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Small-volume extrusion apparatus for preparation of large, 
unilamellar vesicles 

R o b e r t  C.  M a c D o n a l d ,  R u b y  I. M a c D o n a l d ,  Ber t  P h . M .  M e n c o  *,  K e i z o  T a k e s h i t a  * *, 
N a n d a  K. S u b b a r a o  a n d  L a n - r o n g  H u  * ' *  

Department of Biochemistry. Molecular Btologv and Cell Bioh,K~.. Northwestern Una,er.rity. E~,anston. I L ( U.S.A.I 

(Received 23 July 1990) 

Key words: Liposome extrusion; LUVET; Liposome; Extrusion apparatus: R:~pid fr.,~zing: Freeze-fracture 

The design and performance of a filter holder which enables convenient preparation of volumes of up to a milliliter of 
large, unilamellar vesicles formed by extrusion (LUVETs) from multilamellar vesicles (MLVs) are described. The filter 
holder provides for back-and-forth passage of the sample between two syringes, a design that minimizes filter blockage, 
eliminates the need to change filters during LUVET preparation and reduces preparation time to  a few minutes. 
Replicas of slam-frozen LUVETs in the electron microscope are unilamellar and reasonably homogeneous with an 
average diameter close to the pore size of the filters used to extrude them. Extrusion per se does not destabilize the 
vesicles, which trapped a Iluorescent dye only when they were disrupted on freeze-thawing and during the first extrusion 
w~en most of the MLVs were apparently converted to LUVETs. 

Introduction 

Large, unilamellar vesicles produced by extrusion 
techniques (LUVETs) present various advantages for 
studies involving model membranes. They are free of 
organic solvent and detergent; the arrangement of their 
constituent lipids is at equilibrium and features no 
destabilizing constraints on the constituent lipids; they 
are relatively homogeneous in size and structure; they 
resemble cell membranes in being unilamellar and able 
to contain relatively large volumes; and they can be 
prepared quickly and easily from dried lipid in less than 
1 h. To extend the applicability of the mc'thod of 
LUVET preparation, pioneered by Olsou et al. [1] and 
made practicable by Hope et al. [2], we have designed 
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and constructed a hand-driven, extrusion apparatus with 
a capacity of less than a milliliter, which does not 
require gas under pressure, is easily made at low cost 
and meets the needs of investigators who use only small 
amounts  of LUVETs. Our extruder has the added ad- 
vantage over presently used designs of a self-cleaning 
feature; because the sample passes back and forth 
through the filter, blockage is greatly reduced. Examina- 
tion of the vesicles produced with this hand-driven 
extruder indicated them to be comparable to those 
produced with a large volume, commercially available 
apparatus. We have also measured the uptake of fluo- 
rescent, aqueous phase marker added to the vesicles at 
various stages in the extrusion process and thereby 
afforded some insight into the mechanism of LUVET 
generation from muhilamellar, large vesicles (MLV). 

Materials and Methods  

Preparat ion o f  L U V E T s  

Egg phosphatidylcholine (Avanti Polar Lipids, 
Alabaster, ALl in chloroform was dried under nitrogen 
and kept under high vacuum for at least 1 h. The lipid 
was hydrated at a concentration of 6-30  mM in MBSE 
and freeze-thawed ten-times in a solid C O J e t h a n o l  
bath to ensure solute equilibration between trapped and 
bulk solutions [3,4]. The multilamellar vesicles were 
extruded through polycarbonate filters (Nuclepore, 
Pleasanton, CA) mounted in the mini-extruder (Fig. 1) 
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Fig. 1. Extrusion device. The housing (A), with its two end caps, provides for confining and pressing together the membrane supports (B: two 
required) which have woven nylon screen (40 mesh is adequate) (C) on their surfaces to allow distribution of the suspension over the filter (or tw;~ 
tardem filters~ ,~nd "O '~ rings (D) to retain the screen and prevent leakage of the sample. The stainless steel capillary (E) has a narrow bore to 
mi ,imize hold-up volume. It is a tight press fit into the membrane support. The projecting end of the capillary is rounded and of appropriate length 
to fit : - o  the teflon inner portion of a Luer lock microsyringe. The black threaded portion is a female Luer Lock bulkhead fitting to provide 
mechanical support for the syringes. A diameter for the supports (B) of between 0.5 and 1.0 inch is desirable and the filter diameter should be a few 
thousandths of an inch smaller in diameter than the supports. The size and proportions of the components are not critical. They may be fabricated 
from inert metal or plastic; nylon is satisfactory for all components except the capillary tubing. To use the extruder, one filter support is placed in 
the housing, from which one end cap has been removed, with the Luer connector projecting through the other end cap. The filters are placed on the 
screen surface of the filter support. The second filter support is placed on the other surface of the filters and the support is sealed against the filter 

by screwing on the second end cap. The assembled device is shown at the bottom of the figure. 

