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ABSTRACT Raft formation and enlargement was investigated in liposomes and supported bilayers prepared from
sphingomyelin (SM), cholesterol, and unsaturated phospholipids; NBD-DPPE and rhodamine-(DOPE) were employed as
fluorescent probes. Raftswere created by lowering temperature.Maintaining 20mol%SM, fluorescencemicroscopy showed that,
in the absence of photooxidation, large rafts did not form in giant unilamellar vesicles (GUVs) containing 20 or more mol %
cholesterol. But if photooxidation was allowed to proceed, large rafts were readily observed. In population, cuvette experiments,
small rafts formed without photooxidation at high cholesterol concentrations. Thus, photooxidation was the cause of raft
enlargement during microscopy experiments. Because photooxidation results in peroxidation at lipid double bonds, photosen-
sitization experiments were performed to explicitly produce peroxides of SM and an unsaturated phospholipid. GUVs of high
cholesterol content containing the breakdown products of SM-peroxide, but not phospholipid-peroxide, resulted in large rafts after
lowering temperature. In addition, GUV production by electroswelling can result in peroxides that cause large raft formation. The
use of titanium electrodes eliminates this problem. In conclusion, lipid peroxides and their breakdown products are the cause of
large raft formation in GUVs containing biological levels of cholesterol. It is critical that experiments investigating rafts in bilayer
membranes avoid the production of peroxides.

INTRODUCTION

The lipid components of biological plasma membranes

are not uniformly distributed. They are thought to contain

‘‘rafts’’—microdomains enriched in sphingolipids and cho-

lesterol. Although positive identification of rafts in cell

membranes has proven elusive, they are generally thought to

exist and to concentrate proteins in regulated manners. When

in rafts, proteins could quickly interact with each other to

carry out their functions, and this is thought to occur in

processes as diverse and far reaching as signal transduction

and membrane trafficking (1–4). Most studies directed at

characterizing rafts in cells have concluded that they are

small, on the order of tens of nanometers (5–8). But a wide

range of raft sizes has been reported (9,10) and rafts may

constitute a large fraction of the area of a cell membrane (11).

Biological membrane rafts have been experimentally

modeled using bilayer membranes that are rich in cholesterol

and sphingomyelin (SM). Rafts definitely exist in these

model lipid bilayer membranes (12,13). Fluorescent lipid

probes that favorably partition into or that are excluded from

bilayer raft domains are widely used to follow the formation

and enlargement of rafts. Studies using video fluorescence

microscopy have repeatedly shown that at temperatures

below the solid-liquid transition temperature of the SM, the

cholesterol and SM can phase separate into large micro-

domains (diameters in microns and larger) (14–16). Rafts,

smaller than the resolution of an optical microscope, have

also been detected in bilayer membranes by spectroscopy,

including fluorescence resonance energy transfer (FRET)

(17–19) and NMR (20). Results of spectroscopy and

microscopy have been combined to map phase diagrams

for lipid compositions that phase separate into rafts (20,21).

Combining these methods revealed a problem that has re-

mained unresolved. It has been found that for some lipid

compositions, spectroscopy reports that only small, nano-

meter-scale rafts should be present, whereas in fact large rafts

are observed by video fluorescence microscopy.

This anomaly could have proven to be relatively incon-

sequential, but, in this study we show that the cause of the

anomaly is actually of critical importance: excitation of fluo-

rescent lipid probes leads to the generation of lipid peroxides

that break down into products which dramatically alter raft

properties. In particular, the generation of SM peroxide

breakdown products can induce nanometer-scale rafts to

grow to micron sizes. Our findings have wide-ranging con-

sequences, since so much of the data used to describe the

physics of rafts are based on fluorescence and microscopic

methodologies. We also compare raft properties in giant

unilamellar vesicles (GUVs) to those in planar lipid bilayers

supported by a solid substrate. We find that photooxidation

promotes raft enlargement in the same manner for GUVs and

for bilayers separated from the substrate by a polymer

cushion. But if the bilayer is directly adhered to the substrate,

interactions between the lipid bilayer and substrate promote

formation of large rafts. We conclude that when using

fluorescence microscopy to study rafts, it is essential that

photooxidation and all other causes of lipid peroxidation be

stringently eliminated.Submitted April 18, 2006, and accepted for publication June 8, 2006.
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MATERIALS AND METHODS

Forming giant unilamellar vesicles

GUVs were prepared from egg SM (eSM), cholesterol, and dioleoylphos-

phatidylcholine along with fluorescent lipid probes, either Rho-DOPE or

NBD-DPPE or both. All lipids were obtained from Avanti Polar Lipids

(Alabaster, AL). GUVs were formed by electroswelling using standard

techniques (22), modified to prevent lipid peroxidation. Briefly, a small

amount of lipid dissolved in chloroform was deposited within a well

(;7-mm diameter) that was machined into a titanium plate (of thickness 2.5

mm). The chloroform was removed by a stream of argon followed by

maintaining the plate under vacuum for 1 h. This plate and another titanium

plate (without a well) were apposed, creating a capacitor; the plates were

spaced apart by a 0.5-mM-thick Teflon sheet with a 15-mm-diameter hole

and filled with an aqueous solution, usually 200 mM sucrose dissolved in

18 MV deionized water. For all procedures, solutions were purged of O2,

unless stated otherwise. GUVs were produced by electroswelling: a 10-Hz,

1.4-V p-p sine wave voltage was applied across the capacitor for 40 min at

55–60�C. This is above the 41�C transition temperature (Tm) of 16:0 SM, the

major component of eSM. After forming GUVs, temperature was slowly

lowered to 25�C and the suspension was collected.

Microscopic and fluorometric observation of rafts

A chamber with Peltier control of temperature was mounted on the

fluorescence microscope stage. After adding a few microliters of the GUV

sucrose solution to an isotonic glucose solution within the chamber, the GUVs

rapidly settled onto the bottom coverslip of the chamber. The coverslip was

pretreated with 10 mg/ml BSA for 5 min and then thoroughly rinsed (23) to

prevent the GUVs from directly touching the glass and rupturing. A long-

working-distance 633 oil immersion objective (numerical aperture 1.2,

Zeiss, Thornwood, NY) was used to observe the GUVs. Images were captured

with a cooled charge-coupled device camera (model DV 437 BV, Andor

Technology, Belfast, United Kingdom) and stored to hard disk for later

analysis. We operationally define domains enriched in NBD-DPPE and/or

depleted in Rho-DOPE as rafts. To lower temperature below ;25�C, we

displaced the oil immersion objective from the coverslip. This thermally

decoupled the chamber from the microscope and eliminated condensation

onto the objective that would otherwise occur. After achieving the desired

temperature, the objective was quickly adhered by oil to the coverslip for high

resolution observation.

