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Abstract

Lipid composition dictates membrane thickness, which in turn can influence membrane protein 

activity. Lipid composition also determines whether a membrane demixes into coexisting liquid-

crystalline phases. Previous direct measurements of demixed lipid membranes have always found 

a liquid-ordered phase that is thicker than the liquid-disordered phase. Here we investigated non-

canonical ternary lipid mixtures designed to produce bilayers with thicker disordered phases than 

ordered phases. The membranes were comprised of short, saturated (ordered) lipids; long, 

unsaturated (disordered) lipids; and cholesterol. We found that few of these systems yield 

coexisting liquid phases above 10 °C. For membranes that do demix into two liquid phases, we 

measured the thickness mismatch between the phases by atomic force microscopy and found that 

not one of the systems yields thicker disordered than ordered phases under standard experimental 

conditions. We found no monotonic relationship between demixing temperatures of these ternary 

systems and either estimated thickness mismatches between the liquid phases or the physical 

parameters of single-component membranes comprised of the individual lipids. These results 

highlight the robustness of a membrane’s liquid-ordered phase to be thicker than the liquid-

disordered phase, regardless of the membrane’s lipid composition.

INTRODUCTION

The activity of membrane proteins can vary dramatically with local lipid composition.1–2 

Because lipid composition dictates many physical properties of a membrane, including 

*Corresponding Author. slkeller@chem.washington.edu. 

ASSOCIATED CONTENT
Supporting Information. Molecular structures and further methods are described in the Supporting Information, as are detailed data 
for membranes of 40/40/20 18:1-PC/16:0-PC/chol and for membranes of each system in Table 2. The Supporting Information is 
available free of charge via the Internet at http://pubs.acs.org.
The following files are available free of charge: Supporting Information (PDF)

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the 
manuscript.

HHS Public Access
Author manuscript
J Phys Chem B. Author manuscript; available in PMC 2017 March 17.

Published in final edited form as:
J Phys Chem B. 2016 March 17; 120(10): 2761–2770. doi:10.1021/acs.jpcb.5b10165.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


thickness, lateral pressure, order, and elasticity,3 isolation of the relationship between an 

individual physical parameter and protein activity is difficult. This difficulty is exacerbated 

when the protein explores different regions of the membrane with distinct compositions. 

Here we study the relationship between composition and membrane thickness in model 

membranes with micron-scale heterogeneities. Nanoscopic heterogeneities in cell membrane 

thickness have been proposed to be a key parameter in membrane trafficking.4–5

For a single-component lipid bilayer, membrane thickness is positively correlated with both 

the NMR order parameter of the lipid's acyl tail and the temperature at which the lipid melts 

from a gel phase to a liquid crystalline phase (Tmelt).6–7 All three of these parameters 

increase when the length or degree of saturation of the lipid tails is increased.6–7 However, 

when there is a simultaneous increase in lipid tail length and decrease in lipid tail saturation, 

the correlation between membrane thickness, lipid order, and Tmelt breaks down. Namely, 

single-component membranes comprised of monounsaturated phosphatidylcholine (PC)-

lipids are thicker than membranes composed of saturated PC-lipids containing two fewer 

carbons per tail, despite the fact that the monounsaturated lipids are less ordered and have a 

lower Tmelt than the saturated lipids.6, 8–10

Some ternary membranes comprised of a high-Tmelt lipid, a low-Tmelt lipid, and cholesterol 

(chol) demix below a threshold temperature (Tmix) into micron-scale regions of coexisting 

liquid phases.11 The resulting phases are termed the liquid-ordered (Lo) and liquid-

disordered (Ld) phases in reference to the lipid tail order within each phase.12 A schematic 

of our experimental setup is given in Figure 1. The giant unilamellar vesicles (GUVs) 

contain a fluorescently labeled lipid that partitions into the Ld phase, making it brighter than 

the Lo phase.13–15 To measure the thickness differences of the Lo and Ld phases, we 

deposited phase-separated vesicles on mica (Fig. 1, a3). The vesicles ruptured to form 

isolated supported lipid bilayers (Fig. 1, a4). We scanned the supported bilayers with atomic 

force microscopy to measure thickness differences. Our procedure is described fully in the 

Materials and Methods section.

An example of a GUV before and after rupture is shown in Figure 1b. The center image is a 

fluorescence micrograph of a phase-separated vesicle comprised of 18:1-PC/16:0-PC/

cholesterol/Texas Red DHPE (40/40/20/0.8 mol/mol) at room temperature resting on a mica 

substrate. The Lo phase is difficult to distinguish from the background, so a schematic of the 

vesicle is provided to the left. The image on the right shows the isolated supported lipid 

bilayer formed after the vesicle ruptures. Canonically, the Lo phase, which is enriched in 

saturated low-Tmelt lipids, is thicker than the Ld phase.16

Here we examine a series of non-canonical ternary systems composed of short-tailed 

ordered lipids and long-tailed disordered lipids. In particular, we study systems in which a 

single-component liquid membrane comprised of the disordered lipid is thicker than a 

single-component liquid membrane comprised of the ordered lipid. Table 1 lists the lipids in 

the ternary systems we investigate and the previously reported thickness differences between 

the corresponding single-component membranes in liquid phases9–10. Because the Ld phase 

is enriched in low-Tmelt lipids, we hypothesized that some of the ternary systems in Table 1 

would be good candidates for producing membranes with thicker Ld than Lo phases. Table 1 
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also lists estimates of thickness differences between Lo and Ld phases in the ternary 

systems.10, 17–18 These estimates shift thickness differences by up to ~4 Å because they 

account for greater extension in the acyl chains of lipids in the ordered phase. Uncertainties 

in the estimates are at least 1 Å. These estimates predict at least one case of a thicker Ld 

than Lo phase. At minimum, the estimates in Table 1 illustrate the challenges of accurately 

calculating thickness differences between Lo and Ld phases using the paucity of currently 

available data.