fitted with two 0.25 ml Hamil ton syringes (Hamil ton,  
Reno, NV). Usually we subjected samples to 19 passes 
through two filters in tandem as recommended in Ref. 
2. In some cases, a single filter was used and the 
number  of  passages was reduced by half without  
markedly different results. An odd number  of  passages 
was performed to avoid contaminat ion of  the sample by  
large vesicles which might not have passed through the 
filter. 

Preparation of lipid vesicle replicas for electron mi- 
croscopy 

5 #1 of L U V E T  suspension was pipetted onto  a 2 mm 
slab of  gelatin mounted on an aluminum disc (Medvac,  

St. Louis, M O  [5]). The vesicles, free of  chemical fixa- 
tive or  cryoprotectant ,  were rapidly-frozen by dropping  
the discs onto  a liquid nitrogen-cooled copper  block wih 
the bounce-free,  Gent leman Jim quick-freeze system 
(Pelco, Inc.; Tustin, CA [6]). The i'rozen samples were 
fractured with a knife in a Cressington C F E  40 freeze- 
fracture machine (Cressington Scientific, Walford,  U.K.)  
at a vacuum > 5 . 1 0  -7 mbar  and a temperature  of  
- 1 3 5 0 C .  Immediate ly  after  fracture, the specimens 
were shadowed with p l a t i n u m / c a r b o n  at an angle of  
45 ° . Replicas were reinforced with carbon evaporated 
obliquely from above,  cleaned in ch lo ro fo rm/me thano l ,  
commercial  bleach and water  and examined on un- 
coated 400-mesh thin bar  hexagonal grids at 100 kV in a 
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JEOL 100 CX Temscan electron microscope. In the case 
of negative stained preparations, we followed standard 
procedures [7]. 

by assay of inorganic phosphorus [101 in order to relate 
internalized volume to amount  of lipid, i.e., as pl inter- 
nalized per ~tmol lipid. 

Sizing of vesicles 
Vesicle diameters were measured from electron mi- 

crographs taken at a magnification of 72000-times the 
original size. Only replicas of concave pieces of vesicles 
with a shadow were measured. In one experiment (see 
Fig. 2) the measured diameters were corrected for non- 
equatorial fracture of vesicles, the replicas with shadows 
covering more or less than 50% of their areas. The 
formula devised and used is 

r = [ (d /2-  x)2+ d2/4 ]t/z. 

where d is the actual diameter of the vesicle, r is the 
radius of the crater in the replica that formed over that 
vesicle and x is the width of the shadowed region of the 
crater at its midpoint.  

Measurement of uptake of external aqueous phase during 
various stages of LUVET preparation 

The extent or comn'mnication between the vesicle 
compartment  and the external phase during extrusion 
was measured according to a previously described assay 
in which the fluorescent dye, calcein, serves as an aque- 
ous phase volume marker [8,9]. The fluorescence of a 
suspension of vesicles is determined before and after 
addition of cobalt ion, which quantitatively quenches 
the fluorescence of  calcein in the external phase but has 
no effect on that trapped in the vesicles. The fraction of 
the total fluorescence which is quenched is thus equal to 
the fraction of the total ealcein in the external phase. 
Since the total volume is easily measured, the volume of 
the external phase which is internalized is readily calcu- 
lated. At various stag:s in the preparation of LUVETS, 
2 pl  of 10 -2 M calcein (Hach, Ames, IA), adjusted to 
pH 7 with NaOH, was added to 0.2 ml of vesicles in 
MBSE. The vesicle suspension was then processed 
through one or more subsequent steps in the prepara- 
tion of LUVETS. One #1 of the vesicle suspension at 
the desired stage of  preparation (given in Table I!) was 
diluted in 0.36 mi MBSE and read in a fluorometer 
before (Ft) and after (Fu) addit ion of 5-10 mM CeCI 2. 
The excitation monochromator  was set at 490 rim, the 
emission monochJ'omator at 520 nm and band-pass 
interference filters were used at both positions to 
eliminate contributions from light scattering. The back- 
ground fluorescence given by CoC12-quenched samples 
in the presence af  ! ~ Triton X-100 (Fb) was subtracted 
from both measurements. The internal volume that be- 
came equilibrated with the external phase (effectively a 
"trapped volume',  although the total internal volume 
does not change) was taken to be [(Fu - Ft,)/(F~ - Fb)] 
X (volume of lipid suspension). Lipid was determined 