For fluorimetry (Luminescence Spectrometer LS50B, Perkin Elmer, Foster

City, CA) within cuvettes, large unilamellar vesicles were prepared by

extrusion (24) through filters (200-nm pores) inserted into a device designed

for small volumes (LiposoFast, Avestin, Ottawa, Canada). Typically 1–2 mg

of lipid in 0.5 ml of 10 mM Tris, pH 7.3, was extruded. For experiments, the

solutions were purged of oxygen and the vesicle-containing cuvette was sealed

from air. Temperature was controlled via a thermostated cuvette holder.

Supported bilayers

A lipid film of eSM/Chol/DOPC/DOPE (20:20:40:20%) was hydrated in

100 mM NaCl, 10 HEPES, pH 7.2, at 55–60�C for 1 h. After vortexing, the

multilamellar lipid vesicles (MLVs) were sonicated for 10 min at 55–60�C
within a cuphorn attachment to a cell disruptor that was set to continuous

maximum power (Cell Disruptor 200, Branson, Danbury, CT) to create a

suspension of small unilamellar vesicles (SUVs) that were added (;0.5–

1 mg lipid/ml) to a freshly cleaved mica slide. The SUVs contacting the mica

surface ruptured and fused to spontaneously create, within 10 min, an

adhered planar bilayer (25). We also prepared bilayers that were separated

from the substrate by a polymer cushion. After depositing ;40 ml of a 100

ppm polyethyleneimine (PEI) solution on the surface of the mica (;50

mm2), the slide was washed with water and then dried at room temperature

for several hours. A bilayer was made on the PEI-covered mica in exactly the

same way as described, without polymer. A short chain PEI polymer (1800

D) and its cushioned bilayer have been characterized (26,27). We used this

short PEI as well as a longer (65,000 D) version.

Production of lipid peroxides

Lipids can peroxidize at any double bond. Thus, illuminating fluorescent

probes within a bilayer can peroxidize SM, cholesterol, and any unsaturated

lipid. We produced peroxides of eSM and DOPC by preparing MLVs

consisting solely of eSM or DOPC in 10 mM HEPES or in 10 mM Tris

(pH 7.4). To generate peroxides, chlorophyllin—a semisynthetic derivative

of chlorophyll—was added (at 10–20 mM) to an MLV suspension, and

SUVs were created by sonication. (For eSM, all procedures were performed

at 60�C.) Chlorophyllin is photoexcitable (i.e., it is a photosensitizer) and

readily partitions into membranes (28); we produced lipid peroxides by

illuminating the vesicles with a 5-mW red (650 nm) laser diode for 2 h.

The suspension of peroxidized vesicles was mixed with chloroform/

methanol (2:1), and phase separation of these two solvents was accelerated by

low-speed centrifugation. The lipid peroxides were enriched in the water/

methanol phase, as determined by a ferrous oxidation in xylenol orange

(FOX)-based assay. This phase was collected and both solvents were

evaporated. The peroxide-containing material was dissolved in a methanol/

water (9:1) solution. We catalyzed the full breakdown of the peroxides in a

Haber-Weiss reaction by adding a small amount of 5 mM ammonium ferrous

sulfate in 0.5 M sulfuric acid (final Fe21 concentration ;50–100 mM Fe21)

(29). The products of this reaction are mostly hydroxylated compounds. To

minimize any reaction cascades initiated by peroxide-produced free radicals,

we included an excess (4 mM) of the antioxidant butylated hydroxyl toluene

(BHT). BHT provides a substrate for hydrogen abstraction by lipid-free

radicals, thereby minimizing any cross-linking between radicals. The break-

down products should thus consist almost exclusively of monomers. (Control

experiments established that BHT did not produce rafts.) The reaction was

allowed to proceed for 1 h. The acid was then neutralized with sodium

carbonate, and an equal volume of chloroform was added. From the measured

initial peroxide content, we found that at least half of the breakdown products

were in the chloroform phase after the water and chloroform phase separated.

We collected the products from this phase only to eliminate the considerable

amount of ions (e.g., sodium, carbonate, and sulfate) that had been added as

salts and acid. After evaporating the large volume of chloroform, we found

that the breakdown products of SM-peroxide were not soluble in small

volumes of any combination of chloroform, methanol, and water that we

used. We therefore suspended the products in chloroform/methanol (2:1) and

solubilized them by adding water (;0.253), containing 50–100 mM Fe21,

that had been acidified with either 10 mM sulfuric acid or 50 mM acetic

acid. After the solubilization, we added NaCO3 to neutralize the H2SO4;

acetic acid is a weak acid and volatile, and thus, for this preparation, explicit

reneutralization was not necessary. Phase separation of the solvents was

accelerated by centrifugation. The products were now solubilized within

the chloroform phase. We included these isolated breakdown products in a

GUV-lipid mixture that does not otherwise generate large rafts (i.e., eSM/

cholesterol/DOPC, 20:40:40%) to determine whether the product promoted

large raft formation. Whenever including a product in a lipid mixture, we

removed the same percentage of unoxidized component as product added

(e.g., 15 mol % eSM was used if 5 mol % of SM-breakdown products were

included) to simulate the oxidative processes during fluorescence micros-

copy. Phospholipid contents were quantified by a colorimetric assay (30). We

used diethylenetriaminepentaacetic acid (DTPA) as a chelating agent to

prevent autooxidations that could result from redox reactions between

dioxygen and the trace iron that is invariably present; EDTA does not prevent

these reactions, and in fact, it enhances them (29).

Lipid peroxide content assay

Peroxide content was quantified by slight modification of a FOX assay (31).

The peroxide-containing material was dissolved in methanol and mixed with
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100 mM xylenol orange, 250 mM ammonium ferrous sulfate, 5 mM

N-propyl gallate (NPG) or 4 mM BHT (as antioxidants), 25 mM sulfuric

acid in 90% methanol. The absorbance at 585 nm was used to calculate the

peroxide content. Measured amounts of n-butyl hydroperoxide were used to

generate a standard curve.

Peroxide production during electroswelling

We tested whether electrode reactions during preparation of GUVs resulted in

peroxide formation. We made these determinations for both titanium and the

traditional indium tin oxide (ITO)-glass as electrodes. GUVs were prepared by

electroswelling in a sucrose solution at 60�C. As a control, all steps of GUV

production were carried out, except voltage was not applied. Total phospho-

lipid content was used to normalize the lipid peroxide levels of each prep-

aration. To measure peroxide levels, a suspension of GUVs was diluted with

methanol and 75–150ml of this sample was combined with an equal volume of

the FOX assay cocktail. The preparation was vortexed, sealed under argon, and

incubated at room temperature for 30 min in a FOX assay.

