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Characterization of classical 'hand-shaken' moltilamellar lipid vesicles (MLVs) confirmed that these systems 
exclude solute during formation thus confounding previous captured volume measurements which typically 
have utilized solute as a marker of the ocduded aqueom~ space. We used solvent rather than solute to 
determine the captured volume of these systems and obtained values at least twice those previously reported. 
We present here a Valeted volume and lameHarity pmfde of 'hand-shaken' MLVs and suggest that these 
parameters are dependent on the lipid concentration present during hydration_. 

Multilamellar lipid vesicles (MLVs) are com- 
monly and easily prepared by hydrating diacyt 
phosphofipids in excese buffer. ]he nnportance of 
such structures as membrane models or in drug 
delivery has been well documeated [1]. These ap- 
plications rely on the optimization of a number of 
experimentally relevant parameters including cap- 
tured volume (usually expressed as the amount of 
aqueous volume sequestered per pmol of lipid). 
Normally this quantity is determined by disper- 
sing fipid in an aqueous medium containing a 
relatively impermeable isotopic solute such as 22Na 
or 3H/t~C carbohydrate. Isolation of the vesicles 
from the external radioactivity by either centrifu- 
gation, dialysis or gel fdtration is then used to 
ascertain the proportion of solute trapped which 
in turn is used to calculate the captured volume. 
Recently it has been found that MLVs exclude 
solute during formation [2,3]. As a result of this, 
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solute entrapment techniques to measure captured 
volumes yield arfifactually low values. Here we 
report that when MLV captured volume is based 
on the determination of solvent rather than solute 
distributions, the values that are obtained are at 
least a factor of two higher than those previously 
reported. 

Our approach to this problem began by ex- 
pressing the captured or internal volume, V~, of a 
liposome suspension in terms of the partial 
~oluraes present. Thus 

vT= Vo+ v~ + vL (1) 

Where V. r is the total sample volume, V o the 
external aqueous volume and V L the volume oc. 
cupied by the lipid. V, was calculated from the 
amount of lipid present multiplied by its partial 
specific volume; for egg PC we used a value of 
0.983 ml/g  [4]. 

Fig. 1 compares the captured volumes of egg 
PC MLVs and freeze-thawed MLVs (FAT MLVs) 
determined by either solvent or solute distribu- 
tions. For solvent distribution we adapted a tech- 
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Fig. 1. Captured volumes +S.E. of egg PC MLVs and 
frc~e-thawed MLVs as determined isotopi~ly by solvent or 
solute distribution. Numbers indicate repficas. Solvent: Either 
50 mg egg PC per 500-ml round bottom flask (thin fdm) or 300 
mg per 100-ml round bottom flask (thick fdm) were dried 
overnight under vacuum (100 mTorr). The fdro was rehydrated 
with shaking in 5.0 ml Tx~ buffer (10 mM Tris-HC1,150 mM 
NaCI, 13 mM glucose) oontaining l06 dpm of 3H20. The 
suspension was then transferred to pre-c.ooled tared 15 ml 
Corex tubes and kept on ice for at least 10 min. Next 106 dpm 
[ 1 4 C J g l ~  was added and aliquots ret~Aned so that the 
spec~c activity of both isotopes could be determined. The 
sample was centrifuged at 10000× g for 15 rain and the pellet 
weighed, vortexed and a sample retained for phosphate analy- 
sis. The remainder of each pellet was then dissolved in 5 ml 
scintillation cocktail (Bc.~*'~q HP) and ~--~Jlsferred to lO ml 
poly Q vials (Beckman). The tubes were rinsed with 5 ad- 
ditional ml of cocktail and the rinse added to the vial. V T and 
V o were calculated as the ratio of dpm values arising from 3H 
or 14C in the pellet to the specific activity of that isotope in the 
sample. From these values and the concentration of phosphate 
[10] V i could be calculated from Eqn. 1. Solute: Liposomes 
were p r e p ~  as above (T ~ 4°C) except that the rehydration 
buffer contained 10 e dpm [14C]glucose and no 3H20. 
[l'eC]Glucc~e was not added after formation. The fiposomes 
were separated from their formation buffer by centrifugation 
as above and washed twice in non-labelled buffer. Captured 
volume was calculated as the ratio of dpm values recovered in 
the pellet to the specific activity of glucose in the initial 
preparation divided by the phosphate l~overed in the pellet. 
Freer.e-thawed MLV (FATMLV): 100 mg lyophilyzed egg PC 
were dispersed in 1 ml Tris buffer by vortexing until the 
suspension was h,~mogencous. The resulting MLV were sub- 
jected to five f ~ t h a w  cycles as previously described [3]. 
Captured volumes were determined as described above for 

