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In this review, we summarize recent studies on giant unilamellar vesicles enclosing
aqueous polymer solutions of dextran and poly(ethylene glycol) (PEG), highlighting recent
results from our groups. Phase separation occurs for these polymer solutions with
concentration above a critical value at room temperature. We introduce approaches used
for constructing the phase diagram of such aqueous two-phase system by titration,
density and gel permeation chromatography measurements ofthe coexisting phases.
The ultralow interfacial tension of the resulting water-water 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 agrees well with mean �eld theory,
but close to this point, the behavior disagrees with the Ising value of 1.26. The latter
discrepancy arises from the molar mass fractionation of dextran between coexisting
phases. Upon encapsulation of the PEG–dextran system into giant vesicles followed
by osmotic de�ation, the vesicle membrane becomes completely or partially wetted by
the aqueous phases, which is controlled by the phase behavior of the polymer mixture
and the lipid composition. De�ation leads to a reduction of the vesicle volume and
generates excess area of the membrane, which can induce interesting transformations
of the vesicle morphology such as vesicle budding. More dramatically, the spontaneous
formation of many membrane nanotubes protruding into the interior vesicle compartment
reveals a substantial asymmetry and spontaneous curvatureof the membrane segments
in contact with the PEG-rich phase, arising from the asymmetric adsorption of polymer
molecules onto the two lea�ets of the bilayers. These membrane nanotubes explore
the whole PEG-rich phase for the completely wetted membranebut adhere to the
liquid-liquid interface as the membrane becomes partiallywetted. Quantitative estimates
of the spontaneous curvature are obtained by analyzing different aspects of the tubulated
vesicles, which re�ect the interplay between aqueous phaseseparation and spontaneous
curvature. The underlying mechanism for the curvature generation is provided by the
weak adsorption of PEG onto the lipid bilayers, with a small binding af�nity of about 1.6
kBT per PEG chain. Our study builds a bridge between nanoscopicmembrane 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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INTRODUCTION

Phase separation can occur when solutions of two di�erent
polymers or a polymer and a salt are mixed above a certain
concentration in water. These aqueous two-phase systems
(ATPSs) provide a particularly mild environment with extremely
low interfacial tension on the order of 1–100mN/m, which enable
many applications of ATPS in biotechnology and bioengineering
(Walter et al., 1985; Albertsson, 1986). One such system of
great interest is provided by mixing aqueous solutions of
dextran and polyethylene glycol (PEG). These solutions undergo
phase separation above the critical concentration at a certain
temperature, yielding two coexisting phases in equilibrium with
each phase containing predominantly one of the polymer species
and water. Phase separation in polymer solutions depends on the
thermodynamic properties of the system, which is theoretically
described by the Flory-Huggins theory (Flory, 1941, 1953;
Huggins, 1941). When the entropy of mixing is not su�cient
to compensate the enthalpy of demixing, the polymer solutions
undergo phase separation.

Recently, renewed interest in PEG–dextran systems arose
because of its potential biotechnological applications, as well as
its suitability as a model system for mimicking the crowded
environment in cells (Dimova and Lipowsky, 2012, 2017;
Keating, 2012). The PEG–dextran ATPS was encapsulated into
giant unilamellar vesicles (GUVs), cell-sized containers (Dimova
et al., 2006; Walde et al., 2010; Dimova, 2012, 2019). The group of
Keating initiated the study of aqueous phase separation in GUVs
(Helfrich et al., 2002), and observed the asymmetric protein
microcompartmentation in these systems which resembles the
crowded environment of the cytosol (Long et al., 2005). The
partitioning of biomolecules in ATPS is in�uenced by the
a�nities of these molecules being separated to the coexisting
phases or the liquid-liquid interface, as well as by the physico-
chemical properties of the employed ATPS itself (Zaslavski,
1995), which requires a detailed and quantitative characterization
of its phase behavior. During the last decade, these hybrid soft
matter systems containing both membranes and polymers are
investigated experimentally (Li et al., 2008, 2011, 2012; Long
et al., 2008; Kusumaatmaja et al., 2009; Andes-Koback and
Keating, 2011; Liu et al., 2016) and theoretically (Lipowsky,
2013, 2014, 2018). A number of interesting phenomena, such
as vesicle budding (Long et al., 2008; Li et al., 2012), wetting
transitions (Li et al., 2008; Kusumaatmaja et al., 2009), division
of vesicles (Andes-Koback and Keating, 2011), and formation
of membrane nanotubes (Li et al., 2011; Liu et al., 2016), have
been observed. All these phenomena were governed by the
interplay between polymer-membrane interactions and the �uid-
elastic properties of the membrane (Lipowsky, 2013, 2014, 2018).
Precise experimental studies of the aqueous phase separation and
the resulting aqueous phases are challenging, but are required
to fully understand their role in the associated membrane
transformations. This review focuses on precisely this topic,
highlighting results from our groups that have been obtainedover
the past decade.

The text is organized as follows. We �rst discuss the phase
diagram of the PEG–dextran system. More speci�cally, we

introduce a density method for the measurement of the tie
lines between the coexisting phases, and compare it with a
method based on gel permeation chromatography (GPC). We
then compare the scaling exponent of the interfacial tension to
the values obtained in mean �eld theory and in the Ising model,
and correlate the discrepancy of the Ising value in the vicinity
of the critical point to the molar mass fractionation of dextran
between coexisting phases. Afterwards, we focus on membrane-
associated e�ects (such as wetting and morphological changes)
in GUVs encapsulating ATPS. The observed complete-to-partial
wetting transition of the giant vesicle membrane by the PEG-rich
phase is discussed by introducing a hidden material parameter,
the intrinsic contact angle (Kusumaatmaja et al., 2009), which
characterizes the a�nity of the phases to the membranes but
has not been directly measured by optical microscopy. We then
discuss the formation of membrane nanotubes resulting from
the de�ation of giant vesicles encapsulating aqueous mixture
of dextran and PEG. Theoretical analysis of the GUV shapes
with nanotubes protruding into the interior of the vesicles
revealed the presence of a negative spontaneous curvature (Li
et al., 2011). Depending on the properties of the aqueous phases
and the vesicle membranes, three di�erent tube patterns have
been observed within vesicles of three distinct morphologies
(Liu et al., 2016). Quantitative estimation of the spontaneous
curvature is obtained by image analysis of the vesicle shapes,
for membranes of di�erent lipid compositions with distinct
�uid-elastic properties. The molecular mechanism underlying
the observed curvature generation is provided by the weak
adsorption of PEG molecules onto the membranes, according
to theoretical considerations, control experiments with PEG
solution, and molecular dynamics simulations. Finally, we
discuss possible future directions in the �eld.

PHASE DIAGRAM OF THE PEG–DEXTRAN
SYSTEMS

At a certain temperature, the phase diagram for an aqueous
solution of dextran and PEG depends on their weight fractions
wd and wp. The diagram includes the binodal (the boundary of
the two-phase coexistence region), the critical point and thetie
lines, as illustrated inFigure 1. The phase diagram is divided by
the binodal curve into a region of polymer concentrations that
will form two immiscible aqueous phases (above the binodal in
Figure 1) and one homogeneous phase (at and below the binodal
in Figure 1). A tie line connects two points of the binodal, which
represent the �nal compositions of the polymer components
in the coexisting phases. Also located on the binodal is the
critical demixing point. Above this point but close to the binodal
(seeFigure 1), the compositions and volumes of both phases
are nearly identical. Di�erent methods have been proposed to
construct the phase diagram of PEG–dextran system (Hatti-Kaul,
2000). Below, we will review some of them.

