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In this review, we summarize recent studies on giant unilantlar vesicles enclosing
aqueous polymer solutions of dextran and poly(ethylene gipl) (PEG), highlighting recent
results from our groups. Phase separation occurs for these @lymer solutions with

concentration above a critical value at room temperature. Wintroduce approaches used

for constructing the phase diagram of such aqueous two-phas system by titration,

density and gel permeation chromatography measurements othe coexisting phases.

The ultralow interfacial tension of the resulting water-war interface is investigated over
a broad concentration range close to the critical point. Thescaling exponent of the

interfacial tension further away from the critical point ages well with mean eld theory,

but close to this point, the behavior disagrees with the Isigp value of 1.26. The latter
discrepancy arises from the molar mass fractionation of ddran between coexisting

phases. Upon encapsulation of the PEG—dextran system intoignt vesicles followed

by osmotic de ation, the vesicle membrane becomes completdy or partially wetted by

the aqueous phases, which is controlled by the phase behavioof the polymer mixture

and the lipid composition. De ation leads to a reduction of he vesicle volume and
generates excess area of the membrane, which can induce intesting transformations

of the vesicle morphology such as vesicle budding. More dratically, the spontaneous
formation of many membrane nanotubes protruding into the iterior vesicle compartment

reveals a substantial asymmetry and spontaneous curvaturef the membrane segments

in contact with the PEG-rich phase, arising from the asymmeic adsorption of polymer

molecules onto the two lea ets of the bilayers. These membrae nanotubes explore

the whole PEG-rich phase for the completely wetted membraneéut adhere to the

liquid-liquid interface as the membrane becomes partiallywetted. Quantitative estimates
of the spontaneous curvature are obtained by analyzing défent aspects of the tubulated

vesicles, which re ect the interplay between aqueous phasseparation and spontaneous
curvature. The underlying mechanism for the curvature gemation is provided by the

weak adsorption of PEG onto the lipid bilayers, with a smallibding af nity of about 1.6

kg T per PEG chain. Our study builds a bridge between nanoscopimmembrane shapes

and membrane-polymer interactions.

Keywords: phase diagram, membrane shape transformation, giant v esicles, aqueous two-phase systems, dextran,

poly(ethylene glycol), wetting, membrane tubes
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Liu et al. Giant Vesicles Encapsulating ATPSs

INTRODUCTION introduce a density method for the measurement of the tie
lines between the coexisting phases, and compare it with a
Phase separation can occur when solutions of two di erenfmethod based on gel permeation chromatography (GPC). We
polymers or a polymer and a salt are mixed above a certaithen compare the scaling exponent of the interfacial tension to
concentration in water. These aqueous two-phase systense values obtained in mean eld theory and in the Ising model,
(ATPSs) provide a particularly mild environment with extrefyie  and correlate the discrepancy of the Ising value in the viginit
low interfacial tension on the order of 1—1GﬂN/m, which enable of the critical point to the molar mass fractionation of destr
many applications of ATPS in biotechnology and bioengine®rin petween coexisting phases. Afterwards, we focus on membrane
(Walter et al., 1985; Albertsson, 198®ne such system of associated e ects (such as wetting and morphological changes
great interest is provided by mixing aqueous solutions 0ofn GUVs encapsulating ATPS. The observed complete-to-partial
dextran and polyethylene glycol (PEG). These solutions igale wetting transition of the giant vesicle membrane by the PifiB-
phase separation above the critical concentration at a eertaphase is discussed by introducing a hidden material parameter
temperature, yielding two coexisting phases in equilibriurthwi  the intrinsic contact angleusumaatmaja et al., 20)3which
each phase containing predominantly one of the polymer specigharacterizes the a nity of the phases to the membranes but
and water. Phase separation in polymer solutions depends on titys not been directly measured by optical microscopy. We then
thermodynamic properties of the system, which is theoreffical discuss the formation of membrane nanotubes resulting from
described by the Flory-Huggins theory=lry, 1941, 1953; the de ation of giant vesicles encapsulating aqueous méxtur
Huggins, 194). When the entropy of mixing is not su cient of dextran and PEG. Theoretical analysis of the GUV shapes
to compensate the enthalpy of demixing, the polymer solutiongyith nanotubes protruding into the interior of the vesicles
undergo phase separation. revealed the presence of a negative spontaneous curvature (
Recently, renewed interest in PEG—dextran systems aroseal., 201). Depending on the properties of the aqueous phases
because of its potential biotechnological applications, dsase and the vesicle membranes, three di erent tube patterns have
its suitability as a model system for mimicking the crowdedpeen observed within vesicles of three distinct morphologies
environment in cells Rimova and Lipowsky, 2012, 2017;(Lju et al., 201} Quantitative estimation of the spontaneous
Keating, 201 The PEG—dextran ATPS was encapsulated intgurvature is obtained by image analysis of the vesicle shapes
giant unilamellar vesicles (GUVs), cell-sized contain®isiova  for membranes of dierent lipid compositions with distinct
etal., 2006; Walde etal., 2010; Dimova, 2012, R0 group of  yjd-elastic properties. The molecular mechanism underlying
Keating initiated the study of agueous phase separation in GUMfe observed curvature generation is provided by the weak
(Helfrich et al., 200g and observed the asymmetric protein adsorption of PEG molecules onto the membranes, according
microcompartmentation in these systems which resembles thg theoretical considerations, control experiments with GE

crowded environment of the cytosoL¢ng et al., 2005 The  solution, and molecular dynamics simulations. Finally, we
partitioning of biomolecules in ATPS is inuenced by the discuss possible future directions in the eld.

a nities of these molecules being separated to the coexgstin
phases or the liquid-liquid interface, as well as by the ploysic
chemical properties of the employed ATPS itsethglavski, PHASE DIAGRAM OF THE PEG-DEXTRAN
1995, which requires a detailed and quantitative charactéitra SYSTEMS
of its phase behavior. During the last decade, these hybffid so
matter systems containing both membranes and polymers amt a certain temperature, the phase diagram for an aqueous
investigated experimentallyLi( et al., 2008, 2011, 2012; Longsolution of dextran and PEG depends on their weight fractions
et al., 2008; Kusumaatmaja et al., 2009; Andes-Koback amg andwp. The diagram includes the binodal (the boundary of
Keating, 2011; Liu et al., 20@nd theoretically I(ipowsky, the two-phase coexistence region), the critical point andtibe
2013, 2014, 20)8A number of interesting phenomena, such lines, as illustrated ifrigure 1 The phase diagram is divided by
as vesicle buddingLpng et al., 2008; Li et al., 2Q1avetting the binodal curve into a region of polymer concentrationsttha
transitions (i et al., 2008; Kusumaatmaja et al., 20@ivision  will form two immiscible aqueous phases (above the binodal in
of vesicles Andes-Koback and Keating, 201%and formation Figure 1) and one homogeneous phase (at and below the binodal
of membrane nanotubed { et al., 2011; Liu et al., 20),thave in Figure 1). A tie line connects two points of the binodal, which
been observed. All these phenomena were governed by thepresent the nal compositions of the polymer components
interplay between polymer-membrane interactions and thel-ui in the coexisting phases. Also located on the binodal is the
elastic properties of the membranigijowsky, 2013, 2014, 2018 critical demixing point. Above this point but close to the birald
Precise experimental studies of the aqueous phase sepanation gseeFigure 1), the compositions and volumes of both phases
the resulting aqueous phases are challenging, but are emjuirare nearly identical. Di erent methods have been proposed to
to fully understand their role in the associated membraneconstruct the phase diagram of PEG—dextran systeait(-Kaul,
transformations. This review focuses on precisely this topic;000. Below, we will review some of them.
highlighting results from our groups that have been obtaioedr
the past decade. Binodal and Critical Point