MLV. 

nique used to determine the matr ix volume of  
cellular organelles [5] which takes advantage  of  
the rapid  permeabil i ty  of  3I-|:~O a~-TOSS membranes  
and  the limited permeabil i ty of  14C-labeied 
carbohydra tes  [6]. We hydra ted  a thin film of  egg 
PC in 3 H 2 0  and  af ter  l iposome format ion marked  

the external  aqueous  volume,  Vo, b y  the addi t ion  
of  []4C]glucose. By determining the specific activi- 
ties o f  each isotope in the sample,  we were  able to  
determine V T a n d  V o in the pellet  af ter  removal  of  
mos t  of  the buffer  phase  b y  centr i fugat ion a n d  
calculate V~ f rom Eqn.  1. This  solvent-dependent  
procedure  gave a cap tured  volume abou t  two-fold 
higher  than  if  the cap tu red  volume was  de termined  
b y  hydra t ing  the thin film in the presence of  
[14C]Blucose and  relying on  solute to m a r k  the 
internal  aqueous  phase.  Tha t  this d i sc repancy  arose  
due  to the nonequi l ibr ium dis t r ibut ion of  [14C]glu- 
cose could  b e d e m o n s t r a t e d  because  a f te r  freeze- 
thaw cycl ing bo th  techniques gave identical  val- 
ues. Freeze- thawing has  been  shown to  resul t  in 
equil ibr ium solute dis t r ibut ion across mult i layered 
l iposomal systems [3]. 

Con t inu ing  this a p p r o a c h  we next  developed a n  
electron spin resonance  (ESR) me thod  for  de-  
termining cap tured  volume based  u p o n  ei ther 
solvent or  solute distr ibution.  Here  we relied o n  
4 - t r ime thy lammonium T E M P O ,  a label  tha t  
nei ther  permeates  no r  b inds  apprec iab ly  to  egg  PC 
bilayers. V o was  de termined b y  add ing  a k n o w n  
a m o u n t  o f  label to p re fo rmed  vesicles a n d  measur -  
ing its; concen t ra t ion  in  the outer  aqueous  phase  
b y  use of  a s t anda rd  curve compar ing  label  con-  
cent ra t ion  to  the ampl i tude  o f  the m I ~ + 1 reso- 
nance  peak  arising f rom the p robe  in buffer .  The  
increment  in label concen t ra t ion  measured  com-  
pared  to tha t  which would  arise in the absence  o f  
l iposomes represented the extent  tha t  the label 
was  excluded f rom V i. Thus:  

° C (2) 

where M is the n u m b e r  of  moles of  label a d d e d  
a n d  C its measured  concentra t ion.  Thus  wi th  a 
knowledge of  the a m o u n t  of  phospha te  in the 
prepara t ion,  V i a n d  cap tured  volume could  be  
calculated f rom Eqn.  1. F o r  compar i son  we also 
calculated volume b y  forming  MLVs in the pres-  
ence of  label. F o r  these exper iments  we m a d e  the 
classical assumption,  albeit  incorrect ,  tha t  solute is 
dis tr ibuted ideally th roughou t  the aqueous  phase  
a n d  label in/ label  om ~ volume i Jvo lumeou t. Dis- 
t r ibut ion of  the label was  de termined as before  
f rom the ESR spectral  ampf i tude  (peak to peak)  o f  



the  m i ffi + 1 resonance .  By tak ing  a d v a n t a g e  o f  
the  fac t  tha t  ex ternal ly  a d d e d  M n  2+ does  no t  
pene t r a t e  l iposomal  sys tems  b u t  b roadens  to insig- 
n i f icance  this p e a k  height  we were  ab le  to con-  
s t ruc t  the  fol lowing relat ionship:  

A - A '  L....~o = Vo 
A" - -  Li Vi (3) 

whe re  A '  and  A are the  ampf i tudes  o f  the  m I ffi + 1 
l ine witl~ a n d  wi thou t  M n  2÷ present ,  respect ively,  
and  L o l L  i is the  ra t io  o f  label  outs ide  to ins ide  
the  vesicles. F r o m  rearrang~-ment  o f  Eqn.  1 w e  get  

VT--VL 
Vi " I + [ ( A -  A ' ) /A ' ]  (4) 

a l lowing  ca lcula t ion  o f  tha t  in ternal  v o l u m e  
m a r k e d  b y  t he  t r a p p e d  label.  