Binodal and Critical Point
The binodal determined by cloud-point titration is shown in
Figure 2Afor aqueous solutions of dextran (with weight-average
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molar massMw D 400–500 kg/mol) and PEG (withMw D 8
kg/mol) (Liu et al., 2012). The aqueous mixture of dextran and
PEG undergoes phase separation when the total polymer weight
fractions exceed a few percent. Titration experiments from the

FIGURE 1 | Schematic phase diagram for an aqueous two-phase system, in
our case dextran (d) and PEG (p), by plotting the weight fraction of PEGwp as
a function of the weight fraction of dextranwd . The phase diagram is divided
into regions of two-phase coexistence (blue) and one homogeneous phase
(white) by the binodal (solid curve). The critical point C, at which the volumes of
the two coexisting phases become identical, is located in�nitely close to and
above the binodal. The mixture A with the same polymer ratio as the critical
point, located above the binodal undergoes phase separation and forms two
coexisting phases with compositions D and P in equilibrium,which are
dextran-rich and PEG-rich phases, respectively. Solutions with composition
lying on this tie line (dashed line) separate into coexisting phases with the
same �nal compositions (D and P) but different volume fractions. The
composition difference of the coexisting phases is characterized by the length
of the tie line DP, which becomes shorter at lower polymer concentration and
converges to a single point called the critical demixing point (C).

one-phase to the two-phase region, or the other way around, lead
to the same phase boundary.

The critical point of the system, at which the volumes of
the coexisting phases are equal, can be estimated by gradually
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 ratioswd/wp, and the volume fractions of the
coexisting phases are measured by bringing the system stepwise
to the binodal. Using data obtained from titration trajectories
with di�erent values ofwd/wp, one can �nd the weight ratio
wd/wp at which the two phases have equal volumes in the vicinity
of the binodal, in this casewd/wp D 1.25 is found, as shown in
Figure 2B (Liu et al., 2012). Carefully studying solutions with
such a weight ratio close to the binodal provides an estimate of
the polymer composition of the critical point, which is located
at a total polymer weight fractionwcr D 0.0812� 0.0002.
The critical concentration for phase separation of the studied
PEG–dextran system is then given byccr D � crwcr D 0.0829
� 0.0002 g/mL with� cr 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 system (Helfrich 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 distributions,
even if they are obtained from the same manufacturer
(Helfrich et al., 2002).

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.

FIGURE 2 | (A) Binodal of the aqueous solution of dextran (molar mass between 400 and 500 kg/mol) and PEG (molar mass 8 kg/mol) at 24� 0.5� C obtained by
titration from the one-phase to the two-phase region (solidcircles) and vice versa (open circles). The “C” symbols are experimental points along the titration trajectory
with wd /wp D 2.0 (dashed line). The intersection of such a trajectory with the binodal de�nes the polymer weight fractionwbi. (B) Volume fraction� D of the
dextran-rich phase as a function of the normalized distancefrom the binodal,w/wbi – 1, for polymer solutions of different weight ratioswd /wp between dextran and
PEG ranging from 0.60 to 2.00. See the lower inset with the color code. The upper inset shows the dependence of the volume fraction � D on the weight ratiowd /wp
very close to the phase boundary atw/wbi D 1.02. For � D D 0.50 (dashed line), the polymer weight ratiowd /wp D 1.25 was found. Reprinted with permission from
Liu et al. (2012). Copyright (2012) American Chemical Society.
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FIGURE 3 | (A) Densities of the coexisting dextran-rich (open squares) and PEG-rich (solid circles) phases for polymer solutions with weight ratiowd /wp D 1.25 as
functions of the total initial polymer weight fraction w. The dashed line is the calculated density of the polymer solution with wd /wp D 1.25. In the inset, the densities of
pure dextran and pure PEG solutions and their mixtures withwd /wp D 1.25 in the one-phase region are plotted as functions of the total polymer weight fractionw.
The lines are �ts to Equation (1) with speci�c volumesvd 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 measured binodal. The compositions of the initial solutions (with weight ratiowd /wp D
1.25) for which the phase densities after phase separation were measured are indicated by “C” symbols. The end points of the respective tie lines consistof
upward-pointing triangles indicating the compositions ofthe dextran-rich phases and downward-pointing triangles indicating the compositions of the PEG-rich
phases. The solid lines represent two examples of isopycniclines calculated following Equations (2) and (3) for the initial solution composition indicated with an
encircled “C” symbol in the graph: (wd , wp) D (0.0700, 0.0560). The intersections of the isopycnic lineswith the binodal yield the compositions of the two phases,
also encircled. Reprinted with permission fromLiu et al. (2012). Copyright (2012) American Chemical Society.

For the PEG–dextran system, one normally measures the optical
activity and the refractive index of the solutions, becausedextran
is optically active but PEG is not. Then dextran concentrations
in the coexisting phases are obtained from the known speci�c
rotation of dextran, while the PEG concentrations are determined
after subtracting the contribution of dextran to the solution
refractive index. To make it simpler, a gravimetric method had
been employed for the tie line determination of ATPS containing
a PEG polymer and a salt, by forcing the end points of the tie-
line on a binodal determined separately (Merchuk et al., 1998).
However, for ATPS containing polymers with large dispersities,
the tie line end points deviates from the binodal, and the
mismatch grows with increasing polymer dispersity. It makes the
gravimetric method not applicable to the PEG–dextran systems,
because the generally available dextran has a broad molar mass
distribution. Below we show that the tie lines of an ATPS
can be accurately determined by density and gel permeation
chromatography measurements of the coexisting phases.

Density Method
This method for determining the tie lines of ATPS is based
on accurate density measurements of the coexisting phases (Liu
et al., 2012). Here we assume that the speci�c volume of the
aqueous polymer solution is the sum of the contributions fromall
components. Then, the mass density� of the mixture is related to
the speci�c volume of each component via

1
�

D
�
1 � wd � wp

�
� s C wd� d C wp� p (1)

Here the speci�c volume of water, dextran and PEG at 24� C are
found to bevs D 1.00271 mL/g,vd D 0.62586 mL/g andvp D
0.83494 mL/g, respectively (see inset ofFigure 3A).

