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The Pressure-Dependence of the Size of Extruded Vesicles

Philipus J. Patty and Barbara J. Frisken
Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

ABSTRACT Variations in the size of vesicles formed by extrusion through small pores are discussed in terms of a simple
model. Our model predicts that the radius should decrease as the square root of the applied pressure, consistent with data for
vesicles extruded under various conditions. The model also predicts dependencies on the pore size used and on the lysis
tension of the vesicles being extruded that are consistent with our data. The pore size was varied by using track-etched
polycarbonate membranes with average pore diameters ranging from 50 to 200 nm. To vary the lysis tension, vesicles made
from POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine), mixtures of POPC and cholesterol, and mixtures of POPC
and C16-ceramide were studied. The lysis tension, as measured by an extrusion-based technique, of POPC:cholesterol vesicles
is higher than that of pure POPC vesicles whereas POPC:ceramide vesicles have lower lysis tensions than POPC vesicles.

INTRODUCTION

Vesicles are quasispherical shells consisting of lipid bilayers

that encapsulate an aqueous environment. They are ubiqui-

tous in cells where they participate in intra- and intercellular

transport of cellular material. They are also produced by

several methods in the laboratory where they are used as

model membranes or as nanoscale containers (New, 1990).

One popular method of vesicle production is extrusion (Hope

et al., 1993) where solutions containing large multilamellar

vesicles are forced or extruded through small pores in track-

etched polycarbonate filter membranes, using either a pres-

surized gas (Hope et al., 1985) or a syringe-based plunger

system (MacDonald et al., 1993). This method produces

a relatively monodisperse solution of vesicles of controlled

average size without the addition of organic solvents or

detergents.

Although the use of extrusion to produce unilamellar

vesicles is extensive, the actual mechanism by which large

multilamellar vesicles (MLVs) break up into smaller vesicles

comparable to the pore size remains speculative. Under-

standing exactly what happens in this process should lead to

better control of the vesicles produced and wider applica-

tion of the method. Several studies have been made to

characterize the vesicles produced by this method. Early

studies showed that multiple passes are required to reduce

the size and multilamellarity of extruded vesicles, and that

their size depends on the pore size (Hope et al., 1993).

Extrusion was found to be unsuccessful below the gel-fluid

transition temperature, an effect that has been attributed to

decreased fluidity of the membrane below the transition

temperature (Nayer et al., 1989). Later studies of the size of

the extruded vesicles as a function of concentration and

pressure indicated that the size of the vesicles decreases

slightly as the extrusion pressure is increased (Kölchens et al.,

1993). More recently, we characterized the effect of ex-

trusion pressure and lipid properties on vesicle size and

polydispersity in more detail (Hunter and Frisken, 1998). We

found that there is a minimum pressure below which vesicles

cannot be extruded successfully and confirmed that the

average size of the extruded vesicles decreases with applied

pressure. We were able to show that the minimum pressure is

related to the lysis tension, the tension required to rupture

a vesicle, and proposed a method (Frisken et al., 2000) to

determine the lysis tension of vesicles using this character-

istic of the extrusion process. Results using this method were

shown to be consistent with those obtained using micropi-

pette methods.

In this article, we concentrate on the pressure-dependence

of the size of the extruded vesicles. One mechanism for

vesicle formation by extrusion has been proposed (Clerc and

Thompson, 1994); it is based on the Rayleigh instability,

which predicts that a cylinder of water or a soap film of

radius R will break up into smaller pieces to minimize

surface energy, where the dominant wavelength of the

instability is l ¼ 2pR. Clerc and Thompson predicted that

long cylinders of phospholipid bilayer with a radius

comparable to the pore size Rp would break up either inside

the pore or at the pore exit in a similar way. Clerc and

Thompson’s analysis predicts a vesicle size given by p1/2 Rp.

Obviously more detailed analysis is necessary to explain

variations of the vesicle size under different conditions. In

equilibrium, the surface tension of a vesicle is zero (Seifert,

1994), but surface tension is induced in the bilayer as it flows

through the pore (Bruinsma, 1996). Presumably, since the

surface tension induced depends on the shear rate, or

equivalently the flow rate of vesicle solution through the

pores, more detailed analysis based on this model would

predict a flow-rate-dependent vesicle size. However, we

have shown (Frisken et al., 2000) that the radius depends on

the pressure applied rather than the flow rate induced.

Instead, we propose that large vesicles block the entrance

to the pores of the polycarbonate membrane and break up

because the applied pressure induces a surface tension that

exceeds the rupture tension of the membrane. We use

a simple model based on blowing bubbles through a circular
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opening to explain the observed decrease in vesicle radius as

a function of extrusion pressure. This model predicts that the

vesicle radius should be inversely proportional to the square

root of the applied pressure and that the vesicle size should

depend on the size of the pores used and the lysis tension of

the vesicles extruded. We show that this model is consistent

with data for vesicles made with polycarbonate membranes

of different pore size, except for the largest pore size, and for

vesicles of different lysis tension.

