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Abstract

Lipid rafts are thought to be key organizers of membrane-protein complexes in cells. Many 

proteins that interact with rafts have bulky polymeric components such as intrinsically disordered 

protein domains and polysaccharide chains. Therefore, understanding the interaction between 

membrane domains and membrane-bound polymers provides insights into the roles rafts play in 

cells. Multiple studies have demonstrated that high concentrations of membrane-bound polymeric 

domains create significant lateral steric pressure at membrane surfaces. Furthermore our recent 

work has shown that lateral steric pressure at membrane surfaces opposes the assembly of 

membrane domains. Building on these findings, here we report that membrane-bound polymers 

are potent suppressors of membrane phase separation, which can destabilize lipid domains with 

substantially greater efficiency than globular domains such as membrane-bound proteins. 

Specifically, we created giant vesicles with a ternary lipid composition, which separated into 

coexisting liquid ordered and disordered phases. Lipids with saturated tails and polyethylene 

glycol (PEG) chains conjugated to their head groups were included at increasing molar 

concentrations. When these lipids were sparse on the membrane surface they partitioned to the 

liquid ordered phase. However, as they became more concentrated, the fraction of GUVs that were 

phase-separated decreased dramatically, ultimately yielding a population of homogenous 

membrane vesicles. Experiments and physical modeling using compositions of increasing PEG 

molecular weight and lipid miscibility phase transition temperature demonstrate that longer 

polymers are the most efficient suppressors of domain phase separation when the energetic barrier 

to lipid mixing is low. In contrast, as the miscibility transition temperature increases, longer 

polymers are more readily driven out of domains by the increased steric pressure. Therefore, the 

concentration of shorter polymers required to suppress phase separation decreases relative to 

longer polymers. Collectively, our results demonstrate that crowded, membrane-bound polymers 

are highly efficient suppressors of phase separation and suggest that the ability of lipid domains to 

resist steric pressure depends on both their lipid composition and the size and concentration of the 

membrane-bound polymers they incorporate.
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 INTRODUCTION

Cellular membranes are populated by diverse transmembrane and membrane-bound 

proteins, which must be spatially and temporally organized to facilitate assembly of cellular 

structures including signaling complexes,1,2 trafficking vesicles,3,4 and cytoskeletal 

protrusions.5 Among the key mechanisms thought to drive membrane organization is the 

concentration of specific protein and lipid species by membrane rafts.6 Membrane rafts are 

hypothesized to be dynamic, nanoscale, membrane structures which are enriched in 

sphingolipids, cholesterol and other protein and lipid constituents.6 Numerous studies have 

explored the phase behavior of lipids7–10 and the preferences of specific proteins for liquid 

ordered and liquid disordered environments,11–13 suggesting that membrane rafts help to 

sort proteins at cellular surfaces.

As proteins become concentrated in rafts, protein-protein interactions are expected to 

increase, driving assembly of caveolae,14 viral buds,15,16 and signaling complexes.17,18 

However, non-specific steric interactions among proteins will also increase as proteins 

become crowded in the raft environment. Paradoxically, our recent work showed that steric 

interactions among membrane-bound proteins can create pressure that opposes the 

separation of membranes into liquid ordered (LO) and liquid disordered (LD) phases, 

destabilizing liquid ordered regions known as lipid domains19. In line with the idea that 

steric pressure suppresses membrane phase separation, the concentration of membrane-

bound proteins required to drive the process decreased as protein size increased. These 

findings are important because they were the first to reveal the substantial entropic cost of 

concentrating biomolecules within lipid domains, highlighting the delicate energetic balance 

that underlies domain assembly and stability.

In line with this thinking, some of the largest molecules at membrane surfaces are disordered 

polymeric domains. For example, more than 40% of transmembrane proteins have 

substantial intrinsically disordered domains,20 which occupy significantly greater volume 

than ordered domains of equivalent molecular weight.21 Transmembrane proteins that 

contain these disordered domains are diverse, comprising G protein coupled receptors, 

immunological receptors, cell adhesion proteins, ion channels, and others.22 Similarly, 

polysaccharide chains associated with glycolipids and glycosylated proteins occupy a 

considerable fraction of cellular membrane surfaces,23 and are frequently associated with 

lipid rafts.16,24,25 Membrane-bound polysaccharide chains form a layer known as the 
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glycocalyx that is commonly 50–100 nm thick,26 an order of magnitude thicker than the 

layer of transmembrane proteins at the membrane surface.27

In addition to their prevalence at cellular membrane surfaces, polymeric domains typically 

occupy significantly greater volumes than well-folded biomolecules of equivalent molecular 

weight. Specifically, polymer radii increase with increasing molecular weight to 

approximately the one-half power , while the radii of globular proteins increase 

with molecular weight to approximately the one-third power .28 The large size of 

polymeric domains suggests their potential to crowd membrane surfaces, producing steric 

pressure. Several studies have shown that membrane-conjugated polymers such as 

polyethylene glycol (PEG) chains can generate significant lateral steric pressure, sufficient 

to influence lipid phase behavior29 and at very high densities, sufficient to induce formation 

of coexisting gel-gel phases owing to depletion attraction effects.30–32 Additionally, simply 

attaching polymers to the membrane surface comes at an entropic cost33 such that polymers 

prefer curved surfaces34 and sterically repel other molecules including other PEG chains.35 

This ability of PEG-conjugated lipid membranes to sterically exclude other molecules can 

prevent non-specific biochemical interactions,36 a property which has made PEG-conjugated 

membranes popular as delivery vehicles in pharmaceutical applications,36 and as inert 

substrates and barriers for biophysical experiments.37,38 For example, polymer layers have 

been used as a cushion to suspend bilayers above substrates.39 Previous studies on PEG-

conjugated monolayers have also revealed evidence of steric pressure influencing membrane 

organization.40 Taken together, previous work clearly demonstrates that membrane-bound 

polymers such as PEG chains strongly resist lateral compression, enabling them to crowd 

membrane surfaces.