RESULTS

Photobleaching promotes formation of large rafts

We followed phase separation of lipids within bilayer

membranes by video fluorescence microscopy. Rho-DOPE

preferentially resides in domains rich in liquid-disordered

phases and is excluded from liquid-ordered domains (15);

NBD-DPPE preferentially partitions into liquid-ordered

domains (32). For bilayers containing SM and cholesterol,

we refer to domains enriched in NBD-DPPE and/or depleted

in Rho-DOPE as rafts. At temperatures above the Tm of eSM,

;41�C for 16:0 SM, fluorescence from Rho-DOPE or NBD-

DPPE was always uniform, indicating that large-scale phase

separation did not occur. As has been observed by many

(14,15,22,32), for some lipid compositions, microscopically

visible rafts form at temperatures below Tm, the precise

temperature required dependent on composition. We have

unexpectedly found that for some lipid compositions and

temperatures, microscopically observed phase separation is

caused by lipid oxidation during photoexcitation rather than

by intrinsic phase separation of pure, nonoxidized compo-

nents. For lipid compositions that intrinsically yield large

rafts, photooxidation augments the extent of raft enlargement

and increases the line tension.

In Fig. 1, we illustrate the effects of photooxidation for

GUVs composed of 20% eSM, 40% cholesterol, and 40%

DOPC. (The percentage of DOPC was reduced to accom-

modate the amount of Rho-DOPE and/or the NBD-DPPE

included in the lipid mix.) The use of photoprotectors and

deoxygenated solutions is the standard method to minimize

photooxidation. In the presence of the photoprotector NPG,

optically detectable phase separation was not observed when

temperature was lowered to 25�C (Fig. 1A) (rate of lowering¼
3�C/min), nor when temperature was further lowered to

;10�C (Fig. 1 B). However, lowering temperature to ;1�C
induced phase separation for an appreciable fraction of the

GUVs (Fig. 1 C). These phenomena occurred independent of

whether only one of the two probes was present, or both were

included in the lipid mix.

In contrast, large rafts appeared at 25�C within ;30 s of

illumination when photooxidation was not prevented (i.e.,

NPG was omitted) (Fig. 2). (We did not attempt to determine

the precise transition temperature for this photoinduced

process.) Large rafts for similar ratios of lipids have been

observed by several groups (14–16,33), although the precise

lipid mixture varies among laboratories. These photoinduced

rafts did not immediately form for all GUVs. Some GUVs

were spherical (i.e., circular in cross section) and these did

not exhibit a fluctuating membrane, indicating that the

vesicle was fully swollen and the membrane taut. Rafts

formed quickly upon illumination within these GUVs. Other

GUVs exhibited noncircular cross sections, and, for these,

their shape fluctuated, indicating an excess of membrane area

for the enclosed volume. For these latter GUVs, illumination

caused shape changes before raft formation. Patches of

membrane were observed to bud and some pinched off. In

the presence of antioxidants, none of these shape changes

occurred as a result of our intensity of illumination. Fluo-

rescence remained uniform during this period, indicating that

these patches were not rafts. The originally nonspherical

GUVs assumed a spherical shape that did not fluctuate once

the budded patches pinched off. Once GUVs were spherical,

large rafts were observed. We conclude that photoinduced

raft formation required that the GUV be spherical. All rafts

were fluid, mobile, and merged when they contacted each

other. Merger was the dominant means for creating large

rafts. The same photoinduced phenomena were observed for

photoprotected GUVs when light intensity was sufficiently

increased. In short, once membrane tension is nonzero,

photooxidation of lipid probes promotes the creation of large

rafts. Like the behavior of flaccid vesicles, the photoinduced

rafts often formed buds at the surface of the GUV and

sometimes pinched off. (At this point, only the rafts formed

buds.) This budding clearly shows that these rafts have large

line tensions, on the order of several piconewtons (33).

We tested the dependence of large raft formation on the

SM/cholesterol percentages in GUVs when photooxidation

was prevented. For SM/cholesterol percentages of 20:10%,

10:20%, 20:20%, and 20:40%, we lowered temperature from

FIGURE 1 Large rafts do not form for a high cholesterol-content

membrane in the absence of photooxidation, unless temperature is extremely

low. Rafts do not appear at 25�C (A) or 10�C (B), but some rafts do appear at

1�C (C). GUVs were formed from a 20:40:40% eSM/cholesterol/DOPC

mixture. NBD-DPPE was used as probe for each of these panels.
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60�C to 25�C and scored the fraction of GUVs that presented

large rafts. Visible domains were readily formed in all

liposomes for the 20:10% SM/cholesterol mixture (Fig. 3 A).

The raft region would bud and often pinch off for those

liposomes that exhibited excess area, demonstrating that

these rafts had high line tension (33). For SM/cholesterol at

20:20%, very few GUVs exhibited visible rafts (Fig. 3 B).

But further lowering temperature, to ;15�C, did result in the

appearance of large rafts (data not shown). As was the case

for an SM/cholesterol ratio of 20:40%, microscopically

visible rafts were not observed for a 10:20% mixture at 25�C
(Fig. 3 C), but a few very small rafts did appear at 10�C.

Clearly, increasing cholesterol concentration at a fixed

amount of SM can eliminate large raft formation; this is

consistent with phase diagrams characterizing small and

large domains formed from DOPC/SM/cholesterol (34,35)

and DOPC/DPPC/cholesterol mixtures (20). It has been

common to use a 1:1:1 DOPC/SM/cholesterol mixture for

raft studies in model bilayer membranes (14,36). (Although

this has become a ‘‘canonical’’ lipid mixture, its SM content

is higher and cholesterol content is lower than that of cell

plasma membranes.) We found that for this mixture, large

rafts readily formed in all the GUVs, even when the

antioxidant NPG and the transition metal chelator DTPA

were included. Budding of rafts and other raft phenomena

were similar to those of a 20:10% SM/cholesterol mixture,

but the rafts were larger for the 1:1:1 mix. For SM/choles-

terol percentages that did not require photooxidation for

large rafts to form, intentional photooxidation induced the

appearance of additional rafts. These new rafts merged

among themselves as well as with preexisting rafts. Thus,

photooxidation caused the total microscopically observed

raft area to increase. (At no time did the entire bilayer

become one large raft.) For monolayers composed of

cholesterol and a saturated PC, the critical pressure for two

microscopically visible, coexisting liquid phases decreased

with lipid oxidation (37). In other words, here too, lipid

oxidation promoted formation of large domains.

