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ABSTRACT: 
 
Researchers choose different methods of making giant unilamellar vesicles in order to satisfy 
different constraints of their experimental designs. A challenge that arises when researchers 
use a variety of methods is that each method may produce vesicles with a different average lipid 
ratio, even if all experiments use lipids from a common stock mixture. Here, we use mass 
spectrometry to investigate ratios of lipids in vesicle solutions made by five common methods: 
electroformation on indium tin oxide slides, electroformation on platinum wires, gentle hydration, 
emulsion transfer, and extrusion. We made vesicles from either 5-component or binary mixtures 
of lipids chosen to span a wide range of physical properties: di(18:1)PC, di(16:0)PC, di(18:1)PG, 
di(12:0)PE, and cholesterol. For a mixture of all five of these lipids, ITO electroformation, Pt 
electroformation, gentle hydration, and extrusion methods result in only minor shifts in lipid 
ratios (≤ 5 mol%) relative to a common stock solution. In contrast, emulsion transfer results in 
~80% less cholesterol than expected from the stock solution, which is counterbalanced by a 
surprising overabundance of saturated PC-lipid relative to all other phospholipids. Experiments 
using binary mixtures of saturated and unsaturated PC-lipids and cholesterol largely support 
results from the 5-component mixture. In general, our results imply that experiments that 
increment lipid ratios in small steps will produce data that are highly sensitive to the technique 
used and to sample-to-sample variations. For example, sample-to-sample variations are roughly 
±2 mol% for 5-component vesicles produced by a single technique. In contrast, experiments 
that explore larger lipid ratio increments or that seek to explain general trends and new 
phenomena will be less sensitive to sample-to-sample variation and the method used. 
 
SIGNIFICANCE STATEMENT: 
 
Small changes to the amounts and types of lipids in membranes can drastically affect the 
membrane’s behavior. Unfortunately, it is unknown whether (or to what extent) different 
methods of making vesicles alter the ratios of lipids in membranes, even when identical stock 
solutions are used. This presents challenges for researchers when comparing data with 
colleagues who use different methods. Here, we measure ratios of lipid types in vesicle 
membranes produced by five methods. We assess each method’s reproducibility and compare 
resulting vesicle compositions across methods. In doing so, we provide a quantitative basis that 
the scientific community can use to estimate whether differences between their results can be 
simply attributed to differences between methods or to sample-to-sample variations. 
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INTRODUCTION: 
 
Many methods have been developed to produce giant unilamellar vesicles (GUVs) (1), where 
each meets different experimental constraints. For example, researchers may prioritize vesicle 
size (2–4), number of lamellae (5–7), compositional asymmetry (8–10), membrane charge (11, 
12) and encapsulation of solutes (13, 14). Similarly, researchers may use different mixtures of 
molecules to produce GUVs ranging from simple models of minimal membranes to complex 
mimics of living cells. 
 
However, when scientists use different methods to make GUVs, an uncomfortable question 
arises: do the vesicles produced by each method contain the same ratio of lipids as the stock 
solution from which the vesicles were made? If not, do all methods alter the intended lipid ratio 
in the same way, or does each method yield different ratios? These straightforward questions 
have huge impact: researchers who use different methods cannot compare their results unless 
they know that their vesicle compositions are similar or unless they know how to estimate the 
magnitude of the offset in lipid composition they might observe.  

 
Concerns that different vesicle-making methods may incorporate different ratios of lipids into 
membranes are well-founded, especially when one of the lipids is a sterol. The solubilities of 
sterols in membranes of giant vesicles are sensitive to experimental conditions and to the 
identities of the other lipids in the membrane (15–18). Even when the mole fraction of 
cholesterol is below its membrane solubility limit, extrusion of vesicles may perturb the 
cholesterol fraction (19). Cholesterol levels are known to be especially low in vesicles made by 
emulsion transfer techniques (20–22). Challenges also arise in incorporating sufficient lipids 
with high melting temperatures (23), high charge (12, 24) or high spontaneous curvature (5) into 
membranes of giant vesicles. 
 
Here, we used mass spectrometry to directly measure population-averaged mole fractions of 
lipids in vesicle solutions made by multiple methods (Fig. 1). We chose four common techniques 
of producing GUVs: electroformation on slides coated with indium tin oxide (ITO), 
electroformation on platinum (Pt) wires, emulsion transfer, and gentle hydration (Fig. 1). We 
also included a common technique of converting giant vesicles into smaller vesicles: extrusion 
across a porous membrane filter. For each technique, we chose only one instance of 
experimental conditions commonly in use. (Other labs may employ different conditions, so may 
observe different results.) Each technique has advantages. Electroformation produces stable 
GUVs that span a wide range of sizes, frequently up to 100 µm (33). Emulsion transfer is valued 
for high encapsulation efficiency (34). Gentle hydration incorporates (and often requires) 
charged lipids in GUVs (10). Extrusion converts GUVs into vesicles of smaller and more uniform 
sizes. 
 
Our use of mass spectrometry to measure average lipid compositions of vesicle solutions 
complements recent advances in using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS) to directly measure vesicle-to-vesicle variations in lipid compositions (25). The two 
techniques are synergistic. Whereas current ToF-SIMS analyses excel at measuring relative 
compositions in individual vesicles, the technique currently has low sample-to-sample 
reproducibility for vesicle populations (25). Our mass spectrometry technique does the opposite. 
It excels in reproducibly evaluating average lipid ratios in vesicle populations and does not 
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evaluate compositions of individual vesicles. By using population averages, we address the 
question of how the lipid composition of vesicle solutions varies across multiple techniques. 
 
To produce our vesicle solutions, we chose lipids with a range of features that characterize 
broad classes of lipids (Fig. 2). Specifically, we chose cylindrical, zwitterionic lipids with both low 
and high melting temperatures (di(18:1)PC and di(16:0)PC), a charged lipid (di(18:1)PG), a 
cone-shaped lipid (di(12:0)PE), and a sterol (cholesterol). Each lipid was included for a different 
reason. PC-lipids produce stable membranes and are the most abundant lipid in mammalian 
cells (26–28). PG-lipids are abundant in mycobacteria (29). Their low pKa (30) and subsequent 
charge can increase the yield of vesicles made by gentle hydration, as do charged 
phosphatidylserine (PS) lipids (11). PE-lipids are one form of non-cylindrical lipids; PE-lipids 
facilitate membrane fusion and are abundant in the inner leaflet of red cell membranes (26, 28, 
31). Cholesterol, in addition to facilitating membrane fusion (32), enables large-scale, liquid-
liquid phase separation in membranes (33) and constitutes a large fraction (up to ~40 mole%) of 
lipids in mammalian membranes (28).   
 
We tested 5-component and 2-component (binary) lipid mixtures. In the 5-component mixture, 
the ratio of each lipid was selected to promote high vesicle yields for every method. High vesicle 
yields facilitate our central goal of comparing average lipid compositions across vesicle 
solutions made by each method. In detail, we included high fractions of PC-lipids to produce 
stable membranes. We added saturated (rather than unsaturated) PE-lipids in low fractions to 
avoid hexagonal phases and to minimize tubule formation (26). Because vesicles with high 
fractions of charged lipids are challenging to form by electroformation (12), we chose to include 
only a low fraction of PG-lipid. We ensured that fractions of cholesterol were well below its 
membrane solubility limit (15–18). To minimize vesicle-to-vesicle differences in composition, we 
chose all lipids to have melting temperatures ≤50˚C (23). To answer key questions that arose 
from our experiments with the 5-component mixture, we then conducted experiments with 
membranes comprised of binary mixtures of lipids. For all measurements, we compared the 
ratios of lipids in vesicle solutions directly to ratios in lipid stock solutions to minimize potential 
error due to concentration variations across manufacturer lots.  
 
 
MATERIALS AND METHODS: 
 
Chemicals. PC-lipids, PG-lipids, PE-lipids, and phospholipid standards were obtained from 
Avanti Polar Lipids; cholesterol was obtained from Sigma-Aldrich; and d7-cholesterol standard 
was obtained from Kerafast. All lipids were used without further purification and without verifying 
concentrations because our experiments focus on measuring relative deviations in lipid 
composition from pre-mixed stock solutions rather than absolute concentrations in stocks. Lipid 
names reflect their headgroup (e.g., “PC”, “PG”, or “PE”), the number of carbon chains (e.g., “di” 
= 2), and each chain’s number of carbons and unsaturation (e.g., “18:1”). Specific lipids in our 
samples include dioleoyl-phosphocholine (di(18:1)PC or DOPC, Tmelt = -18.3 ± 3.6°C (38)), 
dipalmitoyl-phosphocholine (di(16:0)PC or DPPC, Tmelt = 41.3 ± 1.8°C (38)), 1,2-dipalmitoleoyl-
sn-glycero-3-phosphocholine (di(16:1)PC or DPoPC, Tmelt = -35.5°C (39)), dioleoyl-
phosphoglycerol (di(18:1)PG or DOPG, Tmelt = -18°C (40)), and dilauroyl-phosphoethanolamine 
(di(12:0)PE or DLPE, Tmelt = 49.3 ± 1.7°C (41)). Lipid standards for mass spectrometry include 
di(15:0)PC, (16:0/18:1)PC, di(15:0)PE, di(15:0)PG, and d7-cholesterol. Cholesterol (Sigma-
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Aldrich) and a fluorescently labeled lipid (Texas Red DPPE, Life Technologies) were dissolved 
in chloroform at 10 mg/mL and 1 mg/mL, respectively. Mineral oil (light, bioreagent, 0.84 g/mL, 
14.2-17.2 cSt at 40°C) was from Sigma Aldrich.  
 
Master Stocks. Seven master stock solutions of lipids (which included 0.8 mole% of the 
fluorescent dye Texas Red DPPE) were prepared in chloroform. Each stock was stored at -20°C 
in a vial sealed with Teflon tape, parafilm, and electrical tape. Lipid compositions of all master 
stocks were measured by HILIC-IM-MS as a baseline for direct comparisons between stocks 
and vesicle samples. The first of the seven stock solutions contained five lipid components 
(DOPC/DPPC/DOPG/DLPE/cholesterol). The second, third, and fourth contained binary 
mixtures that isolated the effects of unsaturation (DPPC/DPoPC), chain length (DPoPC/DOPC), 
and sterol content (DPoPC/cholesterol). The fifth, sixth, and seventh added 5 mol% DOPG to 
the binary mixtures, since charged lipids were required for the gentle hydration technique. 
 