Results and Di~ussion 

Design of the mini-extruder 
The essential features of the extrusion device are (a) 

support for both sides of the membrane so that time- 
saving back and forth extrusion can be employed and 
the filter is self-cleaning, (b) a small hold-up volume so 
that extrusion of 0.25-0.5 ml samples is possible and (c) 
ability to withstand the pressures necessary for extru- 
sion without leakage or membrane rupture. These fea- 
tures have been incorporated into the design of the 
device shown in Fig. 1 *. The filter is pressed between 
two supports (turned from appropriate rod stock) which 
contain O rings to prevent leakage. The O rings hold in 
place pieces of nylon mesh which distribute the sample 
over the surface of the filter. The supports have connec- 
tions for syringes and are pressed together by tightening 
threaded caps on the housing. An inspection hole ts 
drilled talough the housing to facilitate centering the 
filter supports and to check for absence of leaks around 
the filter during the extrusion process. The housing need 
be threaded only at one end, but we have found it 
expeditious to adapt commercially available tubing con- 
nectors (tube to tube union), which are threaded on 
both ends, rather than to machine a housing de novo. 
The typical tubing connector (available at hardware 
stores, p lumbing shops and industrial supply compa- 
nies) must be bored out to the diameter of the tubing 
support.  It may also be necessary to modify the end 
caps slightly to accommodate  the protr):d~,ng portion of 
the filter support. If the two membrane supports rotate 
relative to one another during tightening, the filter may 
tear. This is easily prevented by placing a dowel pin in a 
keyway drilled along the junction of  the membrane 
support  and housing and parallel ta the axis of the 
extruder. Only one side need be modified; the end cap 
on the side with the pin is that which is tightened. 
Although a functional extruder can be fabricated from a 
variety of materials, we have found nylon to be quite 
satisfactory. 

We have used extruders holding 1 /2  inch or 3 / 4  
inch diame, er filters (punched from bulk filter sheet, 
Nuclepore). 7"or e'~t.nlsi,2~ *~r~'-'-g,h 199 r,m pot,; filters, 
either size i, convenient; hov, c~c:r, with 1 / 2  inch filters, 
extrusion through 30 nm pore "i|tcJ.n it, quires a prohibi- 
tively large amount  of muscular effort which is not 
required for the larger diameter filter. 

* We will send detai|eci drawings and instructions ~.o anyune who 
includes a self-addres~,~l envelope with his or her request. 
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The extruston device was designed to be used prim- 
arily with two 250 or 500/tl syringes. The Teflon Luer 
lock type with Teflon plungers (Hamilton) is satisfac- 
tory. The syringes with threaded terminations that we 
have tested invariably failed under the pressures re- 
quired for extrusion. It should be appreciated that the 
pressures generated are significant. A pound of force on 
the plunger is equivalent to about 100 lb/ inch 2 on the 
sample and one typically applies several pounds of 
force when using the device. (We have not had a syringe 
barrel fail, but prudence would call tor wearing safety 
glasses when using the device.) Indeed, the small diame- 
ter of the syringe is precisely what makes the device 
practical. With larger diameter syringes, the average 
person cannot apply enough force to extrude vesicles 
through 100 nm pores at a practical rate. Teflon-tipped 
plungers are essential to avoid leakage between plunger 
and barrel. The seal between the syringe and the ex- 
truder is not based on the usual mating surfaces of the 
Luer lock connectors. Normal Luer lock connections 
have rather large dead volumes and they frequently 
begin to leak after a few months of use due to the 
compression of the Teflon inner member. Instead, the 
seal is made by insertion of the stainless steel capillary 
tubidg of the filter support into the Teflon portion of 
the Luer connection, it is necessary to drill out the 
or.rice of the Teflon inner portion of the Luer lock 
co~mector so that its mating with the end of the capillary 
is a tight push fit. The capillary thus has the dual role of 
providing a low volume path from the syringe to the 