In the absence of NPG, rafts formed quickly for the

20:40% SM/cholesterol mixes, before there were appreciable

decreases in fluorescence, independent of whether NBD-

DPPE or Rho-DOPE was excited. (But bleaching of NBD-

DPPE fluorescence was the much quicker of the two.) Thus,

photobleaching of the probe was not the cause of the ap-

pearance of large rafts. If the incident light was blocked once

rafts were observed, the preexisting rafts would merge

among themselves, but additional rafts did not appear. If,

instead, illumination was maintained, new rafts continued to

form and merge and a greater percentage of the GUV mem-

brane formed a raft. When the photoinduced rafts first formed,

line tension was small as indicated by large fluctuations in

raft boundaries that deviated from a circular shape. The

undulations of the boundary decreased with time of illumi-

nation. The magnitude of undulations should depend on line

tension and not on hydrostatic pressure within a vesicle.

(This is advantageous because pressure is difficult to mea-

sure or to control for a GUV.) The decreasing undulations

show that continued photooxidation leads to greater line

tension.

When NPG was present, fluorescence of Rho-DOPE had

to decrease ;20% from its initial value before large rafts

formed. This need for significant photobleaching in the

presence of NPG, but not in its absence, indicates that

FIGURE 3 In the absence of photooxidation, the appearance of large rafts

depended on the ratios of SM and cholesterol rather than on a simple

increase in the amounts of the two components. (A) Large rafts formed for a

20:10% SM/cholesterol mixture. (B) Large rafts were scarce for a 20:20%

SM/cholesterol mixture. Small, barely visible rafts are marked by arrows.

(C) Large rafts were absent for a 10:20% mixture. NBD-DPPE was used as

probe for this figure. All images are for GUVs at 25�C.

FIGURE 2 Photooxidation promotes large

rafts for high cholesterol content bilayers. In

the absence of antioxidants, large rafts formed

within 15 s after illumination. GUVs prepared

as in Fig. 1. Rho-DOPE was used as probe, so

here nonraft circular domains are surrounded

by a raft region. The times after starting illu-

mination are shown (in units of seconds) in the

upper left corners.
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excitation of rhodamine (which should reside in the aqueous

phase) initiates chain reactions that lead to products that

cause the creation of large rafts; NPG terminates the re-

actions, preventing the production of these products until

considerable photobleaching occurs. This has practical con-

sequences. For example, lipid oxidation must occur in fluores-

cence recovery after photobleaching (FRAP) experiments,

limiting the suitability of FRAP for raft study.

Small rafts that do not enlarge form
without photooxidation

The question naturally arises: For lipid mixtures that do not

exhibit microscopically observable rafts, does photooxida-

tion create the rafts or does it promote the enlargement of

preexisting small, nanoscopic rafts? A standard procedure

for identifying whether a lipid mixture yields small rafts at a

given temperature is to measure, in cuvette fluorimetry exper-

iments, the FRET signal between a probe that concentrates in

rafts (e.g., NBD-DPPE as donor) and one that remains in the

surround (e.g., Rho-DOPE acceptor), or vice versa (18,19):

at constant temperature, raft formation lowers the FRET

acceptor signal as compared to probes uniformly distributed.

Unlike fluorescence microscopy, cuvette-fluorescence spec-

troscopy is basically not susceptible to photooxidation. In

cuvette experiments, vesicles continuously move through the

beam of illumination, beam intensity is low, small amounts

of probe are used, and solutions are purged of oxygen and

sealed within cuvettes—so if rafts formed in these experi-

ments, photooxidation could not be the cause.

We attempted to generalize the constant temperature

FRET procedure to identify raft formation upon lowering

temperature. We formed 200-nm-diameter unilamellar ves-

icles at ;60�C and lowered temperature to below Tm. For

vesicles containing SM (eSM/DOPC, 1:4) and a high con-

centration of NBD-DPPE (3 mol %), but free of cholesterol,

NBD fluorescence was constant as temperature was lowered

to just below 40�C (Tm of 16:0 SM, ;41�C) (Fig. 4, inset).
As temperature was lowered further, fluorescence continu-

ously decreased with the same slope at all temperatures. The

decrease in fluorescence is accounted for by separation of

SM into a solid-ordered phase below 40�C: NBD-DPPE

preferentially partitions into a SM solid-ordered phase (32).

The greater self-quenching that results from the inclusion of

NBD-DPPE into this phase accounts for the decrease in fluo-

rescence with lowered temperature. Because probe fluores-

cence should be intrinsically independent of temperature, the

total area occupied by SM in a solid-ordered phase appears to

have continually increased with lowered temperature.

The fluorescence of NBD-DPPE (as a sole probe) con-

tinuously increased as temperature was lowered, even at a

concentration as low as 0.1 mol % of probe, in a 20%/40%

eSM/cholesterol lipid mixture (Fig. 4, open circles). The

temperature dependence above 40�C was surprising because

rafts should not continuously form and/or enlarge at tem-

peratures above Tm. The increase was observed for temper-

atures significantly .40�C and the slope of the increase was

independent of temperature, with no changes from 50�C
down to 10�C. The fluorescence of Rho-DOPE (in the

absence of NBD-DPPE) exhibited a similar, but much less

severe, variation with temperature, but here fluorescence

decreased with lowered temperature (data not shown). The

data thus indicate that the fluorescence of each of the probes

can vary with extremely subtle changes in lipid packing in the

presence of SM and cholesterol. Independent of the cause of

fluorescence changes, a change in a FRET signal would not be

an unambiguous signifier of raft formation as temperature is

lowered. We therefore developed an alternate procedure to

detect the onset of rafts upon temperature lowering.

We included each of the probes (0.1% NBD-DPPE and 1%

Rho-DOPE) in vesicle preparations, but rather than utilizing

FRET, we employed this relatively low amount of Rho-

DOPE as a partial quencher of NBD fluorescence: if a raft

forms, the inclusion of NBD-DPPE and exclusion of Rho-

DOPE within the raft should relieve quenching of NBD and

result in a fluorescence increase greater than would be caused

by subtle packing changes. We found that the quenched signal

increased more steeply for temperatures below ;30�C than

above (Fig. 4, solid triangles). This change in slope at

temperatures,30�C clearly distinguishes it from the uniform

increase in fluorescence with lowered temperature where

NBD-DPPE is the sole probe (open circles). Also, above

30�C, the quenched NBD-DPPE fluorescence was relatively

independent of temperature. This is consistent with the

FIGURE 4 Using fluorimetry to measure the formation of small rafts upon

lowering temperature. Liposomes of 200-nm diameter were prepared from a

20%/40%/40% eSM/cholesterol/DOPC mixture. For liposomes containing

NBD-DPPE (0.1%) as a sole probe (open circles), fluorescence varies with

the same slope for temperatures above and below 40�C. In contrast, partially

quenching the NBD-DPPE fluorescence by Rho-DOPE (1%) caused NBD

fluorescence to increase more steeply below 30�C–35�C than above this

temperature range (solid triangles). The unquenched (open circles) and

quenched (solid triangles) fluorescence was normalized to their values at

50�C, plotted as F/F0. Records are shown for a typical experiment. Inset:

