6 Line tension of contact lines between membranes and droplets

Positive and negative contact line tensions. The contribution of the contact line to the free energy of the
vesicle-droplet system is proportional to the line tension A, of the contact line. A positive line tension favors
a circular contact line whereas a negative line tension favors a strongly non-circular or tight-lipped shape of
contact line as in Fig. 13. A negative line tension implies that the contact line would like to increase its length
L. . At the same time, the system would also like to reduce the area of the of3 interface, which is bounded by
the contact line. Thus, for a negtive contact line tension, the vesicle-droplet system tries to maximize the length
of the contact line and to simultaneously minimize the area of the af3 interface.

For liquid mixtures without membranes, the notion of line tension was already introduced by Gibbs who
called it “linear tension” and pointed out that this tension may be positive or negative.%3! In contrast, inter-
facial tensions must always be positive as required by the thermodynamic stability of the interfaces. In the
absence of membranes, negative values of the line tension have been observed for sessile liquid droplets on
solid surfaces®?, for lense-shaped droplets between two bulk liquids®?, and in simulations of Lennard-Jones
fluids®%. Negative line tensions have also been found for Plateau borders in foams.">

Simulation results for contact line tensions. ~ The mechanical tensions X, and X, of the two membrane
segments oy and [y are essential in order to classify the wetting geometries in terms of contact angles and to
define the affinity contrast, which provides a global view of the possible wetting transitions as in Fig. 19. In
order to further elucidate the two pathways for complete engulfment and endocytosis of droplets, as depicted in
Fig. 12 and 13, we have to consider the individual leaflets of the bilayer membranes and decompose the bilayer
tension X according to2040

YX=X1+Xp (82)

where ¥;; and X, represent the two leaflet tensions. In the simulations, these leaflet tensions can be controlled
by the lipid numbers that are assembled into the leaflets.

Figure S8 (a) Contact line
tension A = Ay as a func-
tion of lipid number N,; in the
outer leaflet, for three differ-
ent droplet diameters Dy;; and
(b) Leaflet tensions X;; and X,
in the inner and outer leaflet
versus N,;, corresponding to
the blue and black data points.
The bilayer tension £ =X; +
Y1 is close to zero (green data
points).3?

It is important to realize that the two leaflets of a tensionless bilayer with £ = 0 can still experience significant
leaflet tensions. Indeed, because ¥ = ¥;; + X5, the leaflet tensions of a tensionless bilayer with ¥ = 0 satisfy
Y, = —X;;, corresponding to one stretched and one compressed leaflet. Furthermore, each tensionless bilayer
can be characterized by its stress asymmetry

AL =¥ — % = 2% = —25%)5. (S3)

The stress asymmetry AY is positive if leaflet /; is stretched with ¥£;; > 0 and leaflet /; is compressed with X;; <0
whereas AY is negative if /; is compressed and [, is stretched. Furthermore, vanishing stress asymmetry of a
tensionless bilayer implies that both leaflet tensions are equal to zero, which defines the unique reference state
of the bilayer.
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Tight-Lipped Membrane Necks for Small Stress Asymmetries. For small stress asymmetries between the
two leaflet tensions of a nanovesicle, complete engulfment leads to a tight-lipped membrane neck as displayed
in Fig. 13. In this example, the outer leaflet of the vesicle is assembled from N,; = 5700 lipids, the inner leaflet
from N;; = 4400 lipids. When the bilayer tension X = ¥,; + X; of this nanovesicle is close to zero, the vesicle
has the initial stress asymmetry AL =%, —X; ~ 1.7kgT/ d? between the leaflet tensions ¥,; and X; of the outer
and inner leaflet where d ~ 0.8 nm is the bead diameter of the coarse-grained molecular model studied in the
simulations.

The positive value of the initial stress asymmetry AX implies that the outer leaflet is stretched whereas the
inner leaflet is compressed. In order to reduce this stress asymmetry, the bilayer prefers to bulge towards the
inner leaflet, thereby increasing the area of the inner leaflet and decreasing the area of the outer one. When a 8
droplet with a diameter of 14d or 11.2 nm adheres to this vesicle, the contact line between droplet and vesicle
has the negative line tension Ay ~ —10kgT /d, see Fig.[S8], which leads to a tight-lipped membrane neck for the
completely engulfed droplet as observed in the simulations.?