The text is organized as follows. We rst discuss the phasghe binodal determined by cloud-point titration is shown in
diagram of the PEG-dextran system. More speci cally, Weigure 2Afor aqueous solutions of dextran (with weight-average
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molar massMy, D 400-500 kg/mol) and PEG (witM,, D 8

one-phase to the two-phase region, or the other way around, lea

kg/mol) (Liu et al., 201p The aqueous mixture of dextran and to the same phase boundary.
PEG undergoes phase separation when the total polymer weight The critical point of the system, at which the volumes of
fractions exceed a few percent. Titration experiments from ththe coexisting phases are equal, can be estimated by grmaduall

FIGURE 1 | Schematic phase diagram for an aqueous two-phase system, in
our case dextran (d) and PEG (p), by plotting the weight fraich of PEGwp as
a function of the weight fraction of dextranwg. The phase diagram is divided
into regions of two-phase coexistence (blue) and one homoggeous phase
(white) by the binodal (solid curve). The critical point Ct ahich the volumes of
the two coexisting phases become identical, is located in riely close to and
above the binodal. The mixture A with the same polymer ratiosathe critical
point, located above the binodal undergoes phase separatio and forms two
coexisting phases with compositions D and P in equilibriumwhich are
dextran-rich and PEG-rich phases, respectively. Solutiznwith composition
lying on this tie line (dashed line) separate into coexisgrphases with the
same nal compositions (D and P) but different volume fractias. The
composition difference of the coexisting phases is charaerized by the length
of the tie line DP, which becomes shorter at lower polymer cotentration and
converges to a single point called the critical demixing pat (C).

approaching the binodal via titration of the PEG-—dextran
mixture in the two-phase region with water. In this experiment

a series of mixtures of dextran and PEG solutions are prepared
at certain weight ratiosvg/wp, and the volume fractions of the
coexisting phases are measured by bringing the system seepwis
to the binodal. Using data obtained from titration trajecies
with di erent values ofwg/wp, one can nd the weight ratio
Wg/Wp at which the two phases have equal volumes in the vicinity
of the binodal, in this casa4/wp D 1.25 is found, as shown in
Figure 2B (Liu et al., 201p. Carefully studying solutions with
such a weight ratio close to the binodal provides an estiméte o
the polymer composition of the critical point, which is located
at a total polymer weight fractioowe, D 0.0812  0.0002.
The critical concentration for phase separation of the stddie
PEG—dextran system is then given by D ¢wer D 0.0829

0.0002 g/mL with ¢ being the solution mass density at the
critical point.

It should be mentioned that there is a temperature dependence
for the phase diagram of the PEG—dextran systemffich et al.,
2002, one can therefore use either temperature or concentration
as experimental control parameters for the phase state of the
PEG—dextran system. Additionally, new phase diagrams should
be measured when new lots of polymer are used, due to the batch-
to-batch di erences of the polymers in molar mass distribution
even if they are obtained from the same manufacturer
(Helfrich et al., 200

Tie Line Determination

To assess the polymer concentrations and build the tie lines
in ATPSs, one has to separate the phases and measure some
physical properties that related to the polymer concentrations
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with wg/wp D 2.0 (dashed line). The intersection of such a trajectory witthe binodal de nes the polymer weight fractionwy;. (B) Volume fraction D of the
dextran-rich phase as a function of the normalized distancérom the binodal, w/wy; — 1, for polymer solutions of different weight ratiosvq/wp between dextran and
PEG ranging from 0.60 to 2.00. See the lower inset with the cor code. The upper inset shows the dependence of the volume &ction P on the weight ratiowg/wp
very close to the phase boundary atw/wy; D 1.02. For Dpo.s0 (dashed line), the polymer weight ratiovq/wp D 1.25 was found. Reprinted with permission from
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FIGURE 3 | (A) Densities of the coexisting dextran-rich (open squares) ahPEG-rich (solid circles) phases for polymer solutions witweight ratiowg/wp D 1.25 as
functions of the total initial polymer weight fraction w. Tédashed line is the calculated density of the polymer solwth with wg/wp D 1.25. In the inset, the densities of
pure dextran and pure PEG solutions and their mixtures witvg/wp D 1.25 in the one-phase region are plotted as functions of thedtal polymer weight fractionw.
The lines are ts to Equation (1) with speci ¢ volumes/yg D 0.62586  0.00046 mL/g and vp D 0.83494  0.00043 mL/g. (B) Tie lines in the PEG—dextran phase
diagram at 24 0.5 C. The solid circles show the data for the experimentally mesured binodal. The compositions of the initial solutions (ith weight ratiowg/wp D
1.25) for which the phase densities after phase separation @&re measured are indicated by C” symbols. The end points of the respective tie lines consisbf
upward-pointing triangles indicating the compositions othe dextran-rich phases and downward-pointing trianglesridicating the compositions of the PEG-rich
phases. The solid lines represent two examples of isopycnilines calculated following Equations (2) and (3) for thefiai solution composition indicated with an
encircled “C” symbol in the graph: (vgq, wp) D (0.0700, 0.0560). The intersections of the isopycnic linewith the binodal yield the compositions of the two phases,
also encircled. Reprinted with permission froniiu et al. (2012) Copyright (2012) American Chemical Society.

For the PEG—dextran system, one normally measures the éptica In Liu et al. (2012)we prepared PEG—dextran solutions in
activity and the refractive index of the solutions, becadesdran  the concentration rangev,, < w < 0.36 at the same weight

is optically active but PEG is not. Then dextran concentragio ratio wy/wp as for the critical point. These solutions were kept
in the coexisting phases are obtained from the known speci @t a constant temperature of 2@ for a few days to reach
rotation of dextran, while the PEG concentrations are detieed  equilibrium before the coexisting phases separated and their
after subtracting the contribution of dextran to the solui densities accurately measured by a density meter. As expected
refractive index. To make it simpler, a gravimetric methodiha the top PEG-rich phase always has a lower density than the
been employed for the tie line determination of ATPS contagni bottom dextran-rich phase, and the density di erence between
a PEG polymer and a salt, by forcing the end points of the tiethe coexisting phases vanish at the critical poffig@re 3A). The

line on a binodal determined separatedrchuk et al., 1998  normalized distance of the corresponding tie line from theical
However, for ATPS containing polymers with large dispersijtie point is taken to be the reduced concentratibn é 1, which

the tie line end points deviates from the binodal, and theliesintherange of & "< 3.82.

mismatch grows with increasing polymer dispersity. It makes t The compositions of the dextran-rich (D) and PEG-rich (P)
gravimetric method not applicable to the PEG—dextran systemghases, are then determined based on their densitiesand
because the generally available dextran has a broad moks maP, respectively. By rewriting Equation (1), the PEG weight
distribution. Below we show that the tie lines of an ATPSfractions of the coexisting phasewg and W';, are related

can be accurately determined by density and gel permeatiog the corresponding dextran weight fractional and wj,

chromatography measurements of the coexisting phases. via (Liu et al., 201p
Density Method 1 1
This method for determining the tie lines of ATPS is based er? D b s D s -d S/Wg )

on accurate density measurements of the coexisting phases (
et al., 201p. Here we assume that the specic volume of thefor the dextran-rich phase, and
aqueous polymer solution is the sum of the contributions fralin
components. Then, the mass densitgf the mixture is related to p
- ) D— — s -d J W, (3)
the speci ¢ volume of each component via p s P d

for the PEG-rich phase, respectively.