NBD-DPPE fluorescence in liposomes composed of eSM/DOPC 20:80%,

illustrated for a typical experiment.
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expectation that NBD-DPPE and Rho-DOPE remain in a

single phase above the transition temperature for raft forma-

tion. The change in slope for temperatures below 30�C shows

that the two probes became physically more separated from

each other, relieving the quenching. In other words, as rafts

formed, NBD-DPPE preferentially partitioned into them and

Rho-DOPE remained in the surround. The continual increase

in slope below 30�C is consistent with continual raft en-

largement: as a raft enlarges, a smaller percentage of the NBD-

DPPE resides at the raft boundary where it is quenched by

Rho-DOPE in the surround. We thus conclude that small rafts

do form for a 20%/40% SM/cholesterol mix in the absence of

photooxidation. Lipid-oxidation may augment raft formation;

it definitely promotes raft enlargement.

Breakdown products of SM-peroxide promote
large raft formation

Our experiments and those of others (18–20) show that for

some lipid compositions, small nanoscopic scale domains

form but do not enlarge. The products induced by photoox-

idation should be responsible for raft enlargement for these

compositions. Lipids photooxidize at double-bonded car-

bons to create lipid peroxides (38). Therefore SM, choles-

terol, and DOPC can be peroxidized. Peroxides are unstable,

breaking down into free radicals that can react with each

other and with other lipids. We determined whether break-

down products of peroxides of SM and/or DOPC are

responsible for raft enlargement. We generated peroxides

from sonicated unilamellar vesicles composed of only SM or

DOPC. As controls, we also prepared vesicles composed of

DMPC and either SM or DOPC. We generated peroxides for

each lipid mix by adding 10–20 mM chlorophyllin to a

solution containing vesicles, and then we illuminated the

preparation. The chlorphyllin served as a photosensitizer to

generate peroxides. We partitioned the peroxides into water,

measured their content, and catalyzed their breakdown into

hydroxylated products by a Fe21-catalyzed Haber-Weiss

reaction (see Materials and Methods). Each batch of

peroxide breakdown products was separately included in a

lipid mix (56% DOPC, 20% SM, 40% cholesterol, 1% Rho-

DOPE, and 3% NBD-DPPE) and GUVs prepared. The

addition of the SM-peroxide products (;5 mol %) consis-

tently caused large rafts to form at 25�C (Fig. 5 A). The

percentage of GUVs that exhibited rafts increased with

lowered temperature (Fig. 5 B). The products of SM-

peroxide were relatively insoluble in solvents (see Materials

and Methods) and this may have caused them to distribute

nonuniformly throughout the vesicle population. Such

nonuniformity may have contributed to the appearance of

large rafts in only a fraction of the GUVs. (Products were

solubilized in the presence of either sulfuric acid or acetic

acid. Those solubilized by sulfuric acid induced large rafts at

somewhat higher temperatures than those solubilized by

acetic acid. But a larger percentage of the GUVs containing

the acetic acid-solubilized products exhibited large rafts at

lower temperatures. It is likely that incorporation was less

uniform for the sulfuric acid-solubilized products.) The large

rafts that did appear were generated even though 2 mM NPG

was present at all stages of the experiment, commencing with

the initial step of drying the lipid-solvent mix to prepare

GUVs. In control experiments, we showed that any Fe21/

Fe31 that may have been present along with the products did

not induce large rafts (see Materials and Methods). Also, the

same results were obtained when we continually included

100 mM DTPA (starting from GUV formation) as a chelator

to prevent the possibility of iron-catalyzed autooxidations

(29). In contrast to SM, including up to 10 mol % of DOPC,

breakdown products in the same lipid mixture did not result

in the formation of large rafts, down to temperatures as low

as 1�C (Fig. 5 C). This contrasts with the finding that large

rafts did form at this temperature when the DOPC break-

down products were not included. In conclusion, we have

shown that breakdown products of SM-peroxide cause raft

enlargement. But not all peroxide breakdown products in-

duce raft enlargement. If small rafts did form in the absence

of peroxidation for our 20:40% SM/cholesterol mixture,

products of peroxide breakdown did not serve as nucleation

centers for phase separation, but rather became raft compo-

nents that promoted raft enlargement. Preferential partition-

ing of an oxidation product into a phase caused by favorable

interactions could explain why an oxidation product promotes

domain enlargement. We emphasize that the raft enlarge-

ment was induced without any photooxidation whatsoever—

breakdown products isolated from separate photosensitized

preparations caused the enlargement.

Peroxides can form during GUV production

In addition to photooxidation upon excitation of photosen-

sitizers such as fluorescent lipids, lipid peroxides can be

FIGURE 5 Breakdown products of SM-peroxide, but not those of DOPC-

peroxide, induce raft enlargement. (A) GUVs that included 5 mol % of SM-

peroxide breakdown products in a 15:40:36% eSM/cholesterol/DOPC (plus

1% NBD-DPPE and 3% Rho-DOPE) mixture yielded large rafts at 25�C. (B)

A greater percentage of the GUVs exhibited rafts at 10�C (C). GUVs that

included 10 mol % of DOPC-peroxide products in a 20:40:26% eSM/

cholesterol/DOPC (plus 1% NBD-DPPE and 3% Rho-DOPE) mixture did

not yield visible rafts, even when temperature was lowered to 1�C. Note that

the lipid mixtures were the same in all cases, except that in panels A and B
the 5 mol % of SM-peroxide breakdown products replaced an equivalent

amount of SM, whereas in (C) the 10 mol % DOPC-peroxide breakdown

products substituted for this amount of DOPC. All three images display the

fluorescence of NBD-DPPE.
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created as a consequence of electrochemical reactions. In

preparing GUVs by electroswelling, voltages are applied to

electrodes that serve as capacitor plates. Electron transfer can

occur at these electrodes, leading to electrolysis and other

electrochemical reactions that produce peroxides (39).

ITO-coated glass has become the standard electrode for

generating GUVs used in raft studies (14,22,33). We initially

used this ITO-glass for electroswelling, but after discovering

the importance of peroxide production in raft enlargement,

we tested whether peroxides were created when using this

electrode. We prepared GUVs containing eSM/cholesterol/

DOPC (20:20:60%), measured peroxide levels, and normal-

ized to the amount of lipid. (To prevent any possibility of

photoinduced peroxidation, fluorescent lipids were not

included.) For ITO-glass electrodes, ;0.6 mol % of lipid-

peroxide was produced for solutions that had been purged of

O2 (Fig. 6, bar graphs, first column). (The solutions were not,

however, isolated from air during the electroswelling at

60�C.) Because of chain reactions (see Discussion), this level

of peroxide content could lead to products that induce large

rafts for some lipid compositions that would not otherwise

lead to rafts. We therefore switched to titanium (Ti) elec-

trodes because the oxide (TiO2) that naturally forms and that

tightly adheres to the metallic surface blocks current at

anodes (40). Oxidation (electron transfer from solution into

the electrode) occurs at anodes, and so the use of titanium

electrodes should not result in peroxides. We explicitly

checked this by measuring peroxide levels for the GUVs

prepared using titanium electrodes, and found that peroxide

levels were below the measurable limit of our assay (Fig. 6,

bar graphs, second column).