filter and a leak-tight connection to the syringe. 
Capillaries of 1/'16 inch o.d. are commonly available 
with 0.020 or 0.010 inch i.d. With the latter, the total 
internal volume of the extruder is about 8 /~1, so at 
most, 4 /.tl escapes filtration. Our capillary was 
purchased from Small Parts, Miami, FL. The female 
Luer lock fitting is attached to the extruder primarily to 
support the syringe; the capillary is only available in 
soft temper and it would bend without ~ rigid connec- 
tion to the extruder. Nylon and metal fittings -re availa- 
ble frGm syringe manufacturers and some tube fitting 
supply companies. We have used fittings from Ark-Plas 
Products, Flippin, AR. 

Although reusable syringes provide the most secure 
seal for the extrusion device, we have found that at least 
one brand of 1 ml, disposable plastic syringes (Terumo), 
if used only a few times, seal sufficiently well that they 
may be used to extrude phospholipid vesicles through 
100 nm pore membranes at concentrations at least as 
high as 20 mg/ml .  

Properties of the extruded vesicles 
Fig. 2 consists of electron micrographs of replicas of 

LUVETs slam-frozen, fractured and shadowed as de- 
scribed under Materials and Methods. LUVETs in Fig. 
2a were extruded through filters with 100 nm pores, 
whereas LUVETs in Fig, 2b were extruded through 
filters with 30 nm pores. The LUVETs extruded through 
filters of both pore sizes in our apparatus are evidently 
essentially all single-layered, as indicated by the insig- 
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Fig. 2. Electron micrographs of replicas of rapid-frozen extruded vesicles. (A) Vesicles extruded through 100 nm pore filter. (B) Vesicles extruded 
through 30 nm pore filter. The lipid in bo,h cases was egg phosphatidyleholit~e suspended in buffered 0.15 M NaCI. The heights of the letters A and 

B correspond to 120 nm. 
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nificant fraetior: of cross-fractured vesicles with inner 
lamellae. Although the shim-freeze method b::s r" . . . . .  r,,m 
been used to rapidly freeze aqueous suspensions of lipid 
vesicles without fixative or cr 'voprotectant (an exception 
is Ref. 1I, reviewed in Ref. 12), the present results show 
that the ultrastructural preservation by slam-freezing is 
at least as good as that obtained with spray- [13-17], 
plunge- [18,19] and jet-freezing [20,21]. As seen in Fig. 
2, well-frozen specimens lacked evidence of ice crystal 
formation, i.e., the areas between the vesicles were 
smooth.  The near-50% shadowing of  most replicas indi- 
cates that most vesicles were fractured equatorially. 
Olson et al. [1] came to the same conclusion on the 
grounds that the size distributions of  their vesicles pro- 
duced by extrusion and then negatively stained, agreed 
with those of  vesicles similarly produced and then 
freeze-fractured. Likewise, our comparison of  the diam- 
eters of freeze-fractured and negauve stained (data not 
shown), extruded vesicles - data  for the latter adjusted 
for their flattened disposition - yielded similar results. 

Table  I gives the diameters of  replicas of  vesicles 
extruded from our apparatus  as described under 
Materials and Methods.  The data from two experiments 
agree well - i.e., 69 and 80 nm from 100 nm pore filters 
~nd 47 and 52 nm from 30 nm pore filters. The diame- 
ters and s tandard deviations of vesicles filtered through 
pores of  100 nm diameter are the same as those re- 

fABLE 1 

,'?,..'.n~ "er~ ,J[ rephc'u.v o/ extruded oesicles ,dam.frozen. fractured and 
~'hadowed 

Each measurement i~ given as the me~n+S.D,  of  the number of 

vesicles given ~ parenthe~s.  The phosphatidylcholine concentration 
was 6 mM in Expt. t ~md 30 mM in Expt. II. 