Equations (2) and (3) represent straight isopycnic lines i th
Wg-W,p plane with a constant slope of. 4 J= p s,and
Here the speci ¢ volume of water, dextran and PEG atQ4re the intercepts of these lines re ect the di erent values of the
found to bevs D 1.00271 mL/gyg D 0.62586 mL/g andp D phase densities® and P. The compositions of the coexisting
0.83494 mL/g, respectively (see insefiglure 3A). dextran-rich and PEG-rich phase can be then estimated froen th

1
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FIGURE 4 | GPC chromatograms of coexisting dextran-rich(A) and PEG-rich phases(B) at" D 0.030 (black), 0.200 (red), 0.982 (green), and 2.087 (blueJhe peak
retention volumes of the native dextran and PEG are 16.06 miblack dashed line) and 18.25 mL (red dashed line), respectly. (C) Dependence of the RI peak area
Ag| on polymer concentrationcip; of the solutions injected into the size-exclusion chromatgraphy columns for dextran (squares) and PEG (circlegD) The resulting
phase diagram of the PEG—dextran—water system. In the phaseiagram, the cloud point curve is shown as a solid curve. The aopositions of the initial solutions for
which size-exclusion chromatography measurements afterlpase separation were performed are indicated by black crogss. The end points of the respective tie lines
(dashed lines) consist of red crosses indicating the compasons of the dextran-rich phases and green crosses indicatg the compositions of the PEG-rich phases.
The midpoints (blue circles) of the tie lines were extrapdked to the binodal to determine the critical point. Adapted wth permission fromZhao et al. (2016b) Copyright
(2016) Chem. J. Chinese Universities.

intersections of these isopycnic lines with the binodalldithed To quantify polymer concentrations within the two coexisting
in section Binodal and Critical Point. phases of an ATPS, the polymer solutions are typically diluted
The accuracy of this density-based method in constructieg t and their GPC chromatograms are recorded, with baseline
tie lines is demonstrated by the close proximity of the conaties ~ separation of dextran from PEG on a dierential refractive
(wg, wp) for the starting mixtures to the corresponding tie index (RI) detector Zhao et al., 201b It can be seen from
lines, as shown inFigure 3B The tie lines determined by Figures 4A,Bthat further away from the critical point, more
the density method are in excellent agreement with reportedextran molecules are accumulating in the dextran-rich ghas
tie |ineS Obtained Wlth traditional methOdS fOr Similar PEG Wh||e more PEG mo'ecules are part|t|0n|ng |nto the PEG_
dextran systems at comparable temperatures. Below we Wwjlkh phase. At su cient distance from the critical point, no
show that the density method can be further validated by agjextran molecules are present in the PEG-rich phase, and PEG
independent method based on quantitative GPC measuremenggolecules are completely absent in the dextran-rich phase.

of the coexisting phases. The polymer compositions in the coexisting phases can be
directly obtained from their peak areas, with the pre-estitdd
GPC Method concentration dependences of the Rl peak areas for dextran and

The density method is relatively simple to determine the tie?EG, respectivelyHgure 4Q). It is found that the tie line end
lines of ATPS. However, it relies on the assumption that tie ti Points superpose to the binodal curve, with an exception of those
line end points coincide with the predetermined binodal, whic data for the PEG-rich phases in the vicinity of the critical qtoi

is a good approximation for ATPS with polymers of narrow (Figure 4D). This discrepancy is most probably due to molar
dispersities. For PEG—dextran systems with two polymer specigass fractionation of dextran between the coexisting phassaes (
which can be completely separated by GPC, the compositiorgction Molar Mass Fractionation).

of the coexisting phases can be directly quanti ed by GPC with Interestingly, the tie lines established by the density and
a single concentration detecto€¢nnemann et al., 1991; Zhao GPC methods agreed well with each other. The density
etal., 2016a)oBelow we give the details of this method. method requires the density measurements of the phases
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together with a pre-established binodal, which makes it
simple and convenient method. The GPC method requireE A 500k
the chromatography measurements of all phases and accurate
calibration of the RI detector for both components. Although
the GPC method is tedious and time-consuming, it does
not depend on the binodal curve. More importantly, molar 300k - B dextran in dextran-rich phase | -
mass distribution and molar mass averages of each polymer © QO dextran in PEG-rich phase
species in the coexisting phases can be obtained by the GP
method (see section Molar Mass Fractionation). It should 3
be noted, however, that the GPC method with RI as the
concentration detector is only applicable to certain ATPSmse 100k - ]
components can be separated into two peaks by the GPC
columns without polymer adsorption. The coupling to a laser - t +
light scattering detector gives additional information amlar
mass of the components. If the elution peaks of these two polym

NN

9k - .

1%
=

components are overlapping, one must use two concentration ¢n ° o
detectors, for example a Rl and an additional optical rotation I&J e e oo 00 -0¢ -
detector, to quantify the compositions of the polymer mixtsire | - ok o g o 5 ; e}

(Edelman et al., 20033,b ;; DEt,D

Molar Mass Fractionation

Since dextran and PEG components in the coexisting phasgs 7L O PEG in dextran-rich phase |
are completely separated from each other by the GPC columns @ PEG in PEG-rich phase
(Figures4A,B, one can also determine the molar mass L N
distributions of each component after calibrating the syste 0.01 0.1 1

either with narrow polymer standards or by a laser light Reduced polymer concentration,e=clccr-1

scattering detectorZhao et al., 201§aWe rst take a look
at the dextran component in the CoeXiSting phases- Ir]SpeCticmFlGURE 5 | Weight-average molar massMy, of dextran (A) and PEG(B) in the
of the GPC chromatograms~{gures 4A,B indicates that the | dextran-rich (squares) and PEG-rich (circles) phases. Thtashed lines indicate
relative intensity of the elution peak of dextran in the PEi@ar | the average molar massMy D 380 kg/mol for dextran and My, D 8.45 kg/mol
phase is much less than that in its coexisting dextran-richsgha for PEG, r_espectively. The values dfly for dextra_n ir_1 thg two phases, which
Additionally, the elution peak of dextran in the PEG-rich pbas were obtalneq frgm the calculatgd molar mass distribution bdextran: are
shown as solid lines in(A). Reprinted fromZhao et al. (2016a) Copyright
is shifting toward higher retention volume, indicating anler (2016), with permission from Elsevier.
molar mass than that in the dextran-rich phase. Further away
from the critical point, the di erence for the dextran elution
peaks between the two coexisting phases increases. The@volut
of the PEG elution peaks shows a di erent behavior. Although th My, of 2.19. With more dextran of high molar mass component
relative intensity of PEG elution peak in the dextran-rich phas  partitioning into the dextran-rich phase, the molar mass of
lower than that in the PEG-rich phase, there is however, hardlgextran component in the PEG-rich phase decreases. It also
any change in retention volumes for PEG components in théeads to anM,, value larger than that of the native dextran
two coexisting phases. It indicates that PEG components in thia the dextran-rich phase, agreeing with the tiny shift of the
two coexisting phases have similar molar mass, albeit Ie8S$E dextran peak to lower retention volumé&igure 4A). However,
distributed into the dextran-rich phase. when the initial polymer concentration is su ciently high,m
Quantitative calculation of the molar mass and polymerdextran is found in the PEG-rich phase, leading to the same
dispersities for dextran and PEG in the coexisting phases aM,, value of dextran in the dextran-rich phase as for native
obtained from GPC measurements and the results are showdextran. In contrast, PEG in the two coexisting phases have
in Figure 5 For the system explored here, it is found that thesimilar weight-average molar masses, close to the valueeof th
weight-average molar mass,, of dextran in the dextran-rich original PEG withM,, D 8.45 kg/mol Figure 5B), and such
phase is signi cantly larger than that in its coexisting PEG-behavior is independent of the initial polymer concentration
rich phase Figure 5A). As the polymer concentration increases, This is due to the narrow dispersity of the employed PEG, with
the My, of dextran in the dextran-rich phase approaches theM,,/M, D 1.11. In ATPS with broad molar mass distributions for
value of the original dextran wittM,, D 380 kg/mol, while both polymers, molar mass fractionation of both components is
the My, of dextran in the PEG-rich phase shows a continuousbservedfdelman et al., 20033,b
decrease down to 82.2 kg/mol‘atD 0.73. This is because the  With the compositions of the coexisting phases accurately
used dextran had a broad molar mass distribution, char@mter measured, we can obtain the distribution coe cief(N) of each
by the dispersity indeM,,/M, the ratio between the weight- polymer component between the coexisting phases. According to
average molar madsl,, and the number-average molar massthe Flory-Huggins theory, the distribution coe cient, alsalted