Axisymmetric Necks and Endocytosis for Large Stress Asymmetries. For sufficiently large stress asymme-
tries AX = X,; — X; > 0, the line tension Ay of the contact line acquires a positive value.*? One example is
provided by a nanovesicle with N,; = 5500 lipids in its outer leaflet and N; = 4600 lipids in its inner leaflet as
in Fig. 12. When the bilayer tension of the latter nanovesicle is close to zero, the vesicle has the initial stress
asymmetry AY ~ 2.7kgT /d?. Adhesion of a droplet with a diameter of 11.2 nm then leads to a contact line with
positive line tension A, ~ +7kgT /d and to a membrane neck that closes in an axisymmetric manner during com-
plete engulfment, as shown in the first two snapshots of Fig. 12. After the neck has been closed, it undergoes
fission, thereby generating two nested daughter vesicles as in the last snapshot of Fig. 12.

The transbilayer stress asymmetry plays the same role for nanovesicles as the spontaneous curvature for
giant vesicles. In the latter case, the theory of curvature elasticity predicts that a sufficiently large spontaneous
curvature generates a strong constriction force at the membrane neck that is sufficient to cleave the neck*!
as has been observed experimentally for giant unilamellar vesicles'®. The endocytic process in Fig. 12 demon-
strates an analogous fission mechanism for nanovesicles, with neck cleavage and vesicle division being induced
by a sufficiently large transbilayer stress asymmetry AL =X, —X; > 0.

Competition between interfacial tension and line tension.  The free energy contribution E arising from
the contact line is given by E. = A L., where L, denotes the length of the contact line. The free energy
contribution E,g arising from the off interface is equal to Eqp = X454, Where Ayp is the area of the afs
interface. If the length L. of the contact line is comparable to the linear dimensions of the af interface and,
thus, to |/Aqp, the ratio of the line free energy to the interfacial free energy is given by

E. N Acl\/A(xﬁ . A‘cl -~ Acl
Eap  ZopAap  Zapr/Aap  Zapla

which decays as 1/,/Aqp ~ 1/L. for large interfacial area A, ~ L. More precisely, the line tension contribution
to the free energy becomes negligible when the contact line length L is large compared to |Aq|/Zp, where the
absolute value of A takes into account that the contact line tension can be positive or negative. On the other
hand, the line tension contribution becomes significant when the contact line length L satisfies

(54)

Lcl S |)Lcl’/2aﬁ . (SS)

Force balance relation with contact line tension. The line tension of the contact line contributes the ad-
ditional free energy term E. = Aq L to the vesicle-droplet system. When we include this term in the shape
functional, minimization of this functional leads to a force balance relation between the three surface tensions
and the contact line tension A.. For axisymmetric shapes, the contact line tension A is positive as shown in
Fig The tangential (or parallel) force balance is then given by2242

m m * l1
By — Zay = Zop cos Oy + R—Zl COS Wy (S6)
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which is equivalent to the rescaled affinity contract

ym _ ym
ﬁ)’ ay * cl

——— =cos0, +

ZocB * E(xﬁRcl

cos W(sel) - (S7)

Whe =

The last term on the right hand side of this equation is proportional to A./(X4pR.1). This additional term
becomes significant for sufficiently short contact lines, for which the contact line radius R, satisfies

Ra< Al (S8)
Zaﬁ

in accordance with eqn (S5). The condition as given by eqn is eventually fulfilled when the membrane
neck adjacent to the contact line becomes closed during the complete engulfment of the condensate droplet as
displayed in Fig. 5 and 6. As a consequence, the positive or negative sign of the line tension strongly affects the
closure of the membrane neck as described in Section 9 of the main text.

S7 Formation of nanotubes after complete engulfment of condensate droplets

As explained in Sections4-6 and 8, reducing the volume-to-area ratio v of giant vesicles by decreasing their
volume or by increasing their membrane area can lead to the complete engulfment of condensate droplets or,
alternatively, to the formation of membrane nanotubes. Complete engulfment is obtained for large interfacial
tensions X,g that satisfy eqn (12). What happens when we continue to deflate the vesicle after the condensate
droplet has been completely engulfed? If the membrane segment ay has a sufficiently large curvature-elastic
tension Ogy, this segment will then form nanotubes in order to store the additional excess area released by
the deflation. The resulting coexistence of completely engulfed condensate droplets and nanotubes has been
recently observed for exterior glycinin-rich droplets at vesicle membranes with azo-PC lipids that undergo con-
formotional transitions upon illumination, see Fig.[S9]43

Figure S9 Vesicle membranes containing azo-lipids,
which undergo conformational transitions when illumi-
nated by UV and blue light, thereby changing the mem-
brane area of the vesicle. UV light leads to a transi-
tion from the trans- to the cis-conformations of the azo-
lipids, which increases the membrane area. Blue light
leads back from cis to trans, which decreases the mem-
brane area. In the figure, area increase induced by UV
light is plotted agains increase of apparent membrane
area. When the light-induced area exceeds the apparent
area increase, the ay membrane segments (green) form
in-ward pointing nanotubes.*3

S8 Morphological pathways for the axisymmetric closure of membrane necks

$8.1 Parametrization of axisymmetric two-droplet vesicles

Consider an axisymmetric vesicles enclosing an a and f droplet, which are separated by an «f interface.
The corresponding shape contour is displayed in Fig.[S10} The contour is parametrized by arc length s with
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s = snpol = 0 at the north pole and s = sy, at the south pole. The circular contact line is located at s = s, the
circular membrane neck at s = spe.

