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UnHamdlar veeries ~ L~-dimyfi~oy~hosphatidy~hd~e have been prepared by the ether injection 
~chn~ue. Gel fil~ation on Sephacffl S1000 was used ~ ob~in fractions ~ narrow polydispe~i~, ~ rad~s 
from 300 ~ 600 ~. Dynamic light sca~edng was used to de~rm~e the change ~ ~ze of ~ese  veeries in 
~ spon ~  ~ an osmotic pre~ure dro~ and ils dependence on vesicle siz~ The am~i~de ~ swelling 
(AR/R) is Hneady propo~ional ~ ~ e  osmotic pre~ure ~f fe~nce  across ~ e  bilaye~ We have de~rm~ed 
• e d~ t i c  a~a s~etch~g modulus using a theoff ~ memb~ne d~t ic i~:  ~ depends on ~ e  ~e~de rad~s ~ 
the range ~ ~ze s ~ e d .  Veeries having ra~us smiler than 400 ~ show l i ~  or no swellin~ 

Verities are widdy used as modds of biolo~c~ 
membranes. Although a var i fy  of physicochemi- 
cM ~chniques have been used to study phos- 
pholipid bilaye~, there was no direct m~hod to 
ev~uate thor mechanic~ properties. Some theo- 
refic~ studies on the dastidty of brayers have 
been pub~shed recently (for a renew, see ReL 1). 
For example, the condenfing effect of ch~es~r~ 
can be shown deafly by ~otherm~ surface ten- 
fion measuremen~ of monolayers, but its ri~dify- 
ing effect in bilayers was supposed only by indi- 
rect expefimen~ such as fluorescent probe mea- 
surement. Fu~hermore, the surface ~nfion 
method mentioned above cannot be used to 
evaluate the mechanic~ effect of n a t u r ~  occur- 

* To w ~ m  ~ n ~ n c e  ~ M  ~ a d d r e s S .  
A b b ~ n :  DMPC, ~ m y r i s m ~ p h o s p h ~ c h o f i n e .  

ring ~ansmembrane substances such as carote- 
noids [2] and in~gr~ membrane protons. Very 
recenfl~ an degan~ direct method was reposed 
by Kwok and Evans [3], to determine the dasfidty 
of ~ant ve~des (10 ~m). We describe here a novd 
method to measure directly the mechanic~ prop- 
erties of small veeries with 300-600 ~ of radiu~ 
by stud~ng the swdfing of the veeries in response 
to osmotic pressure. This method has been used in 
a recent paper pubfished in this journ~ [4], in 
which we have only indica~d the condu~ons 
which we have now to substanfiat~ 

It is well-known that veeries behave fike per- 
~ct osmom~ers [5]. The kinetics and the ampli- 
tude of swelling yidd impo~ant information on 
the fiscodasfic properties of the bilayers. The 
~chnique of dynm~c fight scaaering was used to 
measure the increase of verde  ~ e  resulting ~om 
the osmotic dif~rence across the membrane. The 
very high sen~fifity of the ~chnique allows de- 
termination of ve rde  radius with an accuracy of 
± 1 A, which is needed for the quantitative char- 
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actefization of vefide swdfing in response to 
osmotic pressure jump~ 

M ~ s  ~ d  M ~ h ~ s  

Reagen~ 
L~-Dimyri~c ylphosphatid~choline (DMPC) 

was purchased from Avanti P~ar  ~ d s ,  Bir- 
mingham, AL and used wi~out  fu~her purific~ 
tion. The purity of h e  fipid was checked by 
~ l ~ g d  t h i ~ h y ~  chromamg~phy (TLC) wi~  
c h ~ m ~ r m / m e ~ a n ~ / w a t e r  (65 : 35 :~  v / ~  as 
~uent. Sephacryl $1000 was obt~ned from 
P h ~ m a d ~  ~ a ~ w a ~  NJ. The wa~r was ' u ~ -  
p u ~  w a i f  from Mi~pore  ( B e d ~ ,  MA). All 
other reagents were of an~yf ic~ grade. 