Frontiers in Chemistry | www.frontiersin.org 6 April 2019 | Volume 7 | Article 213


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al. Giant Vesicles Encapsulating ATPSs

For the current ATPS containing dextran chains with a
large dispersity and near-monodisperse PEG chains, molas mas
fractionation leads to a chain length dependent redistribnti
of dextran chains between the coexisting phases. High molar
mass dextran chains are enriched in the dextran-rich phase
and depleted from the PEG-rich phase, leading to a signi cant
decrease of th®l,, of dextran in the PEG-rich phase and a slight
increase of that in the coexisting dextran-rich phase. Thités
underlying origin for the mismatch between the binodal curve
and the end points of the tie lines for the PEG-rich phase in the
vicinity of the critical point. As a result, the compositiontbe
PEG-rich phase locate above the binodag(re 3B). It is also
expected that the compositions of the corresponding dextran-
rich phases lie slightly below the binodal, which is not oliabte
in experiments. The results are in good agreement with previou
studies about polymer dispersity e ect on the tie linésa(ig
and Sandler, 1998Therefore, to obtain the tie line for such an
ATPS system by the density method close to the critical point
(Liu et al., 201}, the composition for the dextran-rich phase
can be determined from the intersection of the corresponding

0.1 k&

Degree of fractionation, f (N)

i " 1 1
0 4000 8000 12000
Degree of polymerization, N,

FIGURE 6 | Degree of fractionationfq(N) for dextran as a function of the
degree of polymerizationNy of dextran for different values of the reduced

polymer concentration™ C% 1 which is varied from 0.01 (top right) to 0.73 . o . i Al

(bottom left). The lines are ts to the data by the empirical fation isopycnic line with the binodal. However, the composition for

fg.N/DA exp gN  ¢2NO3 . Reprinted fromZhao et al. (2016a) the PEG-rich phase must be estimated from the intersection
Copyright (2016), with permission from Elsevier. of its isopycnic line with a straight line passing through the

composition of the initial polymer solution and that of the
dextran-rich phase.

the degree of fractionation, is de ned &sl¢ry, 1953:
INTERFACIAL TENSION AND SCALING

Gcpoor Ny o N 4 LAWS

b/ Cxrich - N/

The interfacial tension between coexisting phases of ATPS is
where G poodN) and ¢, icn(N) are the concentrations of on the order of 1-100mN/m, which can be determined by
componentx (in our case, dextran or PEG) containinj  measuring the equilibrium shape of liquid-liquid interfaceder
monomers in the phases poor and rich ik component, some external forces, such as gravity or centrifugal fasevyell
respectively. Theory predicted an exponential decay beh&uior as by methods based on time evolution of the interface shape
the degree of fractionatiofiy(N) as a function of chain length (Tromp, 201§. Di erent techniques, such as the drop volume
N (Flory, 1953; Koningsveld et al., 20p%uggesting that the method (Mishima et al., 1993 drop retraction analysis{ing
longer thex-chain, the less it distributed in thepoor phase. The et al., 200}, sessile and pendant drop shape analysis (et al.,
separation parametery represents the free energy change pef019, capillary length analysisv/(s et al., 201pand spinning
monomer during transferring a chain of lengtd between the drop method Ryden and Albertsson, 1971; Liu et al., 2Qhave

liquid-liquid phases. been employed for the interfacial tension measurement of the
In Figure 6, the degree of fractionatiofy(N) for dextran is  water-water interfaces.
plotted vs. the chain lengtNy at di erent distance” from the Here, we summarize some data for the interfacial tension

critical point. An exponential dependence is observed over a pq between the coexisting liquid-liquid phases of the PEG-
certain range of chain length for all values 'gfalthough the dextran system obtained by a spinning drop tensiometeu (
data deviate slightly. However, there are two distinct deeces et al., 201p(seeFigure 7A). In this broad concentration range,
of the experimental results with the mean eld prediction.the interfacial tension increases by 4 orders of magnitude
First, the degree of fractionation starts to deviate frome th with increasing distance from the critical point, i.e. from
exponential dependence at a certain chain length. Second, tBe21 mN/m at reduced polymer concentratiof D 0.02,
value extrapolated tdNg D 0 does not reach the expectedto 769mN/mat" D 3.82.

value of 1, implying that the mean eld theory is insu cient to Quantitative description of the phase separation of polymer
quantitatively describe the degree of fractionation foxtl@n  solution in the vicinity of the critical point remains as an
in ATPS. Such a discrepancy has been observed in previoireresting problem in polymer physics. The phase separation
experiments Edelman et al., 20033,bas well as in computer of polymer solution is usually studied at temperatdrelose to
simulations yan Heukelum et al., 2003The data can be ttedto its critical demixing temperatur&.. Various physical quantities,
an empirical relation by introducing additional tting paraeters including the susceptibility , the correlation length, the order
Aand ¢, as shown irFigure 6. parameters, and the interfacial tension have been studied in
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FIGURE 7 | (A) Interfacial tension g between coexisting dextran-rich and PEG-rich phases as fstions of the reduced polymer concentration” D ¢/ccr — 1. The
solid lines are ts to the data with exponent of 1.67 0.10 for 0.02<" < 0.12,and 1.50 0.01 for 0.2 <" < 3. The dashed line shows the expected asymptotic
behavior with D 1.26. (B) Composition differencel c (solid circles) and density differencd& (open squares) of the coexisting phases as functions of theeduced
polymer concentration”. In the concentration range 0.02< " < 0.12, the ts to the data give for the scaling exponent a value of 0.337 0.018 as estimated from
the density difference dependence or 0.351 0.018 as estimated from the composition difference dependace, while in the range 0.2< " < 3 we obtain D 0.491

0.014 from the density difference dependence or D 0.503 0.018 from the composition difference dependence. Reprirgd with permission fromLiu et al. (2012)
Copyright (2012) American Chemical Society.