Our motivation to study noncanonical membranes derives from recent literature in both 

physical chemistry and biophysics. Within the limited set of previous reports on thickness 

mismatch between Lo and Ld phases, there are no direct observations of a thicker Ld 

phase.19–31 By producing membranes from unusual lipid mixtures that complement the 

canonical mixtures used in previous reports, we seek to provide a broader set of model 

systems for future studies on thickness-modulated protein activity and to constrain 

computational models that incorporate thickness mismatches between the Lo and Ld 

phases.32–34 In addition, we seek to understand previously reported indirect results 

consistent with a thicker Ld phase. In that work, the authors interpreted changes in 

fluorescence signals as evidence that mutants of perfringolysin O of different lengths 

partition into different liquid phases of a model membrane.35 The membrane used was a 

quaternary mixture that does not produce micron-scale liquid domains.

We narrowed our systems to those that are readily replicable, free of gel phase, and 

amenable to study by both fluorescence microscopy and room-temperature AFM. These 

constraints translate into four specific criteria. (1) To maximize reproducibility, we used 

lipids with at most one degree of unsaturation in each acyl chain, thereby minimizing the 

potential for photo-oxidation.36–39 (2) To visualize the Lo and Ld phases by fluorescence 

microscopy, we chose membranes that demix into domains that are > 1 µm (larger than the 

diffraction limit of visible light). (3) To assess membrane thickness via room-temperature 

AFM, we examined vesicles that demix above room temperature. (4) To avoid preferential 

interactions between the AFM tip and different lipid moities, we used only lipids with the 

same headgroup (PC) and the same linkages (glycerol-ester).

We determined if each system is capable of liquid-liquid phase separation by fluorescence 

microscopy. For those membranes that demix into coexisting liquid phases above room 

temperature, we measured the thickness difference between the two phases by atomic force 

microscopy (AFM). Our results below show the robustness of a thicker Lo than Ld phase in 

membranes composed of widely accessible PC-lipids.

RESULTS

We produced three-component GUVs by mixing cholesterol with the pairs of lipids listed in 

each of the eight rows of Table 1. Structures of all lipids appear in the Supporting 

Information (Fig. S1). We used fluorescence microscopy to determine whether the resulting 

vesicles exhibited liquid-liquid phase separation in the temperature range of 10–50 °C. We 

plot our results on Gibbs phase triangles (Fig. 2). Of these eight systems, only two demix 
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into coexisting liquid phases above 25 °C (Fig. 2a), and two others exhibit coexisting liquid 

phases below 25 °C (Fig. 2b).

As expected, we find that the dye-labeled lipid (Texas Red DHPE) preferentially partitions 

to the Ld phase of the model membranes in Fig. 2a and 2b. Specifically, we observe larger 

area fractions of brightly-labeled membrane within vesicles made from lipid ratios with 

significant fractions of low-Tmelt lipids (namely that fall to the left side of the two-phase 

coexistence regions in Fig. 2a and 2b). This result is consistent with observations of the 

same dye preferentially partitioning to the Ld phase in other lipid systems.14, 40

Three systems (Fig. 2c) do not separate into coexisting liquid phases, but instead exhibit gel-

liquid coexistence. It is necessary to probe only a few compositions in order to determine 

that no macroscopic liquid-liquid phase coexistence occurs in these systems because any 

such coexistence would appear at the upper boundary of the gel-liquid region.13, 41–46 The 

system consisting of 22:1-PC/16:0-PC/cholesterol (Fig. 2d) also does not exhibit liquid-

liquid coexistence except in the case of intentional photo-oxidation, which is explicitly 

avoided elsewhere in our experiments, as outlined in the Materials and Methods section. 

Photo-oxidation, which typically raises Tmix,36, 38–39, 47 produces coexisting liquid phases at 

the composition marked with the colored circle in Fig. 2d.

In Figure 3 panels a–d, we quantify the relationship between the demixing temperature of 

the ternary systems and the physical properties of single-component bilayers. Specifically, 

we graph the highest system Tmix versus the difference in the number of carbons in the two 

PC-lipid tails (Fig. 3a), the highest lipid Tmelt (Fig. 3b), the difference in thicknesses of the 

single-component liquid membranes (Fig. 3c), and the difference in Tmelt of the single-

component membranes (Fig. 3d). We find that there is no monotonic relationship between 

the highest Tmix of the ternary system and any of these single-component system parameters. 

Similarly, Fig. 3e shows that there is no monotonic relationship between the highest Tmix of 

the ternary system and the estimated thickness difference between the Lo and Ld phases in 

the ternary membranes investigated. The absence of clear correlation in any panel in Fig. 3 

demonstrates the difficulty of predicting Tmix of ternary mixtures from the physical 

properties of the component lipids alone, or from estimated thickness differences between 

the Lo and Ld phases.

We also determined the thickness mismatch between the ordered and disordered phases in 

membranes exhibiting liquid-liquid phase coexistence above 25°C (Table 2). For the two 

systems in Fig. 2a, we assigned measured thicknesses to the Lo and Ld phases by comparing 

the Lo:Ld area ratios in fluorescence microscopy to the thick:thin area ratios in AFM for a 

population of vesicles. In these cases, we examined two different molar ratios per system: 

one rich in the Lo phase and the other rich in the Ld phase, for a total of four molar ratios.

To verify that the rupturing process does not change phase behavior, we measured the Lo:Ld 

area ratios both of free floating GUVs and of the resulting supported lipid bilayers. We 

found no significant change in area ratio. Values appear in the Materials and Methods 

section.
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Next, we scanned the topography of individual supported lipid bilayers by AFM and 

measured the thick:thin area ratio and the thickness difference between the two phases. We 

determined that all four molar ratios described above produce membranes with thicker Lo 

phases than Ld phases. Fluorescence micrographs and AFM scans of bilayers comprised of 

20/40/40 mol% 4Me-16:0-PC/13:0-PC/cholesterol appear in Fig. 4a–c. AFM data and height 

values are compiled in Tables S2–S6.