Figure S10 Axisymmetric shape corresponding to par-

tial wetting of the vesicle membrane (red/purple) enclos-
ing two interior droplets of a phase (white) and 8 phase zZ
(green). The two droplets are separated by an af in-
terface (dotted green). The two-dimensional membrane
shape is uniquely determined by the one-dimensional
shape contour (red-purple) in the (r,z)-plane defined by
the coordinate z parallel to the axis of rotational sym-
metry and the radial coordinate r, which measures the
distance from this symmetry axis. The shape contour is
parametrized by arc length s, with the north and south
pole of the vesicle being located at s = sypo1 = 0 and
§ = Sspol. T he circular contact line is located at s = 5.
The angle v = y(s) describes the tilt angle of the mem-
brane's normal vector from the vertical z-axis.

S8.2 Curvature discontinuities at the contact line

Consider any circle of latitude on the vesicle membrane, which is axisymmetric with respect to the z-axis in
Fig.[S10] We denote the principal curvature perpendicular to such a circle by C, and the principal curvature
parallel to such a circle by Cy. The principal curvature C, is equal to the curvature of the shape contour. In
terms of the tilt angle y and the radial coordinate r, the principal curvatures C, and C| are given by
dy siny
Cl = 7 and C” = . (89)
N r

The contour curvature C, can be discontinuous at the contact line whereas the parallel principal curvature C|
is always continuous across this line.2> The discontinuous behavior of C, leads to a discontinuous behavior of
the mean curvature M = % (CL+Cy) as given by eqn (11) in the main text. Because of the continuity of the tilt
angle y at the contact line, the contours of the oy and By membrane segments meet with a common tangent
at the contact line but both the contour curvature C, (s) = dy/ds and the mean curvature M(s) will, in general,
exhibit a jump at s = s.

S$8.3 Closure of contact line necks

The vesicle membrane in Fig. exhibits an open neck at arc length s = s;,.. The position of the neck is defined

by its waistline with
T ar 9%r
Y(sne) = 5 3, . =0 , and 52 o >0, (S10)
that is, by a normal vector with tilt angle y = y/(sy.) = 7/2 perpendicular to the z-axis of rotational symmetry
and by a local minimum of the radial coordinate r = r(s). The radius Ry of the open neck is equal to r(sye).

In the main text, a contact line neck has been defined by contact line radius R, = Ry, that is, by the contact
line being located at the waistline of the membrane neck during neck closure. In fact, all conclusions about
the different morphological pathways as discussed in the main text remain valid if we use the more general
property

R ~ pR,. for small neck radius R, with a dimensionless coefficient p of order one (811)
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to define a contact line neck. In the following subsections, we use p = 1 for notational simplicity.

$8.4 Geometry of endocytic and exocytic two-sphere shapes

Endocytic and exocytic engulfment of the condensate droplets lead to an in-budded and out-budded vesicle-
droplet morphology. When the radius R of the circular contact line satisfies R.; = R, during neck closure, the
two-droplet vesicle becomes a two-sphere vesicle in the limit of R,c = R.; = 0, corresponding to a closed contact
line neck as shown in panels (a) and (b) of Fig. 5. In this limit, the spherical ay and fy membrane segments
can be characterized by their curvature radii Ry and Rg,. These curvature radii are determined by the droplet
volumes Vg and Vy via

1/3 1/3
B 1/3 (3 1/3 .
Roy = (477:> (Vg +Vy) and Rpgy, = (471_) Vs for endocytic two-sphere shapes (S12)
and by the droplet volumes V,, and Vg according to
3\'?_, /3 3\, /3 .
Roy = <47r> o'” and Rg,= <4n> Vs for exocytic two-sphere shapes. (S13)

In both examples depicted in Fig. 5, the curvature radius Ry, of the spherical oy segment is taken to be larger
than the curvature radius Rg, of the spherical 7y segment.