details for di erent polymer solutions§anchez, 1989; Widom, crossover from mean eld value of D 1/2 to Ising value 0.326
1993. Several theoretical models, such as the mean eld theoryseeFigure 7B).
the Ising model, and the crossover theory, have been dewtlope Such a crossover from mean eld to Ising behavior is
to explain the observed scaling behaviors of the these praserti further supported by the normalized coexistence curve of
depending on proximity to the critical point as characterized b the studied PEG-dextran system, which has a similar shape
the reduced temperature D |1 — T/T¢|. A good example is with the prediction from the crossover theory based on near-
provided by accurate light scattering measurements of potymericritical-point (theta point) Landau expansion renormalizbg
solutions close td ¢ (Melnichenko et al., 1997; Anisimov et al., uctuations (Anisimov et al., 2000 As shown inFigure 8, the
2002, where the scaling for the susceptibility 9 with  reduced polymer concentration approximates the Ising limitwit

changed from 1.24 to 1, and that for the correlation lengthscaling exponent D 0.326 in the vicinity of the critical point,

" with  decreased from 0.63 to 1/2, respectively. Thevhere the correlation length of the concentration uctuatis is

crossover from the Ising model to the mean eld behavior oscur larger than the polymer molecular siZe(( et al., 2012 However,
at a correlation length scale on the order of the chain sizthef the data at the highest polymer concentration approaches the
polymers. Measurement of the coexistence curves for polyméricritical mean eld limitwith D 1, indicating that the polymer
solutions also revealed such a crossover for the compositianolecular size is larger than the correlation length. Thenmre the
di erence 1' b with the exponent changed from 0.326 crossover theory from critical Ising behavior to tricritiitgt of
to 1/2 (Dobashi et al., 1990 The crossover for the interfacial polymer solutions can also be applied to the PEG—dextran system
tension M in exponent is theoretically predicted in our study.
but its experimental veri cation is still lacking. Insteasicaling The discrepancy for the scaling exponent of the interfacial
exponents ranged from 1.17 to 1.60 have been reported irtension close to the critical point might arise from the molaass
the literature for a few polymer systems closeTip(Shinozaki  fractionation of dextran. As shown iRigure 5A, in the vicinity of
et al., 1982; Heinrich and Wolf, 1992; Widom, 199®8here the the critical point, theM,y, of dextran in the dextran-rich phase is
crossover from the Ising value 1.26 to the mean eld value 3/2arger than that of the original dextran, leading to a redootof
were not observed. the interfacial tension. While further away from the craigoint,

One can use a similar approach for ATPS of dextran andhe My, of dextran in the dextran-rich phase is similar to that of
PEG, by scaling analysis of the interfacial tension and tdero the original dextran and there is no in uence on the interii@c
parameters vs. the reduced concentratiorfLiu et al., 201 tension. Therefore, the scaling exponenis una ected in the
The scaling exponent of the interfacial tension pq "M mean eld region, but an increased value of 1.67 is observed in
shows a crossover behavior depending on proximity to theaaiti the Ising limit region.
point (Figure 7A). Further away from the critical point, the
obtained value D 1.50 0.01 is in excellent agreement with WETTING OF MEMBRANES BY ATPS
mean eld theory. However, closer to this point, the incredse
value of 1.67 0.10 deviates signi cantly from the Ising value The phase separation process and its consequences on
1.26. In contrast, as the critical point is approached, theirsgal membranes in contact with the two phases can be directly
exponent of the order parameters, does exhibit the expectedbserved when the aqueous polymer solutions of dextran and
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American Chemical Society.
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FIGURE 9 | Response of giant vesicles encapsulating ATPS when exposeitd osmotic de ation. (a) Schematic illustration of the steps upon de ation: phase
separation within the vesicle, wetting transition, vesielbudding, and ssion of the enclosed phases into two membranewrapped droplets. (b—e) Side-view phase
contrast images of a vesicle sitting on a glass substrate. Thvesicle contains the PEG—dextran ATPS. After phase sepaian (b,c), the interior solution consists of two
liquid droplets consisting of PEG-rich and dextran-rich phses, respectively. Further de ation of the vesicle causeshe dextran-rich droplet to bud out as shown in
(d,e). The numbers on the snapshots indicate the osmolarity ratibetween the external medium and the initial internal polynmesolution. In the sketch in(f), the three
effective contact angles as observed with optical microscpy are indicated, as well as the two membrane tensions and thénterfacial tension 4. The contact line is
indicated by the circled dot. The intrinsic contact angle j,,, which characterizes the wetting properties of the membrae by the PEG-rich phase at the nanometre
scale, is sketched in(g). Reproduced from Dimova and Lipowsky (2012)with permission from the Royal Society of Chemistry.

PEG in the one-phase region are encapsulated within GUVisnages Figures 9b—¢ on a horizontally aligned microscopéi(

(Li et al., 2011; Liu et al., 20)L@n these studies, the polymer etal., 2011; Liu et al., 20)L6

solutions undergo phase separation when the system is brought Depending on the phase state of encapsulated ATPS and
into two-phase region via osmotic de ation by exposing thethe interactions between the aqueous phases with the vesicle
vesicles to a hypertonic medium, i.e., vesicles de ation énotmembrane, the liquid droplet may exhibit zero or non-zero
that the lipid membrane is permeable to water, but not to thecontact angles corresponding, respectively, to complete diapar
polymers, which become concentrated as water permeategetting. In the vicinity of the critical point, the membrans i
out). The de ation not only leads to a reduction of the vesiclecompletely wetted by the PEG-rich phase, while further away
volume and the formation of two immiscible aqueous phasefrom this point, both phases partially wet the membranes. For
within vesicles, but also generates excess area of the mambr GUV encapsulating PEG—dextran mixture, a complete-to-partial
This results in a variety of interesting changes in the Vesic wetting transition had been observed for a number of lipid
morphology, such as vesicle buddirig(ig et al., 2008; Li et al., compositions (i et al., 2008, 2011; Kusumaatmaja et al., 2009;
2012, wetting transition (i et al., 2008; Kusumaatmaja et al.,Liu etal., 2015

2009, and complete budding of the vesiclés(les-Koback and When the vesicle membrane becomes partially wetted by the
Keating, 201)as schematically shown IFigure 9a The overall aqueous phases, it is separated into two di erent segments: one
vesicle shape can be observed from confocal microscopy crassn contact with the PEG-rich phase, and the other with the
sections of the vesicles, as well as from side-view phaseasbn dextran-rich phase. These two membrane segments and the pd
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interface, i.e., the interface between the PEG-rich andrdex
rich phases, have spherical cap morphology. Then from the

geometry of the vesicle, three e ective contact anglgs p, and
e can be obtained, with,C 4C D 2p, as shown irFigure 9f.
The force balance of the tensions (of the two membrane setgnen T
and the pd interface) at the three-phase contact line implies th
the three tensions form a triangle, which leads to the refai

Liu et al. Giant Vesicles Encapsulating ATPSs
(Kusumaatmaja et al., 2009; Li et al., 2011; Lipowsky,)2018

@pe D Gpdsin d/sin e (5)

6he D 6pgsin p/sin e (6) |
between these tensions and the e ective contact angles., Here