We found that GUVs comprised of 20/55/25 mol% 22:1-PC/16:0-PC/cholesterol phase 

separate only upon exposure to light. To enable intense light exposure to bilayers within the 

AFM apparatus, we moved from the original AFM setup to an AFM coupled to a 

fluorescence light source. The coupled microscope had the added advantage of allowing us 

to directly compare the Lo and Ld phases in fluorescence microscopy with the thicker and 

thinner phases in AFM (Fig. 4d,e). We found that the Ld phase was thicker than the Lo 

phase in this photo-oxidized system (Table 2).

DISCUSSION

We produced ternary membranes comprised of long-chain low-Tmelt lipids, short chain high-

Tmelt lipids, and cholesterol. Given that low-Tmelt lipids partition preferentially into the Ld 

phase (and high-Tmelt lipids into the Lo phase), that single-component membranes made of 

the low-Tmelt lipid are thicker than those made of the high-Tmelt lipid, and that estimates 

imply that Ld phases should be thicker than Lo phases for some of the membranes (even 

when uncertainties are accounted for), we expected to find at least one case of a thicker Ld 

than Lo phase. We find none (Table 2), except when vesicles are intentionally photo-

oxidized.

The reasons that thickness differences between Lo and Ld phases in ternary systems do not 

simply reflect thickness differences of single-component membranes arise from the fact that 

the Lo and Ld phases contain mixtures of the low-Tmelt lipid, the high-Tmelt lipid, and 

cholesterol.13 Cholesterol thickens membranes. As the cholesterol fraction in a membrane 

increases, the Lo phase could become thicker than the Ld phase for two reasons. First, in 

PC-lipid membranes, the Lo phase contains higher fractions of cholesterol than the Ld phase 

does.13, 41–44 Second, the Lo phase contains higher fractions of saturated lipids, and 

cholesterol has been reported to preferentially thicken the hydrophobic regions of single-

component membranes comprised of saturated lipids more than it thickens those comprised 

of unsaturated lipids.17, 48 Cholesterol likely increases the thickness of the lipid headgroup 

regions within membranes as well,49 perhaps differentially. However, the reasoning above is 

not necessarily general. A counterexample, in which an increase in membrane cholesterol 

fraction correlates with a decrease in the thickness difference between the Lo and Ld phases, 

has been reported for membranes of 18:1-PC/16:0-PC/cholesterol and 18:1-PC/18:0-PC/

cholesterol.50

In theory, preferential thickening of the Lo phase by cholesterol could be overcome by 

introducing shorter high-Tmelt lipids or longer low-Tmelt lipids into bilayers. However, we 

find that this drives the liquid-liquid coexistence region to temperatures below 25 °C (Figure 

2b) or eliminates it altogether (Figure 2c). For systems that exhibit liquid-liquid phase 
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separation, there is no monotonic relationship between the highest Tmix and any of several 

physical parameters of the lipid components, such as the difference in thicknesses or Tmelt 

values of single-component bilayers (Figure 3). This lack of a clear correlation implies that 

the properties of lipid mixtures depend on nuances of membrane structure that are not 

captured by the properties of single-component bilayers.

Taken broadly, our work shows that it is challenging to translate physical data for single-

component membranes or from estimated thickness differences between Lo and Ld phases 

into quantitative predictions of the highest temperature at which Lo and Ld phases appear in 

ternary membranes. The task of predicting the highest Tmix is more tractable in the case that 

only one of the three components of the ternary membrane is varied. For example, in 

membranes in which a saturated lipid is mixed with 4Me-16:0-PC and cholesterol, the 

highest Tmix increases monotonically as the chain length of the saturated lipid increases. In 

this system, the highest Tmix reaches 11, 35, and 47 ± 1 °C for saturated lipids of 12:0-PC, 

13:0-PC, and 16:0-PC,41 respectively. This trend is reversed in membranes in which an 

unsaturated lipid is mixed with 16:0-PC and cholesterol. In this case, the highest Tmix 

increases monotonically as the chain length of the unsaturated lipid decreases such that the 

highest Tmix = 25, 39, and 40 ± 1 for unsaturated lipids of 22:1-PC, 20:1-PC, and 18:1-PC,40 

respectively. The reversal of the trend illustrates why predicting the highest Tmix for an 

arbitrary ternary membrane is difficult.

To date, quantitative measurements of the thickness difference between coexisting Lo and 

Ld phases have been reported for only a few systems.19–31, 50 Those published data, 

combined with our thickness difference measurements in Table S7 provide evidence about 

the alignment of bilayers on solid supports. In a supported bilayer, if all phospholipid 

headgroups that face the substrate lie in the same plane, then any thickness mismatch is 

accommodated entirely in the monolayer furthest from the surface. Evidence in support of 

this scenario is found in some reported thickness differences between Lo and Ld phases in 

40/40/20 18:1-PC/16:0-PC/cholesterol supported lipid bilayers. Measurements by AFM, 

which are sensitive to the difference in height between the top leaflets of each phase, give 

values of 1.2 ± 0.1 (from our data in Table S7), 1.2 ± 0.2, and 0.65 ± 0.02 nm.22, 51 Our 

value agrees well with the results from reference 22. These AFM values are the roughly the 

same or larger than thickness differences between Lo and Ld phases reported by x-ray 

diffraction. Specifically, x-ray measurements give the thickness difference as 0.56 ± 0.2 nm 

(using the same ratio of lipids and reporting phosphate-to-phosphate differences)23 or as 

0.75 ± 0.3 nm (using a similar ratio of 36/41/23 18:1-PC/16:0-PC/cholesterol).50

On the other hand, Nielsen and Simonsen make the opposite argument30 based on their 

reported thickness difference in a supported bilayer measured by ellipsometry. This 

technique, like X-ray diffraction, is sensitive to the total thickness difference. Their value of 

1.69 nm is significantly larger than step heights reported by AFM, from which they 

conclude that thickness differences in supported bilayers are distributed on both faces of the 

membrane.