t00 nm pore filter 30 nm pore filter 

Expt. I ~00+24.7 (26) 47.5+!2.4 (36) 
Expt. Ii 69.3 _+ 38.7 " (Ill) 53.7 + t9.8" (78) 

69.3_+18.8 (11i) 52.2+_I0.2 (78) 

" These me4~ureme;~ts were corrected for ::on-equatorial fracture of 
the vesicle, as judged from th, • shadow extending 50% beyond the 
radius of the replica, so that the diameter of the replica was less 
than the diameter of the vesicle. The correction was made according 
tt: the equation given in the Materials and Methods. 

ported by Hope  et am. [2], who used a large-capacity 
extruder, now available commercially. Before address- 
ing the disparity between the measured and expected 
diameters, we should point out  that correcting the mea- 
sured diameters for non-equatorial  fracture of  the 
vesicles, as described in Materials and Methods and 
indicated by asterisks in Table I, had no effect on the 
average diameters  but  did have some effect on the 
s tandard deviations. This essentially negligible effect is 
expected since the diameter  of  even a shadowless replica 
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Fig, 3. Size distributions of vesicles of different phospholipids. The size distributions of vesicles composed of phosphaddic acid, phosphalidylserine, 
phosphatidylinosito] and phosphatidylcholine were obtained from electron micrographs of the negatively stained vesicles. The compos;,tion5 of the 

vesicles, which were exuuded through a filt~:r of 100 nm pore diameter, are indicated in the figure. 
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should be about (1,/2) w/-L or 0.7-times the diameter  of 
the original vesicle [22]. 

Fig. 3 presents histograms of sizes of vesicles of 
lipids other than phosphatidylcholine, all extruded 
through filters with 100 nm pore diameters. These 
vesicles were extruded eleven times and were sized from 
electron micrographs of negative stained specimens. As 
may be seen. the diameters of phosphatidylserine and 
phosphatidylcholine vesicles are distributed around 80 
nm. which is very close to that of the phosphatidyl- 
choline vesicles sized by freeze-fracture. The phospha- 
tJdylinositol vesicles appear to be somewhat smaller 
than the phosphatidylcholine vesicles, whereas the phos- 
phatidic acid vesicles are considerably larger. Moreover,  
the size distribution of the latter is considerably broader  
than that of any other phospholipid. It is possible that 
the phosphatidic acid vesicles were affected by the 
negative stain t reatment  in a way that the other  lipids 
were not, but we suspect otherwise, since other  vesicles 
(egg phosphatidylcholiae extruded through 30 nm pore 
filters, see above; dipalmitoyl phosphatidy!eho!'me ex- 
truded through 100 - m  pore filters, see below) are 
clearly larger than the pores of the filter through which 
they were extruded. It thus seems likely that the same 
phenomenon is operative, but  the threshold for an effect 
is lower with phosphatidic acid. 

Vesicles may be prepared at temperatures other  than 
ambien: by performing the extrusion process either 
under water of the desired temperature  or in a partially 
closed oven, after allowing thermal equilibration of  the 
extruder with its surroundings. The option of extruding 
at higher than ambiem temperatures may be necessary 
in the case of liptds which at ambient  temperatures are 
in the gel phase and, therefore, difficult to extrude [23]. 
We have not sized vesicles of such lipids but  we have 
supplied an extruder to Dr. Barry Lentz of the Univer- 
sity of North Carolina, who has done so. According to 
his results, vesicles of  dipalmitoylphosphatidylcholine,  
extruded above the phase transition temperature  through 
pores of 190 nm diameter,  have diameters of 125 nm 
measured by quasi-elastic light scattering at room tem- 
perature. This is nearly the same size as vesicles pre- 
pared by Lentz with the commercial ly available extru- 
sion device used by Nayar  et al. [23]. 