Preparation of ves~les 
Uni lamdhr  verities (300-600 ~)  were pre- 

pared by the ether injection m~hod [6]. Typ~al l~  
a dieth~ e the r /m~hano l  solution (9:1,  v / ~  64 
ml) of DMPC (3 mg /ml )  was injec~d through a 
Hamilton syringe into 60 ml of a buffer: 10 mM 
Yri~HC1/1 mM N a z E D T A / 5  mM NAN3/150 
or 350 mM LiC1 (pH 7) (buffer A); NazEDTA is 
added to prevent aggregation induced by bivMent 
cations, and NaN 3 to inhibit bac~r i~  growth. 
L i t~um chloride was chosen to induce osmotic 
pressure because phospholipid b~ayers are pa~ 
ticularly impermeable to Li + [7]. The injection 
~mperature was 70°C, and the injection rate was 
20 ml /h .  The resulting s~ution was diMysed 
again~ 1 1 of the same buf~r  for 3 h and then 
against 2 1 of the same buf~r  overnight to remove 
the rem~ning sMvent (tubing for diMysis: Spec- 
~apor 2, Spec~um MedicM Indu~rie~ Los 
Angdes, CA). The solution was then concen~med 
to 5 ml in an ul~afil~ation cell (Amicon st~red 
call) with an XM50 Amicon membran~ Im- 
mediatdy aRer concentration, the vesicle solution 
was ~actionated by gd fil~mion over Sephacr~ 
S1000 [8] which had been pre~ouMy saturated 
with the phospholipid by fil~ation of a vefide 
solution. The above sample (5 m~ was d u ~ d  at 
4°C over a 500 ml c~umn (100 × 2.5 cm); duent  
buf~L A; v~d  volum~ 240 ml; dut ion peak, 330 
ml; flow rate, 40 m l / ~  fractions col lec t& 3 ml. 
The ~acfions c o l ~ e d  were always kept at 4°C. 
The s~e of the vedcles was shown to be stable for 

at least 1 month. The concentration of phos- 
pholipid in each fraction was determined by phos- 
phorus analyfis [9]. 

Measurement of vesic& s~e 
The vefide fize was determined by dynamic 

fight scaaerin~ on an apparatus described 
dsewhere [10] in a homodyne configuration at 90 ° 
sca~ering angle (scattering vector k = 2.31.105 
cm ~). To obt~n diffufion coeffiden~, the auto- 
co ,c lar ion function was an~yzed with five differ- 
ent fits [10], which ga~e the same v~ue for the 
vesicle fize, within 2 A. One of them was sys- 
~matically used; the autoco~dafion function was 
f i t~d by 

G(t) = A exp(-2Ft - ~ t 2 ) +  n 

where A, B, F and A are optimized p a n a m a , s .  
From the decay p a r a m ~  F the hydrodynamic 
ra~us  R was c ~ c d a ~ d  [11], assuming the veeries 
to be hard ~phe~s; h e  parame~r  A is a measu~ 
of the p ~ y ~ s p ~ f i f f  of the samp~ [11,12]. Our 
samp~s have been shown by ~rec t  comparison to 
be nearly as mono~spe r~  as a ~lute  suspenfion 
of standard p ~ y s ~ n e  sph~es [13]. Co~ecfions 
for the dependence of the ~ o f i f f  and re ,act ive  
~dex  on ~ m p ~ u ~  and s~t concentration were 
included in the p~ogram. Some measu~men~ have 
been run at sm~l a n ~ .  At 30 ° ~ r i n g  an~e, 
we u s u ~  found a v~ue 5% larg~ than at 90 ° for 
the ra~us. This difference is fairly sm~l and we 
carried out most of the experimen~ at 90°. 

The ~ m p ~ u ~  was 25°C and was c o n ~ d  
to 0.1°C. An equil~ration time of 15 min was 
~lowed before each measu~ment. The measu~- 
ments had a ~produdbi l i ty  of ± l  ~ (0.2%) for 
the samp~ and of ± 5~ (1%) for independent 
samplings of the same ~action. The concentration 
dependence of the vefic~ s~e was shown to be 
ne~igi~e  at the concentrations used in the pre- 
sent study. 

Typ~al swelling experiment 
A~er g~ filgation, each fraction was diluted to 

0.02 mg/ml .  This solution was directly filtered 
through a 0.5 ~m filter (MiHex SR) into one 
compa~ment of a two-compa~ment cell for fluo- 
rescence work (Hdlma). The other compartment 



was filled with the same volume of buffer of 
varying concentration. The two compartments  
were carefully mixed, and 15 min later the s~e 
was ag~n measured. For swdhngs of ~ss than 5% 
of radius chang~ the ~ze after swelling was ~-  
ways stable at ~ast  for 1 h; when checked, it was 
even found unchanged after about 15 h. For larger 
swd~ngs, the ~ze after swelling was not s tab~ 
and progre~ivdy  decreased, which is probably 
due to the ~akage of the s~t  through the ex- 
panded weakened membran~ 

R e s u l ~  and D i s c u s s i o n  

Gd fi#raaon 
The dut ion profile (Fig. 1) shows that Seph- 

ac r~  S1000 pro~des  an appropriate ~ze range for 
the present study (Kav= 0.5). Adsorption of ~ d s  
on the c ~ u m n  seems important. At the end of the 
filtration ( V = 4 0 0 - 5 0 0  ml) the ~ze ~ c r e a s ~  
graduall~ We be~eve that this is due to a ~ow 
rdease of large veeries  i~fially adsorbed on the 
gd. 