To vary the lysis tension of the vesicles, we have used

vesicles of different lipid composition. In particular, we have

made vesicles from POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphati-dylcholine), POPC:cholesterol, and POPC:C16-

ceramide. POPC, an unsaturated lipid that has a double bond

between C9 and C10 on one of its chains, is a typical exam-

ple of a naturally occurring phospholipid. We investigated

POPC:cholesterol because cholesterol is known to increase

the lysis tension of phospholipid membranes (Needham and

Nunn, 1990). We chose to investigate the effect of ceramide

on bilayer properties because there has been recent interest in

the presence of ceramide in biological membranes, but the

mechanical strength of ceramide lipid membranes has not yet

been investigated. This seemed like it would be an interesting

property, especially in consideration of the role of ceramides

in apoptosis, or cell death (Quintans et al., 1994). This family

of molecules is also involved in cellular signaling for growth

and differentiation (Hannun, 1994) and is ubiquitous in the

stratum corneum (Williams and Barry, 1992), the outermost

layer of mammalian skin that functions as a permeability

barrier. Other properties of ceramide lipid membranes that

have been investigated include possible channel formation

(Siskind and Colombini, 2000; Siskind et al., 2002), effects

on the gel-liquid crystalline phase transition (Hsueh et al.,

2002), and mixing (Holopainen et al., 1997, 1998; Hsueh

et al., 2002). C16-ceramide was chosen because its chain

length is comparable to that of POPC.

In this paper, we first introduce our model, describe

materials and methods, and then discuss our results. Al-

though the model predicts a pressure-dependence consis-

tent with our data and is in agreement with data for different

lipid mixtures and most pore sizes, it is not able to predict

that the vesicle radius is comparable to the pore size at high

pressures, and there is incomplete agreement with vesicles

extruded through the largest pores. These shortcomings are

discussed.

THEORY

Vesicle extrusion involves pushing a solution of large MLVs

through polycarbonate membrane filters several times.

Although the extrusion process is fast, flow is still laminar

(Clerc and Thompson, 1994). The polycarbonate membranes

used for extrusion have roughly cylindrical pores formed by

chemical etching along ion tracks (Fleischer et al., 1975). The

pores are long and narrow; they can bemadewith a large range

of nominal diameters, where 100 nm is typical for extrusion,

and have lengths of 6 mm. In practice, the nominal pore size

is an upper bound and the average pore size is somewhat

smaller. As the MLVs are pushed through these pores, they

break up into smaller vesicles, as shown schematically in Fig.

1 a. Both the average vesicle size and the width of the size

distribution decrease on subsequent passes through the

membrane filters to a final distribution of vesicle sizes that

is characteristic of the applied pressure and lipid used. The

mean of the final distribution is comparable to the pore size.

An important consideration in trying to model this process

is whether the radius is flow-rate dependent or pressure

dependent. Flow of the vesicle through the pore results in

shear-induced tension in the bilayer (Bruinsma, 1996) and

could lead to an instability inside the pore or at the pore exit

that would result in vesicle formation (Clerc and Thompson,

1994). In this case, the size of the vesicles should depend on

the flow rate. Alternatively, a pressure-induced breakup

mechanism could occur at the pore entrance. The pressure and

flow rate are related; the flow rate Q for laminar flow through

a cylindrical pore of radius Rp is given by Darcy’s law

Q ¼
pR

4

p

8h

P

L
; (1)

FIGURE 1 (a) Schematic diagram of the extrusion process. Large

multilamellar vesicles are pushed or extruded through polycarbonate

membrane filters at least 10 times resulting in small unilamellar vesicles

whose size is comparable to the pore size. (b) Schematic diagram depicting

vesicle extrusion in terms of blowing bubbles through circular pores. The

force due to the applied pressure is balanced by a force caused by line

tension around the neck of the vesicle. (c) Schematic diagram of a vesicle at

the entrance of the pore. The small fragment of the vesicle pulled into the

pore has radius equal to the radius of the pore Rp, whereas the large fragment

of the vesicle outside the pore has radius comparable to the original radius of

the vesicle Ro. P2 is the pressure inside the vesicle and the difference

between P1 and Po is the applied pressure.
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where P is the pressure difference and L is the distance over

which it is applied. However, it is possible to vary the flow

rate and the pressure independently by changing L. We

performed experiments where we used one filter membrane

instead of two so that we were able to double the flow rate

while keeping the pressure constant. Although each in-

dividual pore is not elongated in this way, the flow re-

sistance is doubled and the flow rate halved. Even in the

pressure range where the radius is most sensitive to these

conditions, we saw no difference in vesicle radius (Frisken

et al., 2000). From these experiments, we concluded that

vesicle breakup due to some pressure-dependent mechanism

is more likely.

To explain the observed pressure-dependence of the radius

of the extruded vesicles, we have developed a simple model

based on blowing bubbles as shown in Fig. 1 b. The lipid

bilayer is pushed into a small circular opening and a bubble

forms on the low pressure side of the opening. There is

a force F‘ due to the line tension around the neck of the

bubble given by

F‘ ¼ 2pRpg; (2)

where Rp is the radius of the pore and g is the surface tension.

The surface tension is induced by the applied pressure. This

is balanced by a force due to the applied pressure Fp where

Fp ¼ 4pR
2

vesP; (3)

where Rves is the radius of the final vesicle. When the

induced tension exceeds the lysis or rupture tension g ¼ g‘
of the bilayer, the small vesicle fragments and separates from

the main vesicle. Using Eqs. 2 and 3, we can derive a relation

between the applied pressure and the size of the final vesicle

Rves ;

ffiffiffiffiffiffiffiffiffi
g‘Rp

2P

r
: (4)

We concede that, in deriving Eq. 4, we have ignored both

the influence of the long cylindrical pore on the formation

of the vesicles and the vector nature of the forces; however,

this simple picture does lead to a reasonable prediction of

the system’s behavior. The model not only predicts

a relationship between the radius and the applied pressure

but also predicts that the vesicle radius will depend on the

lysis tension of the bilayer and on the pore size. We expect

that this model is not sufficiently precise to predict

numerical factors and that these will be determined by

detailed analysis of the pore shape, etc. A more serious

shortcoming is that it predicts that the radius of the vesicles

will approach zero as the pressure increases; our observa-

tions indicate that the radius approaches the pore size at

high pressure. However, the model is not really valid in this

limit because vesicles comparable to the pore size are able

to slip through without distortion, and thus without

breakage, so that the vesicles should not reduce further

after they have reached sizes smaller than the pore size.