$8.5 Curvature energy of two-sphere shapes

For both endocytic and exocytic two-sphere shapes, the bending energy of the vesicle membrane depends on
the curvature-elastic parameters of the two membrane segments oy and 7. As in Section 7 of the main text,
we denote the bending rigidity of the oy membrane segment by kyy, its spontaneous curvature by mg,, and
its Gaussian curvature modulus by kg qy. Likewise, the By segment has bending rigidity xg,, spontaneous
curvature mg,, and Gaussian curvature modulus kg g,. The membrane of the two-sphere vesicle consists of a
spherical oy segment with radius Rqy and a spherical By segment with radius Rg,. The bending energy of such
a two-sphere vesicle is given by

Epe(Rpe = 0) = 8mKqy(1 — Rayma}/)z +8mig, (1 —Rmmm)z for exocytic two-sphere shapes (814)
as in Fig. 5b and by
Epe(Rne = 0) = 87Ky (1 —Roﬂ,moc,,)2 + 871K, (1 +R,37m,3,,)2 for endocytic two-sphere shapes (815)

as in Fig. 5a with R4y > Rg,. For endoctic two-sphere shapes with Rg, > Ry, the bending energy is obtained
from eqn by swapping the a'y and By subscripts.

A second contribution to the curvature energy of the two-sphere vesicle is given by the shape-dependent
part of the Gaussian curvature energy, which is equal to

AEG = 271'(1(@[37 — KG,OW) Ccos l,l/(scl) . (816)

For a contact line neck with y(sc) = y(sne) = 7/2, this contribution of the Gaussian curvature energy vanishes.
Therefore, for a closed contact line neck, the two-droplet vesicle becomes a two-sphere vesicle with the total
energy

Essph = Epe(Rne =0)  (for a contact line neck with Ry = Rqp, = 0). (817)

which depends on the bending energy Ei.(Ry. = 0) as given by eqn (S14)) for the exocytic and by eqn (S15) for
the endocytic case with Ryy > Rg,.
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$8.6 Two-droplet vesicle with small but finite radius of membrane neck

For small but finite values of the neck radius R,., the bending energy of a contact line neck has the asymptotic
behavior

dEbe
IRy

for small R.. (S18)
Riye=R1=0

Epe (Rne> ~ EZSph + Cbe Rne with Cbe =

The coefficient . of the term proportional to R, can be computed from the piecewise-constant-mean-curvature
(P-CMC) parametrization of the vesicle shape, consisting of two hemispheres and two unduloid segments, as
previously used for domain boundary necks.2%28 The coefficient &, obtained in this manner is given by

1 1
Roy Rpy

for an exocytic contact line neck adjacent to an out-budded two-droplet vesicle with positive mean curvatures
Mgy = +1/Rqy and Mg, = +1/Rg, as in Fig. 5b.

On the other hand, for an endocytic contact line neck adjacent to an in-budded two-droplet vesicle with
Ray > Rg,y, positive mean curvature Mgy = +1/Rqy, and negative mean curvature Mg, = —1/Rg, as in Fig. 5a,
the coefficient ¢, in eqn is equal to

1 1
oy Y

In addition to the contribution from the bending energy, the circular contact line with radius R, and line tension
Aq contributes the free energy

Ecl (Rne) = 2717Rclzfcl = 277:Rne)~cl (32 1)

where the second equality follows from R.] = Rye.
The total energy E;p, of the two-droplet vesicle with a closing contact line neck is then given by the asymp-
totic equality

Erpr = Ensph + Gpe Rne +2TA Ry for small neck radius Rye = Rq, (S22)

up to first order in R,. which implies the constriction force

8E2Dr

aR = Cbe + 2752401 (523)

Rpe=0

f=

with &he = §&° for an exocytic contact line neck as in Eq (S19) and ¢, = ¢ for an endocytic contact line neck
with Rgy > R, as in Eq (S20). Thus, the constriction force at a closed contact line neck has the form

1 1
f=f*=4n [K’ay (may — R) + Kpy (mﬁy — R>] +2mAy for an exocytic contact line neck (S24)
ay By

and

1 1
f=r™=4ar {Kay (1%/ — may> + Kgy <_Ray — ma'}/>:| +2mAy for an endocytic contact line neck  (S25)
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$8.7 Total energy of two-droplet vesicle during the closure of a contact line neck

During the closure of an open membrane neck, the a8 interface forms a spherical cap across this neck, which
meets the membrane along a circular contact line with radius R as depicted in Fig. 14 of the main text. The
area A, of this o8 interface contributes the term=>

_ 2m 2
E(Xﬁ = ZaﬁAaﬁ — WZOCBRCI’ (826)

to the free energy of the vesicle-droplet system, where 6;; represents the intrinsic contact angle of the condensate
droplet at the membrane, see Fig. 14 and Section 11.3 of the main text. For a contact line neck with R, = Ry,
the interfacial free energy E,g is proportional to R?, = R2,, which implies that Eqp represents a second-order
term for the energy Exp:(Rne) compared to the first-order expression in eqn (S22). A combination of eqn (S22)
and eqn (S26) with R = R, then leads to the total energy
. 2n
Erpr(Rue) = Epsph + fRne + caﬁZaﬁRge for small R,. = R, with Cop = ———- (827)
1 +sin 6}

up to second order in the radius R, of the closing contact line neck, which is equivalent to eqn (12) and (13)
of the main text.