Electroformation on ITO Slides. Electroformation followed standard procedures (34). Briefly, 
for each sample, 0.25 mg of total lipid (29 µL of master stock solution) was heated to 60°C and 
spread across two ITO-coated glass slides using the side of a glass Pasteur pipette. The slides 
were placed under vacuum for ~30 min to allow residual chloroform to evaporate. An 
electroformation chamber was made by sandwiching 0.3 mm thick Teflon spacers between the 
ITO-coated slides. The chamber was filled with 300 mM sucrose (~300 µL) and sealed with 
vacuum grease. The chamber was then attached to metal electrodes using stainless steel 
binder clips. An AC voltage of 1.0 V was applied across the electrodes at 10 Hz for 2 hr at 60°C. 
The temperature of 60°C is roughly 20°C above the highest lipid Tmelt in the system. To minimize 
variability, all experiments using ITO slides were conducted by the same researcher. 
 
Electroformation on Platinum wires. A chamber was adapted from previous designs (42). 
Briefly, a vertical hole of 15 mm diameter was cut in a 25 mm x 25 mm x 5 mm block of Teflon. 
Two holes of ~0.25-mm diameter were cut horizontally through the chamber, separated by 
2.5 mm. Two 0.25-mm platinum wires were inserted into the two holes. Before each use, the 
wires and chamber were cleaned with chloroform. The bottom of the Teflon chamber was 
sealed with a glass cover slip, and the chamber was placed on a 60°C hot plate. Next, 5.7 µL of 
master stock solution was deposited in evenly spaced 0.5-µL drops on both wires. The interior 
of the chamber was filled with 1 mL of 300 mM sucrose solution, and the top was sealed with a 
glass cover slip. An AC voltage of 2.5 V was applied at 10 Hz for 2 hr at 60°C. To minimize 
variability, all experiments using Pt wires were conducted by the same researcher. 
 
Gentle Hydration. For each sample, 0.2 – 0.8 mg of total lipid from the master stock was 
transferred into a glass test tube. The test tube was placed in a water bath at > 50°C while 
chloroform was removed from the lipid solution by a steady stream of N2 gas to form a lipid film. 
To remove residual chloroform from the film, the test tube was placed under vacuum for ≥1 hr. 
After drying, the lipid film was rehydrated by adding 0.2 - 0.8 mL of 300 mM sucrose, so that the 
test tube contained 1 mL of solution for every 1 mg of lipid. The test tube was sealed with 
parafilm and maintained in an oven at 50°C for 24 hr. while vesicles formed. To minimize 
variability, all experiments using gentle hydration were conducted by the same researcher. 
 
Emulsion Transfer. The procedure was adapted from standard protocols (21, 35, 43) and was 
conducted at room temperature (20-25°C). First, a volume of master stock equivalent to 0.4-
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0.6 mg of total lipid mass was added to a chloroform-rinsed test tube. A lipid film was formed 
inside the test tube by drying the lipid solution under a gentle stream of nitrogen gas and placing 
the test tube in a vacuum chamber for ≥ 30 min. The test tube and a sealed container of mineral 
oil were quickly transferred to a glove box (Techni-Dome 360° Glove Box Chamber), which was 
then purged with nitrogen gas until humidity reached ≤ 25% (ThermPro Digital Indoor 
Thermometer). The container of mineral oil was opened only in the glove box, and 200-300 µL 
of mineral oil was added to the lipid film inside the test tube, resulting in a final lipid 
concentration of 2 mg/ml in mineral oil. The test tube was sealed with Teflon, parafilm, and 
electrical tape, removed from the glove box, and sonicated in a water bath (CO-Z Digital 
Ultrasonic Cleaner Model 10A, 40 kHz) for two or more intervals of 30 min at 50°C until no 
visible lipid film remained on the glass surface and the red color of the dye within the lipid-in-oil 
solution was homogenous. Between each 30 min sonication step, samples were gently vortexed 
to improve solubilization of the lipid film. The resulting lipid-in-oil solution was mixed with 20-
30 µL (10% of the oil volume) of an aqueous, 300 mM sucrose solution by vigorous pipetting to 
create an emulsion. Approximately 200-300 µL of the emulsion was layered above 300 µL of an 
aqueous, 300 mM glucose solution in a 1.5 mL microcentrifuge tube and then centrifuged at 
9000 g for 30 min to drive dense, sucrose emulsion droplets through the oil/water interface. The 
supernatant was removed without disturbing the vesicle pellet until minimal solution covered the 
pellet. The pellet was resuspended in 600-800 µL of 300 mM glucose by gentle pipetting, using 
tips that had been cut to larger diameters to minimize shearing. To minimize variability, all 
experiments using emulsion transfer were conducted by the same researcher. 
 
Vesicle Sedimentation and Storage. To maximize the yield of lipids in vesicles relative to 
lipids in aggregates, GUVs made by electroformation and gentle hydration were sedimented in 
an osmotically matched glucose solution. Briefly, 200 µL of vesicle solution was added on top of 
800 µL of glucose solution in a 13x1000 glass test tube (Fisher Scientific). Vesicles sank to the 
bottom of the tube for 10 min. Then 150 µL of vesicle solution was transferred from the bottom 
of the tube to a new microcentrifuge tube for storage. For emulsion transfer, vesicles were also 
sedimented after resuspension in 600-800 µL of a glucose solution. For all methods, enriched 
vesicle solutions were stored at -20°C in parafilm-sealed 1.5 mL microcentrifuge tubes. A 
schematic of the method is shown in Fig. S17. 
 
Vesicle Imaging. Vesicle solutions were imaged between glass slides on a Nikon Eclipse 
ME600L upright epifluorescence microscope using a Hamamatsu C13440 camera at room 
temperature (25°C). 
 
Extrusion. Vesicle solutions were prepared by gentle hydration and enriched in solution 
(relative to vesicle aggregates) by sedimenting. The sedimented vesicle solution was split into 
two samples of equal volume. The first sample was reserved for “Before” extrusion 
measurements and the second sample was extruded to obtain an “After” measurement. To 
minimize loss of solution due to dead volume of the miniextruder (Avanti Polar Lipids), the filter 
supports and 0.1 µm polycarbonate filter were prewet by passing 1 mL of a sucrose solution 
through them prior to loading the sample. The complete extruder assembly (the heat block, the 
syringe with the vesicle solution, and the empty syringe) was maintained at 50 °C for 30 min 
before extrusion. Finally, the vesicle solution was passed through the filter 9 times and collected 
for analysis. 
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Internal Standards. Cholesterol concentrations were normalized to the internal standard d7-
cholesterol, which was dissolved in benzene at a concentration of 2.5 µg/mL. Phospholipids in 
5-component samples were normalized to the following internal standards: both di(16:0)PC and 
di(18:1)PC were normalized to di(15:0)PC, di(12:0)PE was normalized to di(15:0)PE, and 
di(18:1)PG was normalized to di(15:0)PG. For binary samples, PC-lipids were normalized with 
respect to saturation: di(16:0)PC was normalized to di(15:0)PC, and both di(16:1)PC and 
di(18:1)PC were normalized to (16:0/18:1)PC. All phospholipid internal standards were 1 µM in 
samples. 
 
Lipid extraction. To enable quantification of each lipid class, internal phospholipid standards 
dissolved in chloroform and the d7-cholesterol internal standard dissolved in benzene were 
added to master stocks (in chloroform) and vesicle samples (in aqueous solution) before 
solutions were extracted for analysis. To maximize accuracy in comparing mass spectrometry 
data, sample concentrations were adjusted. Lipids were extracted from vesicle solutions by the 
method of Bligh and Dyer (44). Extracts were dried in a vacuum concentrator and reconstituted 
in 2:1 acetonitrile-methanol. Assuming each method of making vesicles incorporates 10% of the 
initial lipid mass into vesicles, vesicle solutions were diluted to achieve concentrations of ~1 µM 
for the least prevalent lipid in the acetonitrile-methanol solution. A schematic of the method is 
shown in Fig. S17. 
 
HILIC-IM-MS Analysis of Phospholipids. Phospholipid analysis was conducted using 
hydrophilic interaction liquid chromatography (HILIC) coupled with ion mobility-mass 
spectrometry (IM-MS) in positive electrospray ionization mode (Waters Synapt XS HDMS; 
Waters Corp., Milford, MA). This technique relies on the presence of ionizable groups, which are 
present in lipids (and not in the hydrocarbons of mineral oil used in emulsion transfer 
techniques). Chromatographic separations were carried out using a Phenomenex Kinetex HILIC 
column (50 x 2.1 mm, 1.7 μm) with 95% acetonitrile/5% water/5 mM ammonium acetate as 
mobile phase A and 50% acetonitrile/50% water/5 mM ammonium acetate as mobile phase B 
(Waters Acquity FTN UPLC; Waters Corp.). Collisional cross-section calibration and IM-MS 
analysis were conducted as described previously (45–47). Data alignment and peak detection 
were performed in Progenesis QI (Nonlinear Dynamics; Waters Corp.). Retention time 
calibration and lipid identification were performed with the LiPydomics Python package (48). 
Lipid abundances were normalized to their internal standards and compared to the background. 
For only two types of samples (membranes produced by emulsion transfer in the main text that 
evaluate binary mixtures of lipids that differ in chain length and in PC-lipid vs. cholesterol), lipid 
abundances were deemed indistinguishable from the background. For these samples, extracts 
were concentrated by a factor of 5 and re-analyzed by HILIC-IM-MS.  
  
UHPLC-MS/MS Analysis of Cholesterol. Extracts were analyzed through ultra-high 
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) using 
atmospheric pressure chemical ionization (Sciex QTRAP 6500; SCIEX, Framingham, MA or 
Waters Xevo TQ-XS; Waters Corp.) (49). Reversed-phase chromatography separations were 
carried out using a Phenomenex Kinetex C18 column (100 x 2.1 mm, 1.7 μm) with a 90% 
methanol/10% water/0.1% formic acid mobile phase. Quantitation methods and peak integration 
were performed using Analyst software (SCIEX Analyst 5.1; SCIEX) or MassLynx and 
TargetLynx software (Waters Corp.). Concentrations of cholesterol were obtained using peak 
ratios relative to d7-cholesterol (49) and a calculated average relative response factor (RRF) (for 
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further information on RRF, see Tables S12, S16, and S18). Cholesterol abundances in 
emulsion transfer samples that evaluate binary mixtures of a PC-lipid and cholesterol were 
measured after concentration by a factor of 5. 
 