In Liu et al. (2012), we prepared PEG–dextran solutions in
the concentration rangewcr < w < 0.36 at the same weight
ratio wd/wp as for the critical point. These solutions were kept
at a constant temperature of 24� C for a few days to reach
equilibrium before the coexisting phases separated and their
densities accurately measured by a density meter. As expected,
the top PEG-rich phase always has a lower density than the
bottom dextran-rich phase, and the density di�erence between
the coexisting phases vanish at the critical point (Figure 3A). The
normalized distance of the corresponding tie line from the critical
point is taken to be the reduced concentration" � c

ccr
� 1, which

lies in the range of 0< " < 3.82.
The compositions of the dextran-rich (D) and PEG-rich (P)

phases, are then determined based on their densities� D and
� P, respectively. By rewriting Equation (1), the PEG weight
fractions of the coexisting phases,wD

p and wP
p, are related

to the corresponding dextran weight fractions,wD
d and wP

d,
via (Liu et al., 2012):

wD
p D

1
� p � � s

�
1

� D � � s � . � d � � s/ wD
d

�
(2)

for the dextran-rich phase, and

wP
p D

1
� p � � s

�
1

� P � � s � . � d � � s/ wP
d

�
(3)

for the PEG-rich phase, respectively.
Equations (2) and (3) represent straight isopycnic lines in the

wd-wp plane with a constant slope of� . � d � � s/ =
�
� p � � s

�
, and

the intercepts of these lines re�ect the di�erent values of the
phase densities� D and � P. The compositions of the coexisting
dextran-rich and PEG-rich phase can be then estimated from the
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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 (blue). The peak
retention volumes of the native dextran and PEG are 16.06 mL (black dashed line) and 18.25 mL (red dashed line), respectively. (C) Dependence of the RI peak area
ARI on polymer concentrationcinj of the solutions injected into the size-exclusion chromatography columns for dextran (squares) and PEG (circles).(D) The resulting
phase diagram of the PEG–dextran–water system. In the phase diagram, the cloud point curve is shown as a solid curve. The compositions of the initial solutions for
which size-exclusion chromatography measurements after phase separation were performed are indicated by black crosses. The end points of the respective tie lines
(dashed lines) consist of red crosses indicating the compositions of the dextran-rich phases and green crosses indicating the compositions of the PEG-rich phases.
The midpoints (blue circles) of the tie lines were extrapolated to the binodal to determine the critical point. Adapted with permission fromZhao et al. (2016b). Copyright
(2016) Chem. J. Chinese Universities.

intersections of these isopycnic lines with the binodal established
in section Binodal and Critical Point.

The accuracy of this density-based method in constructing the
tie lines is demonstrated by the close proximity of the coordinates
(wd, wp) for the starting mixtures to the corresponding tie
lines, as shown inFigure 3B. The tie lines determined by
the density method are in excellent agreement with reported
tie lines obtained with traditional methods for similar PEG–
dextran systems at comparable temperatures. Below we will
show that the density method can be further validated by an
independent method based on quantitative GPC measurements
of the coexisting phases.

GPC Method
The density method is relatively simple to determine the tie
lines of ATPS. However, it relies on the assumption that the tie
line end points coincide with the predetermined binodal, which
is a good approximation for ATPS with polymers of narrow
dispersities. For PEG–dextran systems with two polymer species
which can be completely separated by GPC, the compositions
of the coexisting phases can be directly quanti�ed by GPC with
a single concentration detector (Connemann et al., 1991; Zhao
et al., 2016a,b). Below we give the details of this method.

To quantify polymer concentrations within the two coexisting
phases of an ATPS, the polymer solutions are typically diluted
and their GPC chromatograms are recorded, with baseline
separation of dextran from PEG on a di�erential refractive
index (RI) detector (Zhao et al., 2016b). It can be seen from
Figures 4A,B that further away from the critical point, more
dextran molecules are accumulating in the dextran-rich phase,
while more PEG molecules are partitioning into the PEG-
rich phase. At su�cient distance from the critical point, no
dextran molecules are present in the PEG-rich phase, and PEG
molecules are completely absent in the dextran-rich phase.
The polymer compositions in the coexisting phases can be
directly obtained from their peak areas, with the pre-established
concentration dependences of the RI peak areas for dextran and
PEG, respectively (Figure 4C). It is found that the tie line end
points superpose to the binodal curve, with an exception of those
data for the PEG-rich phases in the vicinity of the critical point
(Figure 4D). This discrepancy is most probably due to molar
mass fractionation of dextran between the coexisting phases (see
section Molar Mass Fractionation).

Interestingly, the tie lines established by the density and
GPC methods agreed well with each other. The density
method requires the density measurements of the phases
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together with a pre-established binodal, which makes it a
simple and convenient method. The GPC method requires
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
mass distribution and molar mass averages of each polymer
species in the coexisting phases can be obtained by the GPC
method (see section Molar Mass Fractionation). It should
be noted, however, that the GPC method with RI as the
concentration detector is only applicable to certain ATPSs, whose
components can be separated into two peaks by the GPC
columns without polymer adsorption. The coupling to a laser
light scattering detector gives additional information onmolar
mass of the components. If the elution peaks of these two polymer
components are overlapping, one must use two concentration
detectors, for example a RI and an additional optical rotation
detector, to quantify the compositions of the polymer mixtures
(Edelman et al., 2003a,b).

Molar Mass Fractionation
Since dextran and PEG components in the coexisting phases
are completely separated from each other by the GPC columns
(Figures 4A,B), one can also determine the molar mass
distributions of each component after calibrating the system
either with narrow polymer standards or by a laser light
scattering detector (Zhao et al., 2016a). We �rst take a look
at the dextran component in the coexisting phases. Inspection
of the GPC chromatograms (Figures 4A,B) indicates that the
relative intensity of the elution peak of dextran in the PEG-rich
phase is much less than that in its coexisting dextran-rich phase.
Additionally, the elution peak of dextran in the PEG-rich phase
is shifting toward higher retention volume, indicating a lower
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 evolution
of the PEG elution peaks shows a di�erent behavior. Although the
relative intensity of PEG elution peak in the dextran-rich phase is
lower than that in the PEG-rich phase, there is however, hardly
any change in retention volumes for PEG components in the
two coexisting phases. It indicates that PEG components in the
two coexisting phases have similar molar mass, albeit less PEG is
distributed into the dextran-rich phase.

Quantitative calculation of the molar mass and polymer
dispersities for dextran and PEG in the coexisting phases are
obtained from GPC measurements and the results are shown
in Figure 5. For the system explored here, it is found that the
weight-average molar massMw of dextran in the dextran-rich
phase is signi�cantly larger than that in its coexisting PEG-
rich phase (Figure 5A). As the polymer concentration increases,
the Mw of dextran in the dextran-rich phase approaches the
value of the original dextran withMw D 380 kg/mol, while
the Mw of dextran in the PEG-rich phase shows a continuous
decrease down to 82.2 kg/mol at" D 0.73. This is because the
used dextran had a broad molar mass distribution, characterized
by the dispersity indexMw/Mn, the ratio between the weight-
average molar massMw and the number-average molar mass

FIGURE 5 | Weight-average molar massMw of dextran (A) and PEG(B) in the
dextran-rich (squares) and PEG-rich (circles) phases. Thedashed lines indicate
the average molar massMw D 380 kg/mol for dextran andMw D 8.45 kg/mol
for PEG, respectively. The values ofMw for dextran in the two phases, which
were obtained from the calculated molar mass distribution of dextran, are
shown as solid lines in(A). Reprinted fromZhao et al. (2016a), Copyright
(2016), with permission from Elsevier.