S9 Affinity contrast between coexisting aqueous phases at membranes

Adhesion free energy and affinity contrast. As shown in ref. |25, the shape functional for vesicle-droplet
systems contains the term YA, which depends on the mechanical membrane tension X, which is conjugate to
the total membrane area A, and on the adhesion free energy

which involves the the adhesive strength, Wy and Wp,, of the two aqueous phases, where the adhesive strengths
are equal to the adhesion free energies per unit area. When we combine these two terms, we obtain>

YA+ Eo = XAy + 25, Agy (S29)

with the mechanical tensions
TN =T+Way and I =E+Wp,. (S30)

of the ay and By membrane segments. Thus, each segment tension X;, with j = a of B depends both on the
mechanical membrane tension X and on the adhesive strengths W;,.

For a given batch of GUVs, the mechanical tension ¥ depends on the vesicle size and shape, which implies
that T varies from vesicle to vesicle.?% In contrast, the adhesive strength Wy is determined by the molecular
interactions across the leaflet-water interfaces and should have the same value for all GUVs from the same batch,
assuming that their membranes have the same molecular composition and are exposed to aqueous solutions
with the same solute composition. As a consequence, the difference

By~ Zay = Way = Way = Wpa (S31)
of the two segment tensions is equal to the difference of the two adhesive strengths Wg, and Wy, which defines

the affinity contrast Wg,, as in eqn (21).

Affinity contrast and force balance. The difference X5, — Loy of the two segment tensions also satisfies the
force balance equation Zg‘y — X4y = Lgp cos 6 as in eqn (16), which follows directly from the requirement that
the two membrane segments have a common tangent plane at the contact line, as depicted in Fig. 16. For an
axisymmetric shape parametrized by the arc length s and the tilt angle v = y(s) of the membrane’s normal
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vector2772% this requirement implies that the tilt angle y(s) is continuous at the contact line. In contrast, the
first derivative dy//ds of the tilt angle is discontinuous at the contact line when the two membrane segments oy
and By have different curvature-elastic properties.2>

The discontinuity of dy//ds at the contact line leads to additional correction terms for the force balance rela-
tion in eqn (16). These correction terms depend both on the curvature-elastic parameters of the two membrane
segment and on the principal curvatures of these membrane segments on the two sides of the contact line.4>45
As a consequence, these correction terms are difficult to estimate in general and have been ignored in eqn (16).
When we combine eqn (16) with eqn (S31)), we obtain

I, — Loy = Lapcos Oy = Wpq, (S32)

which represents a relationship between the interfacial tension X,g, the intrinsic contact angle 6;, and the
affinity contrast Wg,. The interfacial tension X, is a material parameter, which is independent of the size and
shape of the individual condensate droplets. The relationship in eqn then implies that both the intrinsic
contact angle 6; and the affinity contrast W, represent material parameters as well. Therefore, when we
ignore the additional correction terms for the force balance relation in eqn (16), we conclude from eqn
that vesicle-droplet systems involve three material parameters as given by X5, 6;, and Wg,. It remains to be
seen, however, whether or not this conclusion is affected by the additional correction terms for the force balance
relation.

S10 Measured values of intrinsic contact angles
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Figure S11 Experimental values for the intrinsic contact angle 8,; as determined by two different methods: (a) Intrinsic contact
angle 6}, (red circles) as measured by STED microscopy for different osmolarity ratios .#* The parameter r represents the ratio
of exterior osmolarity to initial interior osmolarity, which increases during the osmotic deflation of the vesicle. For comparison,
the black triangles represent the theoretical values as calculated via eqn (27) from the apparent contact angles 6y, 65, and 6,
which were determined by independent measurements; and (b) Intrinsic contact angle 6;; for 63 individual vesicles with different
values of the volume-to-area ratio v. These 6;-values were obtained from eqn (27) and the apparent contact angles displayed
in Fig. 18.%%. As a result, one obtains the estimates cos 6}, = 0.714 £0.075 and 6}, ~ 44.4°
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