Analysis and Plotting. Phospholipid abundances are raw values obtained from the mass 
spectrometry measurements. To calculate lipid composition as mole percentages, the 
abundance of each lipid (normalized to a lipid standard) was divided by the total lipid abundance 
for each sample (Tables S11-20). Cholesterol abundances are raw values divided by the 
experimental RRF. The mean percentage of each lipid type and the standard deviation were 
calculated for three independent samples. Ternary plots were generated using the open-source 
Python library, python-ternary (https://github.com/marcharper/python-ternary).  
 

 
RESULTS AND DISCUSSION 
Our experiments answer four types of questions: 1) Do all methods produce giant vesicles with 
sufficient yield? 2) How do the ratios of lipids in vesicle solutions produced by each method 
differ from ratios in vesicle solutions produced by the other methods, 3) How do those ratios 
differ from the stock solution, and 4) How reproducible is each method? We begin with a 5-
component mixture of lipids and then conduct targeted experiments in binary mixtures. 
 
All methods produce sufficient vesicles from the 5-component mixture. 
As expected, all five methods produce vesicles. Vesicles produced by electroformation (on ITO 
slides and platinum wires) are predominantly unilamellar (Fig. S2 and S3) and are at sufficient 
yield for mass spectrometry. Vesicles produced by electroformation on Pt wires were smaller 
and less numerous than vesicles from electroformation on ITO slides (Fig. S3), which is 
consistent with fewer moles of lipids being deposited on Pt wires than on ITO slides. Vesicles 
made by gentle hydration consistently have more lamellae or are nested (Fig. S4), and vesicles 
made by emulsion transfer show membrane defects or nested vesicles (Fig. S5). Vesicles 
extruded through 100 nm membrane filters are too small to be resolved by traditional 
fluorescence microscopy (Fig. S6). 
 
Collecting and measuring lipids exclusively from vesicles is challenging. Although sedimentation 
successfully enriches solutions in vesicles, some lipid aggregates remain and are included in 
extractions, as in Fig. S1. For all techniques, some lipids remain in reservoirs after vesicles are 
formed (Fig. 1), either as residues on surfaces or dissolved in oil (Fig. S7-S10). The lipid 
compositions of the sedimentation supernatant and the lipid reservoirs were not analyzed. 
 
Vesicles made by electroformation and gentle hydration exhibit liquid-liquid phase separation of 
their membranes, consistent with the tendency for membranes to demix when they contain 
mixtures of high-Tmelt lipids, low-Tmelt lipids, and cholesterol (23). In contrast, the vesicles 
prepared by emulsion transfer did not exhibit liquid-liquid phase separation at room 
temperature, indicating that the lipid composition of emulsion transfer vesicles differed from the 
composition of the other vesicles (Fig. S5). 
 
Electroformation and gentle hydration create vesicles with minor offsets in lipid ratios. 
Our central result is that three methods of producing giant vesicles (electroformation on ITO 
slides, electroformation on platinum wires, and gentle hydration) result in similar population-



   
 

  9 
 

averaged percentages of lipids in the membranes. Moreover, these percentages are similar to 
that of the master stock solution. These similarities are shown in the first four stacked bars in 
Fig. 3A. 
 
Another way to visualize the minor differences in lipid ratios between the three methods is to 
zoom into a region of the pseudo-ternary diagram in Fig. 3B. Symbols for the three independent 
experiments of each method (circles for ITO electroformation, triangles for Pt electroformation, 
and squares for gentle hydration) cluster around the single star denoting the master stock 
solution. Fig. 3B shows that electroforming vesicles on ITO slides and on platinum wires shifts 
lipid mole ratios from the master stock solution by roughly 4 mole% and 1.5 mole%, on average. 
Similarly, gentle hydration of vesicles shifts lipid mole ratios by roughly 5 mole% on average, in 
the direction of increasing cholesterol. When expressed as a percent change, the gentle 
hydration method incorporated ~20% more than the expected amount of cholesterol in the 5-
component sample. 
 
The data in Fig. 3 also show that reproducibility of these three methods is high, based on the 
close clustering of data from three independent experiments: the range of sample-to-sample 
lipid ratios for each method is within ±2 mole%. 
 
Our result that electroformation and gentle hydration reproducibly create vesicles with similar 
mole fractions of cholesterol is consistent with reports that the maximum amount of cholesterol 
that can be incorporated into membranes is roughly equivalent for vesicles made by 
electroformation (between 65 and 70 mole% (18)), gentle hydration (61 mole% (50) or ≤ 
63 mole% (15)), and a third method, rapid solvent exchange (66 ± 1 mole% (15)). Recent ToF-
SIMS data disagree, but have low reproducibility: between two independent experiments, the 
amount of cholesterol in GUVs made by electroformation was either ~1/4 or ~2/3 of that in 
GUVs made by gentle hydration (25).  
 
Shifts in lipid compositions in Figure 3 are largely due to different mole fractions of cholesterol in 
vesicles with respect to the master stock solution. In contrast, only small shifts of ~1 mole% 
occur in PE-lipid and PG-lipids (Fig. S11). These shifts are the same magnitude as sample-to-
sample differences of independent experiments. The small shift in di(12:0)PE seems surprising 
in light of previous studies using lipid mixtures extracted from rabbit sarcoplasmic reticulum: PE-
lipids were grossly over-represented in the lipids left behind on a glass substrate (5). The 
particular lipid we use, di(12:0)PE, may integrate better into vesicles than other PE lipids 
because it is in a liquid, lamellar phase (rather than a solid phase or an inverted hexagonal 
phase). In contrast, the small shift in the charged PG-lipid is not surprising, at least with respect 
to gentle hydration of samples with high fractions of PG-lipids. Blosser et al. found agreement 
between the mole fraction of diphytanoyl-PG-lipids in a stock solution and in vesicles that were 
made by gentle hydration, for molar ratios of >66% (12). Similarly, for a lipid mixture with ≥4% 
charged PS-lipids, Angelova found no significant difference in the mole fractions of the charged 
and uncharged lipids between a vesicle solution made by gentle hydration and a lipid film left 
behind on a glass surface (5). 
 
How will the minor shifts in lipid ratios we observe in Fig. 3 impact how the biophysics 
community interprets data from GUVs? It depends on how experiments are designed. Broad 
conclusions derived from experiments that increment stock lipid compositions by ~5 mole% will 
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likely apply equally well to vesicles electroformed on ITO slides or on platinum electrodes, and 
may slightly differ when applied to vesicles made by gentle hydration. In contrast, detailed 
conclusions that depend on incrementing lipid compositions by only ~1 mole% will likely apply 
only to vesicles made by a single method and will likely be affected by sample-to-sample 
differences. More detailed conclusions are difficult to extract from the data in Fig. 3 because 
only the percentages of the lipids (rather than their absolute values) are relevant. For example, 
an increase in the ratio of cholesterol to phospholipids could be due to an absolute increase in 
cholesterol, an absolute decrease in phospholipids, or both. Similarly, it is difficult to speculate 
whether our results would hold for every implementation of these techniques (e.g., with different 
solutions). 
 
Emulsion transfer results in too little cholesterol in vesicles. 
The emulsion transfer method we used creates large shifts in lipid compositions of vesicle 
solutions made from 5-component lipid mixtures (Fig. 3). The largest of these shifts is that the 
emulsion transfer method incorporated 80% less cholesterol than expected from the master 
stock solution. This result is consistent with previous reports of severe reduction in cholesterol 
for vesicle membranes made by emulsion techniques such as cDICE (<1% of the expected 
cholesterol (20), double-layer cDICE (25-35% of the expected cholesterol (22)), and emulsion 
phase transfer (28-50% of the expected cholesterol (21)), as discussed in (20)). The problem 
likely arises because cholesterol lacks a large polar headgroup to drive it out of bulk oil, toward 
an interface with water. The problem can be mitigated, but not eliminated, by switching from 
heavy (20) to light mineral oil or by adding higher levels of cholesterol to the oil than the target 
level desired in membranes (21). Given that the choice of oil impacts cholesterol incorporation 
into vesicles, the exact values we measure apply only to one way of implementing the 
technique. 
 
Emulsion transfer exhibits large, chain-dependent shifts in PC-lipids.  
The emulsion transfer method we used vastly skews the ratio of the PC-lipids for 5-component 
lipid mixtures. Specifically, di(16:0)PC is over-represented by a factor of ~1.5 in the vesicle 
solution compared to the master stock solution (Fig. 3), an absolute increase from ~30% to 
~45%. The effect is so large that nearly all loss of cholesterol in emulsion transfer vesicles 
appears to be counteracted by a gain in one of the phospholipids, di(16:0)PC. For comparison, 
the other PC-lipid, di(18:1)PC, decreases by only ~2 mol%. To our knowledge, shifts in 
phospholipid compositions this large have not previously been measured in emulsion transfer 
vesicles. Shifts in the relative amounts of PC-lipids in vesicle solutions made by other 
techniques (ITO electroformation, Pt wire electroformation, and gentle hydration) are minor. The 
largest of these is an increase of ~5 mol% for di(18:1)PC by ITO formation (Fig. 3A). Other 
shifts in PC-lipids are on the order of 2 mol%, consistent with the scatter from independent trials 
in Fig. 3B. Similarly, shifts in PE-lipid and PG-lipid are on the order of sample-to-sample 
variations (Fig. S11). 
  
Binary vesicles show shifts in lipid ratios due to unsaturation and cholesterol content. 
Two structural characteristics of PC lipids, their chain length and their unsaturation, could have 
caused di(16:0)PC to be grossly over-represented relative to di(18:1)PC in vesicles made by our 
emulsion transfer method. Likewise, these characteristics could have contributed to the small 
shifts in PC-lipids in vesicle solutions made by other techniques. To determine which 
characteristics cause major shifts in lipid ratios, we designed three sets of experiments using 
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binary mixtures of lipids. The first set probes lipid unsaturation. The second probes lipid chain 
length. The third probes PC-lipids vs. sterol content. Vesicles made by gentle hydration required 
a small fraction of charged lipid (~5 mol% di(18:1)PG). 
 
The first set of binary experiments reveals that all methods except for emulsion transfer faithfully 
incorporate lipids from the stock solution (~50%:50% di(16:0)PC/di(16:1)PC) into vesicle 
solutions, within sample-to-sample variation. In contrast, saturated lipid is overrepresented in 
our emulsion technique, across two sets of experiments (Fig. 4, Fig. S15). This 
overrepresentation of saturated lipid by a factor of ~1.2 cannot be due to known, favorable 
interactions between saturated lipids and cholesterol because the binary solution contains no 
cholesterol (51). Given that sample-to-sample lipid ratios in the 5-component vesicle solutions in 
Fig. 3 were within ±2 mol%, we expect ratios in the binary mixtures (which have higher overall 
percentages) to be within ~4 mol%, which generally holds true. Small sample sizes of n = 3 
contribute to variations in uncertainties; uncertainties of ±1 mol% are observed in Fig. S15A, 
and uncertainties of ±5 mol% are observed in Fig. 4A, for the same lipid composition and 
method. Representative micrographs of vesicles appear in Fig. S12. 