&) is the tension of the pe membrane segment in contact with Volume reduction by osmotic def]at|0n

the PEG-rich phase, arP}. is the tension of the de membrane
segment in contact with the dextran-rich phase; e describes t| FIGURE 10 | Three nanotube patterns (VM-A, VM-B, and VM-C)
external phase outside the vesicle. The membrane tensions cacorresponding to the distinct vesicle morphologies (VM) aferved along the
then be calculated from the interfacial tensio as measured de ation path: Schematic views of horizontalxy-scans (top row) and of vertical
X . X . . rbd X xz-scans (bottom row) across the de ated vesicles. In all casesthe tubes are
in section Interfacial Tension and Sca“ng Laws and the évect lled with external medium (white); the membrane is shown ined. For the
contact angles, which are obtained from the microscopy irmage| vM-A morphology, the interior polymer solution is uniformggeen), whereas it is
When viewed with optical resolution, the shape of budded phase-separated (_blue ar7d yellow) fo_r the morphologies VN8-and VM-C,.with
vesicles as irFigures 9d.eexhibits a kink at the three-phase complete and partial wetting, respectively, of the membraa by the PEG-rich
contact line. However ihe bending ener of the membraneaqueous phase (yellow). For the VM-B morphology, the nanohes explore the
) : o e .g gy whole PEG-rich (yellow) droplet but stay away from the dexan-rich one (blue).
kink would become in nite if it persists to smaller length $es For the VM-C morphology, the nanotubes adhere to the interfee between the
(Kusumaatmaja et al., 20T herefore, the membrane in vicinity | two aqueous droplets forming a thin and crowded layer over tis interface. It is
of the contact line should be smoothly curved when viewetiwit | expected thatin the VM-A and VM-B morphologies, these nanatbes are
super resolution microscop)Zhao etal 20])8WhiCh reveals the necklace-like consisting of a number of small spheres conreed by narrow or
ist f intrinsi tact | N h h ticall closed membrane necks, while in the VM-C morphology, cylindcal tubes with
?X|S_ €nce oran intrinsic COI’_’I actangig, as shown schemaucally a uniform diameter along the nanotubes co-exist with the neldace-like ones.
in Figure 9g(Kusumaatmaja et al., 2009f the two membrane Reprinted with permission fromLiu et al. (2016) Copyright (2016) American
segments have identical curvature-elastic properties, dngef | Chemical Society.

balance along the three phase contact line gikgs(vsky, 2018

VM-A

e 6}eD Woe WpeD 6pacosin (") GuV membranes. The spontaneous curvature is the preferred

curvature the membrane would adopt when left at rest. It can
e modulated by various factors such as lea et compositional
asymmetry, adsorption and depletion of molecular species

HereW 4. and W e are adhesive strengths of the two membran
segments. Therefore, the intrinsic contact angig is related
o three ma‘ef'a' pargmeters., the adhes.|ve. St.re”m and and ions (ipowsky, 2013; Bassereau et al., 2018 the
Wope and the interfacial tension of the liquid-liquid interface
(Lipowsky, 201 However, if the two membrane segments hav system considered here, the spontaneous curvature arising
thepsameyélastlc roperties but di erent s ontaneon?s curva;l;ure%rom the polymer-membrane interactions can be estimated
additional termsF;es?JItln from the di e:oent curvature-etas using three dierent and independent methods of image

roperties emerges andgthe truncated force balance relason analysis on the vesicle morphologiesiu( et al., 201j A
prop rges, . . combination of experiment, theoretical analysis and compute
given by Equation (7) may lead to unreliable estimates far th _. . .

simulation reveals the molecular mechanism for the membran

intrinsic contact anglel(ipowsky, 2013 spontaneous curvature generated in the system of giantlgssic
encapsulating ATPS.
FORMATION OF MEMBRANE NANOTUBES
IN VESICLE ENCAPSULATING ATPS Three Patterns of Flexible Nanotubes
Upon de ation of vesicles enclosing ATPS, three types of
Osmotic de ation of giant vesicles enclosing PEG-dextramanotube patterns have been observed, corresponding to three
solutions, can lead to spectacular shape changes as evidendedrent vesicle shapes as schematically shownFigure 10
by the formation of many membrane nanotubes protruding(Liu et al., 201§ These dierent morphologies can be
into the interior of the vesicle. Because the membran@bserved upon osmotic de ation of the vesicles. In the
is not pulled by an external force, the driving force forexample given inFigure 10 the membrane is composed of
the spontaneous tubulation of vesicles is provided by &hree lipid components: dioleoylphosphatidylcholine (DOPC),
membrane tension generated from a substantial spontaneoukpalmitoylphosphatidylcholine (DPPC), and cholesterol (Qhol
curvature, which is much larger than the curvature of thewhich can exhibit di erent phase state depending on the exact
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FIGURE 11 | Nanotube patterns within Ld-phase vesicles as observed fothe VM-B and VM-C morphologies corresponding to complete ad partial wetting of the
membranes. (a) Disordered pattern corresponding to a confocaky-scan of the VM-B morphology. Because the Ld membrane is comfetely wetted by the PEG-rich
phase, the nanotubes explore the whole PEG-rich droplet bustay away from the dextran-rich phase located below the imaigg plane. (b) A layer of densely packed
tubes as visible in anxy-scan of the VM-C morphology. As a result of partial wettingthe nanotubes now adhere to the pd interface between the two gueous droplets
and form a thin layer in which crowding leads to short-range Bentational order of the tubes. Note that the tube layer ismly partially visible because the pd interface ig
curved into a spherical cap. Both in(a,b), the diameter of the tubes is below the diffraction limit, buthe tubes are theoretically predicted to have necklaceke and
cylindrical shapes in panelga,b), respectively. Reprinted with permission froniiu et al. (2016) Copyright (2016) American Chemical Society.
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FIGURE 12 | Necklace-cylinder tube coexistence for giant vesicles witLo membranes:(a) confocal xz-scan; (b) confocal xy-scan corresponding to the dashed line
in panel a;(c) superposition of 6 confocalxy-scans located in the dotted rectangle in panel a. This projetion image reveals the coexistence of several long cylinidal
tubes and several short necklace-like tubes. All scale barare 10mm. (d) Fluorescent intensity along the solid white line 1 in panéb) perpendicular to the GUV
contour and along the dotted and dashed white lines 2 and 3 in pnel (c) across a cylindrical tube. The quantityl x» is the coordinate perpendicular to the GUV
contour or membrane tube. The intensity pro les can be well- ted by Gaussian distributions with a half-peak width of 0.35 0.05mm. The peak-to-peak separations
for the lines 2 and 3 lead to the estimated tube diameters Rcy D 0.58 and 0.54 mm, respectively. Reprinted with permission froniiu et al. (2016) Copyright (2016)
American Chemical Society.

composition. Bilayer phases such as the liquid-disorderet} (L 0.82 10 1°J for the Ld membranes and, D 3.69 10 19J

and liquid-ordered (Lo) phases and their coexistence can ber the Lo membranesH{einrich et al., 201))

directly observed as uid domains in GUVd.ipowsky and To obtain the observed morphologies, we prepare spherical
Dimova, 2003 using uorescence microscopyD(etrich et al., vesicles that enclose a homogeneous solution of PEG—dextran
200). In the case of GUVs enclosing ATPS( et al., 2015 we  mixture. De ation of these vesicles is then induced by grtiu
employed two di erent membrane compositions, correspondingexchanging the exterior solution to a hypertonic one conitain