MATERIALS AND METHODS

Materials

POPC, cholesterol, and C16-ceramide were purchased in powder form from

Northern Lipids (Vancouver, BC). POPC and cholesterol and POPC and

ceramide were mixed at ratios of 30 mol % cholesterol, and 10 and 15 mol %

ceramide, respectively. Each mixture was then added to a 4:1 benzene:me-

thanol mixture and was vortexed until all of the powder had dissolved.

Finally the solution was ‘‘lyophilized’’, i.e., it was frozen in liquid nitrogen

and then evaporated under vacuum for ;6 h. This process produces a well-

mixed powder form of the lipid mixture and has been found to effectively

remove the solvent from the mixture (Y.-W. Hsueh and J. Thewalt, private

communication).

Sample preparation and extrusion

Lipid vesicle preparation began by hydrating each sample using purified

water from a Milli-Q Plus water purification system (Millipore, Bedford,

MA) to a concentration of 1 mg/ml. The use of purified water ensures the

production of spherical vesicles (Mui et al., 1993); the vesicles are

nonspherical after extrusion but swell to quasispherical shapes unless there

are solutes present. If there are solutes present, swelling leads to con-

centration gradients across the bilayer and the resulting osmotic pressures

oppose the swelling. The mixture was then taken through a freeze-thaw-

vortex process, freezing by immersion in liquid nitrogen, thawing by im-

mersion in a bath at 508C and then vortexing. Each step was continued for

5 min and the cycle was repeated five times. This process is used to help

break up multilamellar vesicles and to promote the mixing of the enclosed

contents with the exterior solution (Mayer et al., 1985). After the freeze-

thaw-vortex process, the vesicle suspension was extruded through two

polycarbonate membrane filters (Osmonics, Livermore, CA) with nominal

pore diameters of 400 nm held in an extruder (Northern Lipids) using

pressurized nitrogen gas. We call this first extrusion through large pores

preextrusion; we have found that it improves the reproducibility of vesicle

size and extrusion flow-rate measurements (Hunter and Frisken, 1998). At

this stage, the vesicles have a radius of ;200 nm and are generally fairly

polydisperse.

The sample of preextruded vesicles was then diluted to the required

concentration and extruded through two final polycarbonate membrane

filters of the required pore size. Samples generally had concentrations of 0.1

mg/ml for pressures up to 100 psi (where 1 psi ¼ 6895 Pa) and 1 mg/ml for

pressures higher than 100 psi. When low concentration samples are extruded

at high pressure, high flow rates make it difficult to contain the samples.

Previous measurements (Frisken et al., 2000) have shown that vesicle size is

independent of concentration at low concentration. Multiple passes of the

sample were made through the extruder until a final size distribution was

reached. The number of times the solution was extruded varied with the

applied pressure; at low pressures more extrusions are required to reach a size

distribution that does not change on further passes through the extruder. We

generally monitor the flow rate as an indicator of changes in the vesicle

solution; we have found (Hunter and Frisken, 1998) that the flow rate,

radius, and polydispersity stop changing after about the same number of

passes. All solutions were extruded at least 10 times; samples extruded at

lower pressures required up to 20 passes through the extruder to reach a flow

rate that did not change from pass to pass. The flow rate of vesicle solution

through the extruder was measured each time by weighing the solution

extruded in a known time interval. The pore diameters of the filter

membranes as provided by the manufacturer are shown in Table 1.

During extrusion, the temperature of the extruder was maintained by

a water bath. After the solution was placed in the extruder, it was allowed to

equilibrate for several minutes before extrusion. The temperatures used for

extrusion were 258C, 358C, and 708C for POPC, POPC:cholesterol, and

POPC:ceramide samples, respectively. These temperatures were chosen to

ensure that all samples were in the fluid phase when extruded. A higher
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temperature was used for POPC:ceramide samples due to the fact that

POPC:ceramide mixtures phase separate into coexisting gel and fluid phases

below 318C and 388C for 10 and 15 mol % ceramide, respectively (Hsueh

et al., 2002). We found we needed to keep the solution at 708C to extrude

successfully. We checked the possibility of ceramide content reduction

through extrusion using high pressure liquid chromatography and found that

there was no significant reduction of either ceramide or POPC after

extrusion. The recovery of lipid composition for lipid:ceramide vesicles after

extrusion has also been shown by other authors (Hatfield and Fung, 1995).

Vesicle size measurements

The average radius and polydispersity of the suspended vesicles were

measured using dynamic light scattering (DLS). The apparatus used for

these measurements was an ALV DLS/SLS-5000 spectrometer/goniometer

(ALV-Laser GmbH, Langen, Germany). The light scattered from the sample

was detected by a photomultiplier tube at a scattering angle of 908 from the

transmitted beam. The temperature of the sample bath was maintained by

a water bath controlled at 258C, 358C, and 558C for samples of POPC,

POPC:cholesterol and POPC:ceramide, respectively. Five measurements

were made for each sample.