Our results, along with the data in Tables S2 through S6 in the Supporting Information, 

provide a broad context within which to assess supported membranes and AFM 
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measurements of membrane thickness. AFM is noted for its sub-Ångstrom-level height 

resolution, yet sample-to-sample variation in measured membrane thickness is at least one 

order of magnitude greater than this resolution. Moreover, different scanning methods yield 

different values. Previous authors have advocated the use of low-force, contact-mode 

methods, citing that tapping mode methods yield wide variation and/or drifts in thickness 

measurements.29 Consideration of whether the AFM tip penetrates the membrane and of 

whether compressibilities of the two membrane phases differ significantly may also be 

important in some systems.29, 52–54 Spurious height differences between phases can result 

from known AFM artifacts such as edge overshoot, which results from hysteresis in the z-

piezoelectric ceramic, and from overly limited data as in a single line profile.55 The AFM 

field has yet to converge upon a single, best method that yields a measurement of membrane 

thickness or of thickness mismatch that is consistently repeatable between different research 

groups, and details such as scanning forces are not always reported. This situation 

underscores the utility of interrogating the same membrane region by multiple techniques, 

such as fluorescence microscopy and AFM. Complementary methods of assessing 

membrane thicknesses include X-ray and neutron diffraction,9–10, 23, 48, 56 cryo-electron 

microscopy,57 and imaging ellipsometry.30 A strong advantage of the experimental design 

of our AFM study is that it focuses on the sign of the thickness mismatch rather than the 

magnitude, such that the sign should be replicable by other AFM methods.

Table 2 reports a direct measurement of a thicker Ld phase, with the major caveat that the 

phenomenon occurs for a single lipid ratio and requires photo-oxidation, which perturbs the 

membrane composition. A less important caveat is that the origin and significance of the 

small-scale structure in Figure 4e is unclear; it may not exist in a corresponding membrane 

of a free-floating vesicle. For instance, submicron inhomogeneity may arise due to an offset 

between the temperature of the AFM and the temperature at which vesicles are ruptured, or 

due to a shift in miscibility transition temperature between a vesicle and a supported bilayer. 

Indeed, shifts in Tmix can result from membrane adhesion to surfaces.58–61 As a result of 

such temperature shifts, the membrane may approach a critical point,37, 42, 62 or new solid or 

liquid domains may nucleate but be hydrodynamically hindered from coarsening.63–65 

Temperature shifts that result in three-phase (Lo-Ld-gel) membranes provide a particularly 

compelling explanation of the appearance of noncircular, small domains in supported 

membranes made from ruptured GUVs.42, 66

More generally, our report of a thicker Ld than Lo phase in a photo-oxidized membrane is 

important because it suggests that future searches for thicker Ld phases in unoxidized 

membranes will eventually yield positive results. Review of the data amassed in Table 1 and 

Figure 3 suggests tactics to be employed in those future searches. A lack of temperature 

control in our AFM setup required room-temperature phase separation in membranes. 

Methods that assess membrane thickness below room temperature could be applied to 20:1-

PC/14:0-PC/cholesterol, which is a promising system both because of the large difference in 

lipid tail lengths and because of implications by Lin and London that a similar system (20:1-

PC/16:0-PC/14:0-PC/cholesterol) features thicker Ld than Lo phases.35 Another tactic 

would be to employ chemical synthesis to produce low-Tmelt lipids with longer methylated 

chains than 4Me-16:0-PC. Any tactic that involves replacing the low-Tmelt lipid with a 
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polyunsaturated lipid (e.g. 22:6-PC) should be undertaken with caution because acyl chains 

of polyunsaturated lipids are readily photo-oxidized and because those chains are more 

likely than chains of singly unsaturated lipids to fold back on themselves such that their 

methyl carbons lie near lipid head groups, negating the expected thickening from adding 

carbons to the tail.67

CONCLUSION

We combined fluorescence microscopy and room temperature AFM to measure transition 

temperatures and the Lo-Ld thickness mismatch in model membranes. We used non-

canonical ternary lipid mixtures for which the single-component membrane of the low-Tmelt 

lipid is thicker than a single-component membrane of the high-Tmelt lipid. We found that not 

one of the systems in Table 2 produced thicker Ld than Lo phases under standard 

experimental conditions (i.e. without photo-oxidation of the membrane). Moreover, we 

found no simple monotonic relationship between the highest possible miscibility transition 

temperature in these ternary membranes and either the estimated thickness difference 

between Lo and Ld phases or the relative properties of single-component membranes 

comprised of the low-Tmelt and high-Tmelt lipids. It is a common68–69 and even textbook 

assertion70–71 that rafts within cell membranes contain lipids with more ordered acyl chains 

and that they are thicker than the surrounding cell membrane. Even when we employed the 

noncanonical lipid mixtures in Table 1, we found no physical reason to challenge this 

assertion. Future direct searches for thicker Ld regions may find it productive to employ 

low-temperature methods or to incorporate lipids with longer methylated chains in the 

membranes.

MATERIALS AND METHODS

Lipids

All phosphocholine (PC) lipids (Avanti Polar Lipids, Alabaster, AL), Texas Red 

dihexadecanoyl-PE (DHPE; Life Technologies, Grand Island, NY), and cholesterol (chol; 

Sigma, St. Louis, MO) were purchased and used without further purification. The PC-lipids 

and their single-component membrane Tmelt values are as follows: dilauroyl-PC (12:0-PC, 

−2 °C), ditridecanoyl-PC (13:0-PC, 14 °C), dimyristoyl-PC (14:0-PC, 24°C), dipalmitoyl-

PC (16:0-PC, 41 °C), diheptadecanoyl-PC (17:0-PC, 50 °C), distearoyl-PC (18:0-PC, 55 

°C), dioleoyl-PC (18:1-PC, −17 °C), dieicosenoyl-PC (20:1-PC, −4 °C), dierucoyl-PC (22:1-

PC, 13 °C), dinervonoyl-PC (24:1-PC, 27 °C), and diphytanoyl-PC (4Me-16:0-PC, < −120 

°C).72–74 Structures of the lipids are given in Figure S1.