Mn, of 2.19. With more dextran of high molar mass component
partitioning into the dextran-rich phase, the molar mass of
dextran component in the PEG-rich phase decreases. It also
leads to anMw value larger than that of the native dextran
in the dextran-rich phase, agreeing with the tiny shift of the
dextran peak to lower retention volume (Figure 4A). However,
when the initial polymer concentration is su�ciently high, no
dextran is found in the PEG-rich phase, leading to the same
Mw value of dextran in the dextran-rich phase as for native
dextran. In contrast, PEG in the two coexisting phases have
similar weight-average molar masses, close to the value of the
original PEG withMw D 8.45 kg/mol (Figure 5B), and such
behavior is independent of the initial polymer concentration.
This is due to the narrow dispersity of the employed PEG, with
Mw/Mn D 1.11. In ATPS with broad molar mass distributions for
both polymers, molar mass fractionation of both components is
observed (Edelman et al., 2003a,b).

With the compositions of the coexisting phases accurately
measured, we can obtain the distribution coe�cientf x(N) of each
polymer component between the coexisting phases. According to
the Flory-Huggins theory, the distribution coe�cient, also called
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FIGURE 6 | Degree of fractionationfd(N) for dextran as a function of the
degree of polymerizationNd of dextran for different values of the reduced
polymer concentration" � c

ccr
� 1 which is varied from 0.01 (top right) to 0.73

(bottom left). The lines are �ts to the data by the empirical relation
fd .N/ D A � exp

�
� � dN � � d2N0.5

�
. Reprinted fromZhao et al. (2016a),

Copyright (2016), with permission from Elsevier.

the degree of fractionation, is de�ned as (Flory, 1953):

fx .N/ �
cx,poor.N/

cx,rich .N/
D exp.� � xN/ (4)

where cx,poor(N) and cx,rich(N) are the concentrations of
component x (in our case, dextran or PEG) containingN
monomers in the phases poor and rich inx component,
respectively. Theory predicted an exponential decay behaviorfor
the degree of fractionationf x(N) as a function of chain length
N (Flory, 1953; Koningsveld et al., 2001), suggesting that the
longer thex-chain, the less it distributed in thex-poor phase. The
separation parameter� x represents the free energy change per
monomer during transferring a chain of lengthN between the
liquid-liquid phases.

In Figure 6, the degree of fractionationf d(N) for dextran is
plotted vs. the chain lengthNd at di�erent distance" from the
critical point. An exponential dependence is observed over a
certain range of chain length for all values of" , although the
data deviate slightly. However, there are two distinct di�erences
of the experimental results with the mean �eld prediction.
First, the degree of fractionation starts to deviate from the
exponential dependence at a certain chain length. Second, the
value extrapolated toNd D 0 does not reach the expected
value of 1, implying that the mean �eld theory is insu�cient to
quantitatively describe the degree of fractionation for dextran
in ATPS. Such a discrepancy has been observed in previous
experiments (Edelman et al., 2003a,b), as well as in computer
simulations (van Heukelum et al., 2003). The data can be �tted to
an empirical relation by introducing additional �tting parameters
A and� d2, as shown inFigure 6.

For the current ATPS containing dextran chains with a
large dispersity and near-monodisperse PEG chains, molar mass
fractionation leads to a chain length dependent redistribution
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 theMw of dextran in the PEG-rich phase and a slight
increase of that in the coexisting dextran-rich phase. This isthe
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 compositions of the
PEG-rich phase locate above the binodal (Figure 3B). It is also
expected that the compositions of the corresponding dextran-
rich phases lie slightly below the binodal, which is not observable
in experiments. The results are in good agreement with previous
studies about polymer dispersity e�ect on the tie lines (Kang
and Sandler, 1988). Therefore, to obtain the tie line for such an
ATPS system by the density method close to the critical point
(Liu et al., 2012), the composition for the dextran-rich phase
can be determined from the intersection of the corresponding
isopycnic line with the binodal. However, the composition for
the PEG-rich phase must be estimated from the intersection
of its isopycnic line with a straight line passing through the
composition of the initial polymer solution and that of the
dextran-rich phase.

INTERFACIAL TENSION AND SCALING
LAWS

The interfacial tension between coexisting phases of ATPS is
on the order of 1–100mN/m, which can be determined by
measuring the equilibrium shape of liquid-liquid interface under
some external forces, such as gravity or centrifugal force,as well
as by methods based on time evolution of the interface shape
(Tromp, 2016). Di�erent techniques, such as the drop volume
method (Mishima et al., 1998), drop retraction analysis (Ding
et al., 2002), sessile and pendant drop shape analysis (Ate� et al.,
2014), capillary length analysis (Vis et al., 2015) and spinning
drop method (Ryden and Albertsson, 1971; Liu et al., 2012), have
been employed for the interfacial tension measurement of the
water-water interfaces.

Here, we summarize some data for the interfacial tension
� pd between the coexisting liquid-liquid phases of the PEG–
dextran system obtained by a spinning drop tensiometer (Liu
et al., 2012) (seeFigure 7A). In this broad concentration range,
the interfacial tension increases by 4 orders of magnitude
with increasing distance from the critical point, i.e. from
0.21 mN/m at reduced polymer concentration" D 0.02,
to 769mN/m at " D 3.82.

Quantitative description of the phase separation of polymer
solution in the vicinity of the critical point remains as an
interesting problem in polymer physics. The phase separation
of polymer solution is usually studied at temperatureT close to
its critical demixing temperatureTc. Various physical quantities,
including the susceptibility� , the correlation length� , the order
parameters, and the interfacial tension� , have been studied in
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FIGURE 7 | (A) Interfacial tension� pd between coexisting dextran-rich and PEG-rich phases as functions of the reduced polymer concentration" D c/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 difference1 c (solid circles) and density difference1� (open squares) of the coexisting phases as functions of the reduced
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 dependence, 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. Reprinted with permission fromLiu et al. (2012).
Copyright (2012) American Chemical Society.

details for di�erent polymer solutions (Sanchez, 1989; Widom,
1993). Several theoretical models, such as the mean �eld theory,
the Ising model, and the crossover theory, have been developed
to explain the observed scaling behaviors of the these properties,
depending on proximity to the critical point as characterized by
the reduced temperature� D |1 – T/Tc|. A good example is
provided by accurate light scattering measurements of polymer
solutions close toTc (Melnichenko et al., 1997; Anisimov et al.,
2002), where the scaling for the susceptibility� � � � g with

 changed from 1.24 to 1, and that for the correlation length
� � � � n with � decreased from 0.63 to 1/2, respectively. The
crossover from the Ising model to the mean �eld behavior occurs
at a correlation length scale on the order of the chain size ofthe
polymers. Measurement of the coexistence curves for polymer
solutions also revealed such a crossover for the composition
di�erence 1' � � b with the exponent� changed from 0.326
to 1/2 (Dobashi et al., 1980). The crossover for the interfacial
tension � � � m in exponent � is theoretically predicted
but its experimental veri�cation is still lacking. Instead,scaling
exponents� ranged from 1.17 to 1.60 have been reported in
the literature for a few polymer systems close toTc (Shinozaki
et al., 1982; Heinrich and Wolf, 1992; Widom, 1993), where the
crossover from the Ising value 1.26 to the mean �eld value 3/2
were not observed.