The mean decay rate G� and the standard deviation of the decay rate

distribution s were determined by fitting a function of the form

g
ð2ÞðtÞ ¼ B1be

�2�GGtð11m2t
2
=2!Þ2; (5)

where B is the baseline ð’1Þ and m2[ s2 is the variance of the distribution,

to the measured intensity-intensity correlation function g(2)(t). As is the case
for the standard expansion in terms of cumulants (Koppel, 1972), Eq. 5 is

also the result of a moments-based derivation (Frisken, 2001). However, the

use of fewer assumptions results in a more robust function that can be fit to

the data over a larger range of delay time t. Terms involving higher

moments can be incorporated in the function; however, they were not

required to find good fits to the vesicle data. In fact, this relationship was

consistent with our data for all cases; no systematic deviations from the fits

were observed. This, by itself, is a good indication that the distributions are

unimodal; moments analysis is valid only for distributions of this type.

Further analysis using Laplace inversion routines supplied with the ALV

instrument confirmed that the distributions were monomodal. The vesicle

samples are generally polydisperse, with relative standard deviations

ranging from 20% for the smaller pore sizes to 30% for the larger ones.

Lysis tension

The lysis tension g‘ is the tension required to rupture a bilayer. This can be

determined from the minimum pressure Pmin required for extrusion of lipid

solutions at low lipid concentration (Frisken et al., 2000). Below this

pressure, the flow rate of lipid solution through the extruder and the number

of vesicles produced goes to zero. This is because large vesicles block the

pores of the polycarbonate membrane, as shown schematically in Fig. 1 c.

To enter the pores, they must reduce their volume by bursting or lysing. As

a large vesicle of radius Ro is pulled into a pore of radius Rp, a surface tension

g is induced in the membrane. The vesicle bursts when the induced surface

tension is greater than the lysis or bursting tension of the bilayer. A relation

between the applied pressure difference P, g, Rp, and Ro can be derived

using Laplace’s law between the pressure difference across a curved

interface and the surface tension of the interface and assuming uniform

tension throughout the membrane (Hunter and Frisken, 1998):

P ¼ 2g
1

Rp

� 1

Ro

� �
: (6)

Similar expressions have been derived to describe vesicle aspiration by

micropipettes (Kwok and Evans, 1981). If the pressure is too small, the

induced tension is smaller than the lysis tension and the vesicle cannot burst

and the pore remains blocked. The minimum pressure Pmin for vesicle

extrusion (where the flow rate is equal to zero) can then be associated with

the lysis tension through Eq. 6. The lysis tension of the vesicle can be

determined if Pmin, the radius of the pore, and the radius of the preextruded

vesicle are known.

This simple picture is most accurate during the first pass of the vesicle

solution through the extruder because the vesicles are largest at this stage.

We have found (Frisken et al., 2000) that measuring the flow rate during the

first pass results in a flow rate that is linear in the applied pressure at lipid

concentrations of ;0.1 mg/ml. The slope is comparable to the slope mea-

sured for the flow rate of water through the polycarbonate membrane, and

we use the nonzero pressure intercept to calculate the lysis tension. Choice of

concentration is important; at lower and higher concentrations there is

evidence of leakage of water through empty pores and crowding,

respectively.

RESULTS AND ANALYSIS

To determine the lysis tension of the lipid mixtures used in

these experiments, the product of the flow rate of the first

extrusion pass and the viscosity of water for the temperature

at which the sample was extruded, hQ1, was plotted as

a function of extrusion pressure, and a linear equation was fit

to the data to determine Pmin. Fig. 2 shows a plot of the first

pass viscosity-corrected flow rate as a function of extrusion

pressure for POPC, POPC:cholesterol, and POPC:ceramide

solutions with concentrations of 0.1 mg/ml. The data confirm

a linear relationship between the viscosity-corrected flow

rate and the applied pressure as predicted by Darcy’s law. As

expected, the slopes of all four sets of data are consistent; as

can be seen in Eq. 1, the slope contains only geometrical

factors and should be lipid-independent. The figure also

shows the fits of a linear equation to the data to determine the

minimum pressure; the minimum pressure depends on

vesicle composition and is largest for POPC:cholesterol

vesicles and smallest for POPC:ceramide vesicles.

The minimum pressure resulting from the fits, the radius

of the preextruded vesicles measured using DLS, and the

lysis tension calculated using Eq. 6 for POPC, POPC:cho-

lesterol, and POPC:ceramide samples are summarized in

Table 2. The results show an increase in the lysis tension of

POPC vesicles with the presence of cholesterol confirming

that cholesterol increases the mechanical strength of POPC

vesicles, but a decrease in the lysis tension with the addition

TABLE 1 Pore diameters of the polycarbonate membrane

filters used in extrusion

Lot number Lipid Measurement

Pore diameter

(nm)

AG83CC11A POPC Radius 161

AE84G11D031 POPC Radius 98.5

75423 POPC Radius 80*

AE86AQ12B POPC Radius 47

K01CP02500 78856 POPC Lysis tension 88.5

K01CP02500 78856 POPC:cholesterol Lysis tension 88.5

K01CP02500 74298 POPC:ceramide Lysis tension 88.5

*Measured value not available—nominal value used in all calculations.
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of ceramide showing that the presence of ceramide weakens

POPC vesicles.

The dependence of the lysis tension on temperature should

be considered at this stage due to the fact that different

samples were extruded at different temperatures. To check

the temperature dependence of the lysis tension, POPC sam-

ples were extruded at temperatures of 258C, 508C, and 708C

at different pressures. The minimum pressures resulting from

these measurements (data not shown) vary between 34 and

38 psi, but the results agree within experimental uncertainty

and there is no systematic trend with temperature.