Recognizing the large size and ubiquitous presence of polymeric domains at membrane 

surfaces, here we investigate the impact of steric pressure generated by membrane-bound 

polymers on the process of membrane phase separation. Specifically, we examined the 

impact of increasing concentrations of PEG-conjugated lipids on the stability of micron-

scale liquid-liquid phase co-existence in giant unilamellar vesicles (GUVs). Our results 

reveal that the large projected area of PEG chains at the membrane surface in comparison 

globular molecules of similar molecular weight19 makes them highly efficient suppressors of 

membrane phase separation. As such, the longest PEG chains were the most efficient in 

terms of the molar concentration required to destabilize membrane phase separation. 

However as the energetic barrier to lipid mixing increased, the increased steric pressure 

required to destabilize lipid domains began to compete with the tail-driven preference of 

PEG-conjugated lipids for the ordered phase. Reduced partitioning of PEG-conjugated lipids 

to the ordered phase diminished the ability of the PEG chains to generate steric pressure, an 

effect that disproportionately impacted longer PEG chains, reducing their advantage over 

shorter chains. These findings provide insight into the competition that membrane-bound 

macromolecules experience between preference for the lipid domain environment and rising 

steric pressure as they accumulate in lipid domains. Collectively, this work demonstrates that 

membrane-bound polymers can have a major impact on the stability of lipid domains, 

suggesting that polymeric biomolecules may be major determinants of the content and 

stability of lipid rafts.
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 RESULTS AND DISCUSSION

We began by investigating the impact of PEG-conjugated lipids on the phase behavior of a 

ternary system consisting of 45 mol% DOPC (1, 2-dioleoyl-sn-glycero-3-phosphocholine), 

25 mol% DPPC (1, 2-dipalmitoyl-sn-glycero-3-phosphocholine), and 30 mol% Cholesterol, 

which we will refer to as lipid composition 1 (Figure 1A). The lipid probe Texas Red-DPPE 

(Texas Red 1, 2-dipalmitoyl-sn-glycero-phosphoethanolamine), which is known to partition 

into the majority liquid disordered phase41,42 was included at 0.3 mol% to visualize the 

phases (Figure 1B). The miscibility phase transition temperature of the chosen lipid 

composition in the absence of PEG-conjugated lipids is approximately 29 °C, 4 °C above the 

observation temperature of 25 °C.7 Therefore, as expected, in the absence of PEG-

conjugated lipids a substantial majority of vesicles, 82%, displayed distinct phase separation. 

In phase separated vesicles the majority of the vesicle surface appeared bright in the Texas 

Red fluorescence channel, with darker, rounded micron-scale ordered phase domains present 

on the vesicle surface. These domains occupied on average 22% of the vesicle surface based 

on confocal analysis of domain size (see Methods), in approximate agreement with the 

literature.43 Next we repeated these experiments with giant vesicles containing 1, 2, 3, and 5 

mol% PEG2000-DPPE (1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]), a lipid with two fully saturated tails and a PEG chain 

of 2000 Da molecular weight conjugated to the head group (Figure 1C). In each case the 

concentration of DPPC was reduced accordingly to accommodate the PEG-conjugated lipids 

while maintaining the same total fraction of lipids with saturated tail groups (ie. 25 mol%).

As the concentration of PEG2000-DPPE increased from 0 to 5 mol%, the fraction of phase 

separated vesicles dropped monotonically from 82% ± 1.3 (standard error of mean) in the 

absence of PEG to 12% ± 4.8 for vesicles containing 5 mol% PEG2000-DPPE, with the 

steepest portion of the transition occurring between 2 and 3 mol% PEG2000-DPPE (Figure 

1D). Phase separated vesicles were replaced by an increasing proportion of vesicles that 

displayed a homogenous distribution of both Texas Red DPPE and a Carboxyfluorescein-

labeled version of the PEG-conjugated lipid (fPEG2000-DSPE), suggesting that inclusion of 

PEG prevented the formation of ordered domains. However, we cannot rule out the 

possibility that phase separated regions with sub diffraction limited dimensions were still 

present on the membrane surface. The correlation of the suppression of membrane phase 

separation with increasing concentration of PEG-conjugated lipids, CPEG, as well as our 

previous work showing that steric pressure among membrane-bound proteins can suppress 

LO- LD phase separation19 suggest that steric interactions among PEG chains are opposing 

membrane phase separation in these experiments.

If steric interactions among membrane-bound PEG chains suppress membrane phase 

separation, then as the molecular weight of the PEG chain increases, the number of PEG 

chains per membrane area required to suppress phase separation should decrease. To test this 

hypothesis we repeated our GUV experiments using lipids conjugated with 1 kDa and 5 kDa 

molecular weight PEG chains, PEG1000-DPPE and PEG5000-DPPE, respectively. For each 

PEG chain length, the fraction of GUVs that displayed micron-scale liquid-liquid 

immiscibility decreased from more than 80% in the absence of PEG to less than 13% as 

CPEG increased, Figures 2 A-D. The value of CPEG required to drive this transition 
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decreased with increasing PEG chain length. For example, at CPEG equal to 2 mol%, the 

majority of vesicles containing PEG1000-DPPE (Figure 2A) and PEG2000-DPPE (Figure 

2B) were phase separated, while the majority of vesicles containing PEG5000-DPPE had 

become homogenous (Figure 2C). The steepest portion of the transition occurred at 1–2 mol

% for PEG5000-DPPE, 2–3 mol % for PEG2000-DPPE (as reported in Figure 1, repeated 

for visual comparison), and 5–6 mol% for PEG1000-DPPE (Figure 2D). Since larger PEG 

chains cover a larger fraction of the membrane surface, this trend is qualitatively consistent 

with the hypothesis that steric pressure among PEG chains suppresses phase separation 