One can use a similar approach for ATPS of dextran and
PEG, by scaling analysis of the interfacial tension and the order
parameters vs. the reduced concentration" (Liu et al., 2012).
The scaling exponent� of the interfacial tension� pd � " m

shows a crossover behavior depending on proximity to the critical
point (Figure 7A). Further away from the critical point, the
obtained value� D 1.50� 0.01 is in excellent agreement with
mean �eld theory. However, closer to this point, the increased
value of 1.67� 0.10 deviates signi�cantly from the Ising value
1.26. In contrast, as the critical point is approached, the scaling
exponent� of the order parameters, does exhibit the expected

crossover from mean �eld value of� D 1/2 to Ising value 0.326
(seeFigure 7B).

Such a crossover from mean �eld to Ising behavior is
further supported by the normalized coexistence curve of
the studied PEG–dextran system, which has a similar shape
with the prediction from the crossover theory based on near-
tricritical-point (theta point) Landau expansion renormalizedby
�uctuations (Anisimov et al., 2000). As shown inFigure 8, the
reduced polymer concentration approximates the Ising limit with
scaling exponent� D 0.326 in the vicinity of the critical point,
where the correlation length of the concentration �uctuations is
larger than the polymer molecular size (Liu et al., 2012). However,
the data at the highest polymer concentration approaches the
tricritical mean �eld limit with � D 1, indicating that the polymer
molecular size is larger than the correlation length. Therefore, the
crossover theory from critical Ising behavior to tricriticality of
polymer solutions can also be applied to the PEG–dextran system
in our study.

The discrepancy for the scaling exponent of the interfacial
tension close to the critical point might arise from the molar mass
fractionation of dextran. As shown inFigure 5A, in the vicinity of
the critical point, theMw of dextran in the dextran-rich phase is
larger than that of the original dextran, leading to a reduction of
the interfacial tension. While further away from the critical point,
the Mw of dextran in the dextran-rich phase is similar to that of
the original dextran and there is no in�uence on the interfacial
tension. Therefore, the scaling exponent� is una�ected in the
mean �eld region, but an increased value of 1.67 is observed in
the Ising limit region.

WETTING OF MEMBRANES BY ATPS

The phase separation process and its consequences on
membranes in contact with the two phases can be directly
observed when the aqueous polymer solutions of dextran and
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FIGURE 8 | Logarithmic scaling plots of phase-coexistence curves for(A) dextran and (B) PEG. The solid lines are guides to the eye with scaling exponents of 0.326
for the Ising model limit and 1 for the tricritical limit and a constant of 1 for the solvent-rich phase. Reprinted with permission fromLiu et al. (2012). Copyright (2012)
American Chemical Society.

FIGURE 9 | Response of giant vesicles encapsulating ATPS when exposedto osmotic de�ation. (a) Schematic illustration of the steps upon de�ation: phase
separation within the vesicle, wetting transition, vesicle budding, and �ssion of the enclosed phases into two membrane-wrapped droplets. (b–e) Side-view phase
contrast images of a vesicle sitting on a glass substrate. The vesicle contains the PEG–dextran ATPS. After phase separation (b,c), the interior solution consists of two
liquid droplets consisting of PEG-rich and dextran-rich phases, respectively. Further de�ation of the vesicle causes the dextran-rich droplet to bud out as shown in
(d,e). The numbers on the snapshots indicate the osmolarity ratiobetween the external medium and the initial internal polymer solution. In the sketch in(f), the three
effective contact angles as observed with optical microscopy are indicated, as well as the two membrane tensions and theinterfacial tension� pd . The contact line is
indicated by the circled dot. The intrinsic contact angle� in, which characterizes the wetting properties of the membrane 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 GUVs
(Li et al., 2011; Liu et al., 2016). In these studies, the polymer
solutions undergo phase separation when the system is brought
into two-phase region via osmotic de�ation by exposing the
vesicles to a hypertonic medium, i.e., vesicles de�ation (note
that the lipid membrane is permeable to water, but not to the
polymers, which become concentrated as water permeates
out). The de�ation not only leads to a reduction of the vesicle
volume and the formation of two immiscible aqueous phases
within vesicles, but also generates excess area of the membrane.
This results in a variety of interesting changes in the vesicle
morphology, such as vesicle budding (Long et al., 2008; Li et al.,
2012), wetting transition (Li et al., 2008; Kusumaatmaja et al.,
2009), and complete budding of the vesicles (Andes-Koback and
Keating, 2011) as schematically shown inFigure 9a. The overall
vesicle shape can be observed from confocal microscopy cross
sections of the vesicles, as well as from side-view phase-contrast

images (Figures 9b–e) on a horizontally aligned microscope (Li
et al., 2011; Liu et al., 2016).

Depending on the phase state of encapsulated ATPS and
the interactions between the aqueous phases with the vesicle
membrane, the liquid droplet may exhibit zero or non-zero
contact angles corresponding, respectively, to complete or partial
wetting. In the vicinity of the critical point, the membrane is
completely wetted by the PEG-rich phase, while further away
from this point, both phases partially wet the membranes. For
GUV encapsulating PEG–dextran mixture, a complete-to-partial
wetting transition had been observed for a number of lipid
compositions (Li et al., 2008, 2011; Kusumaatmaja et al., 2009;
Liu et al., 2016).

When the vesicle membrane becomes partially wetted by the
aqueous phases, it is separated into two di�erent segments: one
is in contact with the PEG-rich phase, and the other with the
dextran-rich phase. These two membrane segments and the pd
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interface, i.e., the interface between the PEG-rich and dextran-
rich phases, have spherical cap morphology. Then from the
geometry of the vesicle, three e�ective contact angles� d, � p, and
� e can be obtained, with� pC� dC� e D 2p, as shown inFigure 9f.
The force balance of the tensions (of the two membrane segments
and the pd interface) at the three-phase contact line implies that
the three tensions form a triangle, which leads to the relations
(Kusumaatmaja et al., 2009; Li et al., 2011; Lipowsky, 2018):

O6 pe D 6 pd sin� d /sin � e (5)

O6 de D 6 pd sin� p /sin � e (6)

between these tensions and the e�ective contact angles. Here,
O6 pe is the tension of the pe membrane segment in contact with
the PEG-rich phase, andO6 de is the tension of the de membrane
segment in contact with the dextran-rich phase; e describes the
external phase outside the vesicle. The membrane tensions can
then be calculated from the interfacial tension� pd as measured
in section Interfacial Tension and Scaling Laws and the e�ective
contact angles, which are obtained from the microscopy images.

When viewed with optical resolution, the shape of budded
vesicles as inFigures 9d,eexhibits a kink at the three-phase
contact line. However, the bending energy of the membrane
kink would become in�nite if it persists to smaller length scales
(Kusumaatmaja et al., 2009). Therefore, the membrane in vicinity
of the contact line should be smoothly curved when viewed with a
super resolution microscopy (Zhao et al., 2018), which reveals the
existence of an intrinsic contact angle� in, as shown schematically
in Figure 9g(Kusumaatmaja et al., 2009). If the two membrane
segments have identical curvature-elastic properties, the force
balance along the three phase contact line gives (Lipowsky, 2018)

O6 de � O6 pe D Wde � Wpe D 6 pdcos� in (7)

HereWde andWpe are adhesive strengths of the two membrane
segments. Therefore, the intrinsic contact angle� in is related
to three material parameters, the adhesive strengthsWde and
Wpe and the interfacial tension of the liquid-liquid interface
(Lipowsky, 2018). However, if the two membrane segments have
the same elastic properties but di�erent spontaneous curvatures,
additional terms resulting from the di�erent curvature-elastic
properties emerges, and the truncated force balance relationas
given by Equation (7) may lead to unreliable estimates for the
intrinsic contact angle (Lipowsky, 2018).