to a Ld membrane with lipid composition DOPC:DPPC:Clibl  xed concentrations of the two polymer components with
64:15:21 (mole fractions) and a Lo one with lipid compositionincreasing amount of sucrose up to 15.6 mM. In this low
DOPC:DPPC:ChaD 13:44:43 (seleigures 11 12), respectively. concentration regime, the e ect of sucrose on the bending
These two membranes are both in the single phase region amigjidity and spontaneous curvature of the membranes can be
have di erent elastic property, with the bending rigiditiesy D  neglectedDobereiner et al., 1999; Vitkova et al., 2006; Lipowsky,
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2013; Dimova, 2004 For more details of the experimental morphologies are predicted to be necklace-like, but a co-exdste
procedure, the readers are referred to the original article ( of necklace-like and cylindrical shape is expected for Ldgube
et al., 2015 Upon small de ation, the interior polymer solution the VM-C morphology. In contrast, the tubes of the stier Lo
still remains as a uniform aqueous phase with c.; (see VM- membranes are so thick that their shapes can be directly vbder
A morphology in Figure 10, but the area needed to enwrap from the confocal images. Necklace-like shape tubes arex@iser
the (reduced) volume of the vesicle is now in excess, whictor all three morphologies of the Lo vesicles. Surprisinghg, t
result in the formation of tubes (the excess area is storedonfocal images ifrigure 12revealed the co-existence of several
in them). Subsequent de ation steps with> ¢, result in long cylindrical tubes and a few short necklace-like tubethat
phase separation of the interior solution into two aqueouspd interface. The length of these cylindrical tubes is abdne t
phases, a lighter PEG-rich and a heavier dextran-rich phasetitical length for the necklace—cylinder transformation.
both con ned by the vesicles as liquid droplets. When the
membrane is completely wetted by the PEG-rich droplet, th .
dewetted dextran-rich droplet is surrounded by the PEG-ricr;%ponta,neous Curvatures of Vesicle
phase and has no contact with the membrane, which de nes thENClOSINg ATPS
VM-B morphology of the vesiclesigure 10. The dextran-rich Several approaches for deducing the membrane spontaneous
droplet sinks to the bottom of the vesicle because its derisity Curvature have been developed.iretal. (2011)Lipowsky (2013,
always larger than the density of the coexisting PEG-richspha 2014) Liu et al. (2016)Bhatia et al. (2013pndDasgupta et al.
(Figure 3A). Upon further de ation, both agueous phases are in(2018) some of which have been reviewed in section Measuring
contact with the membranes, indicating a partial-wettingstaf e Membrane Spontaneous Curvaturefafssereau et al. (2018)
the two aqueous phases. This is de ned as the VM-C morphologytable membrane nanotubes were rst observed for vesicles
for the vesiclesHigure 10. The two membrane segments and €ncapsulating ATPS ini et al. (2011)and the theoretical analysis
the pd interface form non-zero contact angles (§égure 9f).  ©f the corresponding GUV shapes revealed the presence of a
It is found that the complete-to-partial wetting transitiomse ~ Negative spontaneous curvature of abodt/(240 nm). We then
located between dierent de ation steps for the Ld and Lodeveloped three di erentand independent methods to determine
membranes, re ecting di erent wetting property of ATPS on this curvature based onimage analysis of tubulated vesictele
these membranes. of both Ld and Lo membranesL{u et al., 201 As shown

Due to the dierent wetting properties of the aqueousin Figure 13 all these methods led to consistent values of the
phases on the membranes, di erent nanotube patterns formeg@Pontaneous curvatures for both Ld and Lo vesicles of three
in the VM-B and VM-C morphologies are observed by thedi erent morphologies.
confocal microscope (sedgure 11). For the complete wetting ~ The rst method is based on direct measurement of the
morphology VM-B, these nanotubes explore the interior of theluPe thickness by confocal microscopy. For the Lo membranes,
whole PEG-rich droplet, and undergo strong thermally excitedhe tubes have diameters well above the optical resolution,
undulations. The length of the individual nanotubes can bevhich made it possible to measure the tube size directly from
estimated from stack of three-dimensional scans of theclassi  the confocal scans. Short necklace-like tubes are obseoved f
which is on the order of 26m for Ld vesicles. For the partial
wetting morphology VM-C, these nanotubes adhere to the
pd interface between the two liquid droplets, where one can
immediately see the long tube segments in a single scan. The
local adhesion of the nanotubes to the liquid-liquid int&cé is
a re ection of the complete-to-partial wetting transition.

These nanotubes can be either necklace-like consisting of
a number of small spheres connected by narrow or closed
membrane necks or cylindrical with a uniform diameter
along the nanotube Rigure 10. Theoretical investigation of
the nucleation and growth of the tubes indicated that these
membrane nanotubes prefer necklace-like shape at shortHeng
but cylindrical one above a critical length, which can be
understood by minimization of the membrane bending energy
(Liu et al., 201)% The necklace-cylinder transformation occurs
at the critical tube |ength of about three times of the mother FIGURE 13 | Variation of deduced spontaneous curvature of Ld (red) andd
vesicle radius, and the tubes can reshape themselves vigs ser(9reen membranes with polymer concentration modulated bgsmotic

. . . . . de ation of the vesicles. The vertical dashed lines correspad to the critical
of intermediate unduloids I'(Iu et al, 2015 For the partlal concentration c¢r. The data were obtained by direct shape analysis of the
wetting morphology VM-C, due to additional contribution from | nanotubes (green stars), area partitioning analysis as gin by Equation (8)
adhesion free energy of the tubes at the pd interface, thie@lit | (open circles), and force balance analysis described by Eqtion (9) (open
Iength for necklace—cylinder transformation depends on the squares). The horizontal dotted line correspongs to the optal resolution limit
material parameters and can become as low as a few micrometer Zf ;{éBO:m”;"r?'c:negr::;?c‘;vl”gop;gsﬂssi°” frontiu et al. (2016) Copyright
Therefore, the shape of the Ld tubes in the VM-A and VM-B ) v

T T T
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1
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all Lo vesicles in the VM-A and VM-B morphologies, which should be noted that when the tubes are too crowded at the

leads to the estimate of the spontaneous curvaturenvi®  pd interface for the highest polymer concentrations of VM-C
1/<Rsg>. The relative standard deviation of the radillss morphology, it becomes rather di cult to estimate the totallie

for the quasi-spherical beads is about 20%. The direct shapength and then this method is not applicable.

analysis is also applicable for Lo tubes in the VM-C morphology For the VM-C morphologies, where two membrane segments

where the cylindrical tubes co-exist with the necklace-lik and the pd interface form non-zero contact angles due to plartia

ones. For the vesicles shownkigure 12 measurement of the wetting of the aqueous phases, the membrane spontaneous

average diameter €®,> of the cylindrical tubes leads to the curvature can be estimated via a third method based on force

spontaneous curvaturen D 1/<2Ry,> D 1.82mm 1, with  balance of the tensions at the three-phase contact lineeSirec

an accuracy of about 13%. While measurement of the averageubes are always protruded into the PEG-rich phase and adhere

bead radius Rss> of the necklace-like tubes gives the estimatiorto the liquid-liquid interface for VM-C morphology, one can

of mD 1/<Rse> D 1.56 mm 1, having an uncertainty estimate the spontaneous curvature vidppwsky, 2013, 2014;

of about 19%. Interestingly, nearly identicah-values for Liuetal., 201}

the cylindrical and necklace-like tubes formed from the sam

vesicle are obtained, indicating the uniformity of the menaute 6 pd sin g

spontaneous curvature. Thus, the spontaneous curvatures of L mD 2 sin e ©)

membranes are determined by the direct shape analysis for all

vesicle morphologies, and the results are showRigure 13as Here is the bending rigidity of membrane. One can calculate

green stars. This method is, however, not applicable for Lésub the m-values for both Lo and Ld membranes, with the separately

because they are so thin that their shape is not resolvableepy tmeasured interfacial tension g, the e ective contact angles

confocal microscope. and ¢, and the bending rigidities |, and |4 (Heinrich et al.,
The second method is based on the membrane area01(). The obtained results are shown Figure 13 as green

partitioning between nanotubes and the mother vesicle. Thand red squares, respectively. It is obvious that all threeaao

shapes of the nanotubes for Ld vesicles cannot be resolveflimage analysis led to consistent values for the spontaneous

by confocal microscope because the tube diameter is belosurvatures of these membranes.