Estimates of thickness differences between Lo and Ld membrane phases

For the ternary systems in Table 1, a single-component liquid membrane comprised of the 

disordered lipid alone is thicker than a single-component liquid membrane comprised of the 

ordered lipid alone. Because published values of these thicknesses were collected at 

different temperatures (listed in Fig. S1) rather than at a single temperature and because the 

systems in Table 1 contain cholesterol, we also produced rough estimates of thickness 

differences between Lo and Ld phases of the ternary systems near room temperature.
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Given that tie lines are not known for the systems in Table 1 and that thicknesses have been 

measured for few membranes containing PC-lipids and cholesterol, our estimates necessarily 

rest upon broad assumptions. The first assumption is that the acyl chains of the PC-lipids in 

the Lo phase are sufficiently extended that the thickness of the Lo phase is equivalent to the 

thickness of a gel phase of a pure PC-lipid membrane. X-ray measurements at 25 °C for 

bilayers of pure, gel phase 16:0-PC, 18:0-PC, 20:0-PC, 22:0-PC and 24:0-PC yield 

phosphate-to-phosphate distances of 42.8 Å, 47.0 Å, 50.6 Å, 53.9Å, and 57.9 Å, 

respectively.18 These values are well fit by a line. We extrapolate this line in order to 

estimate thicknesses of bilayers of 12:0-PC, 13:0-PC, 14:0-PC, and 17:0-PC to be 35.3 Å, 

37.1 Å, 39 Å, and 44.5 Å, respectively. Illustrating the paucity of the available data and the 

roughness of our estimate, phosphate-to-phosphate distances for membranes containing 

binary mixtures of saturated PC-lipids and cholesterol have been published for only 70/30 

14:0-PC/cholesterol to our knowledge, and the distance is a few Ångstroms larger than for 

gel-phase 14:0-PC.17

Our second assumption is that thicknesses of Ld phases containing 20:1-PC and 24:1-PC can 

be found by extrapolating published values of phosphate-to-phosphate distances for bilayers 

of 18:1-PC and 22:1-PC with 30 mol% cholesterol at 30 °C.17 These values are 39.9 Å and 

47.1 Å and yield thicknesses of 43.5 Å and 50.7 Å for Ld phases containing 20:1-PC and 

24:1-PC, respectively. Our third assumption is that the thickness of the Ld phase in bilayers 

containing 4Me-16:0-PC is equivalent to the phosphate-to-phosphate distance of a pure 

bilayer of 4Me-16:0-PC at 30 °C obtained by joint analysis of neutron and X-ray scattering 

data, which is 35.2 Å.10 Uncertainties in these values are on the order of an Ångstrom given 

that two different methods of fitting the data for pure 4Me-16:0-PC bilayers results in 

phosphate-to-phosphate distances that differ by ~1 Å. Further refinements of these estimates 

would result in changes that are smaller than the uncertainties. For example, using thermal 

contractivities of membranes to correct for the difference between experimental 

temperatures of 25 °C for high-Tmelt lipids and 30 °C for low-Tmelt lipids would result in a 

shift of ~0.3 Å. Converting phosphate-to-phosphate distances to Luzzati thicknesses for all 

membranes would result in offsets in the thicknesses of both the Lo and Ld phases, and no 

substantial change in the thickness difference.

Overview

To avoid the problem that sonicated vesicles, which are commonly used in AFM studies to 

produce supported lipid bilayers, do not always contain the same lipid and sterol 

composition as the large vesicles from which they are made,75 we interrogated GUVs. 

Miscibility phase behavior was determined by fluorescence microscopy of intact, free-

floating giant unilamellar vesicles. Thicknesses of the two liquid phases were determined by 

AFM of supported lipid bilayers made by rupturing GUVs of the same composition.

Preparation of GUVs

Taut GUVs were produced by electroformation11, 76 at 60 °C for 1 hr. with the application 

of 1.5 V at 10 Hz. Vesicles to be assessed by AFM were made in 200 mM sucrose; the 

freshly-made vesicle solution was cooled to room temperature and diluted in 3 mL of 200 

mM sucrose. Vesicles to be assessed by fluorescence microscopy alone were made in 18 
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MΩ-cm water and further diluted before viewing. Electroformation in sucrose does not 

significantly shift Tmix for vesicles containing zwitterionic lipids (as opposed to those 

containing lipids with a net charge).77 Vesicles for fluorescence microscopy were labeled 

with 0.8 mol% Texas Red DHPE78 and used within 4 hours of electroformation. To prevent 

unintentional photooxidation of lipids during the preparation and handling of samples 

containing unsaturated lipids (namely, 20:1-PC and 22:1-PC), lipid stock solutions and 

electroformation plates were shielded from light by a protective covering of aluminum foil. 

Electroformation chambers containing these lipids were assembled in a darkened room in 

which all lamps and lights were turned off; dim illumination came from indirect, diffuse 

natural light through a shaded window.

Photon power and flux of fluorescence microscopes

Photon power was measured with a calibrated silicon photodiode (OSI-Optoelectronics, 

Horten, Norway) with a Keithley (Cleveland, OH) 2400 sourcemeter and an Ocean Optics 

(Dunedin, FL) USB2000+spectrometer. To convert power to photon flux for the broadband 

light sources of the fluorescence microscopes, we divided the total power by the weighted 

average photon energy. We obtained this average photon energy in Joules/photon by 

integrating the emission spectrum weighted by the photon energy at each wavelength. Two 

fluorescence microscopes were used in this study. The microscope used to measure Tmix 

delivered 1.65 × 10−3 W of power to the sample under the conditions of our measurement, 

resulting in a flux of 4.70 × 1015 photons/s. The microscope coupled to the AFM delivered 

2.70 × 10−3 W of photon power to the sample under the conditions of our measurement, 

with a flux of 7.70 × 1015 photons/s.