FORMATION OF MEMBRANE NANOTUBES
IN VESICLE ENCAPSULATING ATPS

Osmotic de�ation of giant vesicles enclosing PEG–dextran
solutions, can lead to spectacular shape changes as evidenced
by the formation of many membrane nanotubes protruding
into the interior of the vesicle. Because the membrane
is not pulled by an external force, the driving force for
the spontaneous tubulation of vesicles is provided by a
membrane tension generated from a substantial spontaneous
curvature, which is much larger than the curvature of the

FIGURE 10 | Three nanotube patterns (VM-A, VM-B, and VM-C)
corresponding to the distinct vesicle morphologies (VM) observed along the
de�ation path: Schematic views of horizontalxy-scans (top row) and of vertical
xz-scans (bottom row) across the de�ated vesicles. In all cases,the tubes are
�lled with external medium (white); the membrane is shown in red. For the
VM-A morphology, the interior polymer solution is uniform (green), whereas it is
phase-separated (blue and yellow) for the morphologies VM-B and VM-C, with
complete and partial wetting, respectively, of the membrane by the PEG-rich
aqueous phase (yellow). For the VM-B morphology, the nanotubes explore the
whole PEG-rich (yellow) droplet but stay away from the dextran-rich one (blue).
For the VM-C morphology, the nanotubes adhere to the interface between the
two aqueous droplets forming a thin and crowded layer over this interface. It is
expected that in the VM-A and VM-B morphologies, these nanotubes are
necklace-like consisting of a number of small spheres connected by narrow or
closed membrane necks, while in the VM-C morphology, cylindrical tubes with
a uniform diameter along the nanotubes co-exist with the necklace-like ones.
Reprinted with permission fromLiu et al. (2016). Copyright (2016) American
Chemical Society.

GUV membranes. The spontaneous curvature is the preferred
curvature the membrane would adopt when left at rest. It can
be modulated by various factors such as lea�et compositional
asymmetry, adsorption and depletion of molecular species
and ions (Lipowsky, 2013; Bassereau et al., 2018). In the
system considered here, the spontaneous curvature arising
from the polymer-membrane interactions can be estimated
using three di�erent and independent methods of image
analysis on the vesicle morphologies (Liu et al., 2016). A
combination of experiment, theoretical analysis and computer
simulation reveals the molecular mechanism for the membrane
spontaneous curvature generated in the system of giant vesicles
encapsulating ATPS.

Three Patterns of Flexible Nanotubes
Upon de�ation of vesicles enclosing ATPS, three types of
nanotube patterns have been observed, corresponding to three
di�erent vesicle shapes as schematically shown inFigure 10
(Liu et al., 2016). These di�erent morphologies can be
observed upon osmotic de�ation of the vesicles. In the
example given inFigure 10, the membrane is composed of
three lipid components: dioleoylphosphatidylcholine (DOPC),
dipalmitoylphosphatidylcholine (DPPC), and cholesterol (Chol),
which can exhibit di�erent phase state depending on the exact
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FIGURE 11 | Nanotube patterns within Ld-phase vesicles as observed forthe VM-B and VM-C morphologies corresponding to complete and partial wetting of the
membranes. (a) Disordered pattern corresponding to a confocalxy-scan of the VM-B morphology. Because the Ld membrane is completely wetted by the PEG-rich
phase, the nanotubes explore the whole PEG-rich droplet butstay away from the dextran-rich phase located below the imaging plane. (b) A layer of densely packed
tubes as visible in anxy-scan of the VM-C morphology. As a result of partial wetting,the nanotubes now adhere to the pd interface between the two aqueous droplets
and form a thin layer in which crowding leads to short-range orientational order of the tubes. Note that the tube layer is only partially visible because the pd interface is
curved into a spherical cap. Both in(a,b), the diameter of the tubes is below the diffraction limit, but the tubes are theoretically predicted to have necklace-like and
cylindrical shapes in panels(a,b), respectively. Reprinted with permission fromLiu et al. (2016). Copyright (2016) American Chemical Society.

FIGURE 12 | Necklace-cylinder tube coexistence for giant vesicles with Lo 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 projection image reveals the coexistence of several long cylindrical
tubes and several short necklace-like tubes. All scale barsare 10mm. (d) Fluorescent intensity along the solid white line 1 in panel(b) perpendicular to the GUV
contour and along the dotted and dashed white lines 2 and 3 in panel (c) across a cylindrical tube. The quantity1 x? is the coordinate perpendicular to the GUV
contour or membrane tube. The intensity pro�les can be well-�tted by Gaussian distributions with a half-peak width of 0.35� 0.05 mm. The peak-to-peak separations
for the lines 2 and 3 lead to the estimated tube diameters 2Rcy D 0.58 and 0.54mm, respectively. Reprinted with permission fromLiu et al. (2016). Copyright (2016)
American Chemical Society.

composition. Bilayer phases such as the liquid-disordered (Ld)
and liquid-ordered (Lo) phases and their coexistence can be
directly observed as �uid domains in GUVs (Lipowsky and
Dimova, 2003) using �uorescence microscopy (Dietrich et al.,
2001). In the case of GUVs enclosing ATPS (Liu et al., 2016), we
employed two di�erent membrane compositions, corresponding
to a Ld membrane with lipid composition DOPC:DPPC:CholD
64:15:21 (mole fractions) and a Lo one with lipid composition
DOPC:DPPC:CholD 13:44:43 (seeFigures 11, 12), respectively.
These two membranes are both in the single phase region and
have di�erent elastic property, with the bending rigidities� Ld D

0.82� 10� 19 J for the Ld membranes and� Lo D 3.69� 10� 19 J
for the Lo membranes (Heinrich et al., 2010).

To obtain the observed morphologies, we prepare spherical
vesicles that enclose a homogeneous solution of PEG–dextran
mixture. De�ation of these vesicles is then induced by gradually
exchanging the exterior solution to a hypertonic one containing
�xed concentrations of the two polymer components with
increasing amount of sucrose up to 15.6 mM. In this low
concentration regime, the e�ect of sucrose on the bending
rigidity and spontaneous curvature of the membranes can be
neglected (Döbereiner et al., 1999; Vitkova et al., 2006; Lipowsky,
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2013; Dimova, 2014). For more details of the experimental
procedure, the readers are referred to the original article (Liu
et al., 2016). Upon small de�ation, the interior polymer solution
still remains as a uniform aqueous phase withc < ccr (see VM-
A morphology in Figure 10), but the area needed to enwrap
the (reduced) volume of the vesicle is now in excess, which
result in the formation of tubes (the excess area is stored
in them). Subsequent de�ation steps withc > ccr, result in
phase separation of the interior solution into two aqueous
phases, a lighter PEG-rich and a heavier dextran-rich phase,
both con�ned by the vesicles as liquid droplets. When the
membrane is completely wetted by the PEG-rich droplet, the
dewetted dextran-rich droplet is surrounded by the PEG-rich
phase and has no contact with the membrane, which de�nes the
VM-B morphology of the vesicles (Figure 10). The dextran-rich
droplet sinks to the bottom of the vesicle because its densityis
always larger than the density of the coexisting PEG-rich phase
(Figure 3A). Upon further de�ation, both aqueous phases are in
contact with the membranes, indicating a partial-wetting state of
the two aqueous phases. This is de�ned as the VM-C morphology
for the vesicles (Figure 10). The two membrane segments and
the pd interface form non-zero contact angles (seeFigure 9f).
It is found that the complete-to-partial wetting transitionsare
located between di�erent de�ation steps for the Ld and Lo
membranes, re�ecting di�erent wetting property of ATPS on
these membranes.