 
The second set of binary experiments investigates the chain length of unsaturated PC-lipids 
(di(16:1)PC and di(18:1)PC; Fig. 5). Two methods (ITO electroformation and gentle hydration) 
faithfully incorporate the same ratio of these lipids from the stock solution. Pt wire 
electroformation incorporates slightly more long-chain lipid (a shift of ~5 mol%). No conclusion 
can be reached from emulsion transfer experiments except that uncertainties are large, resulting 
in an apparent decrease of ~2 mol% in long-chain lipid in one set of experiments (Fig. 5), 
contradicted by an apparent increase of ~6 mol% in an independent set of experiments (Fig. 
S15), with overlapping uncertainties. The large uncertainty is consistent with a lower yield of 
vesicles for this binary mixture by our emulsion transfer method, compared to other methods. 
Representative micrographs of vesicles appear in Fig. S13. 
 

The third set of binary experiments (Fig. 6) investigates the mole fraction of cholesterol with 
respect to a PC-lipid (di(18:1)PC). Shifts in the lipid ratios mirror the trends in the 5-component 
vesicles in Fig. 3. For example, emulsion transfer again incorporates 80% less than the 
expected amount of cholesterol. Gentle hydration again incorporates 20% more than expected. 
This is surprising in light of recent results that find that cholesterol is, on average, slightly under-
incorporated (about 10% less than expected) into vesicles of POPC (16:0/18:1PC) via a related 
gentle hydration technique (37). The remaining methods (ITO electroformation and Pt wire 
electroformation) again agree with the stock solution, within uncertainty. For all experiments, 
initial stock solutions were chosen to contain <60 mol% cholesterol, below the maximum 
possible concentration of cholesterol in membranes (15, 18, 50). We chose to mix cholesterol 
with an unsaturated lipid because the mixture produced vesicles of high quality (Fig. S14), 
whereas the yield of vesicles comprised of cholesterol and saturated lipid (di(16:0)PC) were too 
low to accurately analyze. 
 
Extrusion of vesicles results in lower cholesterol fractions. 
Some powerful techniques of assessing membrane phase behavior use giant vesicles whereas 
others (e.g., electron microscopy and neutron scattering (52–54) require ~100 nm vesicles, 
produced by extruding vesicles through polycarbonate filters. Here, we conducted a new series 
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of experiments to compare ratios of lipids in solutions of giant vesicles generated by gentle 
hydration with ratios from the same solutions after extrusion. Corresponding micrographs are in 
Fig. S6. 
 
We find systematic decreases in cholesterol due to extrusion (Fig. 5). In terms of absolute 
numbers, these shifts are not huge, a decrease of 5.0 ± 3.3 mol% cholesterol, where the 
uncertainty is the standard deviation for three independent experiments. In terms of the total 
percent of cholesterol, the shifts are significant, roughly 20% of cholesterol is lost upon 
extrusion of vesicles made by gentle hydration. This value falls in the middle of ranges 
previously reported: no loss of cholesterol was observed from some membranes (ternary 
mixtures of 2:1:3 PC-lipids/eggPC/cholesterol, binary mixtures of 33% cholesterol with 
di(18:1)PC or di(14:0)PC, or binary mixtures of 30/70, 40/60, or 50/50 cholesterol with 
16:0/18:1PC), whereas a loss of ~1/3 to ~1/2 of cholesterol was observed from other 
membranes (for binary mixtures of 33% cholesterol with 16:0/18:1PC, di(16:0)PC, or di(20:4)PC 
(19, 37). In other words, no clear correlation seems to exist between lipid unsaturation and a 
loss of cholesterol from vesicles upon extrusion. For any mixture of lipids, there is a potential for 
extruded vesicles to have compositions that differ from the stock solutions given that some 
common methods for gentle hydration of GUVs leave >50% of all lipids behind in the reservoir, 
and extrusion can incur a further loss of ~20% of lipids (36, 37). 
 
We find that the decrease in cholesterol upon extrusion is offset by smaller increases in PC-
lipids (1.4 ± 0.7 mol% for di(16:0)PC, and 1.5 ± 0.8 mol% for di(18:1)PC, respectively). Shifts in 
PE- and PG-lipids are insignificant (0.4 ± 0.9 mol% for di(12:0)PE and 2.5 ± 3.4 mol% for 
di(18:1)PG). As before, one main conclusion is that experiments that report results at high 
precision (e.g., 1 mole%) will be sensitive to how vesicles are made and to sample-to-sample 
differences. 
 
Caveats 
Several experimental caveats arise. The first is that although sedimentation increases the 
concentration of vesicles in solutions, it does not completely eliminate aggregates. Another 
caveat is that the steps within each method of making vesicles can skew the ratio of lipids in 
membranes. Some variations on these methods have already been explored. For example, it 
was already known that varying the type of oil in emulsion transfer methods results in wide 
ranges of cholesterol content in vesicles (20–22, 55). Similarly, it was known that accurate 
membrane phase transitions (and presumably lipid compositions) relied on electroformation 
being performed at a temperature well above the highest melting temperature of any lipid in the 
sample using lipid films of sufficient thickness (23, 56). 
 
However, many other variations on each method remain unexplored. For example, gentle 
hydration could have been conducted in salt solutions (rather than in sugar), or from lipid films 
deposited on surfaces of tracing paper (57) or polymer-coated substrates (58, 59) (rather than 
on bare glass). Similarly, gentle hydration of lipid films could have been achieved for different 
lengths of time using lipids in different ratios (37), followed by either shaking or vortexing (2) 
(rather than in a static solution) using different types of vortexers (37), and the subsequent 
multilamellar vesicles could have been made smaller through freeze/thaw cycles or sonication 
(rather than extrusion) (37, 52, 60). Details of each technique vary from laboratory to laboratory, 
and it is unclear how these details influence the ratio of lipids in membranes. 
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Similar caveats apply to the choice of stock solutions. Many lipid mixtures are relevant, and 
each may produce different shifts in lipid ratios, especially if interdependencies between lipids 
affect their incorporation into vesicles. These interdependencies will be challenging to assess 
when lipid stocks contain small fractions of some lipids (like the PE-and PG-lipids in our 5-
component sample) because correspondingly small shifts in their absolute mole fractions will be 
observed, even if percent changes are high. 
 
Although we found minor shifts in lipid fractions for most methods, it is worth bearing in mind 
that small shifts can result in big changes in membrane behavior. For example, if a membrane 
lies near a phase boundary, a small shift in its lipid composition can lead a previously uniform 
membrane to demix into coexisting phases, or a liquid membrane to turn into a solid phase. For 
researchers who are comparing vesicles made by different methods, a best practice is to 
choose a ratio of lipids that lies in the middle of the preferred phase region. 
 
 
 
CONCLUSIONS: 
 
In summary, the five methods we used to make vesicles result in a range of deviations in lipid 
ratio relative to 5-component and binary stock solutions. Electroformation, whether on an ITO 
slide or on platinum wires, results in the smallest shifts (≤5 mole%). Researchers will find the 
magnitudes of these shifts to be either comfortingly small or alarmingly large, depending on how 
they design their experiments. For example, experiments that report concentrations 
incremented by only ~1 mole% will be highly sensitive to the choice of vesicle-making method 
and to sample-to-sample differences. On the other side of the spectrum, the largest shifts are 
observed with emulsion transfer. It was already known that emulsion transfer resulted in a wide 
range of low cholesterol fractions in vesicles (20–22, 55). In our experiments, ~80% less 
cholesterol was incorporated into vesicles than expected from the stock solution. A surprising 
result is that emulsion transfer also shifts the relative amount of saturated and unsaturated lipid; 
it incorporates more di(16:0)PC than expected relative to di(16:1)PC.  
 
For the 5-component stock, sample-to-sample variations for all methods were roughly ±2 mol% 
for independent experiments. Again, researchers who rely on 1% precision will be sensitive to 
sample-to-sample variations, and others will find the reproducibility reassuring. As mole 
fractions increase for each lipid, some corresponding sample-to-sample variations increase 
concomitantly (as in binary vesicles made by emulsion transfer), whereas others remained low, 
on the order of ±2 mol%.  
 
The shifts in lipid compositions that we measured are context dependent. That context can 
include the types of lipids in the system (as explored in the binary mixtures in Figs. 4-6 and 
S15), the amount of lipid, the type of solvents, the temperature, and differences in experimental 
protocol. What should communities of researchers do when faced with so many potential 
variables? Of course, we should adhere to accepted best practices (e.g., electroforming with 
enough lipid and at high enough temperature) and we should report detailed descriptions of our 
methods. We can shift our mindset to think big rather than to think small. Armed with estimates 
of how lipid compositions might vary from lab to lab, we have a better sense of how to look for 
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broad trends and new phenomena, and to celebrate when those trends are supported by other 
methods, even if the quantitative data vary subtly. 
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FIGURE CAPTIONS: 
 
Figure 1. Five methods of producing vesicle solutions. A) In “ITO electroformation”, an 
alternating field is applied across a hydrated lipid film on slides coated with indium tin oxide. 
Afterward, a reservoir of lipid remains on the slide. B) In “Pt electroformation”, an alternating field 
is applied across a hydrated film on platinum wires.  Afterward, a reservoir of lipids remains on the 
wires. C) In gentle hydration, vesicles form spontaneously from a hydrated lipid film on a glass 
surface. Afterward, a reservoir of lipids remains on the glass. D) In emulsion transfer, lipids from 
an oil solution assemble at water/oil interfaces to form emulsion droplets, which then pass through 
a second interface to form vesicles. Afterward, a reservoir of lipids remains in the oil. E) In extrusion, 
smaller vesicles are made by passing giant vesicles through a porous filter. Afterward, a reservoir 
of lipids and vesicles remains on the filter. Figures are not to scale. 
 