(Figure 2E). Interestingly, near these transition points, the ordered domain broke up into 

many small ordered domains (Figure S1), similar to our previous observations of domain 

breakup driven by protein crowding.19

To further evaluate the potential of steric pressure to suppress membrane phase separation 

we constructed a simplified analytical model of steric interactions among crowded, 

membrane-tethered PEG chains and compared the resulting surface pressure to estimates of 

the enthalpy of lipid mixing. We chose the two dimensional form of the Carnahan-Starling 

equation of state44,45 to estimate the pressure generated by crowded PEG chains. This 

equation approximates the PEG chains as self-avoiding, non-deformable spherical particles 

with radii equal to the polymer radii of gyration, Rg, where estimates of Rg were made using 

a freely-joined chain model and found comparable to experimental values taken from the 

literature: (1.0 nm for PEG1000, 1.5 nm for PEG2000, 2.3 nm for PEG5000).32 The 

Carnahan-Starling equation predicts that the pressure (p) generated by crowding at the 

membrane surface, with units of energy per membrane area, should increase nonlinearly as 

the fractional polymer coverage of the membrane surface (η(APEG)) increases,

(Equation 1)

where APEG is the area occupied by individual PEG molecules on the membrane surface, kB 

is Boltzmann’s constant, and T is absolute temperature. Here longer PEG chains occupy 

larger areas on the membrane surface, such that η is a linear function of APEG.

In Figure 3A the pressure generated by the polymers is plotted as a function of the molar 

concentration of PEG conjugated lipids. The horizontal line is the approximate enthalpy of 

mixing for a typical phase-separated lipid mixture, .46 Therefore the concentration of 

PEG-conjugated lipids required to suppress membrane phase separation can be estimated 

from the intersection between the enthalpy of mixing and the pressure generated by the 

membrane-bound polymer. Notably the enthalpy of mixing value used in this study 

represents a first order estimate. However, the comparison between the model and the data is 

not highly sensitive to the value of the enthalpy of mixing owing to the steep increase in the 

steric pressure as the coverage of PEG chains on the membrane surface becomes substantial 

(Figure 3A).
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To assess the agreement between the simple steric pressure model and the experimental 

results, the observed transition points were plotted versus the predicted transition points 

(Figure 3B). The experimentally observed transition points were estimated to be 1.4 mol%, 

2.4 mol%, and 5.2 mol% for PEG5000-DPPE, PEG2000-DPPE, and PEG1000-DPPE, 

respectively, within the ordered membrane phase (see Methods). The plot demonstrates 

reasonable agreement between theory and experiment, suggesting that the steric pressure 

generated by polymer-polymer interactions on the membrane surface is sufficient to 

suppress membrane phase separation as CPEG is increased (Figure 3B).

Approximating the flexible membrane-conjugated PEG chains as rigid spherical particles 

assumes that the lateral steric pressure at the membrane surface is insufficient to 

significantly straighten the PEG chains. This assumption is reasonable because the 

membrane area per PEG molecule at the mixing transition for each of the PEG chain lengths 

(6.8 nm2/PEG for PEG1000, 11 nm2/PEG for PEG2000, 23 nm2/PEG for PEG5000) are all 

significantly larger than the projected area of the molecules (3.4 nm2 for PEG1000, 6.7 nm2 

for PEG2000, 17 nm2 for PEG5000), such that the molecules are not substantially 

compressed at the concentrations used in this work. Further, the energetic cost of fully 

straightening a polymer chain can be approximated as ∆Gstraight ≈ NkBT, where kB is the 

Boltzmann’s constant, T is temperature and N is the number of PEG monomers (23 

monomers for 1 kDa, 46 for 2 kDa, 114 for 5 kDa). Dividing this free energy by the area per 

molecule, which is also proportional to N, gives the energetic cost of straightening per 

membrane area, approximately , substantially larger than the energy per area required 

to suppress membrane phase separation, .

The data and theoretical arguments presented so far support the hypothesis that steric 

pressure among membrane-tethered polymers potently suppresses membrane phase 

separation. However, from these data alone it is not clear how the process will change when 

the energetic barrier to lipid mixing increases. In particular, how will the lipid mixing 

process be different when steric pressure within the ordered lipid phase begins to compete 

with the finite preference of PEG-conjugated lipids for this phase? To examine these 

questions we analyzed the partitioning of labeled PEG2000-conjugated lipids (0.1 mol%) to 

the ordered phase as a function of increasing PEG2000-DPPE concentration. Here partition 

factor is defined as the ratio of the fluorescence intensity (background subtracted) of the 

labeled PEG-conjugated lipid in the ordered and disordered phases (Figure 4A). Plotting 

these data together with the fraction of phase separated vesicles reveals that the transition to 

a majority of homogenous vesicles, which occurs between 2 and 3 mol% PEG-conjugated 

lipids, is slightly preceded by a significant decline in the partition factor of labeled, PEG-

conjugated lipids to the ordered phase (Figure 4B). These data suggest that the steric 

pressure that must be generated by the PEG molecules to suppress membrane phase 

separation also competes with their own energetic preference for the ordered phase. We 

would expect this competition to become more significant as the energetic barrier to lipid 

mixing increases, since a greater steric pressure will be required to overcome the increased 

barrier. To examine this prediction we increased the fraction of saturated lipids (DPPC) in 

the membrane, forming vesicles with composition 2 (Figure 4C): 34 mol% DPPC, 33 mol% 
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Cholesterol, and 33 mol% DOPC. For vesicles of composition 2, plotting fractional phase 

separation and the partition factor of labeled PEG lipids to the ordered phase as a function of 

CPEG shows that while the partition factor still drops significantly between 0.1 and 2 mol% 

CPEG and stabilizes after 2 mol% CPEG, the major reduction in the fraction of phase 

separated vesicles requires a significantly higher value of CPEG than it did for vesicles of 

composition 1, between 5 and 10 mol% (Figure 4D).