Due to the di�erent wetting properties of the aqueous
phases on the membranes, di�erent nanotube patterns formed
in the VM-B and VM-C morphologies are observed by the
confocal microscope (seeFigure 11). For the complete wetting
morphology VM-B, these nanotubes explore the interior of the
whole PEG-rich droplet, and undergo strong thermally excited
undulations. The length of the individual nanotubes can be
estimated from stack of three-dimensional scans of the vesicles,
which is on the order of 20mm 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 interface 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 (Figure 10). Theoretical investigation of
the nucleation and growth of the tubes indicated that these
membrane nanotubes prefer necklace-like shape at short length
but cylindrical one above a critical length, which can be
understood by minimization of the membrane bending energy
(Liu et al., 2016). The necklace-cylinder transformation occurs
at the critical tube length of about three times of the mother
vesicle radius, and the tubes can reshape themselves via a series
of intermediate unduloids (Liu et al., 2016). For the partial
wetting morphology VM-C, due to additional contribution from
adhesion free energy of the tubes at the pd interface, the critical
length for necklace-cylinder transformation depends on the
material parameters and can become as low as a few micrometers.
Therefore, the shape of the Ld tubes in the VM-A and VM-B

morphologies are predicted to be necklace-like, but a co-existence
of necklace-like and cylindrical shape is expected for Ld tubes in
the VM-C morphology. In contrast, the tubes of the sti�er Lo
membranes are so thick that their shapes can be directly observed
from the confocal images. Necklace-like shape tubes are observed
for all three morphologies of the Lo vesicles. Surprisingly, the
confocal images inFigure 12revealed the co-existence of several
long cylindrical tubes and a few short necklace-like tubes atthe
pd interface. The length of these cylindrical tubes is above the
critical length for the necklace–cylinder transformation.

Spontaneous Curvatures of Vesicle
Enclosing ATPS
Several approaches for deducing the membrane spontaneous
curvature have been developed inLi et al. (2011),Lipowsky (2013,
2014), Liu et al. (2016), Bhatia et al. (2018), andDasgupta et al.
(2018), some of which have been reviewed in section Measuring
the Membrane Spontaneous Curvature ofBassereau et al. (2018).
Stable membrane nanotubes were �rst observed for vesicles
encapsulating ATPS inLi et al. (2011), and the theoretical analysis
of the corresponding GUV shapes revealed the presence of a
negative spontaneous curvature of about� 1/(240 nm). We then
developed three di�erent and independent methods to determine
this curvature based on image analysis of tubulated vesicles made
of both Ld and Lo membranes (Liu et al., 2016). As shown
in Figure 13, all these methods led to consistent values of the
spontaneous curvatures for both Ld and Lo vesicles of three
di�erent morphologies.

The �rst method is based on direct measurement of the
tube thickness by confocal microscopy. For the Lo membranes,
the tubes have diameters well above the optical resolution,
which made it possible to measure the tube size directly from
the confocal scans. Short necklace-like tubes are observed for

FIGURE 13 | Variation of deduced spontaneous curvature of Ld (red) and Lo
(green) membranes with polymer concentration modulated byosmotic
de�ation of the vesicles. The vertical dashed lines correspond to the critical
concentration ccr. The data were obtained by direct shape analysis of the
nanotubes (green stars), area partitioning analysis as given by Equation (8)
(open circles), and force balance analysis described by Equation (9) (open
squares). The horizontal dotted line corresponds to the optical resolution limit
of 1/(300 nm). Reprinted with permission fromLiu et al. (2016). Copyright
(2016) American Chemical Society.
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all Lo vesicles in the VM-A and VM-B morphologies, which
leads to the estimate of the spontaneous curvature viam D
� 1/<Rss>. The relative standard deviation of the radiusRss
for the quasi-spherical beads is about 20%. The direct shape
analysis is also applicable for Lo tubes in the VM-C morphology
where the cylindrical tubes co-exist with the necklace-like
ones. For the vesicles shown inFigure 12, measurement of the
average diameter <2Rcy> of the cylindrical tubes leads to the
spontaneous curvaturem D � 1/<2Rcy> D � 1.82mm� 1, with
an accuracy of about� 13%. While measurement of the average
bead radius <Rss> of the necklace-like tubes gives the estimation
of m D � 1/<Rss> D � 1.56 mm� 1, having an uncertainty
of about � 19%. Interestingly, nearly identicalm-values for
the cylindrical and necklace-like tubes formed from the same
vesicle are obtained, indicating the uniformity of the membrane
spontaneous curvature. Thus, the spontaneous curvatures of Lo
membranes are determined by the direct shape analysis for all
vesicle morphologies, and the results are shown inFigure 13as
green stars. This method is, however, not applicable for Ld tubes,
because they are so thin that their shape is not resolvable by the
confocal microscope.

The second method is based on the membrane area
partitioning between nanotubes and the mother vesicle. The
shapes of the nanotubes for Ld vesicles cannot be resolved
by confocal microscope because the tube diameter is below
the optical resolution. But we can calculate the spontaneous
curvature via two measurable geometric quantities: the area A
and lengthL of all tubes. It is based on the fact that the excess area
generated by de�ation is stored as nanotubes. Upon de�ation,
the vesicle apparent areaAapp is less than the initial vesicle area
A0, both areas can be obtained from the vesicle shape and their
di�erence (A0 –Aapp) is the missing area stored as tubes. While
the lengthL can be measured from 3D scans of the vesicle by
confocal microscope. Then the spontaneous curvature of the
membrane can be estimated via (Liu et al., 2016):

m D � .2 � � / pL=A (8)

Here� is the fraction of the total tube length in cylindrical shape,
and the rest part is necklace-like.

For short necklace-like tubes observed for all Lo vesicles inthe
VM-A and VM-B morphologies,� D 0 is obtained. For Lo tubes
in the VM-C morphology with a co-existence of the cylindrical
and necklace-like tubes, non-zero� -value is observed. However,
for the Ld tubes with thickness below the optical resolution,
the fraction � cannot be estimated from the confocal images.
These �exible Ld tubes in the VM-A and VM-B morphologies
are predicted to be necklace-like, which leads to� D 0. For Ld
tubes in the VM-C morphology, a co-existence of the cylindrical
and necklace-like tubes is expected, but one cannot estimatethe
fraction� . In this case, we have to take all possible� -values into
account. The spontaneous curvatures for the Ld membranes are
then estimated using Equation (8) with� D 0 for VM-A and
VM-B morphologies and 0� � � 1 for VM-C morphology. The
m-values obtained by area partitioning analysis for both Lo and
Ld membranes are shown inFigure 13as green and red circles,
respectively. The accuracy of this method is� 15%, resulting
mainly from the uncertainty of the measured tube lengthL. It

should be noted that when the tubes are too crowded at the
pd interface for the highest polymer concentrations of VM-C
morphology, it becomes rather di�cult to estimate the total tube
length and then this method is not applicable.