Figure 2. Structures of lipid types used to form GUVs. Lipids were chosen to represent five 
important lipid characteristics: saturated tails, unsaturated tails, charged headgroup, non-
cylindrical shape, and sterol structure. Formal names of lipids reflect the length and unsaturation 
of the acyl chains and the headgroup type, whereas common names reflect historical sources. 
For example, di(18:1)PC (commonly called DOPC) is a zwitterionic lipid with a 
phosphatidylcholine (PC) headgroup and two 18-carbon chains, each with one double bond, 
whereas di(16:0)PC is saturated, with 16 carbons in each chain. Di(18:1)PG is a charged and 
unsaturated lipid with a phosphatidylglycerol (PG) headgroup. Phosphatidylethanolamine (PE) 
headgroups, as in di(12:0)PE, are smaller than PC headgroups, so PE-lipids are typically cone-
shaped. Cholesterol has a hydroxyl moiety as a headgroup and a fused, four-ring structure with 
an 8-carbon chain. 
 
Figure 3. Lipid percentages in 5-component vesicle solutions produced by different 
methods. A) Percent of each lipid in a 5-component stock solution and averages from three 
independent vesicle solutions made from the stock solution by each technique. Error bars above 
each section of the bar chart are standard deviations of the three independent experiments. Full 
data appear in Tables S1, S11, and S12. B) Lipid percentages for each independent experiment 
plotted on a pseudo-ternary diagram, where the three vertices represent cholesterol, the sum of 
the saturated lipids (di(16:0)PC and di(12:0)PE), and the sum of the unsaturated lipids (di(18:1)PC 
and di(18:1)PG). 
 
Figure 4. Percent of saturated and unsaturated lipids in binary vesicle solutions produced 
by different methods. A) Percent of di(16:0)PC and di(16:1)PC in a stock solution and in averages 
from three independent vesicle solutions of electroformation and emulsion transfer techniques 
made from the stock. Error bars above each section of the bar chart are standard deviations of the 
three independent experiments. Full data appear in Tables S2, S3, and S13. B) Percent of 
di(16:0)PC and di(16:1)PC in the gentle hydration (GH) stock solution and averages from three 
independent gentle hydration vesicle solutions. This stock also contained charged lipids (≤5 mol% 
di(18:1)PG, see Fig. S16A). 

Figure 5. Percent of shorter and longer chained PC-lipids in binary vesicle solutions 
produced by different methods. A) Percent of di(16:1)PC and di(18:1)PC in a stock solution and 
averages from three independent vesicle solutions of electroformation and emulsion transfer 
techniques made from the stock. Error bars above each section of the bar chart are standard 
deviations of the three independent experiments. Full data appear in Tables S4, S5, and S14. B) 
Percent of di(16:1)PC and di(18:1)PC in the gentle hydration (GH) stock solution and averages 
from three independent gentle hydration vesicle solutions. This stock also contained charged lipids 
(≤5 mol% di(18:1)PG, see Fig. S16B). 
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Figure 6. Percent of unsaturated PC-lipid and cholesterol in binary vesicle solutions 
produced by different methods. A) Percent of di(16:1)PC and cholesterol in a stock solution and 
averages from three independent vesicle solutions of electroformation and emulsion transfer 
techniques made from the stock. Error bars above each section of the bar chart are standard 
deviations of the three independent experiments. Full data appear in Tables S6, S7, S15, and S16. 
B) Percent of di(16:1)PC and di(18:1)PC in the gentle hydration (GH) stock solution and averages 
from three independent gentle hydration vesicle solutions. This stock also contained charged lipids 
(≤5 mol% di(18:1)PG, see Fig. S16C). 

Figure 7. Extrusion of giant vesicles decreases their cholesterol content. A) Percentage of all 
five lipids in vesicle solutions made via gentle hydration, before and after extrusion through a 0.1 
µM filter. Values are averages, and error bars above each section of the bar chart are standard 
deviations of three independent experiments. B) Mole fractions of each experiment plotted on a 
pseudo-ternary diagram, before and after extrusion. The three vertices correspond to cholesterol, 
the sum of the saturated lipids (di(16:0)PC and di(12:0)PE), and the sum of the unsaturated lipids 
(di(18:1)PC and di(18:1)PG). Full data appear in Tables S8, S17, and S18. These gentle hydration 
samples were prepared and measured separately from samples comparing the four other methods. 
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Figure S1. Sedimenting vesicles removes some lipid aggregates. A) Vesicles filled 
with a dense sucrose solution sink in an osmotically matched glucose solution. B) After 
sinking, large vesicles are observed only in the sedimented solution, and not in the 
supernatant. The sedimented solution still contains some lipid aggregates. The vesicles in 
these images were made by emulsion phase transfer. The low density of giant vesicles in 
the supernatant is representative of all techniques. 
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Figure S2. Representative fluorescence micrographs of vesicles made by 
electroformation on ITO-coated slides. A) Schematic of ITO electroformation. B) Close-
up of vesicles in the blue box in panel C. C) Larger field of view of vesicles produced by 
electroformation on ITO slides. As expected, ITO electroformation produces the highest 
yield of giant, unilamellar vesicles (GUVs) of the four methods tested for producing these 
vesicles. Some multilamellar vesicles, some nested vesicles (large vesicles filled with 
smaller vesicles), and some bright, lipid aggregates are also produced. 
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Figure S3. Representative fluorescence micrographs of vesicles made by 
electroformation on platinum wires. A) Schematic of Pt electroformation. B) Close-up 
of vesicles in the blue box in panel C. C) Larger field of view of vesicles produced by 
electroformation on Pt wires. The volume of stock solution used is low relative to the other 
methods and therefore produces a lower yield of vesicles at the same stock concentration. 
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Figure S4. Representative fluorescence micrographs of vesicles made by gentle 
hydration for 24 hrs. A) Schematic of gentle hydration. B) Close-up of vesicles in the blue 
box in panel C. C) Larger field of view of vesicles produced by gentle hydration. As 
expected, the sample predominantly contains multilamellar vesicles and nested vesicles. 
When contrast is optimized for the bright, multi-layered vesicles, unilamellar vesicles in the 
same field of view can be too dim to be imaged. 
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Figure S5. Representative fluorescence micrographs of vesicles made by emulsion 
phase transfer. A) Schematic of emulsion phase transfer. B) Close-up of vesicles in the 
blue box in panel C. C) Larger field of view of vesicles produced by emulsion phase 
transfer. The emulsion transfer method produces a high yield of giant unilamellar vesicles 
as well as defects including nested vesicles and lipid aggregates. 
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Figure S6. Vesicles after extrusion. A) Schematic of extrusion. B) Representative 
fluorescence micrograph of vesicles after extrusion through a filter with 100 nm diameter 
holes. As expected, most extruded vesicles are too small to be resolved with standard 
fluorescence microscopy techniques.  
 
 
 
 

 
 
Figure S7. Residual lipid due to the gentle hydration technique, detected by 
fluorescence microscopy. Residual lipid left on the interior of a glass test tube is shown 
after a sample of vesicles made by gentle hydration was removed. A dashed red outline 
defines the edges of the test tube. The image was captured on an Amersham ImageQuant 
800 (Cytiva) with a Cy3 (UV) filter. 
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Figure S8. Residual lipid due to the ITO electroformation technique, detected by 
fluorescence microscopy. Residual lipid left on an ITO slide is shown after a sample of 
vesicles made by electroformation was removed. The image is representative of all 
experiments using electroformation on ITO slides. Scale bar: 500 μm. 
 
 

 
 
Figure S9. Residual lipid due to the Pt wire electroformation technique, detected by 
fluorescence microscopy. Residual lipid left on platinum wires is shown after a sample 
of vesicles made by electroformation was removed. The image is representative of all 
experiments using electroformation on Pt wires. Scale bar: 500μm. 
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Figure S10. Residual lipid due to the emulsion transfer method, imaged in ambient 
light. Residual lipid left in oil and at the oil-water interface is shown after completing two 
emulsion transfer experiments. The images are representative of all experiments using 
emulsion transfer. The red box encloses the supernatant, which was removed before 
analysis by mass spectrometry. Most residual lipid is trapped at the interface between the 
water and oil. Black arrows indicate pellets of vesicles. These pellets were subsequently 
resuspended in 300 mM glucose solution, imaged, and analyzed as described in the 
methods. 
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Figure S11. Lipid percentages in 5-component vesicle solutions produced by 
different methods, plotted as pseudo-ternary diagrams in which one vertex is 
di(12:0)PE (DLPE) or di(18:1)PG (DOPG). Vesicles were prepared by four methods: 
electroformation on ITO slides, electroformation on platinum wires, gentle hydration, and 
emulsion phase transfer. Three independent preparations and experiments were run for 
each method. (A) Lipid percentages from each independent experiment are plotted on a 
pseudo-ternary diagram, where the three vertices represent di(12:0)PE, cholesterol, and 
the sum of all other lipids. (B) Lipid percentages from each independent experiment are 
plotted on a pseudo-ternary diagram, where the three vertices represent di(18:1)PE, 
cholesterol, and the sum of all other lipids. In both panels, the lipid composition measured 
for the stock solution is shown as a star. Deviations from the master stock solution in 
increments of 1% and 2% of DLPE or DOPG are shown by shaded bands. 
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Figure S12. Representative fluorescence micrographs of solutions of vesicles 
comprised of binary mixtures of saturated lipid (di(16:0)PC) and unsaturated lipid 
(di(16:1)PC). Vesicles were formed by A) ITO electroformation, B) Pt wire 
electroformation, C) gentle hydration, and D) emulsion transfer. For this lipid composition, 
most giant unilamellar vesicles have some type of defect such as adhered vesicles, nested 
vesicles, or bright aggregates (Panels A, B, and D). Scale bars: 100 μm. 
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Figure S13. Representative fluorescence micrographs of solutions of vesicles 
comprised of binary mixtures of unsaturated lipids with shorter chains (di(16:1)PC 
and longer chains (di(18:1)PC). Vesicles were formed by A) ITO electroformation, B) Pt 
wire electroformation, C) gentle hydration, and D) emulsion transfer. For this mixture of 
lipids, emulsion transfer had lower vesicle yields compared to other techniques. Scale bars: 
100 μm. 
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Figure S14. Representative fluorescence micrographs of solutions of vesicles 
comprised of binary mixtures of an unsaturated lipid (di(16:1)PC) and cholesterol. 
Vesicles were formed by A) ITO electroformation, B) Pt wire electroformation, C) gentle 
hydration, and D) emulsion transfer. For this mixture of lipids, gentle hydration yielded 
smaller vesicles compared to other techniques. Scale bars: 100 μm. 
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Figure S15. Saturated lipids and longer-chain lipids are over-represented in binary 
vesicle solutions made by emulsion transfer. A) Percent of a saturated PC-lipid 
(di(16:0)PC) and an unsaturated lipid (di(16:1)PC) in a stock solution and in vesicle 
solutions made by emulsion transfer from that stock. B) Percent of a longer-chain PC-lipid 
(di(18:1)PC) and a shorter-chain lipid (di(16:1)PC) in a stock solution and in vesicle 
solutions made by emulsion transfer from that stock. In both panels, values are averages 
of three independent experiments, error bars above each section of the bar chart are 
standard deviations, and all experiments are independent from the data in Figs. 4 and 5 of 
the main text, including the use of a different stock solution. For these triplicates, it was not 
necessary to concentrate them by a factor of 5 since abundances were sufficiently above 
the background. Full data appear in Tables S9, S10, S19 and S20.  
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Figure S16. PG-lipids are over-represented in vesicle solutions made by gentle 
hydration from stock solutions initially containing <5 mol% PG-lipid. In all three 
panels, the percent of di(18:1)PC lipids and the percent of other lipids are shown for a stock 
solution in chloroform (left bar of each panel) and for vesicle solutions made by gentle 
hydration from those stocks (right bar). Vesicle data are averages, and error bars above 
each section of the bar chart are standard deviations of three independent experiments. 
A) The other lipids are di(16:0)PC and di(16:1)PC. Full data appear in tables S3 and S13. 
B) The other lipids are di(16:1)PC and di(18:1)PC. Full data appear in tables S5 and S14. 
C) The other lipids are di(16:1)PC and cholesterol. Full data appear in tables S7, S15, and 
S16. 
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Figure S17. Extraction Procedure. A) Each vesicle method produces an aqueous 
solution containing vesicles and lipid aggregates. Concentrations and volumes of each 
solution may be different. B) A portion of each solution is enriched in sedimented vesicles. 
C) The portion of each solution enriched in vesicles is retained and frozen. The remainder 
is discarded. D) Batches of samples are unfrozen at the same time and diluted. The volume 
for dilution is calculated with an assumption that 10% of the stock lipids used to make 
vesicles in each experiment is retained in Step C and with a goal that the concentration of 
the least prevalent lipid is ~1 µM in Step G. E) An aliquot of 30 µL from each sample is 
transferred to new glassware. F) Lipid standards are added to each sample, and all lipids 
are extracted into an organic solvent. G) The organic phase is retained and the aqueous 
phase is discarded. F) The lipids are dried and then reconstituted in 2:1 
acetonitrile:methanol. Tens of microliters of this solution is injected into the HILIC-IM-MS 
apparatus. If the intensity the peak of the least prevalent lipid is too low, the remaining 
solution is concentrated 5 times and the same volume of solution is injected into the HILIC-
IM-MS apparatus. 
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 Percentage of total lipid 