As further evidence that repartitioning of labeled PEG lipids to the disordered phase 

precedes lipid mixing, Figure 5 shows line profiles of florescence intensity for Texas Red-

DPPE, a marker of the disordered phase, and fPEG2000-DSPE. From these images and 

profiles it is clear that while the labeled, PEG-conjugated lipid is strongly partitioned to the 

ordered phase for vesicles containing 1 mol% PEG2000-DPPE (Figure 5A, B), the extent of 

partitioning declines significantly for vesicles containing 5 mol% PEG2000-DPPE (Figure 

5C, D). In contrast, Texas Red-DPPE partitions strongly to the disordered phase for both 

molar fractions of PEG2000-DPPE, indicating that the vesicles are still phase separated. 

Notably, since DSPE has a higher melting temperature than DPPE, the fPEG2000-DSPE 

lipid is likely to partition somewhat more strongly to the ordered phase in comparison to the 

PEG2000-DPPE lipid. Therefore, we expect that PEG2000-DPPE begins to repartition 

significantly to the liquid disordered phase at slightly lower molar concentrations than those 

predicted by the repartitioning of the fPEG2000-DSPE probe lipid in Figure 4D.

These results confirm that steric pressure among membrane-bound PEG chains competes 

significantly with their tail-based preference for the ordered phase. This effect should lead to 

diminishing returns in the ability of PEG chains to concentrate in the ordered phase as the 

concentration of PEG-conjugated lipids increases. Specifically, as Tm increases, the steric 

pressure required to suppress phase separation must increase. This requirement for increased 

steric pressure will in turn dictate an increase in the concentration of PEG-conjugated lipids 

required to destabilize membrane phase separation, for two reasons. First, even in the limit 

of perfect partitioning of PEG-conjugated lipids to the ordered phase, increasing the steric 

pressure requires increasing the concentration of PEG-conjugated lipids. Second, based on 

the data in Figures 4 and 5, the increase in steric pressure is expected to reduce the 

partitioning of PEG-conjugated lipids to the ordered phase, such that for each incremental 

increase in the overall concentration of PEG-conjugated lipids, the concentration in the 

ordered phase should increase by a smaller and smaller amount. As a result of these 

phenomena, an increasing total concentration of PEG-conjugated lipids was needed to 

destabilize membrane phase separation as Tm increased (compare Figures 4 B, D).

We would expect the significance of this effect to increase with increasing PEG chain length 

for at least two reasons. First, the slope of the pressure-concentration relationship in Figure 

3A, which has units of energy per mole of PEG, can be interpreted as the energetic cost of 

an incremental increase in the number of PEG-conjugated lipids within the ordered phase, 

when domain area is held constant. The increase in this slope with increasing PEG chain 

length at constant steric pressure indicates that the thermodynamic work that must be done 

to accommodate an additional PEG-conjugated lipid within the crowded population of 

membrane-bound PEG chains increases with increasing PEG size. Second, at a given 

concentration of PEG-conjugated lipids, longer PEG chains cover a greater fraction of the 
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membrane surface and are therefore more likely to reach concentrations at which steric 

interactions with neighboring PEG chains will drive them to straighten. In our discussion of 

composition 1 we neglected chain straightening, since the membrane coverage within the 

ordered domain remained well below 100% coverage, based on the projected area of the 

PEG chains. However, as PEG concentration increases, the longest PEG chains, which 

occupy the most membrane surface area, will begin to reach 100% coverage. For example 

PEG5000-DPPE lipids are expected to cover 100% of the ordered domain surface when 

domains contain 5 mol% or more of the lipid. As the concentration of the lipid approaches 

and exceeds this threshold, significant straightening of the PEG chains will begin. Chain 

straightening will increase the energetic cost of retaining PEG-conjugated lipids in the 

domain both by increasing the slope of the pressure-concentration curve and by decreasing 

the conformational entropy of the PEG chains within the domain.47 The sum of these 

energetic costs, all of which increase with increasing PEG chain length, must be balanced by 

the tail-based energetic preference of the lipid for the ordered phase (Figure 7A). Since this 

preference should not depend on PEG chain length, we expect PEG-conjugated lipids to 

partition less and less favorably to the ordered phase as PEG chain length increases.

Figure 6 plots the fraction of phase-separated vesicles of composition 2 as a function of 

increasing concentration of PEG-conjugated lipids of all lengths: PEG1000-DPPE, 

PEG2000-DPPE (repeated from Fig. 4 for visual comparison), and PEG5000-DPPE. As 

anticipated, increasing the energetic barrier increases the molar concentration of PEG 

required to suppress membrane phase separation. In particular, for vesicles containing 5 mol

% of PEG-conjugated lipids of all chain lengths, the majority of vesicles of composition 2 

remain phase separated (Figure 6 A-C), whereas vesicles of composition 1 containing 5 mol

% PEG2000-DPPE and PEG5000-DPPE were homogenous (Figure 2D). For vesicles of 

composition 2, the transition from a majority of phase-separated vesicles to a majority of 

homogenous vesicles occurs when CPEG is between 5–10 mol% for all PEG chain lengths 

(Figure 6D). While this concentration range is similar to the molar fraction of the smallest 

PEG-conjugated lipid (PEG1000-DPPE) required to suppress membrane phase separation 

for composition 1, the fraction of the largest PEG-conjugated lipid (PEG5000-DPPE) shifted 

substantially from just 1–2 mol% for composition 1 to 5–10 mol% for composition 2. As 

reported above, the transition concentration for the intermediate sized PEG-conjugated lipid 

(PEG2000-DHPE) shifted by an intermediate amount, requiring 2–3 mol% for composition 

1 (Figure 2D) and 5–10 mol% for composition 2. Additionally, vesicles of composition 2 

exhibited broken up ordered domains between 2 and 5 mol% PEG-DPPE similar to what 

was observed near the transition points in composition 1, Figure S2.