the optical resolution. But we can calculate the spontaneous It should be noted that the spontaneous curvatures of these

curvature via two measurable geometric quantities: tha &e two membranes were found to be almost constant, withy D

and lengthL of all tubes. Itis based on the fact that the excess area8 mm ! and m_, D — 1.7mm * over the range of studied

generated by de ation is stored as nanotubes. Upon de ationpolymer concentrations. Their spontaneous curvature ratio o

the vesicle apparent aréqyp, is less than the initial vesicle aream g/mio D 4.7 is nearly identical to their bending rigidity ratio

Ao, both areas can be obtained from the vesicle shape and thaf |/ |4 D 4.5. The observed inverse proportionality between

di erence (Ap —Aapp) is the missing area stored as tubes. Whilethe spontaneous curvature and the bending rigidity is in adco

the lengthL can be measured from 3D scans of the vesicle bwith the generation of these curvatures by adsorption, asvsho

confocal microscope. Then the spontaneous curvature of thia next section.

membrane can be estimated vl et al., 2015

1=2

Molecular Mechanism of Curvature

mD .2 /pL=A (8) Generation in Vesicles Enclosing ATPS
Because the formation of nanotubes in the GUVs was

Here isthe fraction of the total tube length in cylindrical shape,observed only in the presence of polymers, the spontaneous
and the rest part is necklace-like. curvature of the vesicle membranes should be generated by

For short necklace-like tubes observed for all Lo vesiclgsin the interactions between membrane and the encapsulated
VM-A and VM-B morphologies, D 0is obtained. For Lo tubes polymers. Depending on the e ectively attractive or repulsive
in the VM-C morphology with a co-existence of the cylindrical force with the membranes, polymer molecules can form either
and necklace-like tubes, non-zerevalue is observed. However, adsorption or depletion layers on the membrane, and result
for the Ld tubes with thickness below the optical resolutionjn bulging of the lipid bilayer toward the solution with highe
the fraction cannot be estimated from the confocal imagesconcentration of polymer adsorption or lower concentratioh o
These exible Ld tubes in the VM-A and VM-B morphologies polymer depletion.
are predicted to be necklace-like, which leads t® 0. For Ld In all three vesicle morphologies shown FKigure 10 the
tubes in the VM-C morphology, a co-existence of the cylindricaconcentration of PEG in the interior solution is always larg
and necklace-like tubes is expected, but one cannot estithate than that in the exterior solution. However, the concenioatof
fraction . Inthis case, we have to take all possiblealues into  dextran in the interior solution is larger for VM-A morphology
account. The spontaneous curvatures for the Ld membranes abeit smaller for VM-B and VM-C morphologies than the exterior
then estimated using Equation (8) with D 0 for VM-A and  dextran concentration. At the same time, all de ation steps
VM-B morphologies and 0 1 for VM-C morphology. The led to the formation of tubes protruding into the interior
m-values obtained by area partitioning analysis for both Lo anaf vesicles with a negative spontaneous curvature. Therefore
Ld membranes are shown Figure 13as green and red circles, the observation is consistent with the theoretical predicti
respectively. The accuracy of this method i45%, resulting (Breidenich et al., 2005 only if the spontaneous curvature
mainly from the uncertainty of the measured tube lengthlt  is generated by adsorption of PEG onto the membrane. This
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FIGURE 14 | Typical conformation and potential of mean force for adsored PEG molecules.(A,B) Simulation snapshots of PEG molecule adsorbed onto Ld and Lo
bilayer. The color code for the lipids is blue for DOPC, orarggfor DPPC, and red for cholesterol. The PEG molecules congisf 180 monomers corresponding to the
average molecular weight used in the experiments. Each lghimembrane is immersed in about 27,000 water molecules (notsown). (C,D) Potential of mean force
(PMF) for Ld and Lo membranes as a function of the separationbetween the polymer's center-of-mass and the bilayer mid@ne. The potential wells are relatively
broad, with a width of about 4 nm, because the polymer end grops can adsorb even for relatively large-values. The binding free energy of a single PEG chain is
about 4 kJ/mol or 1.6 kg T for both types of membranes. Reprinted with permission fam Liu et al. (2016) Copyright (2016) American Chemical Society.

conclusion was supported by control experiments with both Ldnembranes, with a relatively small binding energy of about
and Lo vesicles enclosing pure PEG solution without dextrard kJ/mol or 1.6 kT per PEG molecule. It is consistent with
De ation of these vesicles led to nanotubes protruding intet the experimental results where the spontaneous curvatuie rat
interior of the vesicles with higher PEG concentration. mg/MLo is equal to the bending rigidity ratio o/ |g.

To further elucidate conformations of the PEG chains
adsorbed on the membranes and the role of PEG-membrane
interactions on the curvature generation of the membranesCONCLUSIONS
we performed atomistic molecular dynamics simulations on
the same hybrid lipid-polymer systems as in the experimentfn summary, we discussed the model system of GUVs
(Liu et al., 201p Typical conformations of the PEG moleculesencapsulating ATPS emphasizing aspects of both polymer
adsorbed onto the Ld and Lo membranes are shown iphysics and membrane biophysics, highlighting recent result
Figures 14A,B It indicated that PEG chains are only weaklyfrom our groups.
bound to the membranes, with long loops dangled between We illustrated how the phase diagram for ATPS of dextran
some short adsorption segments. It is often observed that thend PEG can be constructed by cloud titration and presented
PEG chain binds to the membrane by hydrogen bonds formedhethods based on density and GPC measurements of the
between the two terminal OH groups and the head groups ofoexisting phases. The ultralow interfacial tension between
the lipid. Less frequently, a few contacts form between th@ PEthe coexisting phases was studied over a broad polymer
backbones and the membranes. The a nity of the PEG moleculesoncentration range above the critical point. It was founatth
to the membranes is further quanti ed by the potentials of mea the scaling exponent of the interfacial tension with the resfiic
force, as shown irfrigures 14C,D It indicated that the studied polymer concentration gives a value of 1.67 in vicinity of the
PEG chains have the same binding a nity to the Ld and Locritical point, which disagrees with the expected value lo2the
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Ising model. The latter discrepancy arises from the molarsnasndoplasmic reticulum. However, the underlying mechanism

fractionation of dextran during phase separation. for the tube formation in cells remains to be elucidated. The
When encapsulating these ATPS into giant vesicles, theellular membranes are often exposed to asymmetric aqueous

membranes may be completely or partially wetted by thenvironments with a large amount of proteins, which plays

two aqueous phases, depending on the lipid and polymeeentral role in the tubulation process. The model system of

composition. A complete-to-partial wetting transition of ABP GUV encapsulating ATPS provides a controllable platform for

is observed via osmotic de ation of the vesicle volumeunderstanding the remodeling of membranes in the living cells.

The associated volume reduction generates excess arealtofvould be interesting to include proteins in the GUV/ATPS

the membrane, which folds into many membrane nanotubesystem to mimic the cellular behavior more closely.

protruding into the interior vesicle compartment revealing a

substantial asymmetry and negative spontaneous curvaftieo AUTHOR CONTRIBUTIONS
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