Method Sample Cholesterol di(16:0)PC 
(DPPC) 

di(18:1)PC 
(DOPC) 

di(12:0)PE 
(DLPE) 

di(18:1)PG 
(DOPG) 

Stock solution Master stock 
with 5 lipids 17.0% 28.4% 38.3% 5.8% 10.4% 

ITO 
electroform. 

ITO 1 14.2% 28.0% 43.4% 4.4% 9.9% 
ITO 2 15.3% 28.1% 41.9% 4.7% 9.9% 
ITO 3 12.6% 29.5% 43.6% 5.1% 9.2% 

Pt electroform. 
Pt 1 17.4% 28.5% 40.7% 4.4% 9.0% 
Pt 2 15.0% 29.2% 41.1% 4.9% 9.9% 
Pt 3 15.5% 30.1% 39.7% 4.5% 10.1% 

Gentle 
hydration 

GH 1 22.9% 26.1% 35.3% 5.5% 10.1% 

GH 2 20.1% 27.1% 37.1% 5.0% 10.6% 
GH 3 20.9% 26.3% 36.2% 5.7% 10.9% 

Emulsion 
transfer 

ET 1 3.4% 44.0% 35.4% 5.7% 11.6% 
ET 2 3.5% 45.9% 35.1% 5.2% 10.2% 
ET 3 3.8% 42.1% 37.3% 5.4% 11.3% 

 

Table S1. Lipid compositions of 5-component vesicle solutions analyzed by mass 
spectrometry, expressed as percentages of total lipid. The abundance of each lipid is 
shown in Tables S11 and S12. 
 

 
 

 Percentage of total lipid 
Method Sample di(16:0)PC di(16:1)PC 

Stock solution 
Stock of saturated and 
unsaturated lipids in 

chloroform 
49.8% 50.2% 

ITO electroformation 

ITO 1 46.9% 53.1% 

ITO 2 54.2% 45.8% 

ITO 3 46.6% 53.4% 

Pt electrofromation 

Pt 1 49.7% 50.3% 

Pt 2 49.0% 51.0% 

Pt 3 49.4% 50.6% 

Emulsion transfer 
ET 1 53.1% 46.9% 
ET 2 60.2% 39.8% 
ET 3 63.2% 36.8% 

 

Table S2. Percentages of lipids in vesicle solutions made by ITO electroformation, 
Pt wire electroformation, and emulsion transfer from a binary mixture of a 
saturated PC-lipid and an unsaturated PC-lipid. The abundance of each lipid is shown 
in Table S13. Results from an independent set of emulsion transfer experiments are 
shown in Tables S9 and S19. 
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 Percentage of total lipid 

Method Sample di(16:0)PC di(16:1)PC di(18:1)PG 

Stock solution 
Stock of saturated, 

unsaturated, and charged 
lipids in chloroform 

51.9% 47.2% 0.9% 

Gentle hydration 

GH 1 47.3% 46.4% 6.3% 

GH 2 45.8% 47.2% 6.9% 

GH 3 50.3% 41.7% 8.0% 
 

Table S3. Percentages of lipids in vesicle solutions made by gentle hydration from 
a mixture of a saturated and an unsaturated PC-lipid, including a charged lipid 
(di(18:1)PG), which is necessary for vesicle formation by this method. The 
abundance of each lipid is shown in Table S13. 

 
 Percentage of total lipid 

Method Sample di(16:1)PC di(18:1)PC 

Stock solution 
Stock of lipids with 

different chain lengths 
in chloroform 

53.4% 46.6% 

ITO electroformation 

ITO 1 56.2% 43.8% 

ITO 2 55.9% 44.1% 

ITO 3 53.4% 46.6% 

Pt electrofromation 

Pt 1 49.7% 50.3% 

Pt 2 47.8% 52.2% 

Pt 3 46.6% 53.4% 

Emulsion transfer 
ET 1 47.5% 52.5% 
ET 2 54.8% 45.2% 
ET 3 52.0% 48.0% 

 

Table S4. Percentages of lipids in vesicle solutions made by ITO electroformation, 
Pt wire electroformation, and emulsion transfer from a binary mixture of a shorter-
chain PC-lipid and a longer-chain PC-lipid. The abundance of each lipid is shown in 
Table S14. Results from an independent set of emulsion transfer experiments are shown 
in Tables S10 and S20.  
 

 Percentage of total lipid 
Method Sample di(16:1)PC di(18:1)PC di(18:1)PG 

Stock solution 
Stock of lipids with different 
chain lengths and charged 

lipids in chloroform 
50.2% 46.6% 3.2% 

Gentle hydration 

GH 1 47.7% 45.6% 6.7% 

GH 2 47.2% 46.1% 6.7% 

GH 3 47.1% 46.2% 6.7% 
 

Table S5. Percentages of lipids in vesicle solutions made by gentle hydration from 
a mixture of a shorter-chain PC-lipid and a longer-chain PC-lipid, including a 
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charged lipid (di(18:1)PG), which is necessary for vesicle formation by this 
method. The abundance of each lipid is shown in Table S14. 

 Percentage of total lipid 
Method Sample di(16:1)PC Cholesterol 

Stock solution Stock of a PC-lipid and 
cholesterol in chloroform 46.4% 53.6% 

ITO electroformation 

ITO 1 47.1% 52.9% 

ITO 2 52.7% 47.3% 

ITO 3 47.8% 52.2% 

Pt electroformation 

Pt 1 47.2% 52.8% 

Pt 2 47.8% 52.2% 

Pt 3 45.4% 54.6% 

Emulsion transfer 
ET 1 80.3% 19.7% 
ET 2 92.9% 7.1% 
ET 3 87.8% 12.2% 

 

Table S6. Percentages of lipids in vesicle solutions made by ITO electroformation, 
Pt wire electroformation, and emulsion transfer from a binary mixture of an 
unsaturated PC-lipid and cholesterol. The abundance of each lipid is shown in Tables 
S15 and S16. 

 
 Percentage of total lipid 

Method Sample di(16:1)PC Cholesterol di(18:1)PG 

Stock solution 
Stock of a PC-lipid, 

cholesterol, and a charged 
lipid in chloroform 

41.6% 56.8% 1.6% 

Gentle hydration 

GH 1 29.8% 66.8% 3.4% 

GH 2 36.5% 58.4% 5.2% 

GH 3 33.0% 62.7% 4.3% 
 

Table S7. Percentages of lipids in vesicle solutions made by gentle hydration from 
a mixture of an unsaturated PC-lipid and cholesterol, including a charged lipid 
(di(18:1)PG), which is necessary for vesicle formation by this method. The 
abundance of each lipid is shown in Tables S15 and S16. 

 
   Percentage of total lipid 

Method Sample Cholesterol di(16:0)PC 
(DPPC) 

di(18:1)PC 
(DOPC) 

di(12:0)PE 
(DLPE) 

di(18:1)PG 
(DOPG) 

Before 
extrusion 

Experiment 1 - Before 23.6% 25.2% 29.2% 6.9% 15.0% 

Experiment 2 - Before 26.3% 26.5% 25.6% 6.5% 15.1% 
Experiment 3 - Before 27.7% 25.8% 25.2% 6.3% 14.9% 

After 
extrusion 

Experiment 1 - After 18.0% 27.9% 32.1% 5.2% 16.9% 
Experiment 2 - After 22.4% 27.3% 27.1% 6.7% 16.6% 
Experiment 3 - After 22.3% 27.0% 28.4% 6.7% 15.6% 

 

Table S8. Lipid compositions analyzed by mass spectrometry and expressed as 
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percentages of total lipid for vesicle solutions produced by gentle hydration 
(“before extrusion”) and then extruded (“after extrusion”). For example, “Experiment 
1 – After" was made from an aliquot of the solution from “Experiment 1 – Before". The 
abundance of each lipid is shown in Tables S17 and S18. 