Swe~ng experimen~ 
T h e o r ~ l ~  it s h o e d  be pos~ble to study 

both swdfing and shrinking of veeries by mi~ng  
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the verities with ~ther  hypoosmolar or hyper- 
osmolar solutions. In fad,  preliminary experi- 
ments have shown that the shrinking behafiour is 
more complex: we observed that, for small osmot~  
shock~ there is no shrinking of the vef ide~ and 
for higher pressures apphed to the membran~  the 
shrinking is not reverfibl~ Thus, DMPC verities 
show a s~ong refinance to area change by com- 
presfion. The DMPC vef id~  in its equilibrium 
s~uctur~ is known to confist of d o s d y  packed 
hydrocarbon ch~n~  and therefore the repulsion 
between the c h i n s  is h ig~y senfitive to compres- 
sion [1~15]. This fituation, howeveL might be 
highly dependent on the compofifion of the ves- 
icle. 

In the present papeL we have hmi~d  our study 
to swelling; we have ~ u d ~ d  the phenomenon for 
vesicles of radius ~ o m  300 to 600 ~.  This experi- 
ment was very de~cat~ and it has been posfible to 
carry it out only because of the high quality of our 
dynamic ~ghbscat~ring apparatu~ and with a 
very monodisperse sample; but even in the best 
case it was impossible to prevent a cer t~n scatter- 
ing of the data: to g ~  a 0.5% accuracy on AR/R 
it is necessary to measure R with a 0.25% accu- 
racy, i.e., to measure a radius of 500 ~ with a 
reprodudbil i ty dose  to 1 ~.  

Fig. 2 shows the resul~ for verities with five 
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Fi~ 1. Elufion pro~e of the filtration on Sephacryl $1000; 
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R~ 2. R~ i ve  swahng of the vesicles (&R/R) ~ d  v e r s u s  

2&¢ (~e difference of s~t concea~ation b~ween Be s~udons 
w~ch are ~xe~  ~r ~ r e n t  pre£ar~ns of Bid~ ra~us 
426 ~), ~5 (OX 455 ~), 485 ~X 530 ~)  ~. The sa~es 
R = 426 ~ and R = ~5 ~ were prepared ~ 350 ~ UCI, ~e 
others in 150 ~ U~.  
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different ~zes. We plotted the ratio AR/R vs. 2 
Ac, the difference between the salt concenWafions 
of the two solutions before mixing for each ~ze 
(Ac is the difference of the concenWation in~de 
and out~de just after mixing). The ~ze depen- 
dence of the ~ope of AR/R vs. 2 Ac is shown in 
Fig. 3. 

The swelling is rdated to the osmotic shock 
appfied to the membrane and the variation of 
&R/R with &c can be reasonably fitted to a 
s~aight line. 

Theoret~ considerations 
We assume the vefide to be a sphere of r a~us  

R, the osmotic pressure to be small, the membrane 
to be dasfic and impermea~e  to s ~ u ~ s  [3,5]. 
Mechan~ally the d a s t i d ~  of a thin membrane is 
derived from two sources [1,16-18]: ( ~  the flee 
energy change due to the d ~ o r m ~ i o n  or stretch- 
ing of ~ e  membrane as a flat surface; (b) ~ e  free 
energy change a ~ o ~ e d  with the curv~ure  
change or ben~ng  of the membran~ In our ex- 
periment the effect of ben~ng  can be ~ n o ~ d  and 
the p o ~ n t i ~  energy per u ~ t  area U(R) is, accord- 
~ g  to I ~ a d a c h ~  [1] 

U(  R )  = ( 1 / 2 ) . k . ( a -  a o ) ~ / a ~  + y (1) 
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Fig 3. Plot of the rdafive change in radius per unit osmot~ 
pressur~ ~ R / R o P  o v~ init~ radiu~ R o. The ~r~ght  line On 
doued fine) represent the theoretic~ beha~our according to 
Eqn. 3, taking an arbigary value for k. + + + ,  experimental 
data; - - - ,  hypothetic~ asymptot~ beha~or 

where a 0 is the area per molecule in the ten~on- 
free state, and a is the area per molecule a~er 
swdhng, k is the ~othermal e l a ~  area com- 
pres~bility modulus and ~ is a constan~ 