These results illustrate the expected diminishing returns in the capacity of crowded, 

membrane-bound PEG chains to destabilize lipid domains as PEG chain length and the 

energetic barrier to lipid mixing both increase. To demonstrate this point, Figure 6E, F plot 

the approximate molar concentrations of PEG-conjugated lipids required to suppress 

membrane phase separation for each of the PEG chain lengths for compositions 1 and 2. For 

composition 1, as PEG chain length increases, the concentration of PEG-conjugated lipids 

required to suppress phase separation decreases dramatically. In comparison, for 

composition 2 this decrease is substantially smaller. If we consider instead the ratio of total 

PEG mass to total lipid mass, we can determine the efficiency with which a polymer 
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opposes membrane phase separation. Specifically, a polymer is judged to be more efficient 

at suppressing phase separation if a smaller total mass of polymer molecules per mass of 

lipid molecules is required to disrupt lipid domains. For composition 1 there is a slight 

increase in this ratio with increasing PEG chain length (Figure 6G). In contrast, for 

composition 2, the increase in the ratio with increasing PEG chain length is significantly 

larger. Specifically, as PEG chain length decreases, the mass ratio of PEG chains to lipids 

required to suppress phase separation decreases demonstrating the superior efficiency of 

shorter PEG chains at destabilizing lipid domains as the energetic barrier to lipid mixing 

increases (Figure 6H). However, regardless of PEG chain length, the ratio of PEG to lipid 

mass required to suppress membrane phase separation is more than an order of magnitude 

smaller than the ratio of globular protein to lipid mass required to destabilize lipid domains 

in our previous work (data not shown in this document).19 This finding illustrates the potent 

capacity of extended, membrane-bound polymers to influence lipid phase behavior by 

generating steric pressure at membrane surfaces.

 CONCLUSIONS

Here we have demonstrated that steric pressure among membrane-bound polymers potently 

suppresses membrane phase separation. Given the high concentration of glycosylated and 

intrinsically disordered proteins at membrane surfaces20,26 membrane-bound polymers are 

likely to be among the key determiners of steric pressure and lipid domain stability at 

cellular surfaces. One possible biological implication of our findings is that proteins and 

lipids with large polymeric conjugations may be difficult to confine in lipid rafts owing to 

the steric pressure they create at the crowded cellular surface. For example, proteoglycans 

such as syndecan-4, which have large heparin sulfate conjugations, have been found to enter 

lipid rafts only when driven to oligomerize by the presence of external binding partners such 

as growth factors and antibodies.48 Here the ability of binding interactions to change the 

membrane phase preference of the protein is consistent with the idea of an external energy 

input being necessary to concentrate bulky polymeric domains within the confined 

environment of a phase separated lipid domain.

Further, expanding upon our earlier work, results in this paper reveal that crowding molecule 

size, concentration, affinity for lipid domains, and domain stability all come together to 

determine which membrane-bound polymers are the most effective suppressors of 

membrane phase separation (Figure 7). Specifically, when the energetic barrier to lipid 

mixing is relatively low, the concentration of PEG-conjugated lipids required to destabilize 

domains increases with decreasing polymer projected area on the membrane surface (Figure 

7B), in agreement with a simple analytical model of steric pressure among membrane-bound 

particles (Figure 3A), which assumes that all PEG-conjugated lipids partition equally to the 

ordered phase. In contrast, as the energetic barrier to lipid mixing is increased, the steric 

pressure required for lipid mixing increases and PEG-conjugated lipids begin to partition 

significantly less favorably to the ordered phase (Figure 7C,D). This effect diminishes the 

advantage of long PEG chains, favoring shorter chains that pay a smaller energetic cost to 

remain in the ordered phase at a given pressure. Therefore, as pressure increases and 

membrane-bound polymers begin to repartition outside the domain, smaller polymers are 

increasingly efficient at overcoming larger energetic barriers to lipid mixing. As such, in the 
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limit of very strong partitioning of polymers to the liquid-ordered domain, as would be 

expected for those conjugated to lipids with long saturated tails or multiple lipid anchors, 

large polymers are likely to be the most efficient at suppressing membrane phase separation. 

In contrast when steric pressure is high enough to significantly reduce partitioning of 

membrane-bound polymers to the ordered phase, smaller polymers will partition to the 

ordered phase more strongly than larger polymers, enabling smaller polymers to destabilize 

lipid domains at a lower polymer to lipid mass ratio. Collectively, these results illustrate that 

membrane phase separation depends on a delicate energetic balance that can be manipulated 

by changes in steric pressure among crowded macromolecules at membrane surfaces.

 MATERIALS AND METHODS

 Chemical reagents

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid was purchased from Sigma 

Aldrich. NaCl and sucrose were purchased from Fisher Scientific. Texas Red-DPPE (Texas 

Red- 1,2-Dipalmitoyl-sn- Glycero-3-phosphoethanolamine) was purchased from Invitrogen. 

DPPC (1,2 – dipalmitoyl-sn-glycero-3-phosphocholine), DOPC (1,2-dioleoyl-sn-glycero-3-

phosphocholine), cholesterol (from ovine wool), PEG1000-DPPE (1,2-Dipalmitoyl-sn- 
glycerol-3-phosphoethanolamine-N-[Methoxy(Polyethylene glycol)-1000]), PEG2000-

DPPE (1,2-Dipalmitoyl-sn- glycerol-3-phosphoethanolamine-N-[Methoxy(Polyethylene 

glycol)-2000]), PEG5000-DPPE (1,2-Dipalmitoyl-sn- glycerol-3-phosphoethanolamine-N 

[Methoxy(Polyethylene glycol)-5000]), and Carboxyfluorescein-PEG2000-DSPE (1,2 – 

distearoyl-sn-glycero-3-phophoethanolamine-N-[poly(ethylene glycol) 2000-N’- 

carboxyfluorescein]) were all purchased from Avanti Polar Lipids (Alabaster, AL). All 

reagents were used without further purification. Polymer molecular weight distribution did 

not exceed ± 25% of the indicated molecular weight according to the manufacturer of the 

PEG chains.