 
 
 
 
 

  Percentage of total lipid 
Method Sample di(16:0)PC di(16:1)PC 

Stock solution for 
lipid saturation 
experiments 

Stock of saturated and 
unsaturated lipids in 

chloroform 
49.1% 50.9% 

Emulsion transfer 
(ET) 

ET saturation 1 58.2% 41.8% 

ET saturation 2 58.0% 42.0% 
ET saturation 3 57.3% 42.7% 

 

Table S9. Percentages of lipids in vesicle solutions made by emulsion transfer 
from an additional binary mixture of a saturated PC-lipid and an unsaturated PC-
lipid. The abundance of each lipid is shown in Table S19. Data from an independent set 
of emulsion transfer experiments are shown in Tables S2 and S13. 
 
 
 
 
 

 Percentage of total lipid 
Method Sample di(18:1)PC di(16:1)PC 

Stock solution for lipid 
length experiments 

Stock of lipids with 
different chain lengths in 

chloroform 
49.1% 50.9% 

Emulsion transfer (ET) 
ET length 1 58.8% 41.2% 

ET length 2 58.7% 41.3% 

ET length 3 53.1% 46.9% 
 

Table S10. Percentages of lipids in vesicle solutions made by emulsion transfer 
from an additional binary mixture of a shorter-chain PC-lipid and a longer-chain 
PC-lipid. The abundance of each lipid is shown in Table S20. Data from an independent 
set of emulsion transfer experiments are shown in Tables S4 and S14. 
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Lipid di(15:0)PC 

Internal 
standard 

di(16:0)PC di(18:1)PC di(15:0)PE 
Internal 

standard 

di(12:0)PE 
 

di(15:0)PG 
Internal 
standard 

di(18:1)PG 

m/z 706.5 734.6 786.6 686.5 602.4 717.5 797.5 
Retention time 

(minutes) 3.467 3.467 3.414 2.725 2.847 0.708 0.621 

Calibrated retention 
time (minutes) 6.760 6.760 6.672 5.542 5.742 2.233 2.038 

Collisional cross 
section (Å2) 274.4 279.8 285.1 268.9 252.5 268.6 279.4 

5-component stock 
solution 5617.5 17245.3 23270.3 4528.2 2853.3 4441.4 5016.5 

ITO electroform. 1 
abundance 6741.8 17442.6 27025.4 4434.9 1810.2 5385.0 4914.3 

ITO electroform. 2 
abundance 6857.4 24043.3 35779.5 4280.0 2523.2 5170.9 6393.5 

ITO electroform. 3 
abundance 7240.7 15652.1 23118.4 4920.6 1843.7 6871.4 4625.1 

Pt electroform. 1 
abundance 6881.0 22694.3 32436.7 4665.2 2379.2 5772.2 6026.1 

Pt electroform. 2 
abundance 6679.0 16801.5 23631.0 5039.4 2124.3 6748.9 5740.9 

Pt electroform. 3 
abundance 5342.4 14477.7 19085.5 4548.3 1847.1 5020.5 4557.4 

Gentle hydration 1 
abundance 7353.0 30264.4 40917.1 5487.3 4792.2 5907.4 9413.3 

Gentle hydration 2 
abundance 7682.1 23456.5 32112.9 6630.8 3748.8 5247.5 6246.9 

Gentle hydration 3 
abundance 7625.5 22749.8 31393.1 5379.8 3504.5 5017.3 6195.7 

Emulsion transfer 1 
abundance 8370.8 9579.3 7712.5 5534.3 816.3 6091.2 1843.4 

Emulsion transfer 2 
abundance 8068.4 11843.5 9051.1 5553.9 931.3 5927.0 1931.0 

Emulsion transfer 3 
abundance 7626.0 9787.1 8667.5 5246.7 867.2 5531.6 1910.8 

 

Table S11. Phospholipid abundances of 5-component vesicle solutions analyzed 
by mass spectrometry. Corresponding lipid percentages are in Table S1. 
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 d7-cholesterol  
Internal standard Cholesterol Relative Response 

Factor (RRF) 
5-component stock solution 321. x 105 85.9 x 105 

1.063 

ITO electroformation 1 268. x 105 51.3 x 105 
ITO electroformation 2 276. x 105 76.7 x 105 
ITO electroformation 3 253. x 105 33.9 x 105 
Pt electroformation 1 284. x 105 83.3 x 105 
Pt electroformation 2 261. x 105 49.1 x 105 
Pt electroformation 3 262. x 105 53.3 x 105 
Gentle hydration 1 299. x 105 157. x 105 
Gentle hydration 2 271. x 105 89.3 x 105 
Gentle hydration 3 233. x 105 80.5 x 105 
Emulsion transfer 1 223. x 105 2.85 x 105 
Emulsion transfer 2 235. x 105 3.88 x 105 
Emulsion transfer 3 367. x 105 6.13 x 105 

CholesterolStandardMix 1 192. x 105 37.0 x 105 1.038 

CholesterolStandardMix 2 195. x 105 37.5 x 105 1.040 

CholesterolStandardMix 3 192. x 105 36.4 x 105 1.055 

CholesterolStandardMix 4 174. x 105 33.1 x 105 1.051 

CholesterolStandardMix 5 184. x 105 32.6 x 105 1.129 
 

Table S12. Cholesterol abundances of 5-component vesicle solutions analyzed by 
mass spectrometry. Corresponding phospholipid abundances are in Table S11. 
Corresponding lipid percentages are in Table S1. “CholesterolStandardMix” samples 
contained 1 µg/mL of d7-cholesterol and 0.2 µg/mL of unlabeled cholesterol and were 
used to calculate an RRF value (right column). For example, the RRF for 
CholesterolStandardMix1 is calculated: (0.2 µg/mL / 3,700,000) / (1 µg/mL / 19,200,000) 
= 1.038. The average RRF value 1.063 was used to calculate the cholesterol composition 
in all 5-component experimental samples. 
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Lipid di(15:0)PC 

Internal 
standard 

di(16:0)PC (16:0/18:1)PC 
Internal 

standard 

di(16:1)PC di(15:0)PG 
Internal 
standard 

di(18:1)PG 

m/z 706.5 734.6 760.6 730.5 717.5 797.5 
Retention time 

(minutes) 3.541 3.523 3.478 3.495 0.953 0.838 

Calibrated 
retention time 

(minutes) 
6.789 6.761 6.685 6.713 2.233 2.038 

Collisional cross 
section (Å2) 240.8 249.6 248.3 241.8 238.5 247.0 

Stock for lipid 
saturation tests  30860.0 43216.7 31604.8 44611.7   

ITO electroform. 1 
abundance 

24366.7 14971.9 24647.1 17159.7   

ITO electroform. 2 
abundance 35109.7 48160.5 39166.9 45440.7   

ITO electroform. 3 
abundance 

33117.1 42203.3 29583.7 43222.0   

Pt. electroform. 1 
abundance 33264.2 10641.9 35170.3 11384.6   

Pt. electroform. 2 
abundance 33512.3 8938.4 36105.9 10028.2   

Pt. electroform. 3 
abundance 

27387.5 13675.6 28251.8 14440.8   

Emulsion transfer 1 
abundance 20453.6 24519.6 21912.5 23201.6   

Emulsion transfer 2 
abundance 28376.8 29801.8 35758.6 24827.5   

Emulsion transfer 3 
abundance 

28682.9 10546.0 29830.2 6389.1   

Gentle hydration 
stock solution for 
lipid saturation 

24928.8 211952.6 28549.2 221074.0 50120.7 7402.7 

Gentle hydration 1 
abundance 22683.3 271061.2 24664.9 289244.2 37829.3 60299.3 

Gentle hydration 2 
abundance 

19336.3 193665.6 22045.5 227491.3 26953.7 40829.7 

Gentle hydration 3 
abundance 24807.4 214717.1 31620.1 227134.8 35032.4 48250.1 

 

 
Table S13. Phospholipid abundances in a stock solution and in vesicle solutions 
made by ITO electroformation, Pt wire electroformation, emulsion transfer and 
gentle hydration from a binary mixture of a saturated PC-lipid and an unsaturated 
PC-lipid. Samples for gentle hydration included a charged lipid (di(18:1)PG), which is 
necessary for vesicle formation by this method. Corresponding lipid percentages are in 
Tables S2 and S3. 
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Lipid (16:0/18:1)PC 

Internal 
standard 

di(16:1)PC di(18:1)PC di(15:0)PG 
Internal 
standard 

di(18:1)PG 

m/z 760.6 730.5 786.6 717.5 797.5 
Retention time 

(minutes) 3.478 3.495 3.460 0.953 0.838 

Calibrated 
retention time 

(minutes) 
6.685 6.713 6.655 2.233 2.038 

Collisional cross 
section (Å2) 248.3 241.8 253.6 238.5 247.0 

Stock for lipid chain 
length tests 40517.6 51795.3 45140.3   

ITO electroform. 1 
abundance 

42931.2 40892.1 31852.8   

ITO electroform. 2 
abundance 27139.4 51297.7 40433.5   

ITO electroform. 3 
abundance 

32141.3 24546.7 21443.9   

Pt. electroform. 1 
abundance 31357.6 4782.7 4848.0   

Pt. electroform. 2 
abundance 31208.7 15504.4 16947.8   

Pt. electroform. 3 
abundance 

29936.8 14025.6 16057.0   

Emulsion transfer 1 
abundance 177920.3 5960.2 7214.3   

Emulsion transfer 2 
abundance 164180.2 52330.3 46925.3   

Emulsion transfer 3 
abundance 

153561.4 15236.5 15315.4   

Gentle hydration 
stock solution for 
lipid chain length 

33285.1 224719.0 208349.3 41982.4 18184.9 

Gentle hydration 1 
abundance 22137.7 314265.2 301021.1 31340.2 62579.6 

Gentle hydration 2 
abundance 

24301.7 266692.5 260436.7 34032.5 53013.6 

Gentle hydration 3 
abundance 27693.0 241373.4 236986.2 35637.8 44135.2 

 
 

Table S14. Phospholipid abundances in stock solutions and in vesicle solutions 
made by ITO electroformation, Pt wire electroformation, emulsion transfer, and 
gentle hydration from a mixture of a lipids with different chain lengths. Samples for 
gentle hydration included a charged lipid (di(18:1)PG), which is necessary for vesicle 
formation by this method. Corresponding lipid percentages are in Tables S4 and S5. 
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Lipid (16:0)(18:1)PC 