For small radius changes, Eqn. 1 can be rewfi~ 
ten as 

U ( R )  = 2 k . ( R / R  o - 1 ) 2 +  y (2) 

where R 0 is the initial radius of the verities and R 
is the radius a~er  swdfing 

During the swdhng of the vef id~  the forces 
exerted on a tiny p a t h  of membrane of area 
A = 4~R 2 are: 
(1) the force due to the osmotic pressure, Po 

A ~  = A v C R T ~ C  

where the osmotic pressure Po = v~RTAc; Ac is 
the difference of sMt concentration across the 
bflayeL v is the number of ions per molecde  of 
solution, ~ is the osmot~  coeffi~enL R is the gas 
con~anL and T is the mmperature. In the range 
of concentrations used in this work, + ties Mways 
between 0.9 and 1; we shMl asfign it value 1. The 
variation of in~rnal  concentration due to swdfing 
has been shown to be ne# ivbM within the preci- 
fion of our experiments. 
(2) the force due to the membrane das t id ty  

A P  = A 8~8R 

where P is the pressure exerted by the membran~ 
(3) the friction resulting from the permeation of 
water through the membrane 

A f  aR / a t  

where f is the reciprocal of the membrane water 
permeabifity. These three forces are perpendicular 
to the membrane. 

During swelfing, the total force on the patch 
must be zero. Therefore, 

- ~ a R / a t  - A a ~ a R  + A ~  = 0 (3) 

From Eqn. 2 

~ U / O R  = 4 k ( R / R  o - 1 ) / R  o (~) 
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From Eqns. 3 and 4, 

~R/Ot + ~ / ~ ) R  = ~ + ~ o  (5)  

T ~  s ~ n  of E ~ .  5 is 

a = a o  + ( - e x p (  - (6) 

Eqn. 6 can be rewriaen as 

R - R o = A R ( 1 - e x ~ -  ~ ) )  (7) 

with 

AR = R~Po/4k (8) 

• = ~ 4 k  (9) 

Eqn. 8 can be rewriaen as 

a n / R  o = n o ~ / 4 k  (10) 

Kwok and Evans [3], to m e ~ u r e  dastic area 
c o m p r e s f i b ~  m o d ~ u s  of # a n t  vesicles, have 
used the fol~wing equation 

T= k ( a -  ao) /a  o (11) 

where T is the isotropic tension. 
In the case of osmotic swelling 

T=A. (OU/OA)  =A. (OU/OR) . (On /OA)  = R . P o / 2  (12) 

and 

( a - ao) /a  o = 2aR / R o  (13) 

Eqns. 11, 12 and 13 lead to the same Eqn. 10. 
Both approaches therefore lead to the same con- 
cluMon. 

This ~mple theoretical model shows the rate of 
the swelling to be exponential with time and 
A R / R  o to be Hneafly propo~ional  to Ac. The first 
conclu~on has already been reposed  [4] and the 
second one is in agreement with our present 
experiments (Fi& 2). HoweveL the dependence of 
A R / R o P  o on R 0 is not described properly by 
Eqn. 10 (Fi~ 3). 

For each radiu~ one can calculate k from the 
resul~ of Fig. 2, u~ng Eqn. 10 (Table I). The 
order of magnitude compares well with the result 
of Kwok and Evans [3]: k = 140 e r g / c m  ~ (for egg 

TABLE I 

RELATION BETWEEN ~OTHERMAL ELASTIC AREA 
C O M P R E S ~ T Y  (k) AND VE~CLE RADIUS (R) 

106-R0 (cm) 4.26 4.45 4.55 4.85 5.30 
k (erg/cm 2 ) 660 306 165 89 68 

phosphatidylcholine bilayers and R > 10 ~m). 
These experimental resu~s show that, at small 

radiu~ there is a deviation from the theoretical 
curve derived from a Mmple elastic model. A more 
microscopic theory would probably be required to 
explain these results. 

It is of interest to note the work of Schindler 
[19] about the equilibrium surface pressure of the 
monolayer formed at the a i r /wa te r  interface of a 
ve~cle suspen~on. This pressure depends on the 
exchange of ~pids between the ve~cles and the 
monolayer [20], which in turn is affected by the 
capacity of the veMcles to accept deformation 
when coming into contact with the monolayer. 
Schindler has shown thaL for ve~cles with radius 
smaller than 500 ,~, the exchange ~ hmited; we 
have shown that precisely at this ~ze range the 
ve~cles become non-deformabl~ 
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