 Giant vesicles

Giant Unilamellar Vesicle (GUV) electroformation was completed by following published 

protocols.49 The lipid compositions chosen were based on the well-studied 

DPPC:Chol:DOPC ternary lipid mixture.7 Composition 1 was 25 mol% DPPC, 30 mol% 

cholesterol, and 45 mol% DOPC. The lipid mixtures with PEG-DPPE were created by 

adding 1, 2, 3, and 5 mol % PEG-DPPE while removing 1, 2, 3, and 5 mol% DPPC 

respectively, to maintain a constant total molar fraction of saturated lipids. Composition 2 

was 34 mol% DPPC, 33 mol% cholesterol, and 33 mol% DOPC. The lipid mixtures with 

PEG-DPPE were created by adding 1, 2, 5, 10, and 15 mol% PEG-DPPE while removing 1, 

2, 5, 10, and 15 mol% DPPC respectively to maintain a constant total molar fraction of 

saturated lipids. The lipids were spread on inidium-tin-oxide (ITO) coated glass slides 

(resistance~8–12 Ω/sq) and placed under vacuum for at least 2 hours to remove all of the 

solvent. Electroformation was performed at approximately 55°C to exceed the highest 

expected melting temperature of DPPC, 41°C. 7 The vesicles were prepared using sucrose 

solution (320 milliosmole). In all experiments vesicle solution osmolarity was measured 

using a vapor pressure osmometer (Wescor).
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 GUV slide preparation

After electroformation, the vesicles were diluted and prepared for imaging. Vesicles were 

diluted by a factor of 6 in 20 mM HEPES buffer with 150 mM NaCl, raised to a final 

osmotic strength of approximately 310 mOsm by the addition of sucrose. The slight osmotic 

tension (vesicles at 320 mOsm) suppressed membrane shape fluctuations, which improved 

image quality and the reproducibility of results. Using this system, with sucrose solution 

inside the vesicles and salt-containing buffer outside could have a small effect on the phase 

behavior of the membrane.50 Imaging experiments began approximately 5 minutes after the 

samples were prepared to allow the GUVs to settle to the bottom of the coverslip before 

imaging. In all cases the vesicles were observed in small sealed disposable chambers 

composed of glass cover slips and spacers made from double-sided tape.

 Microscopy

Spinning disc confocal microscopy (Zeiss Axio Observer Z1 with Yokagawa CSU-X1M) 

was used to image the GUVs. Laser wavelengths of 488 nm and 561 nm were used for 

excitation. The bandpass emission filters were centered at 525 nm with a 50-nm bandwidth, 

and 629 nm with a 62-nm bandwidth. A Plan-Apochromat 100× 1.4 numerical aperture oil 

immersion objective was used for imaging. A cooled (−70°C) EMCCD iXon3 897 camera 

was used for imaging (Andor Technology). The acquisition speed of each z stack experiment 

was 0.95 seconds per optical slice.

 Vesicle dimension measurements

The average area of the liquid-ordered domains as a percentage of total vesicle surface area 

was estimated using confocal reconstructions of the domain. From these reconstructions the 

domain was considered to be a spherical cap for which the area was calculated based on 

measurements of the vesicle diameter and the diameter of the cap.

 Calculation of projected area per molecule of PEG chains on the membrane surface

In order to determine the area that the PEG chain occupies on the membrane surface under 

dilute conditions, the radius of gyration was estimated using the following equation: 

 where NRL is the number of rigid lengths and a is the Kuhn length. The number 

of rigid lengths is determined by using the following equation: 

Where Nmonomer is the number of monomers, lmonomer is the length of a monomer. Next the 

area of the PEG was calculated using the area equation APEG=πRg
2.

 Estimating the fraction of phase-separated vesicles in the GUV population

Data were collected from three independent batches of GUVs. Ten image stacks per 

experimental condition were taken, each containing multiple vesicles. At least 30 GUVs per 

batch were counted per data point. The number of phase-separated GUVs and homogeneous 

GUVs were then counted. The phase separation percentage was determined by calculating 

the number of phase separated GUVs as a percentage of total GUVs. In order to be counted 

as a phase-separated GUV, the GUVs had to be at least 5 µm in diameter, lack a significant 
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amount of luminal lipid debris, and have resolvable lipid domains. For homogeneous GUVs, 

the GUVs had to be 5 µm in diameter, lack a significant amount of luminal lipid debris, and 

lack resolvable lipid domains.

 Fitting the average phase separation percentage data to sigmoidal function

The average percent phase separation data for composition 1 and composition 2 were fit 

using the Boltzmann sigmoidal function,  where A1 is the initial value, 

A2 is the final value, x is the concentration of PEG lipid, x0 is the concentration of PEG lipid 

at the center of the sigmoid, and dx is the width of the sigmoid. A1 is fixed as the highest 

average percent phase separation of each PEG length. A2 is fixed to 0 for every PEG length. 

Since A2 is 0 the fitting equation takes this form: .

 Estimating the molar fraction of PEG-conjugated lipids required to suppress LO-LD 

phase separation

The transition point occurs when the concentration of PEG lipid is equal to the concentration 

of PEG lipid at the center of the sigmoidal function (where x=x0). When x=x0 the 

Boltzmann equation used to make the fits takes the following form: . Therefore, the 

transition point is concentration of PEG-conjugated lipid where the initial average phase 

separation percentage is halved.

 Image analysis to determine partitioning factor

The partitioning factor of fPEG2000-DSPE to the liquid ordered phase was estimated as 

follows. A low concentration of fPEG2000-DSPE (0.1 mol%) was used to eliminate the 

potential for self-quenching among the fluorescent-labeled PEG chains. A single confocal 

slice of the phase separated GUV sample was acquired. The image processing program 

ImageJ was used to analyze the images. The line profile tool was used to capture the 

background-subtracted peak intensity of the liquid ordered and liquid disordered domains. 