We tested whether the choice of electrodes in preparing

GUVs was consequential to raft enlargement: we used ITO-

glass and titanium as electrodes to prepare separate batches

of GUVs by standard electroswelling procedures (22) for a

20:40:40% SM/cholesterol/DOPC mixture. We ensured that

all conditions were equivalent except for the choice of

electrodes by simultaneously preparing the GUVs with the

same apparatus, using separate chambers for each electrode

system. Large rafts formed at 25�C for ;20% of the GUVs

prepared by ITO-glass (Fig. 6 A); no rafts were observed for

those prepared by titanium. At ;5�C, a greater percentage of

the ITO-glass GUVs exhibited large rafts (Fig. 6 B); titanium

GUVs were still completely free of rafts (Fig. 6 C). The

generation of peroxides for GUVs made by electroswelling

using ITO-glass electrodes is undoubtedly the cause of the

large rafts for the 20:40% SM/cholesterol lipid mixture. (It is

not surprising that a fraction of the GUVs prepared with

ITO-glass did not exhibit rafts because only GUVs that came

into proximity with the electrodes could have their lipids

peroxidized.) Because we now know that the use of ITO-

glass electrodes leads to peroxides and that peroxides break

down to yield free radicals that lead to a large amount of

oxidation products, these electrodes should not be used to

generate GUVs containing unsaturated lipids, regardless of

the intended application of the GUVs. Since titanium elec-

trodes do not generate peroxides, they are suitable for GUV

preparation by electroswelling.

Raft behavior is different in GUVs and directly
adhered bilayers

Planar bilayers supported by a solid substrate provide a thin

optical section convenient for fluorescence microscopy, and

this system is often used for raft study (14,32,41). We

therefore tested the consequences of photooxidation on raft

enlargement in this system, using a 20:20% eSM/ cholesterol

mix containing 1% Rho-DOPE and 3% NBD-DPPE as

probes. For bilayers formed directly on a mica substrate

(mica was chosen because it is molecularly flat (42)), the

fluorescence of both probes was microscopically uniform at

high temperature (55�C). In the presence of antioxidants

FIGURE 6 Forming GUVs with ITO-glass electrodes, but not with

titanium electrodes, generates peroxides. Bar graph: ITO-glass and titanium

electrodes were used to prepare GUVs composed of 20:20:60% eSM/

cholesterol/DOPC, and peroxide content was measured by a FOX assay and

normalized to the amount of lipid. (This amount was calculated from the

measured phospholipid content.) The ordinate thus displays the percentage

of peroxide relative to the total lipid content in mol %. Error bar is mean 6

SE, n ¼ 4. The use of ITO-glass led to peroxides (column 1), but titanium

electrodes (column 2) did not generate peroxides. GUVs were prepared in

200 mM sucrose using a 3 V p-p, 10-Hz sine wave across the electrodes.

Images: When ITO-glass electrodes were used to prepare GUVs composed

of 20:40:40% eSM/cholesterol/DOPC, some large rafts formed at 25�C (A);

more formed at 4�C (B). Only a fraction of the GUVs could exhibit rafts

because only those vesicles that came within proximity of the electrodes

could have their lipids electrochemically peroxidized. Preparing GUVs

under precisely the same conditions, but using titanium electrodes, did not

lead to rafts, shown here at 10�C (C; see also Fig. 1). NBD-DPPE was used

as probe for all images.
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(NPG or ascorbate), irregularly shaped small domains (;1–2

mm) depleted of Rho-DOPE and enriched in NBD-DPPE

formed when temperature was lowered to 25�C. This for-

mation of visually observable domains is in contrast with the

lack of observable rafts in GUVs for the same lipid mix (Fig.

7 A). When antioxidants were omitted from the supported

bilayer system, illumination for a few minutes affected the

appearance of the domains: the region of the bilayer exposed

to the incident light exhibited larger and less densely spaced

rafts than the nonilluminated regions. Also, at the circular

boundary of the illuminated area, a ring of thickness of few

microns appeared that did not contain any rafts (Fig. 7 B). In

the presence of antioxidants, rafts within and outside the

illuminated area were the same, and this ring did not form.

FRAP experiments using fringe pattern and small diam-

eter beams (;1 mm) have previously demonstrated that the

individual lipids within the monolayer apposing the substrate

are not immobilized by their interactions with the substrate

(32,43). We found that photobleaching large areas (;20 mm)

of the bilayer at high temperature (i.e., fluorescence was

uniform) led to full fluorescence recovery within a few

minutes. This indicates that large regions of the adhered

bilayer were continuous, rather than comprising separate

patches of membrane, and confirms that individual lipids in

both monolayers were mobile. But we also found that despite

the free diffusion of individual lipids, rafts were immobile, as

has been described by others (32,44). The immobility of rafts

obviously prevented their merger and thus rafts could not

substantially enlarge over time. The contrast between for-

mation and enlargement of rafts in GUVs and supported

bilayers shows that interactions of a bilayer with a substrate

can dominate raft properties. This is similar to the demon-

stration that for a dipalmitoylphosphatidylcholine/dilauryl-

phophatidylcholine/cholesterol mixture, phase separation

into liquid crystalline and gel phases occurs more readily

for a planar bilayer directly adhered to a mica support than

for a free GUV (23).

Rafts in cushioned bilayers are similar to those
in GUVs

We reduced the bilayer mica interactions by using one of two

polymers, one MW ;1,800 and the other MW ;65,000, to

make a ‘‘cushion’’ between the bilayer and the mica

substrate. The thickness of the cushion created by the small

polymer is 11–15 nm (26); the thickness of the cushion

created by the larger polymer has not been measured, but it is

likely to be substantially greater. For the smaller polymer,

rafts formed in a manner that was generally similar to that in

bilayers directly supported by the substrate. However, these

rafts were larger and more ‘‘rounded’’ than the irregularly

shaped rafts observed without polymer. In the absence of

antioxidant, illumination caused raft enlargement. After a

few minutes, rafts within an illuminated region were some-

what larger than those in the nonilluminated surrounding

bilayer. Visible rafts were immobile, and so their enlarge-

ment must have occurred through accretion of material from

the surround. Calculations show that raft enlargement through

accumulation of monomeric lipids into micron scale domains

(e.g., enlargement via Ostwald ripening) is extremely slow

(45). We therefore assume that submicroscopic rafts were

present, and they were sufficiently mobile to reach and

merge with the visible rafts.