Characteristics of the extrusion process 
The transformation of an MLV into a LUVET dur- 

ing eztrusion may entail the simple pinching off of  
vesicles from liposome tubes stretched into the filter 
l::.~re; however, the process cannot  involve the disin- 
tegration of tubes into vesicles of the same diameter,  for 
vesicle sizes do not necessarily correspond to the pore 
diam~'ter. In the case of the egg phosphatidylcholine 
vesicles shown in Fig, 2, filters with pores of 100 nm 
diameters gave LUVETs with an average diameter  of  75 
nm, whereas filters with pores of 30 nm diameters gave 

TABLE II 

Uptake of calcein at different stages in the preparation of LUVETs 

2 pl of 10--' M calcein (pH 7) was added to 0.2 ml egg phosphatidyl- 
choline vesicles in MBSE ,~t the stage in the procedure indicated. 
Calcein within the LUVETs recovered at the end of the procedure was 
determined in duplicate by measuring the fluorescence of a ! ~1 
sample diluted in 0.36 ml MBSE before and after addition of 5-I0 
mM CoC12. A background value given by a CoCI2-containing sample 
ia the presence of 1% Triton X-100 was subtracted from both of these 
measurements. All extrusions were through two 100 nm pore filters. 
The data are expressed as trapped volumes, i.e., #l trapped per #tool 
lipid. Lipid was determined by assay of inorganic phosphorus [101. 

Calcein added Internalized volume 
(#l//xmol lipid) 

Expt. I Expt. II 

(1) Before freezing-thawing. 
Vesicles then freeze-thawed 
and extruded 19 times 2.0 - 

(2) After fr-"eze.thawing but 
before extrusion. Vesicles 
extruded 19 times 0.9 1.9 

(3) After one extrusion. 
Vesicles extruded 10 times 
subsequently - 0.45 

(4) After 5 or 10 extrusions. 
Vesicles extruded i0 times 
subsequently 0.15 0.31 

LUVETs with an average diameter  of  50 nm. This 
difference is not at tr ibutable to a difference in pore 
depth between the 100 nm and 30 nm pore filters, since 
filters of  both pore sizes are 600 nm thick (Nuclepore).  
Furthermore,  filters of  the same pore size can gent.rate 
vesicles with average diameters sm~!!er or  larger than 
the pore diameters,  as occurred with 100 nm pore filters 
which gave phospbatidytcholine LUVETs with an aver.. 
age diameter  of  80 mn but phosphatidic acid LUVETs 
with an average diameter  greater than 100 nm (Fig. 3). 

To  determine at which stage in the p ro ,  ess of L U V E T  
formation vesicle contents  communica te  with the exter- 
nal phase, we added the fluorescent dye, calcein, to lipid 
suspensions at various stages of the extrusion process. 
The results, expressed as volumes of  extravesicular solu- 
tion internalized per  #mol  of  lipid, are given in Table It. 
The net gains in uptake of the dye were 1.1 g l / # m o l  
phospholipid duc to freeze-thawing (Expt. I, row l 
minus row 2), 1.45 ,, n /,, ,,,-,I ,4,,,~ t,-, ,h,~ first extrusion 
(Expt. II, row 2 minus row 3) and 0 .14/~l / / tmol  due to 
subsequent extrusions (Expt. It, row 3 minus row 4). 
Data from both experiments indicate that the mem- 
branes are not permeable during extrusion per se, since 
the volumes t rapped are negligible when the dye  is 
introduced after, instead of prior to, the first extrusion. 
Thus, the vesicles become permeable to and trap calcein 
primarily when the MLVs undergo rupture into smaller 
vesicles during the first extrusion. The uptake of calcein 
during freezing and thawing of  lipid vesicles has been 
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o b s e r v e d  p rev ious ly  [3]. Inc identa l ly ,  the t r a p p e d  v o l u m e  

c-f 2 / L 1 / # m o l  for vesicles e x t r u d e d  th rough  I 0 0  n m  p o r e  
fil ters (Tab le  I I )  is tha t  expec ted  for 80 nm d i a m e t e r  
vesicles. T h e  c lose  c o r r e s p o n d e n c e  of  this ca lcu la ted  

d i a m e t e r  to the m e a s u r e d  values  ( T a b l e  l), a t tes ts  to the 

un i l amei la r  c o n f i g u r a t i o n  of  e x t r u d e d  vesicles, a lso indi-  

ca ted  b y  e lec t ron  mic roscopy .  
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Pinto ,  who  loaned  us a filter which  inspi red  the  des ign  

p r e s e n t e d  here.  T h i s  w o r k  was  s u p p o r t e d  by  N I H  G r a n t s  

G M 3 8 2 4 4  a n d  D K 3 6 6 3 4  to  R . C . M .  a n d  N S F  G r a n t  

BNS-8809839  to  B .P .M.M.  
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