Then the partitioning factor was calculated by dividing the background-subtracted peak 

intensity of the liquid ordered domain by the background-subtracted peak intensity of the 

liquid disordered domain. Partitioning factors calculated from at least 39 GUVs were 

averaged to arrive at each data point. For GUVs labeled with both Texas Red and 

fPEG2000-DSPE in Figures 1 and 5, 0.3 mol% of each label was used. However, these 

vesicles were used for visualization and qualitative comparisons only, not for calculation of 

partitioning factors.

 Estimating the molar concentration of PEG-conjugated lipids in the ordered phase

By using the partitioning factor, the area fraction of the ordered phase, and the total molar 

concentration of PEG-conjugated lipids in the membranes, we can estimate the molar 

concentration of PEG-conjugated lipids in the ordered phase.

(Eqn. 1)
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Where CPEG−D is the molar concentration of PEG in the domain, CPEG−ND is the molar 

concentration of PEG not in the domain, and PF is the partitioning factor. Next, an area 

balance was done.

(Eqn. 2)

Where AD is the surface area of the domain, AND is the surface area of not the domain, and 

ATOT is the total surface area of the vesicle. The ratio of  was determined earlier by 

measuring the vesicle dimensions in imageJ. By using conservation of mass we can then 

determine the concentration of PEG in the domain.

(Eqn. 3)

Where CPEG−TOT is the total molar concentration of PEG in the membrane.

Now by substituting the first two equations into the third, we have,

(Eqn. 4)

Finally rearranging this expression to solve for the concentration of PEG in the domain, we 

have

(Eqn. 5)

Assumptions underlying Equation 3:

We begin with the assumption that the total number of PEG-conjugated lipid molecules 

(NPEG−TOT) is simply equal to the sum of the number in the domain (NPEG−D) and the 

number outside the domain (NPEG−ND):

Then we define the concentrations of PEG molecules in these regions as follows:
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Here ATOT is the total surface area of the lipid vesicle, AD is the surface area of the domain, 

and AND is the surface area of the region outside the domain. Substituting these definitions 

into the expression of conservation of lipid number, we derive equation 3 without invoking 

an area per lipid in within the membrane. Finally, in order to relate CPEG−TOT (which has 

units of number of lipids per surface area) to the molar fraction of PEG-conjugated lipids in 

our vesicles, we simply multiply CPEG−TOT by the overall average area per lipid in the 

vesicle, for which we used a value of 0.7 nm2

 Estimating the fractional coverage of the ordered phase by PEG chains

To determine the coverage of the PEG chains we simply multiplied the approximate 

concentration (number per area) of PEG-conjugated lipids in the ordered phase by the 

projected area per PEG chain.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increasing the molar fraction PEG2000-DPPE destabilizes lipid domains. (A) Composition 1 

consists of 45 mole percent (mol%) DOPC, 30 mol% Cholesterol, and 25 mol% DPPC. This 

composition corresponds to the point shown in lipid phase diagram shown in Figure 1A. 

This phase diagram depicts the range of composition where liquid-liquid coexistence can 

occur at 25°C.7 (B) The GUVs were labeled with 2 dyes, Texas Red-DPPE (0.3 mol%) and 

fPEG2000-DSPE (0.3 mol%). (C) Confocal 3D reconstruction (top) and single confocal 

slice through the center (bottom) of GUVs containing 1 mol%, 2 mol%, 3 mol%, and 5 mol
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% PEG2000-DPPE (from left to right). (D) The percentage of phase separated vesicles 

within the GUV population as a function of increasing molar concentration of PEG2000-

DPPE. Each data point represents a single trial, with at least three trials per condition. The 

averages of the phase separation percentage data were fit to a sigmoidal Boltzmann function. 

The residuals of this fit are plotted in Figure S3. All scale bars correspond to 5 µm.
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Figure 2. 
As the size of PEG chains increases, the molar fraction of PEG-conjugated lipids required to 

suppress membrane phase separation decreases. (A-C) Fluorescence confocal image slices 

(0.3 mol% Texas Red-DPPE) of GUVs containing 2 mol% of PEG-DPPE. The GUV 

populations are predominantly phase separated for (A) 2 mol% PEG1000-DPPE and (B) 2 

mol% PEG2000-DPPE, but are majority homogeneous for (C) 2 mol% PEG5000-DPPE. (D) 

The percentage of phase separated vesicles within the GUV population as a function of 

increasing molar concentration of each of the PEG-conjugated lipids. The molar 
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concentration of PEG-conjugated lipids required for lipid mixing decreases with increasing 

PEG chain length. Each data point represents a single trial, with at least three trials per 

condition. The averages of the phase separation percentage data for each PEG size were fit 

to a sigmoidal Boltzmann function. The residuals of these fits are plotted in Figure S3. (A-

D) The composition of the GUVs used in these experiments was 45 mol% DOPC, 30 mol% 

Cholesterol, and 25 mol% DPPC/PEG-DPPE. (E) Pictorial representation of lipid mixing 

caused by steric pressure among membrane-conjugated PEG chains. Comparing membranes 

with an equal molar fraction of PEG-conjugated lipids, longer PEG chains cover a larger 

fraction of the membrane surface in comparison to shorter chains. When the energetic 

barrier to lipid mixing is relatively low, this enhanced membrane coverage gives longer PEG 

chains the ability to suppress membrane phase separation at lower molar fractions in 

comparison to shorter PEG chains. All scale bars correspond to 5 µm.
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Figure 3. 
A simple steric pressure model predicts the concentrations of PEG-conjugated lipids 

required to destabilize membrane phase separation. (A) Predicted 2D steric pressure 

as a function of the concentration of PEG-conjugated lipids in the liquid ordered phase. The 

steric pressure generated by the PEG chains increases until it surpasses the enthalpy of 

mixing (horizontal line). (B) Comparison of the experimentally observed and predicted 

concentrations of PEG-conjugated lipids required to destabilize lipid domains. Experimental 
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data are from Figure 2D. The line represents a 1:1 agreement between predicted mol% PEG 

lipid and the observed mol % PEG lipid. The error bars represent the range of concentrations 

over which the major transition in Figure 2D takes place.
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Figure 4. 
Steric pressure among PEG chains decreases the preference of PEG-conjugated lipids for the 

liquid ordered membrane phase. (A) A single confocal slice through the center of a 

composition 1 phase separated vesicle containing 1 mol% PEG2000-DPPE labeled with 0.1 

mol% fPEG2000-DSPE and corresponding line profile. (B) Combined plots showing the 

fraction of phase-separated vesicles (right axis) and the partitioning factor of fPEG2000-