When the larger polymer was used to create a cushion to

separate bilayer from substrate, microscopically visible rafts

did not form at 25�C if antioxidants were present (Fig. 7 C).

(Further lowering temperature to 10–15�C led to a few,

barely resolvable rafts.) Photooxidation, induced by increas-

ing illumination intensity or omitting antioxidants, readily

caused large rafts to form (Fig. 7 D). The rafts were not

perfectly circular, but they were much less irregularly shaped

than those within bilayers directly adhered to a substrate. The

rafts were mobile, but less mobile than for GUVs. They

rapidly merged upon contact with each other. Raft enlarge-

ment also occurred without observable mergers. Here again,

accretion of material from the surround must be responsible

for this enlargement. In short, the properties of rafts within

planar bilayers separated from substrate by a thick cushion

were basically the same as for rafts in GUVs. Our results

show that adhesive interactions between a bilayer and

FIGURE 7 Adhering a bilayer directly onto a substrate promotes large

rafts. (A) For a 20:20:40:20% eSM/cholesterol/DOPC/DOPE bilayer

adhered to a mica substrate, large rafts form at 25�C in the presence of

antioxidants. (This contrasts to GUVs of the same composition, for which

rafts did not form.) (B) Photooxidation produced by illumination in the

absence of antioxidants led to larger rafts. The arrows mark the boundary of

the illuminated area. (C) Providing a cushion (here, made with 65 kD PEI)

between the bilayer and substrate reduces large raft formation. In the

presence of antioxidants, large rafts do not appear at 25�C for a cushioned

bilayer. (D) Rafts appear in the cushioned bilayer when photooxidation is

not prevented. Rho-DOPE was used as probe.
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substrate greatly alter some raft properties and that poly-

mer cushions can be used to minimize, but not completely

eliminate, the consequences of bilayer interactions with the

substrate. These experiments also emphasize that photoox-

idation induces the formation of large rafts in free, nonin-

teracting lipid bilayers, independent of the precise model

system employed.

DISCUSSION

In this study, we have shown that it is imperative to employ

photoprotectors in lipid raft studies to accurately determine

raft growth and raft properties, such as line tension. We

demonstrated that for some lipid compositions, large rafts

appear only if photooxidation occurs. For lipid compositions

that do not require photooxidation for large rafts to form,

photooxidation still has the effect of increasing raft line

tension. We further demonstrated that the formation of pho-

toinduced large rafts is caused by the presence of breakdown

products of peroxides, predominantly SM-peroxides. In

addition to lipid peroxide production by photooxidation,

lipid peroxides can also be generated by electrochemical

reactions during the electroswelling used to create GUVs—a

problem that can be avoided by employing titanium

electrodes.

Photochemical production of peroxides

Several groups have determined the phase diagrams for raft

formation in lipid bilayer membranes, at a given temperature,

as a function of lipid composition (16,21,32,46). A phase

diagram identifies the compositions that yield small nano-

domains, large microscopically observable domains, and

compositions in which small and large domains coexist. It

has been argued that photooxidation of lipid mixtures is not

of practical consequence in phase separation studies in lipid

bilayers, other than changing the transition temperature and

that photooxidation does not affect the formation of large

domains within bilayers when cholesterol is the only double-

bonded lipid (47). This study stands in stark contrast to these

assertions and shows that if photooxidation is allowed to

proceed, data and conclusions can be seriously corrupted.

But our study is in accord with many investigations that

show that lipid peroxidation can greatly affect a wide range

of membrane properties, including increasing membrane

permeability and fluidity (48). Recently, it has also been

shown, by x-ray diffraction, that lipid peroxidation alters

cholesterol organization and distribution within bilayer

membranes (49).

Excitation of lipid fluorophores unquestionably produces

peroxides. The mechanisms are well understood (38). Fluo-

rescent dyes have singlet ground states; molecular oxygen’s

(O2) ground state is a triplet. After photon absorption excites

the dye into its lowest singlet state, there is a low, but finite,

probability that the dye decays to an excited triplet state via

intersystem crossing with spin inversion. The triplet state is

relatively long lived and can transfer its energy to ground

state triplet O2, elevating molecular oxygen to its excited

singlet state (Fig. 8). The excited singlet O2 reacts with

double-bonded carbons (always singlet states) to generate

lipid peroxides without prior creation of free radicals. Be-

cause O2 can dissolve in a hydrocarbon medium, the excited

state O2 could readily react with any lipid carbon double

bonds.

The general consequences of peroxide production on

nonperoxidized lipids are also quite well known (Fig. 8). In

fluorescence microscopy experiments, peroxides will spon-

taneously decay to free radicals because the oxygen-oxygen

bond of a peroxide is quickly broken in the presence of trace

amounts of catalytic transition metals (e.g., Fe21, Cu21)

FIGURE 8 Photoexcitation of a fluorescent probe

results in a cascade of reactions. One such cascade is

illustrated. A photoexcited fluorescent probe raises

molecular oxygen to its singlet excited state. The excited

oxygen reacts with a double bond on an acyl chain to

create a peroxide. The peroxide is unstable in the

presence of any trace ferrous (or other transition metals)

and decays to a lipid-free radical which removes (i.e.,

abstracts) a hydrogen from an unoxidized, unsaturated

lipid. This creates a hydroxylated lipid (i.e., a peroxide

product) and a new free radical. Molecular oxygen

combines with the new radical, abstracting a hydrogen

from another unsaturated lipid, and again producing a

free radical and a lipid peroxide. This free radical and

lipid peroxide initiates an additional round of reactions.

The two feedback loops result in substantial lipid

oxidation. These reactions occur without any destruction

of the excited fluorescent lipid probe that decays back to

its ground state, from which it can again be photoexcited.

2180 Ayuyan and Cohen

Biophysical Journal 91(6) 2172–2183



(29). The decay initiates a chain reaction. The free radical with

its unpaired electron readily reacts with electrons of carbon-

carbon double bonds and other groups, producing secondary

free radicals that in turn react with many lipids in a diffusion-

limited chain reaction (Fig. 8). The chain reaction ceases only

after free radicals combine with each other. Antioxidants

eliminate the lipid-free radicals by donating a hydrogen atom

to the radical. That is, the lipid-free radical abstracts a

hydrogen from the antioxidant rather than from an unsatu-

rated lipid (chain initiation, Fig. 8); this prevents propagation

of the chain reaction. Ideally, only a single hydroxylated lipid

is generated in the presence of antioxidants. In the absence of

antioxidants, chain reactions cause many lipids to be mod-

ified. In peroxide-initiated chain reactions, the free radicals

replenish themselves via feedback loops. In the cascade we

illustrate, there are two such loops (Fig. 8). As a result of these

amplifications, production of small amounts of lipid perox-

ides modifies a large percentage of the membrane lipids unless

explicit means of prevention are taken.