Results of DLS measurements show that the pressure-

dependence of the vesicle radius depends on the lipid

composition of the vesicles and on the pore size. Fig. 3

shows a plot of the average hydrodynamic radius of the

extruded vesicles for each lipid composition as a function of

the pressure applied during the extrusion. All vesicles were

extruded through the same batch of polycarbonate mem-

branes with nominally 100 nm pores. The figure shows that

the radius decreases as the pressure is increased and that the

behavior varies with the lipid composition of the vesicles. To

produce the same size of vesicles, POPC samples must be

extruded at higher pressures than POPC:ceramide samples,

but at smaller pressures than are required for POPC:choles-

terol samples. As predicted by Eq. 4, the variation in vesicle

size with lipid composition corresponds to the variation of

the lysis tension; the higher the lysis tension, the larger the

size of the vesicles. The curves are fits to each set of data of

the function

R ¼ cffiffiffi
P

p 1Ro; (7)

where R is the average hydrodynamic radius of the vesicles,

P is the applied pressure, and c and Ro are constants. It is

clear that all of the data are consistent with a radius that

decreases as the inverse square root of the applied pressure.

The constant Ro is comparable to the pore size.

Data for vesicles made with filter membranes of different

pore size but using the same lipid also show that the average

vesicle size decreases as the applied pressure is increased as

shown in Fig. 4. The curves are fits of Eq. 7 to the data. The

constant Ro is comparable to the pore size for the nominally

50, 80, and 100 nm membranes and somewhat smaller for

the 200 nm membranes.

Fig. 5 tests the predicted dependence of the radius on lysis

tension. The data shown in Fig. 3 is replotted as a function of

the ratio of the pressure to the lysis tension P/g‘. The data

collapse nicely. Obviously, the vesicle radius does not tend

FIGURE 2 Plot of the viscosity-corrected flow rate, hQ1, of vesicle

solution during the first pass through the polycarbonate filter membrane as

a function of extrusion pressure for solutions of POPC (n), POPC:cholester-

ol (70:30) (.), POPC:ceramide (90:10) (r), and POPC:ceramide (85:15) (d)

in water at concentrations of 0.1 mg/ml. The solutions were extruded

through two polycarbonate membrane filters with nominal pore diameters of

100 nm. The flow rate increases linearly with the applied pressure, and there

is a nonzero pressure below which the flow rate is negligible. The fit (lines)

of a linear equation to the data for each sample is also shown.

TABLE 2 Minimum pressure for extrusion Pmin, average size

of preextruded vesicles Ro, and lysis tension calculated

from Eq. 6 g‘ for POPC, POPC:cholesterol, and

POPC:ceramide samples

Lipid composition Pmin (psi) Ro (nm) g‘ (mN/m)

POPC 39.3 6 2.9 228.7 7.4 6 1.1

POPC:cholesterol (70:30) 49.2 6 5.9 218.0 9.4 6 1.4

POPC:ceramide (90:10) 26.0 6 2.9 161.9 5.5 6 0.97

POPC:ceramide (85:15) 13.0 6 1.2 143.7 2.9 6 0.50

FIGURE 3 Average radius, R, of extruded vesicles as a function of

extrusion pressure, P, for vesicles made from POPC (n), POPC:cholesterol

(70:30) (.), POPC:ceramide (90:10) (r), and POPC:ceramide (85:15) (d)

after at least 10 passes through the extruder. The solutions were extruded at

258C, 358C, 708C, and 708C, respectively, through two polycarbonate

membrane filters with nominal pore diameters of 100 nm. The fit (lines) of
the empirical function given in Eq. 7 to the data for each sample is also

shown.
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to zero at infinite pressure as predicted by the model, but

approaches a finite value. Thus the curve is a fit to a function

of the form

R ¼ A

ffiffiffiffiffiffiffiffiffi
Rpg‘

2P

r
1B; (8)

which is clearly consistent with all the data. The asymptotic

value of the radius is ;10% larger than the pore size of the

polycarbonate membranes.

Fig. 6 tests the predicted dependence of the radius on pore

size. The data shown in Fig. 4 is replotted to show the size of

the vesicles relative to the reported pore size as a function

of the pressure multiplied by the pore size. The data for

nominally 50, 80, and 100 nm filter membranes collapse to

a single curve consistent with the model, whereas data for

200 nm filter membranes is too low. The 200 nm filter data

can also be collapsed if a pore size of 70 nm is used to scale

the data. The curve is a fit of a function of the form

R

Rp

¼ a

ffiffiffiffiffiffiffiffiffiffi
g‘

2PRp

r
1 b (9)

to the data for the three smaller pore sizes, which is clearly

consistent with the data.

DISCUSSION

Lysis tension

The lysis tension of 7.46 1.1 mN/m for pure POPC vesicles

measured by extrusionmethods is consistent with the result of

8.3 6 0.5 mN/m from micropipette measurements (Rawicz

and Evans, unpublished).We have found that the lysis tension

of POPC vesicles containing 30 mol % cholesterol (measured

at 358C) increases from 7.4 to 9.4 mN/m. In contrast, we have

found that the lysis tension of POPC vesicles containing 10

and 15 mol % C16-ceramide (measured at 708C) decreases

from 7.4 to 5.5 and 2.9mN/m, respectively.We do not believe

that these differences in lysis tension are due to temperature

because our results for POPC show that its lysis tension is

FIGURE 4 Average radius, R, of extruded vesicles made from POPC as

a function of extrusion pressure for samples extruded at 258C using

polycarbonate membrane filters with different pore diameters, 50 nm (d), 80

nm (r), 100 nm (n), and 200 nm (.). The fit (lines) of the empirical function

given in Eq. 7 to the data for each sample is also shown.