Determination of Tmix in GUVs

Vesicles were imaged by fluorescence microscopy and Tmix values were determined as 

described in detail previously.37, 40 Briefly, the vesicle solution was placed between two 

coverslips, sealed with vacuum grease, and thermally coupled to a temperature-controlled 

stage on a fluorescence microscope. As temperature decreased, the percentage of vesicles 

exhibiting micron-scale liquid-liquid phase separation was recorded, and the resulting data 

were fit with a sigmoidal curve to determine Tmix, the temperature at which 50% of vesicles 

phase separated. Variation in Tmix arises from small vesicle-to-vesicle compositional 

differences.11 Gel domains were visually identified by their lack of coalescence and rigid, 

noncircular shapes; liquid domains are circular and coalesce.65, 79

Precautions were taken to limit light exposure of vesicles during measurements of Tmix. This 

is important because light increases Tmix in vesicles containing fluorescence labels and 

unsaturated lipids, such that membrane domains nucleate36, 38–39, 47, 79. Vesicle samples 

containing either 20:1-PC or 22:1-PC lipids were treated as follows. A single aliquot was 

taken from the sample and placed between glass coverslips sealed with vacuum grease. This 

coverslip assembly was placed on a temperature controlled microscope stage, with 

illumination blocked by a shutter. After the temperature equilibrated, the shutter was 

opened, and vesicles were observed through a 40× objective under the lowest light 

conditions that produced a clear image. Specifically, light reaching the sample through the 

fluorescence microscope was attenuated simultaneously by 4× and 16× neutral density 
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filters. Photon power and flux of this attenuated beam are listed in the photon power section 

above. Cumulative light exposure was minimized by imaging an aliquot at only one 

temperature, and then replacing it with a new one. In other words, after images were 

collected at one temperature, the coverslip assembly was discarded, and the temperature was 

changed to a new value. A new coverslip assembly containing a new aliquot of the same 

stock vesicle sample was used to collect images at the new temperature. This procedure 

continued until images were collected at all temperatures. All images and aliquots in which 

domains were observed to nucleate in response to light were discarded.

Rupture of GUVs into spatially separated supported lipid bilayers

The top layers of a mica disk (Highest Grade V1, Ted Pella, Redding, CA) were cleaved 

with Scotch tape (3M, St. Paul, MN) to reveal a clean, smooth surface. Then 500 µL of 200 

mM glucose/5mM CaCl2 was pipetted onto the mica, followed by 50 µL of GUV-rich 

sucrose solution. After 15 min., the bilayer was rinsed with 1 mL aliquots of water 20 times, 

taking care that the surface was never exposed to air. This process resulted in a mica surface 

densely covered with individual supported lipid bilayers separated by areas of bare mica 

(Figure 1b). This surface remained submerged under water for the remainder of the 

experiment.

Conservation of area fraction upon GUV rupture

In Figure 1b, the total surface area of the free-floating vesicle was the same (2.57 ± 0.40 × 

103 µm2) within uncertainty as the supported lipid bilayer that it became (2.50 ± 0.08 × 103 

µm2). The average area fraction of the Ld phase was the same before (75 ± 4%) and after 

rupture (77 ± 2%). Reported uncertainties are the standard deviations of area fractions 

determined using the inner and the outer edges of the vesicle, specifically the inner and outer 

the edges determined after Canny-Deriche filtering of the image for edge detection (setting 

parameter α = 1.00 in ImageJ80). The observation of equivalent area fractions in free-

floating vesicles and supported lipid bilayers is consistent with an absence of a significant 

shift in miscibility tie-line endpoints upon rupture.

Measuring Lo:Ld area fractions

To determine Lo:Ld area ratios, free-floating, fluorescently labeled GUVs were imaged with 

light from a mercury arc light source (USH-102DH, Ushio, Tokyo, Japan) that was filtered 

through a Texas Red HYQ filter, which was housed within a Nikon YFL microscope 

equipped with a 40×, 0.60 N.A. objective (Nikon, Melville, NY). The GUVs were ruptured 

onto a mica disk to form supported lipid bilayers as described above, and the area ratio was 

measured again by fluorescence microscopy. Fluorescence images were captured on a 

Coolsnap HQ charge-coupled device camera (Photometrics, Tucson, AZ).

AFM decoupled from fluorescence microscopy

GUVs were ruptured onto a mica disk to form supported lipid bilayers. The disk was 

adhered with Vaseline (Unilever, Englewood Cliffs, NJ) to the bottom of a perfusion cell 

(Bruker, Santa Barbara, CA). Images were acquired on a Dimension Icon Atomic Force 

Microscope (Bruker, Santa Barbara, CA) in quantitative nanomechanical mapping mode 
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using SCANASYST-AIR cantilevers (k = 0.4 N/m, Bruker). We determined the thick:thin 

area ratio of an individual supported lipid bilayer by imaging its entire surface. We 

compared the Lo:Ld area ratio to the thick:thin area ratio in order to associate the phases 

measured by AFM with the phases measured by fluorescence.

AFM coupled with fluorescence microscopy

Fluorescently labeled vesicles of 20/55/25 mol% 22:1-PC/16:0-PC/chol were introduced to a 

solution of 200 mM glucose/5mM CaCl2 above a mica substrate and were intentionally 

exposed to light over the course of 5 min. as they settled to the surface. The light was 

produced by a mercury arc lamp (USH-102DH, Ushio, Tokyo, Japan) and was filtered 

through a Texas Red HYQ filter block (Nikon). After the vesicles deposited and ruptured on 

the surface, they were imaged on a Nikon YFL microscope illuminated by the same filtered 

light source focused on the sample through a CFI Plan Fluor 60× objective (Nikon).