Fig.  2 c o m p a r e s  the  two  techniques .  T h e  solute  
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Fig. 2. Captured volumes :i:S.E. of egg PC MLVs at various 
initial lipid concenuatious determined by solvent or solute 
distributions. Numbcn indicate replicas. MLVs were formed 
by dispersion of an egg PC/CHCI 3 mixture (10-20 mg/ml) 
into 500-ml roandbottom flasks followed by sotoevaporatiun 
to a f'dm (1 tort). For the preparations contai=.ing 300 mg or 
more of egg PC, the films were dried further at approx. 200 
mTo~ for 4--10 hour~ de~-cndin 8 upon the sample. Who_.~ 
small quantities of lipid were used the amount of CHCI 3 that 
the lipid was dried from was adjusted to a minimum volume of 
5-6 ml (this was to ensure that the fipid film was dispersed 
evenly over the walls of the flask). Generally a buffer so]lltlon 
containing 10 mM Tris-HCI, 150 mM NaCI, with or without 
4-uimethyinmmoninm TEMPO was then added to the lipid 
end the mixture swirled until all of the lipid was removed from 
the walls of the flask. Frozen end thawed MLVs (FATMLVs) 
were made from aliquots of the MLV preparations as previ- 
ously described [3]. Solvent distribution: 20 tel of a 10 mM 
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dis t r ibut ion der ived  values  are  in a g r e e m e n t  wi th  
f i tera ture  va lues  [7] bu t  c o m p a r i s o n  to the  so lvent  
d is t r ibut ion der ived  va lues  suggested tha t  in fact  
they  unde re s t ima ted  the  cap tu red  v o l u m e  a t  all 
fipid concen t ra t ions  by  a fac tor  o f  two. Aga in  
mul t ip le  f reeze- thaw cycl ing c o n f i r m e d  tha t  these  
d iscrepancies  a rose  because  o f  the  nonequ l l i b r ium 
dis t r ibut ion  o f  the  solute  label. T a b l e  I shows tha t  
a f te r  f reezing a n d  thawing  the M L V s  five t imes  
b o t h  techniques  g a v e  ident ical  values,  the  ex- 
pec ted  resul t  i f  a n  equi l ib r ium solute  d is t r ibut ion  
were  reached.  

A fur ther  consequence  o f  the  fact  tha t  M L V s  
a re  solute  deplete~_ is tha t  they  exist  u n d e r  osmot ic  
compress ion .  T h u s  we  c o m p a r e d  the  so lvent  de-  
r ived  c a p t u r e d  v o l u m e  o f  these vesicles to so lvent  
de r ived  cap tu red  vo lumes  o f  vesicles resul t ing f r o m  
the  hyd ra t i on  o f  a thin fd tn  o f  fipid co-depos i ted  
wi th  solutes aLl-early present .  Such  ~ s t e m s  cal led 

solution of 4-Uimethylammoninm TEMPO was added to 980 
pl of a liposome solution (adjusted to approx. 50 ms/ml lipid) 
for a fmal sample volume of 1.0 ml. The sample was vortexed, 
the lipid pelleted by centrifugation, the aqueous phase removed 
and the concentration of label determined by comparing the 
peak height of the m s - -+  1 resonance line recorded on a 
Bruker ER 100D spectrometer ,~o a standard cur~e. V o was 
then determined by Eqn. 2 and V t determined by Eqn. 1, 
taking V T as the total sample volume before centrifugation. 
The phusphate content of the sample was then determined [10] 
allowing calculation of the captured volume. This technique 
was found to be superior to other ESR ~ q u e s  for de- 
termining captured volume relying on the spin label TEM- 
PON]~ [11,12] because the amount of probe added was minimal 
and osmotic balancing of the internal and external aqueous 
spaces was not necessary. Solute distribution: MLV$ were 
prepared with 200 ~tM 4-trimethylammoninm TEMPO present 
in the buffer solution. Aliquot$ of the sample were diluted 1 : I 
into the same buffer solution void of label or into a solution 
containing 200 mM MnSO4, 250 mM EDTA, and 50 mM 
Mops at pH 7.0. The ESR spectral amplitude (peak to peak) of 

b•tion of label by Eqn. 3 and F i determined by Eqn. 4 
allowing the calculation of captured volume. Both sol•te and 
solvent distribution determination required that the spin label 
did not bind or permeate the bilayer. This was found to be the 
case. The ESR line shape arising from the probe was found to 
he unaffected by the pr--~ence of lipid, in addition, when 
MLVs containin 8 label were washed to remove external label 
and combined with suflielant Mn 2÷ to broaden the signal of 
any probe leakin 8 out, no decrement in peak height could be 

determined ove r  the  experimental inten, al. 



monophas ic  vesicles have been shown to exist in a 
noncompressed fashion [2]. Thus  at  40 m g / m l ,  
MLVs gave a cap tured  volume of  1.1 I t l / / tmol  4- 
0.03 (n  ffi 8) whereas  MPVs gave a cap tured  volume 
of 2.6 4. 0.04 pi/pmol (n  = 5). 