FIGURE 5 Plot of the data shown in Fig. 3 as a function of the ratio of the

pressure to the lysis tension, P/g, for vesicles made from POPC (n),

POPC:cholesterol (70:30) (.), POPC:ceramide (90:10) (r), and POPC:cer-

amide (85:15) (d). The lysis tension values used are shown in Table 2. The

fit (line) of the function given in Eq. 8 to all of the data is also shown.

FIGURE 6 Plot of the ratio of the average radius of the POPC vesicles

shown in Fig. 4 to the radius of the pore as a function of the product of the

pressure and pore radius, PRp. The samples were extruded at 258C using

polycarbonate membrane filters with different pore diameters, 50 nm (d), 80

nm (r), 100 nm (n), and 200 nm (.). Three of the four data sets show the

collapse predicted by the model. The fit (line) of the function given in Eq. 9

to the data for these three data sets is also shown.
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independent of temperature between 258C and 708C, within

the accuracy of our measurements. The higher mechanical

strength of POPC:cholesterol vesicles is consistent with other

results showing that cholesterol increases the mechanical

strength of phospholipid vesicles. For example, Needham and

Nunn (1990) usedmicropipette methods to measure increases

in lysis tension from 5.7 to 12.6 mN/m as the nominal

cholesterol content in SOPC (1-stearoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine) vesicles was increased from 0 to 28

mol %. Ceramide, on the other hand, appears to decrease the

mechanical strength of POPC vesicles.

It is generally accepted that rupture or lysis of the

membrane requires the formation of pores and that in the

process of rupture there is competition between the applied

tension and the edge energy associated with pore formation

(Olbrich et al., 2000). The exact material parameters that

control the edge energy do not seem to be well understood but

probably include the membrane thickness and compressibil-

ity and the presence of defects in the membrane. The addition

of cholesterol affects several material parameters that may

be involved in pore formation. For example, cholesterol

decreases acyl chain motion and has a significant ordering

effect on POPC in bilayers (Thewalt and Bloom, 1992). This

leads to a less compressible surface and a more cohesive

membrane (Bloom et al., 1991). The addition of cholesterol

also leads to a thicker membrane (Nezil and Bloom, 1992),

which should make pore formation more difficult because of

increased edge energy. However, the fact that lysis tension for

our POPC vesicles does not change significantly over 458C

suggests that this may not be a crucial factor. We estimate that

the change in thickness of the POPC bilayer with temperature

should be comparable to that observed with the addition of

cholesterol, assuming that the change in volume is negligible

and that there is a fractional change in area of 3 3 10�3/8C

(Evans and Needham, 1987). This change in area was

measured for SOPC (1-stearoyl-2-oleoyl-phosphatidylcho-

line) at 158C. As far as we know, the fractional change in area

for POPC between 258C and 708C has not been measured.

The decrease of lysis tension due to the presence of

ceramide is probably not due to either reduced order or

reduced thickness but may be related to a tendency toward

pore formation in lipid:ceramide systems. Recent NMR

studies (Hsueh et al., 2001) indicate that ceramide has an

ordering effect on the acyl chains in POPC bilayers. The

thickness of POPC:ceramide bilayers is not known.However,

increased acyl chain order suggests that the bilayer should be

thicker in the presence of C16-ceramide as more ordered

chains are longer. Thus the observation of increased order

suggests that ceramide would increase the lysis tension, not

decrease it, if lysis tension were thickness or order dependent.

On the other hand, ceramide may weaken the bilayer because

of heterogeneities in membrane composition. We have

worked at high temperatures (708C) to ensure that we are

far above the gel-fluid coexistence region where the

POPC:ceramide is well mixed. It is possible that there is

a region of fluid-fluid coexistence, as exists in cholesterol:

lipid phase diagrams (Thewalt and Bloom, 1992). Phase

coexistence or even concentration fluctuations above a region

of coexistence could lead to defects and a weakening of the

membrane. However, Needham and Nunn (1990) measured

lysis tension for 0–80 mol % cholesterol in SOPC with a lin-

ear increase in lysis tension from 0 to 60 mol %. These

measurements were made ;108 above the gel transition in

a region where fluid-fluid coexistence is expected, i.e., they

observed no evidence of weakening of the membrane near

a liquid-liquid coexistence region. There are recent reports

suggesting the formation of stable pores in ceramide

phospholipid bilayers (Siskind and Colombini, 2000; Siskind

et al., 2002), and pore formation could lead to reduced lysis

tension. However, these measurements were done in a region

of the phase diagram where the lipids were most likely within

the gel-fluid coexistence region and may not be relevant at

higher temperatures where the membrane is in a fluid state.

Size of extruded vesicles

Figs. 3 and 4 show that the average final radius of the

vesicles decreases by ;20% over the range of pressures

applied in these studies. The figures also show a significant

difference between vesicles of different composition and

vesicles made by extrusion through different pores. The

rescaled versions of these plots (Figs. 5 and 6) show that our

data is consistent with the pressure, lysis tension, and pore

size dependence of the model presented in the Theory

section. Expressing the results of the fits to the data in Figs. 5

and 6 in terms of the parameters in Eq. 9 shows that

parameters from the fits to the two sets of data are also

consistent. These results are shown in Table 3. The

dimensionless parameter a ¼ A/Rp may be a geometrical

factor related to the fact that the vesicle breaks up at the

mouth of a long cylindrical pore rather than at a circular

opening, or it may be associated with the exact hydrody-

namics of the vesicle-pore interaction. The dimensionless

parameter b¼ B/Rp is consistent with a high pressure limit to

vesicle size that is;10% larger than the reported pore size. It

is clear that the model does not predict the high pressure limit

of the radius—this appears to be a vesicle size consistent

with the pore size rather than zero as predicted by the model.