Our procedure of intentional light exposure was necessary; vesicles that remained outside of 

the light path as they settled to the surface exhibited no large scale phase separation. 

Likewise, no phase separation was observed in supported lipid bilayers formed from vesicles 

that were deposited and ruptured on mica substrates in a darkened room in which all lamps 

and lights were turned off and in which illumination came only from dim, indirect natural 

light through a shaded window. The requirement of intense illumination to achieve large 

scale phase separation within GUVs of 22:1-PC/16:0-PC/chol is surprising because free 

floating vesicles of the same composition required no previous light exposure during 

determination of Tmix.

Observation of large scale phase separation after intentional exposure to light is consistent 

with previous reports of photooxidation of unsaturated lipids.36, 38–39, 47 In our system of 

GUVs of 22:1-PC/16:0-PC/chol, when the concentration of Texas Red DHPE was decreased 

from 0.8 mol% to 0.2 mol%, less than 10% of vesicles exposed to light exhibited large scale 

phase separation, even after several minutes of exposure.

Supported bilayers were imaged with an MFP-3D-BIO Atomic Force Microscope (Asylum 

Research) seated on a Nikon Eclipse Ti microscope.81 Fluorescence images were captured 

on a Spot FX1520 CCD Camera (Spot Imaging Solutions, Sterling Heights, MI). Scans were 

performed in contact mode using DNP-10 tips (0.12 N/m, Bruker) at a constant scanning 

force from 0.2 – 0.4 nN, such that experiments here and by other researchers29 were 

conducted under the same conditions.

AFM image processing

AFM images were flattened in Gwyddion as described in the Supporting Information.82 

Height histograms were exported to MATLAB (MathWorks, Natick, MA) and fit with two 

Gaussian peaks corresponding to the thick and thin phases using the program ipf.m83 as 

described in methods in the Supporting Information. Reported membrane thicknesses are 

differences between the centers of these peaks and are summarized in Tables S2–S6.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Tmelt melting temperature

Tmix miscibility transition temperature

GUV giant unilamellar vesicle

Ld liquid disordered phase

Lo liquid ordered phas

AFM atomic force microscopy
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Figure 1. 
(a) Schematic of procedure to rupture phase-separated giant unilamellar vesicles (GUVs) to 

form isolated supported lipid bilayers. (b) A phase-separated vesicle rests on a mica 

substrate, shown schematically in the left panel and in a fluorescence image in the center 

panel. The right panel shows the supported lipid bilayer that formed from the ruptured 

vesicle. The bilayer is comprised of 40/40/20 mol% 18:1-PC/16:0-PC/cholesterol and 0.8 

mol% Texas Red DHPE.
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Figure 2. 
Miscibility phase diagrams of giant unilamellar vesicles (GUVs) as determined by 

fluorescence microscopy. Points within each triangle in the figure denote ratios of the three 

components. The colored regions in Figure 2a,b denote the liquid-liquid coexistence regions 

and the corresponding Tmix. The single colored circles in the leftmost panels of rows b and d 

give the single ratio of lipids that separate into coexisting liquid phases between 10 – 50 °C 

in those systems. Rows differentiate membranes with ternary compositions that (a) exhibit 

coexisting liquid phases at or above 25 °C, (b) exhibit coexisting liquid phases only below 
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25 °C, (c) do not exhibit coexisting liquid phases, (d) exhibit coexisting liquid phases only 

after exposure to light. The two systems in row a and the system in row d were also 

investigated with room-temperature AFM.
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Figure 3. 
Data demonstrating a lack of correlation between the highest Tmix of five different ternary 

membranes and the physical parameters of single-component membranes of the constituent 

PC-lipids (panels a–d) or the estimated thickness difference between the Lo and Ld phases 

of the ternary membranes (panel e). The five ternary systems are given in Fig. 2a, 2b, and 

2d. Plotted are the highest liquid-liquid demixing temperature (Tmix) of the ternary systems 

versus (a) the difference in the number of carbons in the two PC-lipid tails, (b) the highest 

single-component lipid gel-to-liquid melting temperature (Tmelt), (c) the difference in 

thicknesses of single-component PC-lipid membranes (dhigh − dlow), (d) the difference in 
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Tmelt of single-component PC-lipid membranes (Thigh − Tlow), or (e) the estimated thickness 

difference between Lo and Ld phases of the ternary membranes. Numerical values are 

compiled in Table 1 and Table S1.
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Figure 4. 
Room temperature fluorescence microscopy (left) and AFM topography (right) of 

membranes composed of 20/40/40 mol% 4Me-16:0-PC/13:0-PC/chol (top) and 20/55/25 

mol% 22:1-PC/16:0-PC/chol (bottom). All membranes contain 0.8 mol% Texas Red DHPE. 

(A) Fluorescence microscopy image of a giant unilamellar vesicle (GUV) and (B) an 

isolated supported lipid bilayer formed by rupturing a GUV onto mica. (C) AFM topography 

of a different supported lipid bilayer made from the same lipid composition. (D) 
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Fluorescence microscopy image of a supported lipid bilayer. (E) AFM topography of the 

same region.