Internal 
standard 

di(16:1)PC di(15:0)PG 
Internal 
standard 

di(18:1)PG 

m/z 760.6 730.5 717.5 797.5 
Retention time 

(minutes) 3.478 3.495 0.953 0.838 

Calibrated 
retention time 

(minutes) 
6.685 6.713 2.233 2.038 

Collisional cross 
section (Å2) 248.3 241.8 238.5 247.0 

Stock for PC-lipid 
vs. cholesterol 31657.8 46654.6   

ITO electroform. 1 
abundance 

30214.6 35616.8   

ITO electroform. 2 
abundance 26795.1 54201.0   

ITO electroform. 3 
abundance 

36225.0 59824.3   

Pt. electroform. 1 
abundance 32660.1 20906.6   

Pt. electroform. 2 
abundance 34421.4 40375.1   

Pt. electroform. 3 
abundance 

33803.4 31500.6   

Emulsion transfer 1 
abundance 162535.6 41325.6   

Emulsion transfer 2 
abundance 152545.4 195281.5   

Emulsion transfer 3 
abundance 

159797.7 90395.7   

Gentle hydration 
stock for PC-lipid 

vs. cholesterol 
33090.1 272405.7 47084.9 14735.5 

Gentle hydration 1 
abundance 23214.1 341451.9 32808.2 54979.6 

Gentle hydration 2 
abundance 

24085.7 296331.5 30982.6 53893.9 

Gentle hydration 3 
abundance 26059.0 306777.7 30714.2 47246.0 

 

Table S15. Phospholipid abundances in stock solutions and in vesicle solutions 
made by ITO electroformation, Pt wire electroformation, emulsion transfer, and 
gentle hydration from a mixture of a PC-lipid and cholesterol. Samples for gentle 
hydration included a charged lipid (di(18:1)PG), which is necessary for vesicle formation 
by this method. Corresponding cholesterol abundances are in Table S16. Corresponding 
lipid percentages are in Tables S6 and S7. 
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 d7-cholesterol  
Internal standard Cholesterol Relative Response 

Factor (RRF) 
Stock for PC-lipid vs. 

cholesterol 71.91 x 105 13.64 x 105 

0.7511 

ITO electroformation 1 127.5 x 105 18.31 x 105 
ITO electroformation 2 116.1 x 105 23.90 x 105 
ITO electroformation 3 154.8 x 105 30.65 x 105 

Pt electroform 1 154.4 x 105 9.520 x 105 
Pt electroform 2 158.9 x 105 20.60 x 105 
Pt electroform 3 160.3 x 105 17.96 x 105 

Emulsion transfer 1 1019. x 105 9.249 x 105 
0.8300 Emulsion transfer 2 308.5 x 105 4.048 x 105 

Emulsion transfer 3 18.63 x 105 0.2113 x 105 
Gentle hydration stock for PC-

lipid vs. cholesterol 148.7 x 105 211.9 x 105 

0.7511 Gentle hydration 1 169.4 x 105 701.6 x 105 

Gentle hydration 2 163.2 x 105 406.1 x 105 
Gentle hydration 3 160.1 x 105 454.3 x 105 

Cholesterol Standard Mix 1 223.1 x 105 32.97 x 105 0.7389 

Cholesterol Standard Mix 2 224.1 x 105 32.89 x 105 0.7339 

Cholesterol Standard Mix 3 221.1 x 105 32.76 x 105 0.7411 

Cholesterol Standard Mix 4 230.0 x 105 34.46 x 105 0.7492 

Cholesterol Standard Mix 5 225.5 x 105 34.06 x 105 0.7553 

Cholesterol Standard Mix 6 224.7 x 105 34.70 x 105 0.7721 

Cholesterol Standard Mix 7 231.6 x 105 35.56 x 105 0.7677 

Cholesterol Standard Mix 8 237.2 x 105 35.49 x 105 0.7480 

Cholesterol Standard Mix 9 240.5 x 105 36.25 x 105 0.7536 

Cholesterol Standard Mix 10 347.6 x 105 57.44 x 105 0.8263 

Cholesterol Standard Mix 11 342.1 x 105 57.29 x 105 0.8373 

Cholesterol Standard Mix 12 335.9 x 105 55.55 x 105 0.8268 

Cholesterol Standard Mix 13 331.1 x 105 54.95 x 105 0.8297 
 

Table S16. Cholesterol abundances in stock solutions and in vesicle solutions 
made by ITO electroformation, Pt wire electroformation, emulsion transfer, and 
gentle hydration from a mixture of a PC-lipid and cholesterol. Corresponding 
phospholipid abundances are in Table S15. Corresponding lipid percentages are in 
Tables S6 and S7. “Cholesterol Standard Mix” samples contained 1 µg/mL of d7-
cholesterol and 0.2 µg/mL of unlabeled cholesterol and were used to calculate an RRF 
value (right column). For example, the RRF for Cholesterol Standard Mix 1 is calculated: 
(0.2 µg/mL / 3297000) / (1 µg/mL / 22310000) = 0.7389. Cholesterol Standard Mix 1-9 
were used to calculate an average RRF value 0.7511 which was used to calculate the 
cholesterol compositions for all binary PC-lipid vs. cholesterol experimental samples, 
excluding emulsion transfer. Cholesterol Standard Mix 10-13 were used to calculate an 
average RRF value 0.8300 which was used to calculate cholesterol compositions for 
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binary PC-lipid vs. cholesterol samples produced only by emulsion transfer after they 
were concentrated by a factor of 5. 

 
 
 
 
 
Lipid di(15:0)PC 

Internal 
standard 

di(16:0)PC di(18:1)PC di(15:0)PE 
Internal 
standard 

di(12:0)PE di(15:0)PG 
Internal 

standard 

di(18:1)PG 

 

m/z 
 

706.5 734.6 786.6 664.5 580.4 717.5 797.5 

Retention time 
(minutes) 3.312 3.312 3.225 2.570 2.692 0.674 0.553 

Calibrated retention 
time (minutes) 5.445 5.445 5.459 5.560 5.541 2.233 2.020 

Collisional cross 
section (Å2) 239.9 249.9 254.0 232.0 216.8 239.8 248.4 

Before extrusion 1 
abundance 56822.3 84583.4 97994.1 85471.0 34719.6 36543.5 32416.2 

Before extrusion 2 
abundance 63191.0 113815.1 109639.1 101636.3 44984.7 39897.5 40816.1 

Before extrusion 3 
abundance 63430.2 159911.8 156115.9 95764.3 59014.5 30611.1 44526.0 

After extrusion 1 
abundance 54683.8 32544.4 37473.0 89296.3 9911.4 43706.7 15788.9 

After extrusion 2 
abundance 65041.1 65510.5 65082.1 96925.9 23877.9 37763.1 23185.0 

After extrusion 3 
abundance 50216.3 63415.0 66752.6 85189.5 26663.7 36801.5 26753.6 

 

Table S17. Phospholipid abundances in vesicle solutions produced by gentle hydration 
(“before extrusion”) and then extruded (“after extrusion”). For example, “After extrusion 1” 
was made from an aliquot of the solution from “Before extrusion 1”. Corresponding lipid 
percentages are in Table S8. 
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Sample d7-cholesterolInternal 
standard Cholesterol Relative Response 

Factor (RRF) 

5-component stock solution 161.0 x 105 3879. x 105 

0.8608 

Before extrusion 1 170.1 x 105 42.56 x 105 

Before extrusion 2 169.5 x 105 54.41 x 105 

Before extrusion 3 165.1 x 105 80.23 x 105 

After extrusion 1 158.4 x 105 10.93 x 105 

After extrusion 2 166.2 x 105 24.68 x 105 

After extrusion 3 154.1 x 105 28.86 x 105 

CholesterolStandardMix 1 183.5 x 105 42.44 x 105 0.8650 

CholesterolStandardMix 2 185.1 x 105 43.33 x 105 0.8545 

CholesterolStandardMix 3 182.6 x 105 42.33 x 105 0.8628 
 

 

Table S18. Cholesterol abundances in vesicle solutions produced by gentle 
hydration (“before extrusion”) and then extruded (“after extrusion”). For example, 
“After extrusion 1” was made from an aliquot of the solution from “Before extrusion 1”. 
Corresponding phospholipid abundances are in Table S17. Corresponding lipid 
percentages are in Table S8. “CholesterolStandardMix” samples contained 1 µg/mL of 
d7-cholesterol and 0.2 µg/mL of unlabeled cholesterol and were used to calculate an 
RRF value (right column). For example, the RRF for CholesterolStandardMix1 is 
calculated: (0.2 µg/mL / 4,244,000) / (1 µg/mL / 18,350,000) = 0.8650. The average RRF 
value 0.8608 was used to calculate the cholesterol composition in all 5-component 
experimental samples. 
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Lipid di(15:0)PC 
Internal standard 

di(16:0)PC 
 

(16:0/18:1)PC 
Internal standard 

di(16:1)PC 
 

 

m/z 
 

706.5 734.6 760.6 730.5 

Retention time (minutes) 3.312 3.312 3.259 3.414 
Calibrated retention time 

(minutes) 5.445 5.445 5.453 5.429 

Collisional cross section 
(Å2) 239.9 249.9 248.7 240.9 

Emulsion transfer stock for 
lipid saturation tests 14259.5 490722.3 12208.1 434934.4 

ET saturation 1 abundance 54941.2 45862.2 52621.1 31490.8 
ET saturation 2 abundance 58862.0 21123.8 55943.2 14554.5 
ET saturation 3 abundance 57614.3 39973.9 54335.7 28099.2 

 

Table S19. Phospholipid abundances in vesicle solutions made for an additional 
emulsion transfer triplicate from a binary mixture of an unsaturated lipid and a 
saturated lipid. Corresponding lipid percentages are in Table S9. Data from an 
independent set of emulsion transfer experiments are shown in Tables S2 and S13. 
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Lipid (16:0/18:1)PC 
Internal standard 

di(16:1)PC 
 

di(18:1)PC 
 

m/z 760.6 730.5 786.6 
Retention time (minutes) 3.259 3.414 3.225 

Calibrated retention time (minutes) 5.453 5.429 5.459 
Collisional cross section (Å2) 248.7 240.9 254.0 

Emulsion transfer stock for lipid 
chain length tests 8362.4 428416.6 412967.2 

ET length 1 abundance 51197.1 13380.6 19090.4 
ET length 2 abundance 53042.6 5718.8 8128.1 
ET length 3 abundance 54721.9 10486.8 11892.0 

 

Table S20. Phospholipid abundances in vesicle solutions made for an additional 
emulsion transfer triplicate from a binary mixture of lipids with different chain 
lengths. Corresponding lipid percentages are in Table S10. Data from an independent 
set of emulsion transfer experiments are shown in Tables S4 and S14. 
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