A high pressure size limit comparable to the pore size is

consistent with the fact that vesicles smaller than the pore

size will not distort in the pore and will be unlikely to break

TABLE 3 Values of the fitting parameters a and b resulting

from fitting the function given in Eq. 9 to the radius-pressure

data for the scaled lipid composition data (Fig. 5) and the

scaled data for different pore sizes (Fig. 6)

Data a b

Lipid composition 0.61 6 0.04 1.09 6 0.02

Pore size 0.64 6 0.06 1.08 6 0.02
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up further. The fact that these two parameters are the same

(within experimental uncertainty) for the two data sets

further justifies the use of this model.

There are several reasons why the model may not be

consistent with data for vesicles extruded through nominally

200 nm pores. The reported pore size may be incorrect. We

are currently working on methods of characterizing the pore

size independently. The preextruded vesicles may not be

large enough, compared to the pore size, to validate using

our simple bubble blowing model. However, using MLVs

that were not preextruded (and thus larger) did not result in

significant changes to the pressure dependence.

Multilamellarity

Vesicles made by extrusion can be multilamellar. However,

use of the freeze-thaw process to prepare the lipid solution

before extrusion should minimize both the extent of

lamellarity and its influence. For example, NMR studies

(Mayer et al., 1985) of the 31P NMR signal of extruded

MLVs before and after the addition of external Mn21 have

shown that, for MLVs that have been subjected to the freeze-

thaw process, 52, 44, and 32% of the 31P NMR signal

originates from the outer monolayer for MLVs extruded

through 100, 200, and 400 nm pores, respectively. If only

uni- and bilamellar vesicles are considered, these samples

should be 100, 86, and 44% unilamellar, respectively. These

studies have also shown that frozen and thawed MLVs have

larger interlamellar spacings, which should minimize the

impact of multilamellarity on membrane properties.

We had expected that multilamellarity might affect our

results for lysis tension where the minimum pressure

required to extrude MLVs preextruded through 400 nm

pores is measured. However, agreement between our results

for POPC and those of Rawicz and Evans (unpublished)

suggests that this is not a factor. This may be because the

bilayers are separated in the freeze-thaw process. Further-

more, the fact that the data for the pressure dependence of

vesicles of different composition, measured during their last

pass through the extruder where they are predominantly

unilamellar, can be collapsed using our lysis tension results,

measured during the first pass of the vesicles through the

extruder when they are multilamellar, also confirms that

multilamellarity does not play a major role either in the

measurement of lysis tension by extrusion through 100 nm

pores or in the radius of the vesicles produced.

CONCLUSIONS

We have proposed a simple model based on blowing bubbles

to explain the pressure dependence of extruded vesicles. The

model predicts that the radius will also depend on the lysis

tension of the lipid bilayer and on the pore size through

which the vesicles are extruded. The model predicts

pressure, lysis tension, and pore size dependencies that are

consistent with data for vesicles with lysis tensions ranging

from 2.9 to 9.4 nN/m and for vesicles extruded through pore

sizes ranging from 50 to 100 nm. It is not sufficiently precise

to predict the exact numerical relation between these

quantities, but that may be determined by detailed analysis

of the pore shape, etc. However, the numerical factors

determined from the lysis tension and pore size data are

consistent. The model is not valid in the high pressure limit

where the radius of the vesicles approaches the pore size and

the vesicles are able to slip into the pores without breaking.

The results of the lysis tension measurements of vesicles

made from POPC, POPC:cholesterol, and POPC:ceramide

confirm that cholesterol increases bilayer strength and show

for the first time that ceramide decreases bilayer strength.

Weakening of the bilayer in the presence of ceramide is

probably not due to a thinning of the bilayer but may be due

to heterogeneities in the lipid composition within the bilayer

or a propensity for pore formation in lipid:ceramide mixtures.

The authors gratefully acknowledge J. Thewalt for helpful conversations and

A. Drobnies for her help with high pressure liquid chromatography assays.

This research was supported by the Eastern Indonesia University

Development Project and the Natural Sciences and Engineering Research

Council of Canada.

REFERENCES

Bloom, M., E. Evans, and O. G. Mouritsen. 1991. Physical properties of the
fluid lipid bilayer component of cell membranes: a perspective. Quart.
Rev. Biophys. 24:293–397.

Bruinsma, R. 1996. Rheology and shape transitions of vesicles under
capillary flow. Physica. A. 234:249–270.

Clerc, S. G., and T. E. Thompson. 1994. A possible mechanism for vesicle
formation by extrusion. Biophys. J. 67:475–477.

Evans, E., and D. Needham. 1987. Physical properties of surfactant bilayer
membranes: thermal transitions, elasticity, rigidity, and colloidal
interactions. J. Phys. Chem. 91:4219–4228.

Fleischer, R. L., R. B. Price, and R. M. Walker. 1975. Nuclear Tracks in
Solids. University of California Press, Berkeley, CA.

Frisken, B. J. 2001. Revisiting the method of cumulants for analysis of
dynamic light scattering data. J. Appl. Opt. 40:4087–4091.