If lipid peroxides are produced by any means—photoox-

idation, electroswelling, or during lipid storage—all unsat-

urated lipids can be converted into a myriad of oxidation

products. Cholesterol readily undergoes autoxidization and

peroxidation to give rise to oxysterols of various structures

including 5-hydroxy cholesterol (51). Thus, even if choles-

terol is the only unsaturated lipid in a bilayer membrane, its

oxidation could, in principle, be the cause of formation of

large domains in fluorescence microscopy experiments.

Also, lowering of cholesterol content by oxidation could

promote phase separation, as previously suggested (50).

We included a small number of products—those that can be

produced by a Haber-Weiss reaction—in GUVs to demon-

strate that oxidation products can cause large rafts. In

fluorescence microscopy experiments, many more products

are almost certainly generated if photooxidation occurs. For

example, in addition to products of Haber-Weiss reactions,

lipid cleavage can occur, epoxides are probably produced, and

a Russell reaction should proceed (38). This proliferation of

photooxidized compounds should lead to more pronounced

effects on raft size than does incorporation of a small amount of

a few products, and this in fact is the experimental finding.

Importantly, generating many products leads to a new

system—quite different in composition from the origi-

nal—that cannot, as a practical matter, be characterized.

A simple estimation illustrates how much peroxide can be

produced within seconds of illumination: Conservatively,

;1% of the excited fluorescent probes are in a triplet state

(fluorescein has ;3% based on rates of fluorescence emis-

sion and intersystem crossing (52)). For 104 excitations/

probe/s (a reasonable estimate), ;100 triplet states/probe/s

are generated. Even if only 1% of these triplet states

nonradiatively transfer energy to ground state O2, one

excited singlet O2/probe/s is produced. For a concentration

of 1% probe in the membrane and assuming that half of the

excited singlet O2 diffuses away from the membrane and the

other half diffuses toward it, reaction of the membrane-

dissolved excited O2 with lipids will cause 0.5% of the

unsaturated lipids to be peroxidized every second. Unless a

saturating concentration of antioxidants is present to imme-

diately terminate all peroxide-initiated chain reactions, an

appreciable amount of products will be quickly produced.

This accounts for the experimental observation that, in the

absence of antioxidants, photoillumination can quickly cause

large rafts to appear. We emphasize that a fluorophore need

not be chemically modified for large rafts to form by pho-

toinduced oxidation. The mere transfer of energy from an

excited fluorophore to ground state O2 can lead to peroxides.

In summary, based on well-established chemical princi-

ples, photoexcitation will lead to lipid-peroxide production.

Chain reactions must result from spontaneous decay of

peroxides and these reactions will tremendously amplify the

number of affected lipids. Our experiments clearly demon-

strate that unless the chain reactions are prevented, the

measured evolution and properties of rafts can be caused by

experimentally uncontrolled chemical processes, rather than

the intended phase separation of unoxidized lipids.

Electrochemical production of peroxides

Platinum electrodes were originally employed to prepare

GUVs by electroswelling (53,54). These GUVs were used

for studies unrelated to rafts. For raft studies, two ITO-coated

glass slides are frequently used to create a parallel plate

capacitor for producing GUVs. These glass slides are con-

venient because after electroswelling, the capacitor is mounted

on a microscope and the GUVs viewed without the need for

any disassembly (22). After finding that electrochemical

reactions at ITO-glass electrodes yields lipid peroxides, we

switched to titanium plates as capacitor electrodes, even

though this necessitates removing the GUVs from between

the capacitor plates and introducing them into a new chamber

for microscopic visualizations. Titanium is sometimes re-

ferred to as a ‘‘valve metal’’ because its oxide layer at the

surface minimizes ionic current at anodes (40). We showed

that for our application, lipid peroxidation was effectively

eliminated. (Platinum is not a valve metal, and we thus as-

sume that it would lead to generation of peroxides.) Many

specialized valve metal oxides have been developed as

topcoats over electrodes for industrial applications (40), and

so there should be a large range of suitable electrodes and

topcoats. Titanium has the advantage that TiO2, as a topcoat,

forms spontaneously. Because the yields of GUVs were

roughly the same for titanium as for ITO-glass electrodes, we

evaluate titanium electrodes as reasonably optimal. Inde-

pendent of choice of electrodes, it is imperative that they do

not lead to production of peroxides during electroswelling.

Possible biological implications

To carry the implications of our findings beyond raft studies

in model bilayer membranes, we note that:
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First, fluorescent lipid analogs such as DiI or DiO are

frequently used to monitor for rafts in cell plasma

membranes (55,56). Obviously, photoinduced perox-

idation could, in principle, alter the raft properties by

means identical to or analogous to those elaborated in

this study. However, tocopherol, native to cell mem-

branes, probably serves as an antioxidant to prevent

peroxide-induced chain reactions in biological systems.

Second, peroxide-initiated chain reactions result in the

addition of molecular oxygen to lipids. For sphingo-

lipids, the oxygen is added at the 4,5 double carbon

bond of the sphingosine base. X-ray diffraction shows

that the first three carbons of the sphingosine backbone

are arranged in the same positions as the three glycerol

carbons of phospholipids (57). It might be significant

that an appreciable fraction (up to ;10% for some cell

types) of sphingolipids in a plasma membrane is

hydroxylated at the second carbon of the variable acyl

chain (58,59). Because this carbon and the 4,5 double

bond are similarly located with respect to the mem-

brane-solution interface, the two hydroxylated forms of

sphingolipids may affect raft properties in similar

ways. If they do, the naturally occurring hydroxylated

sphingolipids could provide a means for cells to

quickly modulate raft size.

Third, there are many differences between cell and lipid

bilayer membranes, and thus one can question whether

a bilayer membrane provides a useful model system for

raft study. It had been thought that large rafts form in

bilayers containing levels of cholesterol comparable to

those in cells (14,22,33). The absence of large rafts in

cells therefore challenged the utility of the model

system for raft study. Our demonstration that unoxi-

dized lipids form small rafts, but not large ones, at a

physiological percentage of cholesterol (;40 mol %)

and sphingolipids (;20 mol %) indicates that essen-

tially the same physics underlie bilayer and biological

raft formation. If this is true, lipid bilayers provide a

well-defined model system to reliably identify the

physical forces that control the formation and size of

rafts in biological membranes.
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