A last po in t  concerns the fact  tha t  in our  h a n d s  
the cap tured  volume of  MLV systems fell as a 
funct ion of  the initial lipid concentrat ion.  Al- 
though  it has  been suggested tha t  such profiles 
could  result f rom nonspecif ic  absorp t ion  of  marke r  
material  to  exposed sites on  the bi layer  [8] our  
~ ' a l ~  s"-ggcSi that  ~s is not  t.he case. In  our 
experiments  once vesicles were formed they were 
all adjusted to approximate ly  the same lipid con-  
centra t ion before solvent dis tr ibut ion determina-  
t ions were made.  Thus  we suspected tha t  the 
concen t ra t ion-dependen t  changes  in cap tu red  
volume arose f rom changes  ha M L V  morphology.  
To  invesfiga*.e this phenomena  we employed 31p_ 
N M R .  M n  2+ was added  to vesicle ~spe r s ions  a t  
concent ra t ions  (5 raM) sufficient to b roaden  be- 
y o n d  detection the signal arising f rom those phos-  
phol ipids  facing the external  medium. The extent  
to  which the 31P-NMR signal was  reduced b y  this 
p rocedure  has  been correlated with the fract ion of  
l ipid exposed to the external  aqueous  phase  a n d  
thus  the lamellurity of the vesicles [9]. In our  
h a n d s  as the initial l ipid concentra t idn  rose, lamcl- 
laxity increased. This  was  entirely consistent  with 

TABLE 1 

CAPTURED VOLUMES OF FROZEN. AND THAWED 
MLVs (FATMLVs) DETERMINED VIA ELECTRON SPIN 
RESONANCE SPEC'f.ROSCOPY UTILIZING EITHER 
THE SOLUTE DISTRIBUTION OR SOLVENT DISTRI- 
BUTION APPROACH 

Lipid Captured volume (pl//tmol) 

(mg/m~) from from 
solute solvent 
distribution distribution 

Ratio 

6.2 7.08 :t:0.51 " 7.05+0.64 1.00 
12.4 7.00+0.22 6.70+0.39 1.05 
24.4 7.10 4- 0.53 7.03 + 0.21 1.01 
47.6 7.18+0.13 7.164-0.11 1.00 
90.9 5.69±0.18 5.71 ±0.18 L00 

130.0 4.534- 0.24 4.524- 0.16 1.00 

TABLE I1 

31P-NMR SIGNAL INTENSITY DECREMENTS ARISING 
FROM MLVs FORMED AT VARIOUS LIPID CON- 
CENTRATIONS AND SUBSEQUENTLY EXPOSED TO 5 
mM MnSO 4 

Values are from a typical experiment. 

Lipid Captured volume ~ decre&ce in 
(mg/mi) (/~I//~mol) 31P-NMR Signal 

6.2 2.26 12.3 
48 1.41 8.8 
131 0.88 4.0 

the fall in cap tured  volume observed (Table II) 
a n d  indicated tha t  bo th  the lamellar i ty  a n d  cap-  
tured volume of  MLVs  are  dependen t  o n  forma-  
t ion protocols.  

In  sumtaa ry  we have  found  tha t  the cap tu red  
volume of  ' h a n d  shaken '  mul t i lamel lar  systems is 
greater  b y  a fac tor  o f  two than  has  been  previ-  
ously assumed.  W e  arr ived a t  this conclus ion  
pr incipal ly  b y  mark ing  the external  aqueous  space 
o f  var ious vesicle p repara t ions  with a spin label  
thai  nei ther  permeated  no r  b o u n d  to  the lipid. 
Sin~lar determinat ions  should be  possible us ing 
o ther  markers  meet ing these criteria. The  appli-  
ca t ion  of  such  techniques will al low accura te  cap-  
tured volume measurements  of  mul t i lamel lar  
vesi61es to be  made  regardless of  solute distr ibu- 
t ion anomalies.  
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