For the VM-C morphologies, where two membrane segments
and the pd interface form non-zero contact angles due to partial
wetting of the aqueous phases, the membrane spontaneous
curvature can be estimated via a third method based on force
balance of the tensions at the three-phase contact line. Since the
tubes are always protruded into the PEG-rich phase and adhere
to the liquid-liquid interface for VM-C morphology, one can
estimate the spontaneous curvature via (Lipowsky, 2013, 2014;
Liu et al., 2016):

m D �
�

6 pd

2�
sin� d

sin� e

� 1=2

(9)

Here � is the bending rigidity of membrane. One can calculate
them-values for both Lo and Ld membranes, with the separately
measured interfacial tension� pd, the e�ective contact angles� d
and � e, and the bending rigidities� Lo and � Ld (Heinrich et al.,
2010). The obtained results are shown inFigure 13 as green
and red squares, respectively. It is obvious that all three modes
of image analysis led to consistent values for the spontaneous
curvatures of these membranes.

It should be noted that the spontaneous curvatures of these
two membranes were found to be almost constant, withmLd

�D
– 8 mm� 1 and mLo �D – 1.7 mm� 1 over the range of studied
polymer concentrations. Their spontaneous curvature ratio of
mLd/mLo �D 4.7 is nearly identical to their bending rigidity ratio
of � Lo/� Ld

�D 4.5. The observed inverse proportionality between
the spontaneous curvature and the bending rigidity is in accord
with the generation of these curvatures by adsorption, as shown
in next section.

Molecular Mechanism of Curvature
Generation in Vesicles Enclosing ATPS
Because the formation of nanotubes in the GUVs was
observed only in the presence of polymers, the spontaneous
curvature of the vesicle membranes should be generated by
the interactions between membrane and the encapsulated
polymers. Depending on the e�ectively attractive or repulsive
force with the membranes, polymer molecules can form either
adsorption or depletion layers on the membrane, and result
in bulging of the lipid bilayer toward the solution with higher
concentration of polymer adsorption or lower concentration of
polymer depletion.

In all three vesicle morphologies shown inFigure 10, the
concentration of PEG in the interior solution is always larger
than that in the exterior solution. However, the concentration of
dextran in the interior solution is larger for VM-A morphology
but smaller for VM-B and VM-C morphologies than the exterior
dextran concentration. At the same time, all de�ation steps
led to the formation of tubes protruding into the interior
of vesicles with a negative spontaneous curvature. Therefore,
the observation is consistent with the theoretical prediction
(Breidenich et al., 2005), only if the spontaneous curvature
is generated by adsorption of PEG onto the membrane. This
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FIGURE 14 | Typical conformation and potential of mean force for adsorbed 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, orange for DPPC, and red for cholesterol. The PEG molecules consist of 180 monomers corresponding to the
average molecular weight used in the experiments. Each lipid membrane is immersed in about 27,000 water molecules (not shown). (C,D) Potential of mean force
(PMF) for Ld and Lo membranes as a function of the separationz between the polymer's center-of-mass and the bilayer midplane. The potential wells are relatively
broad, with a width of about 4 nm, because the polymer end groups can adsorb even for relatively largez-values. The binding free energy of a single PEG chain is
about 4 kJ/mol or 1.6 kBT for both types of membranes. Reprinted with permission from Liu et al. (2016). Copyright (2016) American Chemical Society.

conclusion was supported by control experiments with both Ld
and Lo vesicles enclosing pure PEG solution without dextran.
De�ation of these vesicles led to nanotubes protruding into the
interior of the vesicles with higher PEG concentration.

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 membranes,
we performed atomistic molecular dynamics simulations on
the same hybrid lipid-polymer systems as in the experiments
(Liu et al., 2016). Typical conformations of the PEG molecules
adsorbed onto the Ld and Lo membranes are shown in
Figures 14A,B. It indicated that PEG chains are only weakly
bound to the membranes, with long loops dangled between
some short adsorption segments. It is often observed that the
PEG chain binds to the membrane by hydrogen bonds formed
between the two terminal OH groups and the head groups of
the lipid. Less frequently, a few contacts form between the PEG
backbones and the membranes. The a�nity of the PEG molecules
to the membranes is further quanti�ed by the potentials of mean
force, as shown inFigures 14C,D. It indicated that the studied
PEG chains have the same binding a�nity to the Ld and Lo

membranes, with a relatively small binding energy of about
4 kJ/mol or 1.6 kBT per PEG molecule. It is consistent with
the experimental results where the spontaneous curvature ratio
mLd/mLo is equal to the bending rigidity ratio� Lo/� Ld.

CONCLUSIONS

In summary, we discussed the model system of GUVs
encapsulating ATPS emphasizing aspects of both polymer
physics and membrane biophysics, highlighting recent results
from our groups.

We illustrated how the phase diagram for ATPS of dextran
and PEG can be constructed by cloud titration and presented
methods based on density and GPC measurements of the
coexisting phases. The ultralow interfacial tension between
the coexisting phases was studied over a broad polymer
concentration range above the critical point. It was found that
the scaling exponent of the interfacial tension with the reduced
polymer concentration gives a value of 1.67 in vicinity of the
critical point, which disagrees with the expected value 1.26 for the
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Ising model. The latter discrepancy arises from the molar mass
fractionation of dextran during phase separation.

When encapsulating these ATPS into giant vesicles, the
membranes may be completely or partially wetted by the
two aqueous phases, depending on the lipid and polymer
composition. A complete-to-partial wetting transition of ATPS
is observed via osmotic de�ation of the vesicle volume.
The associated volume reduction generates excess area of
the membrane, which folds into many membrane nanotubes
protruding into the interior vesicle compartment revealing a
substantial asymmetry and negative spontaneous curvature of the
membranes. Quantitative estimates of the spontaneous curvature
have been obtained inLiu et al. (2016)by three di�erent
and independent methods of image analysis. The spontaneous
curvature is generated by the weak PEG adsorption onto the
lipid membranes, with a binding a�nity of about 1.6 kBT per
PEG molecule for either liquid-ordered or liquid-disordered
membranes, based on molecular dynamics simulation.

Membrane nanotubes are also observed in the living
cells, for example in the Golgi apparatus and the smooth

endoplasmic reticulum. However, the underlying mechanism
for the tube formation in cells remains to be elucidated. The
cellular membranes are often exposed to asymmetric aqueous
environments with a large amount of proteins, which plays
central role in the tubulation process. The model system of
GUV encapsulating ATPS provides a controllable platform for
understanding the remodeling of membranes in the living cells.
It would be interesting to include proteins in the GUV/ATPS
system to mimic the cellular behavior more closely.
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