Frisken, B. J., C. Asman, and P. J. Patty. 2000. Studies of vesicle extrusion.
Langmuir. 16:928–933.

Hannun, Y. A. 1994. The sphingomyelin cycle and the second messenger
function of ceramide. J. Biol. Chem. 269:3125–3128.

Hatfield, R. M., and L. W. M. Fung. 1995. Molecular properties of a stratum
corneum model lipid system: large unilamellar vesicles. Biophys. J.
68:196–207.

Holopainen, J. M., J. Y. A. Lehtonen, and P. K. J. Kinnunen. 1997. Lipid
microdomains in dimyristoyl-phosphatidylcholine-ceramide liposomes.
Chem. Phys. Lipids. 88:1–13.

Holopainen, J. M., M. Subramanian, and P. K. J. Kinnunen. 1998.
Sphingomyelinase induces lipid microdomain formation in a fluid
phosphatidylcholine/sphingomyelin membrane. Biochemistry. 37:
17562–17570.

Hope, M. J., M. B. Bally, G. Webb, and P. R. Cullis. 1985. Production of
large unilamellar vesicles by a rapid extrusion procedure: characteriza-
tion of size, trapped volume and ability to maintain a membrane
potential. Biochim. Biophys. Acta. 812:55–65.

The Size of Extruded Vesicles 1003

Biophysical Journal 85(2) 996–1004



Hope, M. J., R. Nayar, L. D. Mayer, and P. R. Cullis. 1993. Reduction of
liposome size and preparation of unilamellar vesicles by extrusion
techniques. In Liposome Technology, 2nd ed, Vol. 1. G. Gregoriadis,
editor. CRC Press, Boca Raton, FL. 124–139.

Hsueh, Y.-W., R. Giles, N. Kitson, and J. Thewalt. 2002. The effect of
ceramide on phosphatidylcholine membranes: a deuterium NMR study.
Biophys. J. 82:3089–3095.

Hunter, D. G., and B. J. Frisken. 1998. The effects of lipid composition and
extrusion pressure and temperature on the properties of phospholipid
vesicles. Biophys. J. 74:2996–3000.

Kölchens, S., V. Ramaswami, J. Birgenheier, L. Nett, and D. F. O’Brien.
1993. Quasi-elastic light scattering determination of the size distribution
of extruded vesicles. Chem. Phys. Lipids. 65:1–10.

Koppel, D. E. 1972. Analysis of macromolecular polydispersity in intensity
correlation spectroscopy: the method of cumulants. J. Chem. Phys.
57:4814–4820.

Kwok, R. and E. Evans. Thermoelasticity of large lecithin bilayer
vesicles.1981. Biophys. J. 35:637–652.

MacDonald, R. C., R. I. MacDonald, B. P. Menco, K. Takeshita, N. K.
Subbarao, and L. Hu. 1993. Small volume extrusion apparatus for
preparation of large, unilamellar vesicles. Biochim. Biophys. Acta.
1061:297–303.

Mayer, L. D., M. J. Hope, P. R. Cullis, and A. S. Jannof. 1985. Solute
distributions and trapping efficiencies observed in freeze-thawed multi-
lamellar vesicles. Biochim. Biophys. Acta. 817:193–196.

Mui, B., P. R. Cullis, E. Evans, and T. D. Madden. 1993. Osmotic
properties of large unilamellar vesicles prepared by extrusion. Biophys. J.
64:443–453.

Nayer, R., M. J. Hope, and P. R. Cullis. 1989. Generation of large
unilamellar vesicles from long-chain saturated phosphatidylcholines by
extrusion techniques. Biochim. Biophys. Acta. 986:200–206.

Needham, D., and R. S. Nunn. 1990. Elastic deformation and failure
of lipid bilayer membranes containing cholesterol. Biophys. J. 58:
997–1009.

New, R. R. C. 1990. Preparation of liposomes. In Liposomes: A Practical
Approach. R .R. C. New, editor. Oxford University Press, New York.
33–104.

Nezil, F. A., and M. Bloom. 1992. Combined influence of cholesterol and
synthetic amphiphilic peptides upon bilayer thickness in model
membranes. Biophys. J. 61:1176–1183.

Olbrich, K., W. Rawicz, D. Needham, and E. Evans. 2000. Water
permeability and mechanical strength of polyunsaturated lipid bilayers.
Biophys. J. 79:321–327.

Quintans, J., J. Kilkus, C. L. McShan, A. R. Gottschalk, and G. Dawson.
1994. Ceramide mediates the apoptotic response of WEHI 231 cells to
anti-immunoglobulin, corti-costeroids and irradiation. Biochem. Biophys.
Res. Commun. 202:710–714.

Seifert, U. 1994. The concept of effective tension for fluctuating vesicles.
Z. Phys. B. 97:299–304.

Siskind, L. J., and M. Colombini. 2000. The lipids C2- and C16-ceramide
form large stable channels. J. Biol. Chem. 275:38640–38644.

Siskind, L. J., R. N. Koleskick, and M. Colombini. 2002. Ceramide
channels increase the permeability of the mitochondrial outer membrane
to small proteins. J. Biol. Chem. 277:26796–26803.

Thewalt, J. L., and M. Bloom. 1992. Phosphatidylcholine:cholesterol phase
diagrams. Biophys. J. 63:1176–1181.

Williams, A. C., and B. W. Barry. 1992. Skin absorption enhancers. Crit.
Rev. Ther. Drug Carrier Sys. 9:305–353.

1004 Patty and Frisken

Biophysical Journal 85(2) 996–1004