Bleecker et al. Page 24

J Phys Chem B. Author manuscript; available in PMC 2017 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bleecker et al. Page 25

T
ab

le
 1

E
st

im
at

ed
 th

ic
kn

es
s 

di
ff

er
en

ce
s 

of
 L

o 
an

d 
L

d 
ph

as
e 

m
em

br
an

es
; P

ha
se

 b
eh

av
io

r 
of

 te
rn

ar
y 

lip
id

 m
em

br
an

es
 c

on
ta

in
in

g 
a 

lo
w

-T
m

el
t l

ip
id

, a
 h

ig
h-

T
m

el
t 

lip
id

, a
nd

 c
ho

le
st

er
ol

lo
w

-T
m

el
t

lip
id

hi
gh

-T
m

el
t

lip
id

E
st

im
at

ed
d L

o 
− 

d L
d

(Å
)a

P
C

-l
ip

id
d h

ig
h 

−
d l

ow

(Å
)b

L
o/

L
d

co
ex

is
t

≥2
5°

C
c

F
ig

.d

4M
e-

16
:0

-P
C

13
:0

-P
C

1.
9

−
0.

7e
Y

es
2a

20
:1

-P
C

16
:0

-P
C

−
0.

7
−

3.
5

Y
es

2a

22
:1

-P
C

16
:0

-P
C

−
4.

3
−

7.
4

Y
es

f
2a

4M
e-

16
:0

-P
C

12
:0

-P
C

0.
1

−
2.

8
N

o
2b

20
:1

-P
C

14
:0

-P
C

−
4.

5
−

5.
8

N
o

2b

22
:1

-P
C

17
:0

-P
C

−
2.

6
−

5.
8e

N
o

2c

24
:1

-P
C

16
:0

-P
C

−
7.

9
−

13
.2

N
o

2c

24
:1

-P
C

18
:0

-P
C

−
3.

7
−

10
.0

N
o

2c

a E
st

im
at

es
 o

f 
th

ic
kn

es
s 

di
ff

er
en

ce
s 

be
tw

ee
n 

L
o 

an
d 

L
d 

ph
as

es
 in

 te
rn

ar
y 

m
em

br
an

es
 o

f 
th

e 
hi

gh
-T

m
el

t l
ip

id
, t

he
 lo

w
-T

m
el

t l
ip

id
, a

nd
 c

ho
le

st
er

ol
, u

si
ng

 a
ss

um
pt

io
ns

 f
ro

m
 in

co
m

pl
et

e 
lit

er
at

ur
e 

so
ur

ce
s.

 

D
er

iv
at

io
ns

 a
nd

 u
nc

er
ta

in
tie

s 
of

 e
st

im
at

es
 a

re
 d

es
cr

ib
ed

 in
 th

e 
M

et
ho

ds
.

b D
if

fe
re

nc
e 

in
 m

em
br

an
e 

th
ic

kn
es

s 
be

tw
ee

n 
si

ng
le

 c
om

po
ne

nt
 m

em
br

an
es

 c
om

pr
is

ed
 o

f 
th

e 
hi

gh
-T

m
el

t (
d h

ig
h)

 a
nd

 lo
w

-T
m

el
t (

d l
ow

) 
lip

id
s 

in
 li

qu
id

 p
ha

se
s.

9–
10

c W
he

th
er

 o
r 

no
t t

he
 te

rn
ar

y 
sy

st
em

 (
w

ith
 c

ho
le

st
er

ol
) 

ex
hi

bi
ts

 c
oe

xi
st

in
g 

liq
ui

d 
ph

as
es

 a
bo

ve
 2

5 
°C

.

d L
oc

at
io

n 
of

 p
ha

se
 d

ia
gr

am
s 

in
 F

ig
. 2

.

e D
at

a 
es

tim
at

ed
 a

s 
an

 a
ve

ra
ge

 o
f 

th
ic

kn
es

se
s 

of
 m

em
br

an
es

 c
om

pr
is

ed
 o

f 
lip

id
s 

w
ith

 ta
ils

 c
on

ta
in

in
g 

on
e 

m
or

e 
an

d 
on

e 
fe

w
er

 c
ar

bo
n.

f R
eq

ui
re

s 
ex

po
su

re
 to

 li
gh

t t
o 

un
de

rg
o 

ph
as

e 
se

pa
ra

tio
n 

in
to

 L
o 

an
d 

L
d 

ph
as

es
.

J Phys Chem B. Author manuscript; available in PMC 2017 March 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bleecker et al. Page 26

Table 2

Lo:Ld and Thick:Thin membrane area ratios, with measured thickness mismatches.

Ternary membranea
(mol %)

Lo:Ld area
GUVsb

Lo:Ld area
SLBsc

Thick:Thin area
AFMd

Thickness
Mismatch

(Lo−Ld, Å)e

20:1-PC/16:0-PC/chol
(20/60/20)

67:33 ± 2
(N = 23)f

78:22 ± 3
(N = 8)

73:27 ± 2
(N = 3)

9.6 ± 0.1
(N = 3)

20:1-PC/16:0-PC/chol
(50/30/20)

24:76 ± 2
(N = 25)

25:75 ± 3
(N = 7)

32:68 ± 9
(N = 4)

8.3 ± 0.1
(N = 4)

4Me-16:0-PC/13:0-PC/chol
(30/40/30)

43:57 ± 2
(N = 23)

43:57 ± 1
(N = 10)

40:60 ± 8
(N = 3)

3.3 ± 1.2
(N = 3)

4Me-16:0-PC/13:0-PC/chol
(20/40/40)

64:36 ± 3
(N = 13)

69:31 ± 1
(N = 46)

75:25 ± 7
(N = 4)

5.9 ± 1.0
(N = 4)

22:1-PC/16:0-PC/chol
(20/55/25)

– direct identification – −4.4
(N = 1)

a
All systems contain 0.8 mol% Texas Red DHPE.

b
Ratio of Lo:Ld domain areas covering the surface of free floating giant unilamellar vesicles (GUVs), as determined by fluorescence microscopy.

c
Ratio of Lo:Ld domain areas covering the surface of supported lipid bilayers (SLBs) made from ruptured GUVs, as determined by fluorescence 

microscopy.

d
Ratio of SLB thick:thin domain areas determined by AFM.

e
Thickness mismatch of Lo and Ld phases determined by AFM, and standard error of the mean.

f
Number of vesicles measured.
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