DSPE to the ordered phase (left axis), both versus the molar fraction of PEG2000-DPPE for 

vesicles of composition 1. The averages of the phase separation percentage data were fit to a 
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sigmoidal Boltzmann function. The residuals of this fit are plotted in Figure S3. (C) Ternary 

membrane phase diagram depicting the liquid-liquid coexistence region at 25°C, based on 

data in the literature.7 Compositions 1 and 2 are labeled, where the relative proximity of the 

two compositions to the phase boundary (inset) indicates that the energetic barrier to lipid 

mixing is greater for composition 2 than for composition 1. (D) Combined plots showing the 

fraction of phase-separated vesicles (right axis) and the partitioning factor of fPEG2000-

DSPE to the ordered phase (left axis), both versus the molar fraction of PEG2000-DPPE for 

vesicles of composition 2. Each point of the partitioning factor data represents the average 

partitioning factor of at least 39 vesicles. Error bars represent the standard deviation. Each 

point of the fraction of phase separation data represents the average of 3 to 9 trials. The 

averages of the phase separation percentage data were fit to a sigmoidal Boltzmann function. 

The residuals of this fit are plotted in Figure S4. The asterisk represents mixtures for which 

less than half of vesicles remain phase separated, such that the partitioning factor is 

calculated based on a minority of the total population. All scale bars correspond to 5 µm.
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Figure 5. 
As the energetic barrier to lipid mixing increases, significant repartitioning of PEG-

conjugated lipids to the liquid disordered phase occurs before lipid domains are destabilized. 

Images of GUVs of composition 2 (see Figure 4B). A single confocal slice through the 

center of a phase separated vesicle of composition 2, containing 1 mol% PEG2000-DPPE 

(A) and 5 mol% PEG2000-DPPE (C) labeled with 0.3 mol% fPEG2000-DSPE (left) and 0.3 

mol% Texas Red-DPPE (right). Line profiles of the fluorescence intensity of the phase 

separated vesicle versus line profile length for each label fPEG2000-DSPE (left) and Texas 
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Red-DPPE (right) for vesicles containing 1 mol% PEG2000-DPPE (B) and 5 mol% 

PEG2000-DPPE (D). The two peaks on each line profile correspond to the labeled 

membrane. All scale bars correspond to 5µm.
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Figure 6. 
Increasing the miscibility phase transition temperature increases the concentration of PEG-

conjugated lipids required to suppress membrane phase separation and decreases the 

dependency of PEG-chain length on this transition. Fluorescence confocal image slices (0.3 

mol% Texas Red-DPPE) of phase separated GUVs containing 5 mol% of (A) PEG1000-

DPPE, (B) PEG2000-DPPE, and (C) PEG5000-DPPE. (D) The percentage of phase 

separated vesicles within the GUV population as a function of increasing molar 

concentration of each of the PEG-conjugated lipids. Each data point represents a single trial, 
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with at least 3 trials for each experimental condition. The averages of the phase separation 

percentage data for each PEG size were fit to a sigmoidal Boltzmann function. The residuals 

of these fits are plotted in Figure S4. (A-D) The composition of the GUVs used in these 

experiments was 33 mol% DOPC, 33 mol% cholesterol and 34 mol% DPPC/PEG-DPPE. 

(E) Bar chart showing the molar fraction of PEG-conjugated lipids at the observed transition 

points as a function of PEG molecular weight. Error bars represent the range of 

concentrations over which the transition in Figure 2D takes place. (F) Bar chart showing the 

molar fraction of PEG-conjugated lipids at the observed transition points as a function of 

PEG molecular weight. Error bars represent the range of concentrations over which the 

transition in Figure 6D takes place. (G) Bar chart showing the PEG to lipid mass ratio at the 

observed transition points as a function of PEG molecular weight. Error bars represent the 

range of PEG to lipid mass ratios at the observed transition points. (H) Bar chart showing 

the PEG to lipid mass ratio at the observed transition points as a function of PEG molecular 

weight. Error bars represent the range of PEG to lipid mass ratios at the observed transition 

points. All scale bars correspond to 5 µm.
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Figure 7. 
As the energetic barrier to lipid mixing increases, steric repartitioning of polymer-

conjugated lipids to the disordered phase reduces the ability of polymer-conjugated lipids to 

generate steric pressure in the ordered phase. (A) Energetic balance on individual PEG-

conjugated lipids. (B) Comparing membranes with an equal mole fraction of PEG-

conjugated lipids, longer PEG chains cover a larger fraction of the membrane surface in 

comparison to shorter chains, such that steric pressure is larger among the longer chains. (C) 

When the energetic barrier to lipid mixing is relatively high, the steric pressure required to 
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suppress membrane phase separation increases, requiring more PEG-conjugated lipids to 

suppress membrane phase separation. Increasing the PEG-conjugated lipid concentration 

will increase polymer crowding in the LO phase, leading to steric exclusion of PEG-

conjugated lipids (repartitioning) to the LD phase. At equal steric pressure, longer PEG 

chains will repartition more readily than smaller PEG chains, as discussed in the text. (D) 

The disproportionate impact of repartitioning and straightening on larger PEG chains 

diminishes their advantage in ability to crowd the LO phase (B). It is important to note that 

despite steric repartitioning of the polymer-conjugated lipid to the LD phase, the LO phase 

will be always more crowded than the LD phase owing to the tail-based preference of the 

PEG-conjugated lipids for the LO phase.
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